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ABARES Australian Bureau of Agricultural and Resource Economics and Sciences 
AKD Associated Kiln Dryers 
ad air-dried under ambient conditions 
Am3 actual meter cubed, a unit of gas flow rate, under actual temperature and pressure 

conditions 
as as received sample 
ash the residue formed after combustion of coal comprising both altered minerals and 

organically bound inorganics 
bioMRC MRC produced from biochar, used interchangeably with MRC in this report 

which is focused on char-based MRC 
BN base number of a lubricant, expressed as CaO equivalent 
BOP balance of plant 
BWI Bond work index - a laboratory measure of grinding energy 
capex capital expenditure 
cavitation physical phenomena involving collapsing voids in rapidly flowing liquid which 

generate enormous pressure on surfaces sufficient to deform and pit the surface 
CBN cubic boron nitride, a ceramic with about half the hardness of diamond, sintered 

at high pressure at over 1200°C with a catalyst 
cenospheres thin walled, hollow fly ash particles formed by the evolution of carbon monoxide 

within a molten ash droplet, wide range of sizes up to 100µm 
char loading mass percentage of char in water/liquid 
CHTD continuous hydrothermal dewatering - a proprietary dewatering technology 

developed by Exergen for brown coal 
condensibles liquids produced by cooling torrefier or carboniser gases to below 100°C, 

comprising water, wood vinegar, and creosote and other hydrocarbons 
db dry basis, oven dried 
DCRR discounted cash flow rate of return, profitability taking into account the time 

value of money and is based on the amount of the investment that is unreturned at 
the end of each year during the estimated life of the project 

DICE direct injection carbon engine, used interchangeably in this report with bioDICE, 
a biochar fuelled DICE 

dispatchable electricity generation capacity that has a high 24x7 reliability factor, is not 
intermittent 

DWI direct (ie into the cylinder) injection of water 
fouling ash fouling of engine combustion spaces, build up of ash on engine surfaces 
flyash fine ash material (typically <10µm) released into the gas stream on combustion, 

comprising altered mineral particles and condensed phases 
fume ultra fine <3µm particles condensed from gas phase compounds 
GPa gigaPascals 
GW gigawatts 
HAM humidified air motor 
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heat rate fuel consumption expressed as energy content in the fuel (eg kJ/kWh) 
HECTA a high presssure spray combustion chamber which allows simulation of engine 

conditions 
HEUI a hydraulically actuated, electronically controlled unit injector which combines 

the function of both high pressure pump and injector 
HFO heavy fuel oil, normally heated to around 130-165°C before it can be used in an 

engine 
HFRR high frequency rubbing rig, lubricity test equipment, originally designed for fuel 

lubricity 
HHV higher heating value 
hydrothermal a method of treating coals by heating a slurry to over 300°C and high pressure to 

change the surface properties and to cause dewatering 
ISOtainer a standardised (ISO) shipping container for a wide range of liquids and slurries 
jerk pump a conventional cam operated plunger fuel pump 
kW kilowatts 
LCA life cycle analysis, life cycle assessment, an audit methodology comprising a 

material and energy balance over a defined system to determine resource 
consumption, environomental burdens, environmental impacts and to identify 
areas for improvement 

LCOE levelised cost of electricity; the average net present cost of electricity generation 
for a generating plant over its lifetime 

LHV lower heating value (ie without the heat of condensation of the products of 
combustion) 

OCGT open or simple cycle gas turbine 
PLN pump-line-nozzle; a basic mechanical fuel injection system 
LNG liquified natural gas 
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ratio than compression ratio, with the advantage of providing improved thermal 
efficiency compared to conventional internal combustion engine operating 
conditions, can be achieved by late closing of the intake valve to push part of the 
air from the cylinder before compression 

MJ megajoules 
MRC micronised refined carbon; a generic term being used for carbonaceous water fuel 

produced by finely milling char or coal 
MSAR multi-phase superfine atomised residue, an oil-in-water emulsified synthetic fuel 

used to replace heavy fuel oils in marine engines 
MPa mega Pascal (around 10 bar) 
Mtpa megatonnes per annum 
MW megawatts 
MWe megawatts electrical 
MWhe megawatt hour electrical (equivalent to 3.6 MJ of electrical energy) 
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MWt molecular weight 
NEM National Electricity Market 
Nm3 normal meter cubed, a unit of gas flow rate, normal refers to normal conditions of 

0°C and 1 atm (standard atmosphere = 101.325 kPa) – for practical purposes this 
is rounded to 1 bar 

