PREPARED WITH

R A I N B O W B E E E AT E R

Hydrogen and Biochar from
Cereal Straw using the
ECHO2 Pyrolysis Process

Boosting regional manufacturing
and sustainability

DECEMBER

2021

R A I N B O W B E E E AT E R

Low cost regional scale hydrogen production
using the ECHO2 process with cereal straw
FARM &
REGION

$$
Cereal Straw from wheat and other crops is an underutilized biomass resource.

Renewable

21 million ha used for cereal crops could provide >25 million tonnes per year of straw.

Harvested
< Wheat to market
< Cereal straw baled

Cereal Straw

(waste bio mass)

ECHO2
Reactor

Gas Clean-up
System
• Tar Scrubber
• Sulphur Scrubber

• Innovative patented design
• Continuous process
• Counterflow for high
efficiency and tar
elimination

Air
Separation
Unit

Wood
Vinegar

Water Gas
Shift Reactor

PSA
Unit
• Pressure
Swing
Absorption
• Separates
hydrogen
from other
gases

• Boosts hydrogen
content of gas

Biochar

Other Gases

Dispatchable
Power
Generation

REGIONAL PLANT

Wheat

Sold to the
market

Drive high value
dispatchable
renewable power
generation to
balance intermittent
wind and PV in
the grid.

Other Gases

99.9%
Pure
Hydrogen

H2

Regionally
produced

Ammonia,
Urea and
other

An integrated regional system
Sustainable Farming
& Carbon Capture
Biochar

Biochar

Soil Conditioner for
$$ $$ Carbon
Sequestration $$ $$ crop and soil health

Wood Vinegar

stimulant for
$$ Bio
crop and soil health

collects straw from a 20km radius
and produces; biochar, hydrogen,
ammonia, dispactchable power and
other products. Adding farm income,
improving sustainability and
regional employment.

Fertilisers

$$

$$

$$

Sold to the market

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

ABOUT THE TEAM
ITP Thermal ( www.itpthermal.com )
ITP Thermal (ITP) is a specialist technical consultancy that has extensive experience in
feasibility studies and hydrogen technologies and providing consulting services to
government agencies, developers, and research institutes in Australia and worldwide.
ITP Thermal Pty Ltd is one of six companies in the ITP Energised group. The group, originally
founded as IT Power in the UK in 1981, has a strong presence in Australia, UK, India and a
smaller presence in China and Argentina. ITP Thermal leads activity in thermal,
thermochemical, hydrogen and ammonia related work for the ITP Energised group globally.

Rainbow Bee Eater (www.rainbowbeeeater.com.au )
Rainbow Bee Eater (RBE) has developed a system that converts biomass into clean syngas
and biochar through a unique pyrolysis process. ECHO2, RBE’s unique and patented pyrolysis
process is operational and in commercial use in Australia and transforms waste carbon
residues into high carbon biochar, clean syngas, and wood vinegar.
RBE was founded in 2008 with head office in Melbourne and a R&D Test Facility in Kalannie,
WA. The company designed, built, and tested the ECHO2 prototype from 2014 to 2016. The
first system was commissioned at Holla Fresh, Mount Gambier in 2019. Currently there are
six projects in pipeline at different stages of development.
RBE are now seeking additional capital for business, product, and market development for
fast and large-scale commercialisation in Australia with a view to accelerating international
sales expansion and global biochar markets.

ABOUT THIS REPORT
This report is adapted from a feasibility study report prepared for The Australian
Government’s Business Research and Innovation Initiative (BRII). It is the outcome of the
combined ITP / RBE team’s investigation of the BRII challenge posed by the Grains Research
and Development Corporation for “Turning farm crops into a renewable hydrogen source”.
Rev

Date

Status

Author/s

Reviewed

Approved

1.0

02/05/2021

Final for
BRII

GM Gentilini, K Urkalan,
P Burgess, I Stanley, K Lovegrove

J Wyder

K Lovegrove

2.0

20/12/2021

Public
release

K Lovegrove, GM Gentilini,
K Urkalan, P Burgess, I Stanley

J Wyder

K Lovegrove

Cover and infograph by 2B.com.au

December 2021
iii

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

ABBREVIATIONS
ABARES

Australian Bureau of Agricultural and Resource Economics and Sciences

ABS

Australian Bureau of Statistics

ACCU

Australian Carbon Credit Unit

AHRI

Australian Herbicide Resistance Initiative

ASU

Air Separation Unit

AUD / $

Australian Dollar, all values shown as $ in this report are AUD

BRII

Business Research and Innovation Initiative

CaCO3

Calcium Carbonate

CaO

Calcium oxide

CAPEX

Capital Expenditure

CBH

Co-operative Bulk Handling Ltd

CER

Clean Energy Regulator

CH4

Methane

CHP

Combined Heat and Power

CO

Carbon Monoxide

CO2

Carbon dioxide

CORC

CO2 Removal Certificates

COS

Carbonyl sulfide

COAG

Council of Australian Governments

CSIRO

Commonwealth Scientific and Industrial Research Organisation.

GHSV

Gas Hourly Space Velocity

GHG

Greenhouse Gas (Emissions)

BDS

(Glenvar) Bale Direct System

GRDC

Grains Research and Development Corporation

H2

Hydrogen

H2S

hydrogen sulphide

HHV

Higher Heating Value

HTWGS

High Temperature Water Gas Shift

IEA

International Energy Agency

INBIOM

Innovationsnetværket for Bioressourcer

ITP

ITP Thermal Pty Ltd

LCOA

Levelised Cost of Ammonia

LCOH

Levelised Cost of Hydrogen

LHV

Lower Heating Value

LPG

Liquified Petroleum Gas

LTWGS

Low Temperature Water Gas Shift

MC

Moisture Content

MgCO3

Magnesium Carbonate

N2

Nitrogen

NETL

National Energy Technology Laboratory

NPV

Net Present Value

O&M

Operation and Maintenance

December 2021
iv

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

OPEX

Operational Expenditure

PAH

polycyclic aromatic hydrocarbons

PoC

Proof of Concept

ppm

Parts per million

PSA

Pressure Swing Adsorber

RBE

Rainbow Bee Eater

SER

Sorption Enhanced Reforming

SEWGS

Sorption Enhanced Water Gas Shift

TRL

Technology Readiness Level

UN SDG

United Nations Sustainable Development Goals

US, DOE

United States Department of Energy

WGS

Water Gas Shift (reactor)

Energy unit conversions and prefixes
MW

Megawatt, unit of power equal to 1,000 kW

MWh

Megawatt-hour, unit of energy (1 MW generated/used for 1 hour)

kW

Kilowatt, unit of power equal to 1,000 W

kWh

Kilowatt-hour, unit of energy (1 kW generated/used for 1 hour)

GJ

Gigajoule, unit of energy equal to 109J (1,000 MJ)

MJ

Megajoule, unit of energy equal to 106J

e

As a subscript on any of above indicates electricity

th

As a s subscript on any of above indicates thermal

December 2021
v

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

TABLE OF CONTENTS
List of figures ................................................................................................................ 8
List of tables ................................................................................................................. 9

EXECUTIVE SUMMARY ......................................................................................... 10
1

INTRODUCTION .............................................................................................. 14

2

BACKGROUND ................................................................................................ 15

3

4

5

2.1

Gasification basics............................................................................................ 15

2.2

Types of gasifiers ............................................................................................. 16

THE RAINBOW BEE EATER ECHO2 SYSTEM .................................................... 18
3.1

How it works ..................................................................................................... 18

3.2

The first commercial system ............................................................................. 19

3.3

Advantages of the ECHO2 technology ................................................................ 21

STRAW SUPPLY AND MANAGEMENT ............................................................. 25
4.1

Resource .......................................................................................................... 25

4.2

Collection ......................................................................................................... 27

4.3

Potential for pelletising ..................................................................................... 28

4.4

Transport .......................................................................................................... 29

4.5

Storage and handling ........................................................................................ 29

4.6

Fuel value ......................................................................................................... 30

4.7

Impact on farming ............................................................................................. 30

4.8

Cost analysis .................................................................................................... 31

4.9

Processing........................................................................................................ 33

SYSTEM DESIGN FOR HYDROGEN PRODUCTION ............................................ 34
5.1

Standard system hydrogen yield ........................................................................ 34

5.2

Reactor options................................................................................................. 35
The existing reactor design with embedded membrane system ....................... 35
Existing design with sorbent looping ................................................................... 35
The existing reactor design ................................................................................... 36

December 2021
vi

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

5.3

Reactor operation ............................................................................................. 36
Gasification agent .................................................................................................. 36
Reaction parameters ............................................................................................. 36
Dolomite addition................................................................................................... 37

5.4

Gas clean-up and upgrade ................................................................................. 37
Gas clean-up........................................................................................................... 37
Gas upgrade ........................................................................................................... 38

6

5.5

Hydrogen separation ......................................................................................... 39

5.6

The proposed process....................................................................................... 40

ECONOMIC ANALYSIS .................................................................................... 45
6.1

Capital Expenditure ........................................................................................... 45

6.2

Operational Expenditure .................................................................................... 47

6.3

Product market value and biomass cost ............................................................ 47
Biochar and wood vinegar ..................................................................................... 48
Carbon Credits ....................................................................................................... 49

6.4

Approach to analysis ......................................................................................... 50

6.5

Levelised Cost of Hydrogen and Ammonia ......................................................... 52

6.6

Sensitivity analysis ........................................................................................... 53
Effect of system size ............................................................................................. 53
Other parameters ................................................................................................... 54

7

PATH TO MARKET .......................................................................................... 57
7.1

Proof of Concept plant ...................................................................................... 57

7.2

Pilot plant ......................................................................................................... 58

7.3

Regional-scale ammonia plant .......................................................................... 59

8

CONCLUSIONS................................................................................................ 61

9

REFERENCES .................................................................................................. 62

December 2021
vii

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

List of figures
Figure 1: ECHO2 process schematic. .......................................................................................... 18
Figure 2: The Holla-Fresh pilot plant site, Mount Gambier, SA. ................................................. 19
Figure 3: Schematics of the ECHO2 pilot plant at Holla Fresh, Mount Gambier, SA. ............... 20
Figure 4: ECHO2 patent certificate. .............................................................................................. 22
Figure 5: Wheat grain and biomass yield from 2000-01 to 2019-20......................................... 26
Figure 6: Straw collection and baling .......................................................................................... 27
Figure 7: Combining straw baling with cereal harvesting . ........................................................ 27
Figure 8: Straw pellets storage building at the Amager Power Station. ................................... 28
Figure 9: Straw bales transported on truck................................................................................. 29
Figure 10: Forklift trucks and telescopic handler. ...................................................................... 30
Figure 11: Straw storage in grain growing areas.. ...................................................................... 30
Figure 12: Bale straw tub grinder................................................................................................. 33
Figure 13: Straw machinery for handling and conveying. .......................................................... 33
Figure 14: ECHO2 online syngas analyser and syngas composition. ....................................... 34
Figure 15: Proposed biomass-to-hydrogen process: high-level schematic. ............................ 41
Figure 16: Block schematic of the proposed biomass-to-hydrogen system............................ 41
Figure 17: Capex breakdown for the small- and large-scale systems. ..................................... 45
Figure 18: Specific installed cost of the ammonia synthesis loop. .......................................... 46
Figure 19: Schematic of the ammonia synthesis loop............................................................... 47
Figure 20: Expected range and base case cost of biomass and value of products. ............... 48
Figure 21: Biochar user motivations, acquired volumes, and purchase costs ......................... 49
Figure 22: Wood vinegar user motivations, acquired volumes and purchase costs. .............. 49
Figure 23: LCOH as a function of the system size, for different dry biochar values. .............. 52
Figure 24: LCOH breakdown for the small-scale biomass-to-hydrogen system...................... 53
Figure 25: Levelised cost of hydrogen as function of the plant size. ....................................... 53
Figure 26: Levelised cost of ammonia as function of the plant size. ....................................... 54
Figure 27: Sensitivity analysis of the LCOH for the ECHO2 technology ( single unit.) ............. 55
Figure 28: Sensitivity analysis of the LCOH for the ECHO2 technology ( regional plant). ....... 55
Figure 29: ECHO2 possible technology path to market timeline. .............................................. 57
Figure 30: Additional system components required for the Proof of Concept. ....................... 58
Figure 31: Pilot plant layout and possible location in Kalannie, Western Australia. ................ 59
Figure 32: Example of area served by a regional-scale biomass-to-ammonia system. .......... 60

December 2021
viii

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

List of tables
Table 1: Principal biomass gasification reactions. .................................................................... 16
Table 2: Design point specifications for the Holla Fresh ECHO2 installation. .......................... 20
Table 3: ECHO2 indicative parameters (source: Rainbow Bee Eater). ...................................... 21
Table 4: ECHO2 possible biomass feedstocks (Source: Rainbow Bee Eater). ......................... 23
Table 5: Range of likely costs associated with production and delivery of cereal straw. ....... 32
Table 6: Characteristics of sour and sweet water gas shift processes. .................................. 39
Table 7: Technology confidence level of the proposed system components. ........................ 44
Table 8: Sensitivity study base case parameter values. ............................................................ 48
Table 9: Financial parameters used for the economic analysis................................................ 51

December 2021
ix

Hydrogen and Biochar from Cereal Straw using the ECHO2 Pyrolysis Process

EXECUTIVE SUMMARY
In moving to net zero GHG emissions by 2050, all sectors must be decarbonised. Hydrogen
is identified as a key potential vector for transport, energy exports, chemical feedstocks and
high temperature process heat.
This report presents the results of a study supported by the AusIndustry Business Research
and Innovation Initiative (BRII). It investigated the challenge posed by the Grains Research
and Development Corporation (GRDC), looking for an innovative solution to produce
hydrogen and ammonia from agricultural biomass waste.
Rainbow Bee Eater is a Melbourne based company that has been developing a unique
biomass pyrolysis technology since 2008. The solution proposed here is an adaptation of
their ECHO2 biomass pyrolysis system.

Background
Biomass can be converted to hydrogen by breaking down complex hydrocarbons ultimately
to a mix of CO and H2. The reaction of CO with steam can produce more hydrogen. The
process is composed of several steps, which include biomass drying and heating, pyrolysis,
and gasification. Biomass pyrolysis is the thermal decomposition of biomass that occurs
between 300°C and 600°C. During this phase, the organic compounds in the biomass are
decomposed into gases, tars, and char. In the gasification phase, the products from the
pyrolysis step react further with steam at temperatures above 700°C and produce the final
syngas components.
The ECHO2 system is a continuous screw-driven biomass pyrolysis reactor that produces
synthetic gas in this way, along with a high value biochar which also sequesters atmospheric
CO2. It is a unique and patented design in operation in a first commercial system.

The syngas generated in the reactor is forced to flow counter current to the biomass. In this
way, the heat of the syngas is transferred to the biomass for optimal system efficiency, and
December 2021
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the tars and condensable hydrocarbons in the syngas are filtered by the incoming biomass
material and largely removed from the gas.
RBE has installed one of their units at the Holla Fresh site in Mount Gambier, South
Australia. Holla Fresh is a hydroponic herbs grower. The system, commissioned in 2019, has
been used to provide heat to the Holla Fresh glasshouses and is planned to also provide
electricity by combusting the syngas in a gas engine and then recovering heat from the
exhaust. In addition, it produces biochar that is used for soil products and sequesters
atmospheric CO2.

Straw supply and management
The ECHO2 system can also process cereal straw. An estimated 21 million hectares is used
for cereal crop cultivation in Australia. Wheat is grown on 10 million hectares and other
major crops are barley, canola and oats. While other crop residues could be used, wheat
straw is extensively studied as it is produced in large quantities. A total yield for Australia of
25 million t/year of wet wheat straw could be targetted from the 10 million hectares. Only a
small fraction is currently collected and used. In some cases straw is still burnt in the
paddock to reduce weed seeds.
To facilitate transport, straw can be compacted into bales. With square bales typically
weighing 500 kg being the most efficient for transport. Balers can operate after the harvest
and pick up windrow material left by the harvester. Integrated harvester-balers equipment is
also available and may offer cost savings. The cost of straw bales at the farm gate is
between $60/tonne and $113/tonne. This cost includes the baling operation, bale storage
and losses, soil nutrient replacement, and the profit margin for the farmer. For regular, short
distance transport the added cost is less than $10 /tonne.

System design
The study investigated the modifications needed to adapt the ECHO2 technology to produce
pure hydrogen along with its existing value streams. While some advanced ideas such as
integration of hydrogen selective membranes or incorporation of sorbent looping were
investigated and found to be promising, they were found to be too early stage to allow a
near-term proof of concept. The final system design chosen incorporates: the reactor,
adapted to oxygen rather than air injection; scrubbers to remove traces of tar and sulphur; a
water gas shift reactor followed by a pressure swing absorption (PSA) unit to produce the
pure hydrogen. The gas stream rejected by the PSA unit is suitable for power generation, and
biochar production continues to be a large source of value.
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Economic analysis
Total capital investment estimated for small and large-scale plants are, respectively,
$5.9 million and $95 million. The major areas of investment for the small system are the
gasification reactor and the hydrogen separation equipment, representing respectively 42%
and 34% of the costs. For the large-scale system, an ammonia synthesis loop is
incorporated and represents the largest share of the costs (33%), followed by the
gasification reactor (30%).

A small pilot scale system based on a single ECHO2 unit could produce hydrogen at a rate of
360 kg/day and at a cost of $5.40/kg, considerably cheaper than any electrolysis system at
that scale. Building a system at regional scale by using multiple units in parallel has the
near-term potential to produce hydrogen at close to or below the national target of $2/kg.
December 2021
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If such a regional scale system were combined with an ammonia synthesis plant, then
20,000 t/year of emissions-free ammonia could be produced at around $650/t, in the range
of conventional fossil fuel driven costs. A regional system of this scale could be provided
with sufficient cereal straw from a region of 40 km diameter. The ammonia product could in
principle provide sufficient fertiliser for an area of grain growing land of 59 km diameter.

Conclusion
The results of this study show that the production of hydrogen from cereal straw is both
technically and economically feasible. Proceeding to a proof of concept project should be
given a high priority.

__________________________________________________________________________________________
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1 INTRODUCTION
In moving to net zero GHG emissions by 2050, all sectors must be decarbonised. Hydrogen
is identified as a key vector for; transport, energy exports, chemical feedstocks and high
temperature process heat. Hence there is now considerable interest in the future of
renewable hydrogen production. Australia’s hydrogen strategy targets production of clean
hydrogen at $2/kg. Renewable energy electrolysis can potentially produce hydrogen in 2021
at around $6 /kg.
This report presents the results of a study supported by the AusIndustry Business Research
and Innovation Initiative (BRII). It investigates the challenge posed by the Grains Research
and Development Corporation (GRDC), looking for an innovative solution to produce
hydrogen and ammonia from agricultural biomass waste. This has the potential to reduce
the grain industry’s dependence on fossil based fertiliser, as well as turn waste biomass into
an additional revenue stream.
Rainbow Bee Eater is a Melbourne based company that has been developing a unique
biomass pyrolysis technology since 2008. The solution proposed here is an adaptation of
their ECHO2 biomass pyrolysis system. This innovative technology pyrolysis biomass
material to produce a valuable biochar product plus a stream of high-quality synthetic gas
that is used for combined heating and power generation. This will be adapted to operate on
cereal straw and to produce pure hydrogen in synergy with its other value streams.
The objectives of this study were to:
•

Analyse the current performance and status of the ECHO2 technology.

•

Develop a preferred system design to produce high purity hydrogen from cereal straw.

•

Assess the cost and commercial maturity of alternative system components.

•

Analyse the economic performance of the proposed solution.

•

Identify steps in the path to market.

The study team achieved the objectives by a combination of
•

Desktop research of available literature and commercial material.

•

Site visit to the existing commercial ECHO2 system in Mount Gambier, with
subsequent analysis of performance.

•

Direct discussions with technology suppliers and developers, to gather cost
performance and commercial maturity data on relevant subsystem components.

•

Development of internal modelling of mass and energy balance and economic
performance via discounted cash flow analysis.
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2 BACKGROUND
Biomass gasification is an alternative route to renewable hydrogen. An IEA study: Hydrogen
from biomass gasification (IEA Bioenergy, 2018), focuses on hydrogen production via steam
gasification and sorption enhanced reforming. Both routes appear to be feasible and
biomass to hydrogen efficiencies of up to 69% can be expected. While complete gasification
can yield higher hydrogen content in the product gas, other valuable by-products like high
quality biochar are lost in the process. The IEA study analyses gas clean-up and upgrading
processes such as Water Gas Shift Reactors (WGS), scrubbers and Pressure Swing
Adsorbers (PSA) which are proven and commercially available in the market. According to
the IEA, biomass to hydrogen technologies are one of the least developed but have high
potential to deliver negative greenhouse gas emissions.