OEM original equipment manufacturer 
opex operating expenditure 
Otto cycle an idealised thermodynamic cycle that describes the functioning of a typical spark 

ignition piston engine 
PCD polycrystalline diamond, diamond grit that has been fused under high-pressure, 

high-temperature conditions in the presence of a catalytic metal such as silicon 
PLN a traditional high pressure fuel system comprising a pump, a line, and a nozzle 
POE selling price of electricity 
PSD particle size distribution 
R&M repairs and maintenance 
pf pulverised fuel 
PSS sodium polystyrene sulphonate 
RD&D research, development and demonstration 
Recuperator a combustion air preheater using spent furnace exhaust gases to preheat the 

incoming air 
rpm revolutions per minute 
SA Sigma Aldrich, reagent supplier 
SAM scavenge air moisturisation (sometimes termed charge air humidification), a type 

of HAM 
SEM scanning electron microscopy/microscope 
SERDF New South Wales State Government’s Sustainable Energy Research 

Development Fund 
SCR selective catalytic reduction of nitrogen oxides to N2 

seal oil an oil or fluid injected into the gap between sliding surfaces to protect them from 
ingress of MRC particles 

servo oil the actuating fluid, hydraulic oil 
sent out electricity for export, net of ancillaries 
sialon a ceramic comprising Si-O-Al-N 
SE specific energy 
Spirajoule® a proprietary method of heating solids using a resistively heated auger/screw 
tpa tonne per annum 
TRL technology readiness level 
USDOE US Department of Energy 
VM volatiles content (as determined by heating to 915°C in a lose lidded crucible) 
VOCs volatile organic carbons, a group of carbon-based chemicals that evaporate at 

ambient temperature and are harmful to human health and the environment, eg 
formaldehyde 

WIF water in fuel (an emulsion formed by high shear mixing of water into fuel oil), a 
type of HAM 
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SUMMARY 

This report gives research findings on Milestones 1 and 2, which comprise overlapping activities, and 
which include: 

• The production of chars (pine and nitens) to optimise fuel properties 

• A Business Case 

• Detailed results of a 40 hour engine combustion test using a diesel fuel doped to simulate ash 
forming constituents 

• 500h equivalent injection test using a test injector nozzle on a spray bench 

• Progress on techno-economic model to quantify the economic and CO2 benefits of bioDICE for 
the Business Case 

• BioDICE concept plant design including equipment sizing and cost estimates 

• Evidence of engagement with and identification of potential commercialisation partners 

The main findings/progress are listed as follows, with further explanation given in tabular form below: 

1. The R&D has not identified any previously unknown technical or economic factors that could 
diminish the case for bioDICE – all results are positive. 

2. The optimal processing temperature is 325-350°C - in terms of overall fuel cycle efficiency.  
Grinding energy for engine grade fuel (ie -65 µm) was found to decrease dramatically for 
processing temperatures above 310-320°C.  This is above that used for torrefaction, and is 
deemed low temperature carbonisation. 

3. Highly stable slurry fuels with excellent rheology have been produced with specific energies of 
15-17 MJ/L.  CSIRO considers that fuels with specific energy >14 MJ/L will be acceptable, based 
on engine tests with similar SE to brown coal MRC. 

4. It was shown that it is possible to combine all the condensibles from torrefaction into the fuel 
slurry without adversely affecting the rheology.  This is a highly desirable result as the 
condensibles will improve ignition and combustion, and it also avoids the need for a separate 
product or fuel stream. 

5. If condensibles can be added to the char during slurrying, it is expected that a slightly higher 
torrefaction temperature (say 340°C) will be preferred, giving lower grinding energy and a higher 
SE fuel, while maintaining acceptable overall energy recovery and rheology.  This assumes that 
that the increase in oily fractions in the condensibles will not degrade slurry rheology. 

6. It was found that char only fuels exhibited microbial activity in the form of mould colonies after 
2-3 days.  A commercially available biocide was found not to inhibit mould growth.  However, 
fuel produced with over 10% of the condensibles added remained completely inert for over 
500 days –eliminating the microbial issue. 

7. In general, it is expected that ash content will not be an issue – except for harvest residue.  The 
sample obtained for the study from Forico was mostly bark and contained around 20% dirt by 
weight.  The practical implications are discussed, and measures are recommended to improve the 
quality of forest waste. 