2.1 Gasification basics
Pyrolysis and gasification are the thermochemical conversion of a solid fuel into liquids and
gases. The process involves the decomposition of organic material under the input of heat
at high temperatures and further reactions with steam. Usually, the heat input is achieved by
allowing some fraction of the material to combust with air or oxygen, although external
supply of heat is also possible. The produced combustible gas, called syngas, can be used
for power and heat production, or can be further processed for the synthesis of chemicals
and fuels.
The overall gasification process is composed of several steps, which include biomass drying
and heating, pyrolysis, and gasification. Pyrolysis is the thermal decomposition of the
biomass that occurs between 300°C and 600°C. During this phase, the organic compounds
in the biomass are decomposed into gases, tars, and char.
Biomass + Heat -> Gas (CH4, CnHm, CO, CO2, H2, H2O, etc) + Tars + Char
In the gasification phase, the products from the pyrolysis react with the gasification agent
and recombine into the final syngas components. There are a high number of reactions
happening at the same time, the most important of which are summarised in Table 1. The
temperature of this step is between 700°C and 1500°C.
As it can be seen from the reactions in Table 1, oxygen (O2) and water (H2O) play a crucial
role in the gasification process. By adjusting the amount of these components in the
reaction zone, it is possible to drive the reaction towards the desired gasification products.
The combustion reactions are important in what is called autothermal gasification, as they
provide the necessary heat to drive the endothermic reactions (e.g. steam reforming).
However, the amount of oxygen introduced in the reactor needs to be carefully controlled as
an excess of oxygen would lead to the complete combustion of the char as well as of the
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combustible gases. An alternative to the introduction of oxygen is providing heat from
external sources (allothermal gasification).
Table 1: Principal biomass gasification reactions.

Formula

Enthalpy of reaction
ΔH298K (kJ/mol)

Combustion reaction (1)

C + O2 <-> CO2

-394

Combustion reaction (2)

C + ½O2 <-> CO

-111

Combustion reaction (3)

CO + ½O2 <-> CO2

-283

Combustion reaction (4)

H2 + ½O2 <-> H2O

-242

Combustion reaction (4)

CH4 + 2O2 <-> CO2 + 2H2O

-891

Water Gas shift (WGS)

CO + H2O <-> H2 + CO2

-41

Steam Reforming (1)

CH4 + H2O <-> CO + H2

+206

Steam Reforming (2)

CnHm +nH2O <-> nCO + (n+m/2)H2

-

CH4 + CO2 <-> 2CO + 2H2

+247

Boudouard reaction

C + CO2 <-> 2CO

+172

Water Gas reaction

C + H2O <-> CO + H2

+131

C + 2H2 <-> CH4

-75

Name

Dry Reforming

Methanation

The temperature distribution inside the reactor also has an impact on the composition of the
products because of its influence on the reactions’ equilibrium and kinetics. One important
aspect that is influenced by the temperature (as well as by the residence time) is the amount
of tars in the reactor products. High temperatures and high residence times lead to the
cracking of tars, considerably reducing their concentration in the syngas.
The presence of tars in the syngas is possibly the most challenging aspect of biomass
gasification. Tars are complex hydrocarbon compounds that can condense on and clog
process equipment like piping, valves, reactors, membranes, etc. When reversible, tar
damage can be solved only by the uninstallation of the equipment and the cleaning with
chemical solvents. For this reason, the control of tars in the syngas is one of the top
priorities of gasification system designers and operators (Heidenreich, S.et al., 2016).

2.2 Types of gasifiers
There are several types of gasifiers commercially available and under development. One
important distinction is how the reactants and products move inside the reactor. The most
common reactors are fixed bed updraft, fixed bed downdraft, and fluidised bed.
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Fixed bed reactors are typically implemented for small-scale operation. The biomass is fed
from the top and the solid residues are removed from the bottom in both updraft and
downdraft fixed bed reactors. The gasification agent is introduced at the bottom in the
updraft reactor and in the middle in the downdraft reactor. This generates a different
distribution of the reaction zones in the bed. While updraft reactors can accept a wider range
of fuel types and sizes, they release more tars in the syngas (up to 3 grams of tars per Nm3
of syngas, five times higher than for the downdraft reactors) (Heidenreich, S.et al., 2016).
Fluidised bed reactors have been demonstrated in sizes above 100 MWth but due to the
absence of a distinct oxidation zone they produce a syngas with high tar content (up to
30 g/Nm3). A variation of this system, is the entrained flow gasification, characterised by
very high reaction temperatures (up to 1600°C) that crack and decompose tars.
The report Emerging Gasification Technologies for Waste & Biomass (IEA Bioenergy, 2020)
summarises the status of thermal gasification and focuses particularly on less established
technologies. According to the study, currently the gasification of biomass and waste is
mostly limited to small scale systems (0.2 – 20 MWth), largely for combined heat and power
(CHP) applications. In Germany alone there are over 1000 of these systems in operation. At
the large scale (10 – 140 MWth) some tens of biomass and waste gasifiers are operational
and used to provide heat for cement kilns or for co-firing in coal power plants. The report
also notes that in the past decade there has been a shift on interest from CHP applications
to the production of synthetic fuel. Emerging technologies noted in the report include:

1

•

Microwave-assisted gasification, TRL1 5-6

•

Ionic gasification, TRL 5-6

•

Moving injection horizontal gasification, TRL 3-4

•

Plasma gasification, TRL 5-6.

Technology Readiness Level, as assessed by IEA Bioenergy

December 2021
17

Hydrogen and Biochar from Cereal Straw using the ECHO2 Pyrolysis Process

3 THE RAINBOW BEE EATER ECHO2 SYSTEM
3.1 How it works
As shown in Figure 1, the biomass is introduced at one end of the cylindrical reactor (left
side) and is continuously moved towards the reaction zone by means of a shaftless screw.
The screw speed is controlled to achieve the desired biomass residence time.
Air is injected at the opposite side of the reactor (right side). Here the oxygen from the air
reacts with some of the biomass generating the heat required by the pyrolysis and
gasification reactions to form a combustible gas (syngas) and biochar.

Figure 1: ECHO2 process schematic.

The syngas generated in the reactor is forced to flow counter current to the biomass. In this
way, the heat of the syngas is transferred to the biomass for optimal system efficiency, and
the tars and condensable hydrocarbons in the syngas are filtered by the biomass material
and largely removed from the gas. This continual return of the tars to the reaction zone
effectively increases their residence time and they are ultimately broken down to lighter
gaseous components. The final gas mix is dominantly a mixture of hydrogen (H 2), methane
(CH4), carbon monoxide (CO), carbon dioxide (CO2), water vapour (H2O) and nitrogen (N2)
(largely from the combustion air).
The biochar is continuously moved by the reactor screw towards the end of the reactor,
where it is removed by a series of separately controlled screw conveyors. To avoid the
syngas escaping through the biochar exit port, the screws are controlled to slow the biochar
transport rate and force the material to be restrained so that a gas-tight biochar plug is
formed. The same applies to the biomass input port.
December 2021
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After the syngas flows back through the biomass feed, it exits the reactor at low
temperature (80°C) and is then further cooled to condense and remove most of its water
vapour content as well as a large share of any remaining tars. The condensate that is
generated in this step is an additional valuable product called wood vinegar.

3.2 The first commercial system
The development of the ECHO2 technology was completed over ten years between 2007 and
2017. During this time, a prototype, was installed in Kalannie, Western Australia, for testing
and improving of the ECHO2 concept.
Subsequently, RBE has installed one of their units at the Holla Fresh site in Mount Gambier,
South Australia (see Figure 2). Holla Fresh is a South Australian grower of culinary herbs and
they sought to replace their purchased electricity and waste oil fired glasshouse hot water
system with a low emission, low-cost alternative. Holla Fresh first considered other options
including solar, wind, wood chip boiler, diesel and LPG fired boilers.

Figure 2: The Holla-Fresh pilot plant site, Mount Gambier, SA.

The system, commissioned in 2019, has been used to provide heat to the Holla Fresh
glasshouses and is planned to also provide electricity by combusting part of the syngas in a
gas engine. In addition, it produces biochar that is used for soil products and sequesters
atmospheric CO2. Figure 3 shows the schematics of the operation of the ECHO2 system at
Holla Fresh. The system uses air as the gasification agent and can produce a syngas
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composed of up to 15%vol hydrogen. The system has been running primarily during the
winter season, cumulating 3500 hours of operation to March 2021.

Figure 3: Schematics of the ECHO2 pilot plant at Holla Fresh, Mount Gambier, SA.

The ECHO2 module has the capability to provides the Holla Fresh glasshouse with 700 kW of
hot water and 250 kg/h of horticultural CO2. An 80 kWe engine has also been installed and
will be used for the on-site generation of electricity.
Table 2: Design point specifications for the Holla Fresh ECHO2 installation.

Holla Fresh ECHO2 system data

Value

Unit

Gasification agent

Air

-

Biomass input

590

kg/h

Energy input with biomass

2406

kWth

Energy output with syngas

658

kWth

Hydrogen content in the syngas

14%

%vol

Biochar output (dry)

200

kg/h

Wood vinegar output

250

kg/h

5.4 (0.054)

kPa (bar)

Pressure at the reactor outlet
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The main specifications of the Holla Fresh system are summarised in Table 2. Key
performance parameters for the standard ECHO2 system are shown in Table 3.
Table 3: ECHO2 indicative parameters (source: Rainbow Bee Eater).

Description

Value

Unit

Biomass Input (20% moisture)

750

kg/h

Heat (hot water @ 80 °C)

800

kWth

Or electricity

300

kWe

Biochar with 45% moisture

400

kg/h

Wood vinegar (3% acetic acid)

200

kg/h

Horticulture CO2

250

kg/h

4,000

t/y

6

MJ/m3

10 x 10

m

CO2-e capture and storage
Syngas calorific value
Footprint

3.3 Advantages of the ECHO2 technology
This patented (see Figure 4) process presents several advantages when compared to
alternative technologies. In particular, the main characteristics of the process are:
•

Single-step – the conversion of biomass to syngas and biochar is carried out in a
single reactor, minimising the system complexity and cost.

•

Continuous – the automated system runs continuously, allowing for a constant flow
of products and a low level of manned intervention.

•

Counter flow – biomass and syngas flow in opposite directions inside the long
reactor, allowing the recycling of the syngas heat and the removal of a large portion of
tars and condensables back in to the ingoing biomass for re-conversion.

•

Simple construction – the reactor is based on a simple pipe and shaftless screw
design, reducing complexity and cost.

•

Multiple value streams – the system is designed to produce and maximise the
production of revenue streams; biochar, wood vinegar, and syngas for hydrogen, heat
and power production.

•

Demonstrated – the first system has been deployed commercially and has run a
cumulative 3500 hours by October 2021, proving to be a reliable and low risk solution.
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Figure 4: ECHO2 patent certificate.

Elaborating further on the key points:

A single-step process
Typically, the main challenge in the gasification of biomass is the presence in the product
gas of undesired components like oils and tars. Usually, the required cleaning process
involves costly equipment and provides reliability challenges due to the complexity of
dealing with the condensing tar.
On the other hand, the ECHO2 technology uses an innovative single-step process where the
production and cleaning of syngas happens continuously in the pyrolysis reactor. This
characteristic of the process not only greatly reduces the need for post-cleaning and
scrubbing of the syngas, but it also avoids the generation of products (oils and tars) that
need to be disposed of at a cost.

Generation of valuable wood vinegar
The condensation phase removes additional organic components from the syngas. The
condensate product is called ‘Wood Vinegar’ and is a well-established product in Japan,
China, and Thailand, with agriculture and horticulture applications for crop and soil health.
The Wood Vinegar contains minor quantities of organic chemicals – primarily acetic acid at
about 5 g/litre.