8. The use of small laboratory mills for grinding was problematic, giving unrealistically long 
grinding times (and extremely high grinding energy).  Much better results were obtained by 
switching to larger mills, though this required many torrefaction runs in the laboratory to prepare 
sufficient chars. 
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9. A modified Bond Work Index test has been shown to give representative grindability 
measurements for torrefied chars (up to 320°C).  At higher charring temperatures, the chars are 
more brittle and mill quite rapidly, and the large quantities of ultrafines complicate the BWI 
measurement due to balling during screening.  The results from a small ball mill, used in batch 
mode, were used to develop an estimate of the BWI for the higher temperature chars. 

10. Bond Work Indices (a universal milling index) were obtained for a range of torrefaction 
temperatures and chars, though the present techno-economics are based on the actual mill power.  
Measurement of actual mill power showed that micronising 350°C char would likely use around 
60 kWh/tonne. 

11. Scoping work on alternative sources of biomass (aimed at providing additional justification for 
bioDICE) showed that cotton and cellulose waste and whole saltbush would be unsuitable due to 
excessive ash content.  However, the woody parts of saltbush should be useable; this provides a 
large potential fuel source for DICE, leaving the leaf for fodder products. 

12. Mass and energy models were undertaken for 3 levels of integration.  For an integrated plant 
consuming 1kg/s (wet; equivalent to 25,000 tpa @ 80% availability) an overall thermal efficiency 
of 34.8% LHV basis is likely for a 3.5 MW generator.  For a separate char and engine scenario, 
where the char plant utilises torrefication gases to provide heat, a much lower overall thermal 
efficiency of 24.8% is likely.  This result is significant, making a case for considering distributed 
fuel plants serving a larger (and more efficient) generator less relevant. 

13. The results indicate that using larger engines with better exhaust heat recovery, an overall thermal 
efficiency of over 40% LHV should be readily achievable. 

14. Capital cost estimates have been based on published torrefier plant costs, with allowances made 
for milling.  Engine costs were based on data from Zichai New Energy (for a Yanmar-designed 3 
MWe unit), with engine adaptation costs based on recent full-scale injectors and parts for coal-
based DICE.  This data gives an overall plant cost of $26.4M for 9 MWe, or $3.0M/MWe.  The 
engine represents 33% of this.  This is a fraction of that for a boiler-turbine plant or gasifier-gas 
turbine.  Not withstanding the levels of uncertainty in the costs for the present analysis, broad 
justification for the lower capital costs are discussed on the basis of the higher thermal efficiency 
and low cost of the diesel engine, together with the low-tech features of the upstream processes. 

15. A sensitivity analysis was undertaken using the following parameters: 

Plant capex (9 MWe plant) +/- $3M 

Biomass feed costs (wet) $1/GJ to $5/GJ 

Electricity selling price 
(70/MWh + dispatchability premium) 

$105 - $140/MWh 

Diesel consumption as a proportion of energy input 2 to 10% 

Value for CO2 abatement 
(assuming displacement of a 650kg CO2/MWh system) 

0 to $60/t CO2 

• All of the cases exceed the nominal requirement for a minimum DCRR of 7%, except for the 
high ($5/GJ) biomass case.  The maximum biomass cost to give a DCRR of 7% is $4.30/GJ 
(assuming base values for the other variables). 

• The DCRR is most sensitive to variation in the price of electricity and plant capital cost, 
followed by the cost of biomass. 

• However, as the probable range of capital costs is smaller than the other variables, the DCRR 
for a project will probably be least affected by capital cost and most affected by $/t CO2, POE, 
and $/GJ biomass. 
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16. An estimate was made of the potential for bioDICE to generate new employment, using data on 
employment in the Forestry Sector (foresty, logging and support).  It is acknowledged that this 
approach will overestimate employment for systems using broad acre cropping of biomass (eg 
mallee or saltbush) which will is more ameniable to mechanisation.  Using the forestry data, 
bioDICE would require around 39 personel in total, which equates to 2,027 MWh/person.  
Extrapolating this analysis Nationally (ie for the small 9 MWe plant), if bioDICE were used to 
generate 10% of Australia’s electricity demand (recent reports have indentified that there is 
sufficient biomass to do twice this), this would generate around 24,000 jobs for both forestry and 
power plant operations. 

17. A simplified LCA (at present emissions data is not available for a detailed analysis) shows that 
each tonne of forest waste could generate 0.94 MWh of sent out electricity.  In Victoria, this 
could displace 0.94 MWh of brown coal-based grid electricity, which would save 1,150-1,200 kg 
of CO2 of coal-fired power station emissions.  After taking into account initial sequestration of 
CO2 for forest growth, an allowance for harvesting and transport, and emissions from leaving the 
waste in situ an overall benefit/reduction in CO2 of 1,150-1,230 kg CO2/tonne of forest waste 
utilised is achieved over the business-as-usual case.  This is the best case for the 3.4 MW 
bioDICE plant analysed.  As sustainably sourced harvest waste results in a near-zero emissions 
fuel cycle, the CO2 savings are almost completely dependent on the system being replaced. 