December 2021
22

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

Biochar as a value stream
Research shows that biochar can improve the quality of soil by increasing its fertility, water
holding capability, and crop productivity. Furthermore, it locks up atmospheric carbon for
hundreds or thousands of years and is one of few safe and cost-effective methods of
carbon drawdown.
Several analyses of the biochar produced in the ECHO2 process have been performed. The
results show a high-quality biochar with a carbon content greater than 85%, a naphthalene
content of around 3 mg/kg, and a content of other polycyclic aromatic hydrocarbons (PAH)
below limit of detection.

Flexible feedstock
The process can run on a variety of feedstocks, giving it the ability to convert unwanted
waste materials such as straw or timber residue into useful products. In contrast, other
pyrolyser and gasifiers require specific feedstock (e.g. pelletized biomass or very finely
ground particles) which limits their range of application and can require significant
additional cost and energy to prepare.
Table 4: ECHO2 possible biomass feedstocks (Source: Rainbow Bee Eater).

Tested,
suitable

Not tested, likely to
be suitable

Need testing

Straw

Nut shells

Rice hulls

Softwood

Grape vines & marc

Others?

Hardwood

Bagasse

-

Tomato vines /
Wood chip mix

Poultry bedding

-

Green waste

-

Efficiency
ECHO2 achieves high thermal efficiency, allowing it to operate as a self-sustaining process
(whereby heat generated in part of the process is used in other parts), and so the process
does not require any external energy source apart from small amounts of electricity to
power the machine itself. In particular, the heat balance shows that 96% of the energy in the
incoming biomass is converted to the desired value streams; 68% is stored in the biochar
and 30% is in the product gases. At the first commercial ECHO2 installation in Mount
Gambier, South Australia, the product gases are used to heat the glasshouse. Energy losses
account for the other 4%. In the current configuration, each ECHO2 module is designed to
produce 0.85 MWth of syngas.
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Fully automated continuous process
ECHO2 units are fully automated, unmanned, and operate using a continuous process. This
contrasts with competing biochar-producing systems which use batch processing, often
requiring significant work by the operator to manually remove char and add new biomass for
each batch. The continuous nature of the process is also an advantage when scaling up to
larger applications.
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4 STRAW SUPPLY AND MANAGEMENT
For cereal crops such as wheat or barley, the total biomass in the paddock before harvest is
around 36% grain and 64% ‘’material other than grain’’. This other material is straw. After
harvest, some of it remains as standing stubble, some passes out the back of the harvester
as loose straw, and some passes out as finely divided chaff.
Currently, farming practices variously involve either burning the straw or leaving it for
incorporation back into the soil over the subsequent cropping cycle. A small fraction is baled
and sold to existing markets. The goal with this project is to target the unused straw
resource for conversion to hydrogen and ammonia.
The need for straw removal by burning or baling is either due to the fact that a heavy crop
leaves too much stubble for the subsequent crop to be sown and / or that weed seeds in the
stubble (such as wild oats) need to be eliminated. A new use for straw represents not only
an extra value stream but also the possible removal of an existing cost.
Baled straw does not have high nutritional value for stock and although visually similar,
should not be confused with baled stock feeds like oaten hay or lucerne that have high
nutritional value and hence market value.
This chapter reviews the key issues associated with the supply of straw.

4.1 Resource
An estimated 21 million hectares is used for cereal crop cultivation in Australia. Wheat is
grown on 10 million hectares and other major crops are barley, canola and oats (ABS, 2021)
While other crop residues could be used, wheat straw is extensively studied as it is produced
in large quantities.
A typical wheat crop yield is 2 t/ha, the total non-grain biomass residue can be estimated as
3.6 t/ha out of which 1.7 t/ha is standing stubble, 1.4 t/ha is straw, 0.5 t/ha is chaff (Enecon,
2012).
It is assumed that it is the material cut initially by the harvester that is targeted for collection.
Harvester operators can vary the cutting comb height from just below the bottom of the
seed heads to within a few centimeters from ground level. A lower setting will achieve an
increased cut of straw that is then available for collection. The lower limit is determined by
how level the ground is and the presence of stones or sticks that must be kept out of the
machine. As a rule of thumb, around 30% of the straw will be left as standing stubble in a
situation where straw collection is targeted. Thus overall, in the context of targeted straw
collection, an average straw yield of 2.5 t /ha could reasonably be targetted.
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Thus a total yield for Australia of more than 24 million t/year of wet wheat straw can be
expected from the 10 million hectares of wheat growing area. In principle, if this material
was completely gasified, this could be converted to 1.18 million t/year of hydrogen or 6.6
million t/year of ammonia2, which is considerably more than the current Australian
consumption.
Grain and hence straw production vary from year to year driven by rainfall. Figure 5 provides
an overview of how straw production varied in Australia between the years 2000 and 2020.

Figure 5: Wheat grain and biomass yield from 2000-01 to 2019-20, (ABARES, 2021).

For national production, variations of up to 50% from the long-term average are seen. In a
local region, the production in a given year can occasionally drop to close to zero in case of
severe drought.
The existing market for baled straw is as a stock feed, despite its low nutritional value.
Typically, it is mixed with higher value hay for this purpose. Local dairies and feedlots are the
usual customers. There is also an export market to Japan, South Korea, and Taiwan.
Conversations with companies commercially offering straw sales confirm that there are
considerable untapped resources available if there were to be new market demand.
An ECHO2 unit requires a continuous supply of 750 kg/h of straw. Therefore, the yearly
demand of straw for one ECHO2 unit equals to around 5,000 t (at 90% capacity factor), which

2

Based on hydrogen yield of 47 kg of hydrogen per tonne of wet wheat straw.

December 2021
26

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

could be provided by a crop area of 2,000 ha. If straw is collected from only 30% of the
available land, the required area would be 6700 ha (67 km2).

4.2 Collection
The existing approach to collecting straw is to pick up material that has been cut and left in
windrows with baling machines. Either large diameter (typically 1.5 m) round bales or large
square bales (typically 1.25 x 2.4 m, weighing approximately 500 kg) are employed (Figure 6)
in contrast to smaller square bales used in earlier years. Baling appears to be a relatively
efficient and established approach and so is the default method for collection of straw for
energy projects. The apparent advantage of the large square bales is in truck transport and
storage as they are easier to stack.
In normal operation harvesters have spinning straw / chaff spreaders at the back to
distribute the rejected material across the paddock. If it is desired to bale it, these can be
disconnected to allow it to naturally fall into windrows for collection by balers.

Figure 6: Straw collection and baling (Krishijagran, 2020), (Skøtt, 2011).

The concept of carrying out the baling process in a single pass with a baler that is integrated
with the harvester offers potential efficiencies. There are machines are available on the
market for this (see Figure 7).

Figure 7: Combining straw baling with cereal harvesting (Glenvar BDS, 2021).

Comparing harvester towed balers with standard balers that cover the ground in a second
pass, the harvester towed baler has the apparent benefit of reduced driver and machine
effort. Against this, the units take a lot of additional energy from the harvester which
potentially slows it down and certainly increases fuel consumption. However, there are
systems equipped with their own onboard engine. The capital expense of integrated baler
systems is higher than a standard baler.
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Harvesting is a high priority activity that needs to be done as quickly as possible once the
grain is appropriately ripe and of low moisture content, the need for speed is often driven by
the risk of summer storms which can damage and devalue crops. On the other hand, baling
functions better when the moisture content of straw is a bit higher. Baling at night after
some dew has formed or even spraying water into the baling process can be employed.
Overall, the cost of baled straw appears to be similar under either approach.

4.3 Potential for pelletising
If dedicated straw to energy operations become commercially successful, consideration of
customized biomass handling systems that have the potential to reduce collection, handling
and transport costs could be worthwhile.

Figure 8: Straw pellets storage building at the Amager Power Station. (Skøtt, 2011)

To this end, straw can also be pelletised (Figure 8). This produces a denser biomass fuel
that has the key advantage that it can readily be handled using standard bulk handling
processes such as transport in bulk truck trailers, storage in bins, movement with augers,
etc (Skøtt, 2011). To make pellets, the straw must be ground into a fine powder. Binders
such as high temperature steam3, starch, sugars, paraffin oils, or lignin must be added to
make it malleable (Biomass Magazine, 2021).

3

High temperature steam is sometimes used in pelletizing operations to activate natural binders and
lubricants in biomass
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Pellet factories with capacity of 130,000 t/year of straw pellets per year are possible.
However, the pelletising process consumes a significant amount of energy (although a small
fraction of the straw energy value) and requires the addition of a binder. Pelletisation is
estimated to add between $ 35/t to $50/t to the biomass cost (Lang, 2015). It is not
considered further in this study.

4.4 Transport
Straw bales are routinely transported by truck trailer combinations as illustrated in Figure 9.
By its nature, straw is a high volume, low value commodity. The total cost of the delivered
product is very sensitive to any changes in transport costs. Trucks typically carry loads less
than half their maximum weight capacity (Skøtt, 2011). Nominal freight rates for road are
about 9 cents/net tonne/kilometre4. The cost of transport for straw bales over distances in
the 50 km to 100 km range was estimated5 at 20 cents/t/km. For a distance of 100 km, this
works out to approximately $20/t of straw. Bale transporters indicated the cost of transport
for regular short distances loads of less than $10/t (Enecon, 2012).

Figure 9: Straw bales transported on truck. (Source: ITP Thermal).

4.5 Storage and handling
The moving, loading, and unloading of bales is typically carried out with modified front-end
loaders or telescopic loaders as illustrated in Figure 10. Typically, in smaller operations,
forklift trucks (shown in Figure 10) are used, which can handle one or two bales at a time. On
the other hand, large overseas straw-to-energy operations have developed automated cranebased bale handling systems.

4
5

Freight rates in Australia, Australian Government, Department of Infrastructure and Regional Development
Private communication, Peter Gardiner, Gardiner Farms March 2021
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Figure 10: Forklift trucks and telescopic handler. (Skøtt, 2011)

The options for storage of straw bales either on farm or at a depot associated with a strawto-energy plant are: shed storage, plastic wrapping, or stacking in the open without
protection.

Figure 11: Straw storage in grain growing areas. (Source: ITP Thermal).

In an outdoor stack, the rain penetrates and damages the top layer, but it does not penetrate
deeper into the bales. Therefore, for a straw-to-energy application, stacks can be stored
outside for at least six months. A two-year outdoor storage is expected to have only limited
impact of the overall straw preservation. The straw loss depends on the duration of storage,
rainfall, site drainage, bale density and the dimensions of the stack. Allowing open ground
storage of straw is expected to increase the supply of straw considerably as it facilitates on
farm storage.

4.6 Fuel value
Typically, cereal straw presents relatively low moisture content (in the range of 10 to 40%),
high silica ash content (up to 10%), and an energy content in the range between 10 and
16 GJth/t (wet weight).
Aside from ash and moisture, straw contains about 50% carbon, 6% hydrogen, 43% oxygen
(by weight), as well as small amounts of nitrogen, sulphur, alkalis, and chlorides (Skøtt,
2011).

4.7 Impact on farming
Historically, the common practice with cereal straw was to burn the straw after harvest in
the field due to limited demand for the straw, the low costs of this solution, and its
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contribution to weed and disease control (Enecon, 2012). More commonly, it is now
incorporated back into the soil during the following plowing and sowing steps. Keeping
straw in the field is recognized as offering moisture retention benefits.
There are a range of weeds such as wild oats that grow and mature at the same time as
cereal crops. Harvesters remove the bulk but not all the weed seeds from the grain, they are
then ejected with the chaff. Excessive amounts of weed seeds in the grain can result in its
downgrade or rejection. If weed seeds are simply spread behind the harvester, the result is a
gradual increase in the weed load in the paddock. Burning of the straw is the main way to
destroy weed seeds and to reduce their amount over time. Baling and removal of the
material is also an effective way of removing weed seeds.
The weed control issue is not uniform over Australia, it is particularly significant in Western
Australia and less of an issue in New South Wales.
Burning of straw leads to a rapid release of CO2 as well as other pollutants. The released
CO2 is climate neutral as it is matched by that absorbed in the growing crop. Leaving the
stubble in the field helps with moisture retention. However, it can complicate the following
sowing operations. In addition, if the straw is left on the field it decomposes with time and in
doing so it also releases CO2, as well as small amounts of methane.
The ECHO2 system produces biochar from its operation. The biochar, if returned to the soil,
has multiple benefits. It increases moisture and nutrient retention, and it locks up the
biological carbon in a form that can remain stable in the soil for long periods of time. This
would make the crop cycle carbon negative.
If straw is regularly harvested for energy purposes, it will become necessary to replace the
nutrients removed from the field. The nutrient replacement requirement depends on soil
type, nutrient history, crop rotation, nutrient availability. For instance, a tonne of wheat straw
may contain from 2 to 10 kg of nitrogen, 0.2 to 1.5 kg of phosphorous, and 6 to 16 kg of
potassium (Enecon, 2012). The addition of straw biochar back to the soil may reduce or
remove the need for nutrients replacement. The cost of replacing the required nutrients is
between $13 and $42 /t of straw (Enecon, 2012). A study by the Australian Herbicide
Resistance Initiative (AHRI) estimates this cost to be $14.9 per ha. Assuming the removal of
1.4 t/ha of straw, this works out to $10 /t of straw.

4.8 Cost analysis
One of the main limiting factors of using cereal straw and other plant residues for energy
generation is their preparation and transportation cost. Table 5 shows the contributions to
delivered cost of cereal straw as bales.
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Table 5: Range of likely costs associated with production and delivery of cereal straw.

Description

Unit

(Enecon, 2012)
Lower estimate

(Enecon, 2012)
Upper Estimate

Nutrients replacement

$/t

11

41

Baling of straw

$/t

30

On farm cartage and
handling

$/t

Storage (losses)

Gardiner6

Noske7

40

35

25

6

9

15-20

5

$/t

6

13

Grower profit margin

$/t

5

10

10

50

Total cost of straw at farm
gate or local depot

$/t

58

113

60-65

80

Bioenergy Australia’s study suggests that a single pass process with a harvester integrated
bailer could reduce bailing costs by between $15 and $20 /t.
The nutrient replacement cost is not necessarily an additional cost if straw burning was
taking place as the default practice.
The supply of a large amount of straw to an energy plant (e.g. 50,000 tonne/year of baled
straw), when compared to small-scale straw commercial activities, would likely lead to some
efficiencies and hence reductions in the cost of delivered straw bales.
Typically, prices are around $100 /t. In case of drought as in 2018 (this year was a one in 20year case when the whole east coast was drought-affected), straw prices can go up to $160
-180 /t. A gate price of $70 /t was the typical price at the beginning of 2021. Transportation
adds $20 /t per 100 km transport.
In summary, it appears that in a typical season, straw with a 14% moisture content should be
obtainable at between $70 and $110/t. A further $10/t should be allowed for 50km of
transport to a central plant. In a poor season the cost excluding transport could double.
The base cost for straw with 14.8 MJ/kg of heating value represents a fuel value cost of
$5.3/GJ to $7.4/GJ, which is lower than current east coast wholesale natural gas prices of
around $8/GJ.

6
7

Peter Gardiner, private communication 2021, Gardiner Farms
Private communication, 2021, Noske Pty Ltd
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4.9 Processing
To provide for continuous feed of straw biomass to the ECHO2 systems, some form of bale
delivery and unbaling is required.
As illustrated in Figure 12, bale shredders are available to reduce baled straw to a size
suitable for the screw feeders that control feed to the ECHO2 system.

Figure 12: Bale straw tub grinder (Gengze, 2021)

Large straw-to-energy systems in Europe (20,000 to 200,000 t/year of straw) have developed
large scale automated bale handling systems. As shown in Figure 13, these incorporate
cranes that lift multiple bales from on-site storage and conveyer systems that deliver bales
to the shredder systems as needed.
Straw-to-energy plants in Denmark have around two to three days of stored straw in an onsite stockpile. Automation is very high in these energy plants. Some plants shred the bales
then reduce the straw size in hammermills, others only shred them. Suppliers like Passat
and LinKa have developed systems that are suitable for the ECHO2 system.

Figure 13: Straw machinery for handling and conveying, (Skøtt, 2011).
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5 SYSTEM DESIGN FOR HYDROGEN PRODUCTION
5.1 Standard system hydrogen yield
ECHO2 systems incorporate continuous on line syngas analysis as shown in Figure 14,
together with a screenshot of the main components of the syngas as measured during the
operation of the system. The syngas exiting the condenser is a gas mixture primarily
composed of carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), and methane
(CH4). The balance of the mixture, not shown on the analyser, is the nitrogen (N2) from the
air injected.

Figure 14: ECHO2 online syngas analyser and syngas composition ( %vol) at condenser outlet.

During operation the hydrogen fraction varies based on biomass quality, biomass to air ratio,
amount of water in the reactor, and other factors.
The goal of this study was to consider changes to the system to allow the production of as
high an amount of hydrogen as practical and to provide that as a separate pure hydrogen
gas stream.
The system design process was based on the key selection criteria:
•

Low level of technical risk.

•

Possibility to build a proof of concept system in the near term.

•

Potential for good economic performance.

The key design decisions were:
•

Which configuration of base reactor to use?

•

How the reactor should be operated?

•

Which gas clean-up and upgrading approach to apply?
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•

Which method to extract high purity hydrogen?

5.2 Reactor options
The ECHO2 presents an elegant solution to produce clean hydrogen-rich syngas. For the
reactor, the selection process was focussed on variations of the ECHO2 design which could
further increase the purity of the syngas and the concentration of hydrogen. The options
considered are presented below.

The existing reactor design with embedded membrane system
This design was identified at the beginning of the study as a promising solution. It would
involve modifying the ECHO2 reactor with an embedded hydrogen-separation membrane.
This concept has the potential to convert biomass into high purity hydrogen in a single step
while at the same time increasing the amount of hydrogen yield by favouring the hydrogenproducing reactions.
However, during the study it became evident that membrane technology is not yet ready for
such application, as membranes currently cannot withstand very high temperatures and the
presence of pollutants like tars and sulphur compounds.
Due to the low TRL of the technology, this option was not considered further, however, it
should be monitored for future progress.

Existing design with sorbent looping
This option uses the unmodified ECHO2 unit but includes the addition of calcium oxide (CaO)
in the reactor to improve the hydrogen-producing reactions. The role of CaO is to react with
carbon dioxide (CO2) so to remove it from the reaction zone and therefore push the reaction
equilibrium towards the production of more hydrogen and methane The product of the
reaction between CaO and CO2 is calcium carbonate (CaCO3). Previous studies indicate that
if oxygen is used as the gasification agent (instead of air), hydrogen concentrations of up to
75%vol could be achieved, greatly simplifying the following hydrogen separation process
(IEABioenergy, 2018).
The CaO would be mixed with the biomass before entering the reactor. One kg of CaO would
be required for every kg of wet biomass. Due to the high volumes of CaO used, this system
is only viable if the CaCO3 can be converted back to CaO and recycled in the process. This
could be achieved in a calcination reactor, where a biochar/CaCO3 mixture would be
combusted and the CaCO3 split back into CO2 and CaO by the high temperature.
This technology was also not considered further in this study due to the low TRL and the
loss of the valuable biochar in the calcination process. However, this idea should be
monitored in the future as the technology matures.
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The existing reactor design
After considering these options, it was assessed that using the unmodified ECHO2 reactor
presents the best combination of low technical risk, clean syngas production, and hydrogen
concentration. By varying operational parameters it is possible to further increase the
hydrogen yield for this technology.

5.3 Reactor operation
To improve the hydrogen yield from the existing ECHO2 reactor, the following operational
decisions were considered:
•

Gasification agent (air or oxygen)

•

Reaction parameters (residence time, steam injection, and temperature)

•

Addition of dolomite (MgCO3CaCO3).

Gasification agent
By changing the gasification agent from air to oxygen, it is possible to avoid the dilution of
the syngas with the air’s nitrogen8. By doing so, the concentration of hydrogen in the syngas
would more than double, reducing the syngas flowrate to be treated and simplifying the
downstream hydrogen separation process. On the other hand, the use of oxygen adds costs
as it would either require the installation of an Air Separation Unit (ASU) or the purchase of
bulk oxygen.
The use of oxygen has already been tested by RBE while developing their technology.
Therefore, its implementation is considered to present low technical risk.
The results of the economic analysis showed that:
•

Oxygen provides better economic performance than air

•

Obtaining oxygen from an ASU is more economic than bulk delivery.

However, the purchase of bulk oxygen could be preferred in the proof of concept phase to
reduce the initial investment.

Reaction parameters
Reaction parameters like residence time, steam injection, and temperature have an impact
on the ECHO2 unit products.

8

Air is composed of 79% vol nitrogen
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Increasing residence time and gasification agent flowrate would increase the syngas
produced per amount of biomass input while reducing the biochar output (enhanced
gasification). Such parameters would be optimised depending on the relative market value
of syngas / hydrogen and biochar.
Increasing the reaction temperature is expected to push the reaction towards the generation
of more hydrogen.
The variation of these factors is achievable, but a testing plan in the proof of concept
program is needed to evaluate the actual impact of these parameters.

Dolomite addition
Previous studies (Mahishi, 2006) indicate that the addition of dolomite to the biomass in
input to the reactor (20 grams of dolomite per kg of biomass) can help crack the tars and
therefore reduce their presence in the syngas. This would potentially reduce the cost of the
syngas clean-up process.
While it is unclear whether the effect of dolomite would still be beneficial for an already low
tar-producing reactor, testing of this option is recommended for the proof of concept
program due to its low cost and easy implementation.