18. Fouling test with doped diesel fuel showed that fouling was not excessive and appeared to be 
self-limiting due to periodic sloughing - especially given that the engine was fuelled with diesel 
which produces significantly higher combustion and exhaust temperature compared to MRC. 

19. The 500 hour engine equivalent injector nozzle wear test showed that both tungsten carbide 
compact and monolithic silaon materials were unsuitable for DICE.  However, polycrystalline 
diamond (the ultra-hard material used for many industrial applications) gave an excellent 
performance with no measurable wear over the 500 hours.  Since completing the 500 hour test, 
CSIRO have designed and had manufactured a number of prototype polycrystalline diamond 
injector nozzles for a full size Zichai diesel engine, outside of the present scope of work.  
Subsequent duration tests are planned for mid-2021:  if successful, the aim is to eventually obtain 
similar nozzles for the laboratory engine to enable duration engine operation, the results of which 
will be made publicly available. 

20. Other wear tests have shown that biomass ash has anti-scuff/anti-seize properties, preventing 
cylinder and ring wear. 

21. A concept design has been completed for a unit injector for a medium speed engine suitable for 
both a demonstration and commercial DICE plant.  Discussions have been held with Zichai with 
regards to producing adapted engines for DICE (400kW - 3 MW, in 6 or 8 cylinder in-line 
configuration), and with Aerotech (Switzerland) for the manufacture of the unit injector for MRC, 
and TKD (China) regarding PCD blanks for injector components. 

a. Compared to the many other engine manufacturers contacted regarding DICE, Zichai is 
very proactive, having already established an alternative fuel technology product in the 
form of small gasifiers with gas engines. 

b. A draft development pathway has been identified, including a number of demonstration 
locations, with a location adjacent to a large sawmill being preferred due to higher quality 
mill waste.  Another is using purpose-grown saltbush as part of a multiple bottom-line 
project (fodder, dispatchable electricity, soil carbon, and diversity) is discussed.  This 
option has the advantage of a more extensive potential source of biomass and, together 
with production from farmer cooperatives, should provide more security of fuel supply to 
help de-risk development of the bioDICE fuel cycle.  PundaZole Co Pty Ltd are assessing 
options in this area. 
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c. The saltbush bioDICE scenario offers important potential benefits as part of sustainable 
development nodes in regional Australia, and a link to the Hydrogen Economy 

22. Recommendations for future R&D: 

a. The best methods for adding charring condensibles back into the char and the effects on 
rheology. 

b. The effect of different mill types on MRC rheology - ie the effect of particle shape. 

c. Duration engine tests using MRC from a range of biomass sources. 

d. Optimised char plant design - the requirement for 350°C char is intermediate between 
known torrefaction and high temperature charring processes.  This should focus on an 
integrated, single piece of equipment to combine unit operations of drying, charing and 
reintroduction of condensibles to facility skid manufacture to reduce equipment costs.  It 
is proposed that multiple integrated process skids would be lower cost than separate 
single operation units as are presently used for this type of plant.  A similar approach is 
recommended for the milling and MRC formulation skid. 

23. Project outcomes against that planned or originally envisaged, is summarised in tabular format 
below. 

 

Technology - as 

originally 

envisaged 

Project outcomes, difficulties, 

findings 

Recommendations for improvement for 

next steps 

Use of forest 
residues as fuel 

Failed:  Sample provided from 
Tasmanian operations was unuseable 
due to dirt, bark and high leaf content 
(very high ash content). 

Only harvested woody residues are 
suitable.  No conventional log dump 
material.  For tree heads these should be 
shredded in situ – preferably with 
classification to remove leaf and fine twig.  
Forwarding as either shred or 
thinnings/salvage log.  Debarking prior to 
shredding to limit dirt contamination from 
forwarding of log. 

Detailed carbonisation experiments have 
shown that a wide range of biomass 
materials produce very similar chars in 
terms of final fuel properties - for a given 
processing temperature. 

Alternative biomass feed can be used for 
the injection and engine tests without 
reducing the relevance of the findings to 
the main aim of using residues – correctly 
processed. 

Saltbush woody material is also suitable. 