5.4 Gas clean-up and upgrade
Gas clean-up
Process components downstream of the reactor require a gas cleared from compounds that
can negatively impact them. The key contaminants that need to be removed are particulates,
tars, and sulphur compounds.
Most of the particulates and residual tars are removed by the reactor itself or in the syngas
cooler and knock-out drum, already part of the ECHO2 system. If further particulate removal
were found to be necessary, a wet electrostatic precipitator with a 95% particle separation
efficiency could be installed.
Enhanced tar removal is judged necessary due to the potential damage to the process
equipment. This can be achieved with several technologies including oil scrubbing, thermal
cracking, catalytic cracking, activated carbons, and reaction with alkali salts. Oil scrubbing
was chosen for this application due to the low cost, high TRL, good performance, and
operation at low temperature.
Sulphur removal is also deemed necessary because of the poisoning effect that sulphur has
on catalysts and membranes. For small-scale systems, this is typically done by adsorption.
For this system, activated carbon was chosen as the adsorbing material because of its low
temperature operation. The technology is expected to reduce the sulphur concentration in
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the syngas to below 1 ppm. In addition, the activated carbon acts as an additional
particulate filter.

Gas upgrade
Gas upgrade aims to increase the hydrogen share in the syngas. This is achieved by the
removal of other components or by conversion of some components into hydrogen.
CO2 scrubbing is the removal of CO2 from the syngas via contact with an absorbing liquid.
This process can increase the hydrogen content in the syngas as well as increase the Lower
Heating Value (LHV) of the off-gas rejected by the hydrogen purification unit. However, the
added cost and complexity of this system are considered unnecessary as sufficiently high
hydrogen concentrations can be achieved anyway and the off-gas already presents a
sufficiently high LHV to be combusted in an engine.
Steam reforming is the reaction that converts any methane (CH4) in the product gas into
hydrogen (H2), according to the equation:

𝐶𝐻4 + 𝐻2 𝑂 ↔ 3 𝐻2 + 𝐶𝑂
By performing this reaction, it would be possible to increase the hydrogen yield from the
process. However, this was assessed to not be cost effective due to the low methane
content in the syngas (<5%) and the high temperatures required by the reaction that would
complicate the design of the system. In addition, the methane is not wasted as it goes to
form part of the off-gas sent to power generation, increasing its LHV.
Water Gas Shift (WGS) is the reaction that converts any carbon monoxide (CO) into
hydrogen (H2), according to the equation:

𝐶𝑂 + 𝐻2 𝑂 ↔ 𝐻2 + 𝐶𝑂2
This reaction can be performed in a packed bed catalytic reactor at lower temperatures
compared to steam reforming. Due to the high CO content in the syngas (around 20%) and
the high TRL of this technology, the addition of a WGS reactor was assessed to be
worthwhile.
The WGS reactor can potentially be installed before (sour shift) or after the sulphur removal
unit (sweet shift). Typically, sweet WGS involves a two-step process. The first step High
Temperature WGS, (HTWGS) is operated at higher temperature and it converts the bulk of
CO into H2. The second step Low Temperature WGS, (LTWGS) converts most of the
remaining CO to hydrogen leaving a concentration below 1%. Table 6 summarises the typical
WGS processes.
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Table 6: Characteristics of sour and sweet water gas shift processes.9

Sour WGS

High temperature

Low Temperature

230 – 260

290 – 480

200 – 260

Co, Mo

Cr, Cu + Fe

Cu-Zn-Al

Also converts COS
into H2S for easier
sulphur removal

Lower conversion
(CO output around
2.5%)

Extremely sensitive to S and
Cl poisoning. High
conversion (CO output <1%)

Operating
temperature (˚C)
Catalyst type
Notes

Sweet WGS

Typical reactor residence time and gas hourly space velocity (GHSV)10 are, respectively,
4.5 seconds and 7,000 h-1.
Sorption enhanced WGS consists of a CaO/CaCO3 loop where CaO is used to remove the
CO2 from the WGS reactor, pushing the reaction equilibrium towards the production of more
hydrogen. At the same time, the steam reforming reaction is also promoted, leading to very
high hydrogen yield. However, this technology is currently too technically challenging. It
should be monitored for future progress.

5.5 Hydrogen separation
The hydrogen separation process is aimed at the production of a high purity hydrogen
stream, while at the same time maximising the fraction of hydrogen recovered. For this step,
a hydrogen grade of greater than 99.9%vol 11 was targeted.
Three options were considered:
•

Dense metal hydrogen separating membranes,

•

WGS membrane reactor or

•

Pressure Swing Adsorption.

Dense metal membranes are physical barriers that allow some components of a gas mix (in
this case hydrogen) to flow, while being impermeable to the other species. The main
advantages are the ability to produce a flow of extremely high hydrogen purity, having a
small footprint, and having no moving parts. On the other hand, they require high
temperatures and generate a high pressure drop, requiring high compression energy. In

9

(NETL, 2021)
GHSV is the ratio of gas flow rate in standard condition (Sm 3/h) to the volume of the catalyst in the bed (m 3)
11 As specified by GRDC’s description for the BRII challenge.
10

December 2021
39

Hydrogen and Biochar from Cereal Straw using the ECHO2 Pyrolysis Process

Australia, CSIRO have a strong track record of innovation with hydrogen selective
membranes, including research on producing hydrogen from syngas (Dolan, Viano, Langley,
& Lamb, 2017).
However, following conversations with suppliers, this technology was not selected due to
the high operating temperature and the current high costs. Nevertheless, this hydrogen
separation method should be monitored for future progress as cost reduction is likely.
The Water Gas Shift membrane reactor concept incorporates dense metal membranes
within a WGS reactor. This approach presents the same advantages and disadvantages of
membranes, as well as the advantage of the simplification of the overall process and a
higher hydrogen yield. While being an attractive concept, the high cost of membranes and
the complex reactor design make this too challenging in the near term. It should be
monitored for future progress.
Pressure Swing Adsorption (PSA) is a separation method, commercially available in plugand-play skids, that can produce high purity hydrogen.
This process is based on gas-solid interactions between the gaseous molecules in the feed
gas stream and a solid adsorbant contained in a pressurised vessel. Under high pressures,
the non-hydrogen components in the feed gas are adsorbed on the surface of the adsorbing
material. Because hydrogen presents different intermolecular forces with the solid, it is
possible to selectively separate and trap only the other gas species on the surface of the
solid and provide an exit flow of high purity hydrogen.
When the surface of the solid is saturated with the other molecules, the hydrogen path is
shutoff and pressure in the vessel is reduced and these gas molecules are released from the
solid and end up as the off-gas stream.
Following communication with suppliers, this technology was selected as the preferred
hydrogen separation method due to the affordable cost, commercial availability, simplicity of
installation, high recovery rate and high hydrogen purity capability (>grade 6.0, equivalent to
99.9999%vol H2) (Hygear, 2021).

5.6 The proposed process
Following the technical and economic considerations discussed above, the proposed
process was designed, integrated, and optimised as shown in Figure 15 and Figure 16.
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Figure 15: Proposed biomass-to-hydrogen process: high-level schematic.

Figure 16: Block schematic of the proposed biomass-to-hydrogen system.

The system is composed of the following key components:
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Straw bale tub grinder and conveyor – This consists of a bale shredder / grinder to reduce
the baled straw to a size suitable for the screw feeder.
ECHO2 reactor – The ECHO2 reactor efficiently produces a low-tar syngas with around
15%vol hydrogen. This technology, already proven in a commercial installation, has low
technological risk and good performance.
Air Separation Unit (ASU) – The additional installation and operational costs of the ASU
were proven to be offset by the lower cost of treating a smaller syngas flowrate. In addition,
by removing the nitrogen from the syngas stream it is possible to increase the heating value
of the off-gas separated by the PSA unit, allowing for stable combustion in the engine. The
selected ASU technology for the small-scale system is also based on Pressure Swing
Adsorption technology, and it can be provided as a framed unit at the required scale (e.g. by
Oxymat12). For a regional scale system with ammonia synthesis, the ASU would be based on
cryogenic technology, which provides better economics at large scale and produces at the
same time a pure stream of nitrogen to be used in the ammonia process.
Syngas cooler and knock-out drum – After exiting the reactor at around 80°C, the syngas is
cooled to around 30°C to reduce the share of water vapour by condensation. Following the
water-gas heat exchanger, a knock-out drum separates the water droplets from the syngas
and removes them as a separate liquid stream. During this process, part of the residual tars
still present in the syngas are also condensed and removed. In a similar way, dust particles
are also trapped in the water droplets and removed from the syngas. This is already
implemented in the commercial installation of the ECHO2 reactor. In the Holla Fresh plant,
the hot water generated in the heat exchanger is used to heat up the facilities’ glasshouses.
The installation of a separate particulate removal system was considered. However, the
particulate removal efficiency of the knock-out drum was considered to be sufficient to
protect the downstream gas treating components. If further particulate removal capacity is
required after modifying the system to work with wheat straw feedstock, an electrostatic
precipitator could be installed. This component would add around 3.5% to the capital cost of
the system.
Tar scrubber – Despite the already low tar content of the syngas produced by the ECHO2
reactor, to further reduce the tar particles in the syngas to acceptable levels for the hydrogen
treatment system, a tar removal system was deemed necessary. The technology selected
for this is a bio-oil scrubbing tower. This technology was selected based on its operation at

12

https://oxymat.com/
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low temperature (avoiding the need for expensive high temperature heat exchangers), as
well as for its good performance and high TRL.
Sulphur removal unit – The sulphur removal unit is necessary to reduce the sulphur content
in the syngas to below 1 ppm. Activated carbon bed technology was selected for its high
purification efficacy. In addition, such technology is available as a commercial package,
supplied, for example, by Siloxa Engineering AG13.
Water Gas Shift reactor – Due to the high CO content of the syngas produced by the ECHO2
reactor, a WGS reactor was added to the process to roughly double the hydrogen yield. For
this step, the following considerations were made:
•

An adiabatic packed bed reactor was selected for its reduced complexity and
acceptable performance.

•

A Steam/Carbon ratio of 3 was conservatively chosen for the feed stream to the
reactor. A high ratio reduces the risk of solid carbon deposition on the catalyst bed
but increases the system cost. In the detailed design phase, this ratio can probably be
reduced, providing cost savings.

•

Despite the higher CO conversion rate of a two-step WGS reactor, a single hightemperature step process was preferred due to lower installation costs and system
complexity. In addition, the residual CO (around 20% of the CO initial content in the
syngas) is recovered in the PSA unit and provides additional heating power to the offgas, increasing the revenue from electricity production.

•

Although subject to more detailed consideration, the selected catalyst is likely to be
iron-chrome based.

Pressure Swing Adsorption (PSA) – Following communications with suppliers of both
membranes and PSA systems, the latter was selected as the preferred hydrogen separation
method. This choice was based on the following criteria:
•

high hydrogen purity,

•

low temperature of the process,

•

low pressure drop between the syngas feed and the hydrogen produced,

•

high TRL,

•

availability of the unit as a commercial package at the required size (e.g. supplied by
HyGear14), and

13
14

https://www.siloxa.com/
https://hygear.com/
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•

lower cost and longer life compared to Palladium-based membranes.

Depending on the desired final product, the hydrogen separated by the PSA unit can be
converted into ammonia, sold, or used directly.
Internal Combustion Engine – The off-gas separated by the PSA unit contains a mixture of
combustible gases and CO2, with an estimated HHV of 5.7 MJ/kg. While a small variation in
its composition is to be expected, this should not be an issue for its combustion in a gas
engine. Gas-fuelled internal combustion engines are available on the market, and a 100 kWe
unit is installed for this purpose at the Holla Fresh plant. In addition to generating electricity
with an expected electrical efficiency between 30% and 35%, the engine can also supply heat
at up to 350°C with a thermal efficiency between 40% and 50%. A small portion of the heat is
used to pre-heat the syngas before the WGS reactor in the gas upgrading process.
While the overall process is a first of its kind solution, its basic components are
commercially available. Table 7 summarises the commercial readiness of each component.
Table 7: Technology confidence level of the proposed system components.

Commercially
available

Available as
preassembled
skid

Bale grinder and straw conveyor (1)

X

X

Air Separation Unit (2)

X

X

Component

Already
Tested with
included in
ECHO2
ECHO2

Oxygen combustion (3)

X

Gasification reactor (4)

X

Syngas cooler and knock-out drum (5)

X

Tar oil scrubber (6)

X

Sulphur adsorber (7)

X

Water Gas Shift reactor (8)

X

Pressure Swing Adsorption unit (9)

X

X

Internal Combustion Engine (10)

X

X

Ammonia synthesis (11)

X

X
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6 ECONOMIC ANALYSIS
Two system scenarios were analysed:
•

Small-scale system, equivalent to one ECHO2 unit, for the production of hydrogen
(Production: 360 kg of hydrogen per day)

•

Large-scale system, equivalent to 32 ECHO2 units, for the regional production of
ammonia (Production: 20,000 t of ammonia per year).

6.1 Capital Expenditure
The Capital Expenditure (capex) breakdown for the small- and large-scale systems are
shown in Figure 17.

Figure 17: Capex breakdown for the small- and large-scale systems.

The capex for the system was estimated using available data from RBE experience,
published material, and communications with suppliers. A size-dependent cost model was
created for each subsystem. In all cases a size dependence of installed cost increasing with
size to a power of around 0.7 was found15.
Total capital investment amounts for the small- and large-scale plants are, respectively,
$5.9 million and $95 million. The major areas of investment for the small system are the
gasification reactor and the hydrogen separation equipment, representing respectively 42%

15

The so called seven tenths law, there is some variation in this exponent value according to the nature of
component manufacturing processes.
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and 34% of the costs. For the large-scale system, the ammonia synthesis loop represents
the largest share of the costs (33%), followed by the gasification reactor (30%).
Ammonia synthesis technology is characterised by large economies of scale. For this
reason, typical existing ammonia plants have capacities above 300,000 t of ammonia per
year (see Figure 18). However, off-the-shelf small-scale ammonia systems are being
developed, (e.g. by Dutch company Proton Ventures16 as shown in Figure 18).

Figure 18: Specific installed cost of the ammonia synthesis loop (ITP model).

As can be seen, the 20,000 t/year plant size selected for the regional production scenario
offers a specific cost that is not excessively higher than a large conventional system and
has been judged as an acceptable trade-off to keep straw transport distances low. This
would be subject to further optimisation in the future.

16

www.protonventures.com
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Figure 19: Schematic of the ammonia synthesis loop, (Bob Weehuizen, 2017).

6.2 Operational Expenditure
Operational Expenditure (opex) for the systems was estimated considering the electricity
consumption, the use of consumables like catalysts and adsorbent beds, and maintenance
expenses estimated at 2% per year of the system capex. The cost of electricity, for any net
import, was assumed to be $200/MWh (higher than the export value).

6.3 Product market value and biomass cost
The ECHO2 system produces several valuable products, in addition to the hydrogen targeted
in this study. The obtained revenue depends on the market value of these products and is
evaluated as an offset of the operational costs in determining the cost of hydrogen
produced.
The market value of the output products of the system are estimated based on current RBE
contracts, conversations with potential clients, and market research. Figure 20 shows the
expected range for these values. The base case values for this analysis are summarised in
Table 8.
Conservatively, the revenue from wood vinegar was not considered for the large-scale
system as the supply produced might exceed the demand. Waste heat was also neglected
as a source of value for large and small scale systems.
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Figure 20: Expected range and base case cost of biomass and value of products.
Table 8: Sensitivity study base case parameter values.

Parameter

Value

Biomass cost

$100/t

Biochar value (dry)

$200/t

Carbon credit value

$50/t CO2-e

Wood vinegar value (small-scale plant)

$50/t

Wood vinegar value (regional-scale plant)

$0/t

Electricity value

$100/MWh

Biochar and wood vinegar
A recent study on the value of biochar and wood vinegar (Robb & Joseph, 2020) , reports
that the average price for biochar as quoted by users was $1,807 /t, with prices ranging from
$100 to $6,750 /t. This depends on the grade of biochar, moisture content and end-use.
Figure 21 shows the biochar cost range and motivations to use biochar reported. The
acquired volumes are in t per acquisition.
With input from RBE’s experience, a more conservative value range has been adopted for
this study.
Robb & Joseph report the average price for wood vinegar as quoted by users was $4.63 per
litre, though prices ranged from $2 to $12 per litre ($2,000/t - $12,000/t). Figure 22 shows
cost range of wood vinegar and motivation to use wood vinegar from the report. The
acquired volumes are in kilolitres per acquisition. Again, a more conservative range of values
has been assumed for this study.
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Figure 21: Biochar user motivations, acquired volumes, and purchase costs

Figure 22: Wood vinegar user motivations, acquired volumes and purchase costs.

Carbon Credits
The implementation of international policy instruments has led to the development of
carbon markets. There are compliance markets and voluntary markets.
Compliance markets are those that are established in response to regulatory requirements
for greenhouse gas abatement imposed on industries. The carbon units in these markets are
usually exchanged on a common trading platform, in a way very similar to the trading of
company shares or futures contracts for agricultural commodities.
Voluntary carbon markets occur outside of government regulation. Voluntary markets
involve direct commercial relationship between the seller and the buyer. The market covers
all payments for third-party emissions reductions (usually called ‘offsets’). The volumes
traded are small. For example, individuals and companies who seek to offset their CO₂
emissions can buy an equivalent in terms of carbon credits to “neutralise” their carbon
footprint (Gencturk, 2015).
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For each tonne of ECHO2 biochar, an equivalent 2.88 t of CO2 are removed from the
atmosphere into long-term storage. Carbon drawdown was estimated based on typical
carbon content of 80% by dry weight, and a char moisture content of 48% (both are typical
figures taken from analysis of the char produced by the Holla Fresh ECHO2 unit). The carbon
mass was then converted to equivalent CO2 based on the ratio of atomic weights, according
to:
𝐶𝑂2 (𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑚𝑎𝑠𝑠) = 𝐶𝑎𝑟𝑏𝑜𝑛 𝑚𝑎𝑠𝑠 𝑥

15.99 𝑥 2 + 12.011
= 𝐶𝑎𝑟𝑏𝑜𝑛 𝑚𝑎𝑠𝑠 𝑥 3.664
12.011

An Australian Carbon Credit Unit (ACCU) is an electronic certificate issued by the Clean
Energy Regulator (CER). Each ACCU represents one tonne of carbon dioxide equivalent
(tCO2-e) stored or avoided by a project. Prices in carbon markets are broadly determined by
demand and supply (which emerges as demand and supply for permits or carbon credits).
Spot prices in the Australian market were $18.25 per ACCUs in 2015 ($/t-CO2) (Gencturk,
2015). Since that time they have been trending upwards. While the application of biochar is
included under a positive list of carbon sequestration project types, the CER has not yet
finalised a methodology to determine the ACCUs produced.
The company PuroEarth have contracted with RBE under a voluntary carbon market.
PuroEarth have advised that the buyers of their CO2 removal certificates (CORCs) value
biochar CORCs higher than carbon forestry or soil carbon (Puro.earth, 2021). The current
price of one CORC is at 60 Euro ($93). PuroEarth require that a minimum of 70% of the
‘waste heat produced by pyrolysis’ (includes the syngas) is utilized for drying, heating,
electricity etc. If this is not the case, then the total amount of CORC credits would be
reduced.

6.4 Approach to analysis
To assess the feasibility of the proposed technology, a heat and mass balance model as
well as a financial model were created. The two models were integrated to assess the best
performing system configuration and its competitiveness in the current market.
The heat and mass balance model allowed the technical feasibility of the process to be
assessed and led to the correct sizing of each piece of equipment. In addition, by simulating
the performance of the WGS reactor and of the PSA hydrogen separation unit, it was
possible to estimate the hydrogen yield. Other parameters estimated were the input air or
oxygen demand, the amount of biochar produced and its carbon content, and the wood
vinegar production. Finally, the heat and mass balance model was used to test different
system configurations (as air versus oxygen combustion, or the use of single or two-stage
WGS).
The results of the heat and mass balance analysed were used as part of the inputs in the
financial model. This model evaluated the economic performance of the system by including
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size-dependent cost models for each piece of equipment, the cost of the biomass, the value
of the generated products, and a series of financial parameters. Other inputs were the size
of the system and the desired technical configuration. The model was used to calculate the
capital cost, operative cost, and revenue and to assess the levelised cost of the final product
(hydrogen and ammonia).
The Levelised Cost of Hydrogen (LCOH) or Ammonia (LCOA) are key output parameters to
assess the economic performance of a plant producing these commodities. They are
defined as the constant specific cost of the commodity which, over the system’s lifetime,
will result in the economic “break even” (Net Present Value equal to zero).
The Levelised cost of the commodities was calculated according to the formula:
𝑃𝐶𝐼 − ∑𝑁
𝑛=1
𝐿𝐶𝑂𝑥 =

𝐷𝐸𝑃
𝐿𝑃
𝐼𝑁𝑇
𝐴𝑂
𝑅𝑉
𝑁
𝑁
∗ 𝑇𝑅 + ∑𝑁
𝑛=1 (1 + 𝐷𝑅)𝑛 − ∑𝑛=1 (1 + 𝐷𝑅)𝑛 ∗ 𝑇𝑅 + ∑𝑛=1 (1 + 𝐷𝑅)𝑛 ∗ (1 − 𝑇𝑅) − (1 + 𝐷𝑅)𝑛
(1 + 𝐷𝑅)𝑛
𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑥
∑𝑁
𝑛=1
(1 + 𝐷𝑅)𝑛

Where;
LCOx = Levelised Cost of the commodity (hydrogen or ammonia)
PCI = Project Cost minus Investment Tax Credit
DEP = Depreciation
DR = Discount rate
TR = Tax rate
LP = Loan payment
INT = Interest paid
AO = Annual operations costs
RV = Residual value.
The financial parameters in Table 9 were assumed for the economic analysis.
Table 9: Financial parameters used for the economic analysis.

Parameter
Loan fraction of total

Value

Parameter

60%

Value

Depreciation period

25 years

Loan period

25 years

Project Life

25 years

Loan interest rate

5%/year

Fixed O&M (relative
to capex)

2%/year

Discount rate for equity

10%/year

Inflation

Tax Rate

30%

December 2021
51

1.5%/year

Hydrogen and Biochar from Cereal Straw using the ECHO2 Pyrolysis Process

6.5 Levelised Cost of Hydrogen and Ammonia
The current cost for hydrogen produced with renewable electricity in Australia is estimated
to range between $6/kg and $12/kg. The Australian government’s clean hydrogen cost
target for 2030 is $2/kg. Conventional ammonia plants can produce ammonia at between
$250/tonne and $800/tonne depending on the cost of natural gas feedstock. If coupled with
carbon capture and sequestration, the cost would increase by around $200/tonne.
The baseline calculated LCOH for the small-scale system is $5.4/kg, lower that hydrogen by
electrolysis. While the LCOA for the large-scale system is $654/t in the range of the current
cost of production for ammonia.
Figure 23 shows how the LCOH varies for different system sizes and different biochar
market values. The diagram indicates that for a biochar market value greater than $200/t, a
regional-scale ECHO2 system could reach Australia’s green hydrogen cost target in the near
term.

Figure 23: LCOH as a function of the system size, for different dry biochar values.

Figure 24 presents a breakdown of the LCOH for the small-scale system. A proportionately
similar breakdown for a large system would also apply. Biomass cost and capex have the
largest impact on the final cost of hydrogen. On the other hand, the revenue from biochar
and carbon credits reduces the LCOH by around $4/kg.
The LCOH depends greatly on the size of the system. The baseline LCOH for the large-scale
system is $2.6/kg, less than half that for the small system.
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Figure 24: LCOH breakdown for the small-scale biomass-to-hydrogen system.

6.6 Sensitivity analysis
Effect of system size
Several factors influence the feasibility of the proposed biomass-to-hydrogen and biomassto-ammonia technology. The size of the system has an impact due to the economies of
scale of the different components. Figure 25 and Figure 26 explore how the LCOH and LCOA
change with the size of the system, and in this case, for different costs of biomass.

Figure 25: Levelised cost of hydrogen as function of the plant size.
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Figure 26: Levelised cost of ammonia as function of the plant size.

The seven tenths law applying to the installed cost of key subsystems flows through to the
LCOH and LCOA calculations to produce progressively higher cost numbers at lower system
sizes.
For small size systems (<5 ECHO2 units), the cost of hydrogen (and ammonia) increases
considerably when compared to the cost of producing these commodities at large scale.
However, at $5.4/kg, the LCOH of the smallest scale system (one ECHO2 unit) is already
competitive with current green hydrogen technologies.

Other parameters
The impact on the LCOH of other key parameters is presented in Figure 27 and Figure 28.
The first diagram analyses the sensitivity of LCOH for the small-scale system (one ECHO2
unit), while the second graph shows how LCOH varies for the regional-scale system (32
ECHO2 units).
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Small-scale system
1 ECHO2 unit

Figure 27: Sensitivity analysis of the LCOH for the ECHO2 technology ( single unit.)

Regional-scale system
32 ECHO2 units

Figure 28: Sensitivity analysis of the LCOH for the ECHO2 technology ( regional plant).

The biomass cost is the most important parameter for the feasibility of the proposed
process. For the small-scale system, if the biomass was acquired free of charge, the LCOH
would reduce to almost zero. On the other hand, the increase of the biomass cost from
$100/t to $200/t would almost double the LCOH, from $5.4/kg to $10.4/kg for a small
system. For a large system it would give an even bigger proportionate increase. The
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availability of cereal straw at reasonable cost (around $100/t) is key to the feasibility of the
concept.
The biochar sale price is the second most important parameter. The $200/tonne value for
dry biochar is chosen as a conservative estimate, corresponding to the current market value
of low-grade biochar. If the biochar were to be sold at $400/t, the LCOH for the small-scale
system could be as low as $2.6/kg. And for a large system, lower it to close to zero.
Conversely, the absence of a market for biochar would increase the LCOH to $8.2/kg for the
small system and $5.50 for a large system.
Carbon credits and wood vinegar sales have a lower but still significant impact on the LCOH.
By varying the carbon credit value between $0/tCO2-e and $100/tCO2-e the LCOH varies
between $6.9/kg and $3.9/kg for a small system. Similarly, values of wood vinegar in the
$0/t to $100/t range lead to LCOH between $6.4/kg and $4.5/kg for a small system.
Proportionate changes are shown for a large system.
Other parameters have a smaller impact on the economics of the technology.
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7 PATH TO MARKET
The adaptation of the ECHO2 technology to hydrogen production and use of cereal straw as
a feedstock is seen as an addition to the existing offering from RBE.
RBE’s analysis of the market for ECHO2 ‘energy and biochar’ modules is that the majority of
the potential energy users prefer to remain focussed on their core business and prefer not to
get involved in biomass supply and biochar off-take markets. Thus, the business model is
for RBE to proceed with a build own operate model with project development underwritten
by a base offtake agreement from a key customer.
RBE has been working on the technology since 2008 as illustrated by the timeline in Figure
29. The present study is indicated as a key milestone for 2021. This is to be followed by a
hydrogen / straw proof of Concept project in parallel with an existing installation over
2023-24, moving to a commercially operated hydrogen producing system in 2025. The
pipeline of system installations in standard configuration is pursued in parallel and post
2025, systems will be installed with hydrogen capability as and when hydrogen offtake is
secured. A regional green ammonia system would be developed in partnership with
experienced players in the ammonia / fertiliser sector once long-term experience with
hydrogen is established.

Figure 29: ECHO2 possible technology path to market timeline.

7.1 Proof of Concept plant
To prove the technology while minimising the required initial cost, the proof of concept
should be aimed at demonstrating only the system components that present the highest risk
from an investor perspective. The preferred proof of concept solution is the adaptation of an
existing system17 to a small-scale testing of the syngas clean-up and purification process.

17

Either a new site that is planned for construction on the same timeline or the existing Holla Fresh system.
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Referring to Figure 30, the components 4 (ECHO2 reactor), 5 (syngas cooler and knock-out
drum), and 10 (engine) are already installed at the Holla Fresh facilities. Components 6
through to 9 (syngas clean-up and purification) should be the core of the Proof of concept
and could be designed and installed to only process a fraction of the total syngas produced
(e.g. 10%), but sufficient to demonstrate the system performance.
The use of straw as feedstock and pure oxygen as gasification agent have already been
tested by RBE during the development of the ECHO2 technology. However, further testing
would likely be required, and this could be achieved without increasing the installation cost.
Instead, oxygen could be directly purchased in pressurised cylinders while straw could be
manually fed to the existing screw conveyor system.

Figure 30: Additional system components required for the Proof of Concept.

7.2 Pilot plant
Following the Proof of concept, the commercial plans envisage the development and
construction of a pilot system based on the small-scale system design. The system is
expected to generate 360 kg of hydrogen per day at a cost of $5.4/kg.
A possible location is Kalannie, Western Australia, at a eucalyptus oil production facility (see
Figure 31). Development has already started for the installation of one ECHO2 unit here.
Kalannie is in a major grain growing region.
As an example, a purchase agreement for compressed hydrogen could be targeted for the
supply of hydrogen to vehicle refuelling stations.

December 2021
58

Hydrogen and Biochar from Cereal Straw using the ECHO 2 Pyrolysis Process

Figure 31: Pilot plant layout and possible location in Kalannie, Western Australia.

7.3 Regional-scale ammonia plant
Development of regional-scale ammonia systems would see a partnership between RBE and
an ammonia / fertiliser production company. The production of urea may be considered,
noting that this is a possibility for a straw based system, with the available carbon. The
ammonia / fertiliser produced could be used by farmers in the area, provided at a lower cost
and with zero embedded greenhouse gas emissions compared to conventional ammonia.
This study identified a regional-scale plant (20,000 t of ammonia per year) as an ideal size
for a biomass-to-ammonia system. This scale combines the economy of scale for the
biomass-to-hydrogen and hydrogen-to-ammonia systems with short distance transport for
the required biomass and produced ammonia.
Figure 32 provides a visualisation of the cropping area that could both provide the cereal
straw and be served by the fertiliser produced from such a regional ammonia plant.
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Figure 32: Example of area served by a regional-scale biomass-to-ammonia system.
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8 CONCLUSIONS
The results of this study show that the production of renewable hydrogen from cereal straw
is both technically and economically feasible.
The RBE ECHO2 technology has been developed over the last 12 years through initial work,
testing of a prototype, and leading up to the completion of a first commercial unit. The first
system at the Holla Fresh site in Mount Gambier, South Australia, had accumulated 3500
running hours to March 2021 and is the focus of ongoing design improvements and control
optimisation. The patented technology has a range of key advantages that include:
•

Multiple value streams from; biochar, syngas, electricity and heat and wood vinegar.

•

Carbon negative performance via sequestration in stable biochar and further values in
soil enhancement and nutrient recycling.

•

Simple cost-effective construction.

•

Unique counterflow operation that provides self-scrubbing to recycle tar and other
condensables.

This study has explored a range of system design options to modify the ECHO2 system to
produce high purity hydrogen. Whilst there are a range of early-stage technologies additions
that could be applicable in the future, it has been found that there are a range of high TRL
and commercially available additions that would allow a proof of concept trail in the near
term.
It has been further established that a pilot scale system based on a single ECHO2 unit could
produce hydrogen at a rate of 360 kg/day and at a cost of $5.40/kg, cheaper than any
electrolysis system at that scale. Building a system at regional scale by using multiple units
in parallel has the near-term potential to produce hydrogen at close to or below the national
target of $2/kg. Other technologies are not expected to achieve this before 2030. If such a
regional scale system were combined with an ammonia synthesis plant, then 20,000 t/year
of emissions-free green ammonia could be produced at around $650/tonne, in the range of
conventional fossil fuel based ammonia costs.
A regional system of this scale could be provided with sufficient cereal straw from a region
of 40 km diameter. The ammonia product could then be used to make urea or other forms of
fertiliser and in principle could provide sufficient fertiliser for an area of grain growing land
of 59 km diameter. The biochar produced could also be returned to the same land area and
in doing so return the bulk of nutrients removed with the straw, improve soil quality, and
simultaneously sequester atmospheric CO2 in a long-term stable manner.
These positive results suggest that proceeding to a proof of concept program deserves a
high priority.
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