Size reduction by 
shredding 

The use of low temperature 
carbonisation instead of torrefaction 
may allow use of coarser material 
including block wood.  

For heads and small log, shredding to be 
undertaken prior to forwarding.  This 
should significantly improve shred quality 
by eliminating contamination.  For 
forwarded thinnings/savage log debarking 
should be undertaken before shredding to 
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Technology - as 

originally 

envisaged 

Project outcomes, difficulties, 

findings 

Recommendations for improvement for 

next steps 

remove dirt contamination from 
forwarding log. 

Torrefaction to 
maximise fuel 
yield (270-300°C) 

Torrefication makes a poor quality fuel 
and grinding energy is high.  As 
condensibles can be added back to 
slurry fuel so higher temperature 
processing can be used – higher quality 
fuel with a high fuel cycle efficiency. 

The 1,000 kg of suitable torrefied 
material for the injection and engine 
tests could not be sourced either locally 
or internationally.  The torrefaction 
industry appears to have significant 
technical/economic issues. 

Low temperature carbonisation processing 
using 350°C can be used without reducing 
overall energy conversion efficiency.  Both 
condensibles and gases can be used by the 
engine - the condensates being added 
directly to the MRC for the engine.  This 
also reduces milling energy and plant size 
of the fuel plant. 

Higher temperatures and low grinding 
energy suggest advantageous process 
integration using combined carbonisation 
and grinding using ball-, rod- or vertical 
stirred media mills. 

Processing 
condensate use by 
engine either by 
adding directly to 
slurry fuel or by 
dual fuelling 

Condensates can be added back to the 
char to make a high quality fuel.  While 
this does not significantly increase the 
overall calorific value of the fuel, it 
does prevent microbial activity, avoids 
having a separate product stream, and 
decreases the size of the carboniser 
required. 

This finding is important as it provides an 
easy solution to managing condensates – a 
difficult issue with current processing 
plants.  It is envisaged that condensates be 
dry scrubbed by cooled product char 

Grinding by 
conventional mills 
@ <80kWh/dry 
tonne 

Unachievable from torrefied product Readily achievable with higher, 350°C 
processing temperature. 

Drying energy is 
provided by 
engine heat 

There is sufficient waste heat (mostly 
from the coolant system) to provide the 
energy for drying.  Also engine 
manufacturers are able to increase the 
coolant temperature to 130°C if 
required.  This has the advantage of not 
requiring additional heat exchangers as 
the engine radiator can be part of the 
dryer.  The use of coolant also reduces 
the production of VOC’s compared to 
direct-fired dryers, which invariably 
have hot spots.  Some engine exhaust 
could also be used (lower O2). 

Close integration of the engine with 
biomass drying will reduce overall plant 
cost by avoiding the need for afterburners 
and increase overall thermal efficiency by 
around 10% - with a corresponding 
reduction in the cost of electricity (smaller 
plant, less fuel). 

Wear - injection Injector nozzle wear tests with a single 
orifice nozzle blank show that 
polycrystalline diamond gave 
negligible wear over 500 hours engine 
equivalent. 

On-going development is being undertaken 
beyond the present project, with results to 
be added to the publicly available material 
from the present project.mid-2021. 

Wear - engine Lubricity and abrasive wear tests show 
the biomass ash has anti-wear 
properties. 
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Technology - as 

originally 

envisaged 

Project outcomes, difficulties, 

findings 

Recommendations for improvement for 

next steps 

Fouling - engine Unknown Results indicate that fouling due to ash 
may be self-limiting with periodic 
shedding. 

Substantial 
greenhouse gas 
benefits 

Around 35% energy conversion is 
possible with an integrated plant with 
3-5 MW engines, giving a step CO2 
advantage over similar-sized steam 
plants.  As bioDICE is essentially CO2 
neutral, CO2 savings will depend on the 
power displaced. 

 

Cost of electricity Estimated at $96 MWh for a 9 MWe 
integrated plant 

Relatively high due to the small plant cost 
and the assumption that 5% diesel fuel will 
be required ($5/MWh which may not be 
necessary). 

Financial return Discounted cash flow rate of returns 
vary from 5-17% for the range of 
variables considered.  Only one worst 
case scenario gave significantly less 
than 7% hurdle rate chosen. 

 

Development 
pathway via 
committed timber 
industry 

This has not gone as planned.  The 
projects original partner, Hermal, 
leaving to continue with the project in-
house due to changed circumstances 
involving loss of the Heyfield Mill and 
due to a requirement to make publicly 
available the project IP.  Hermal will 
be approached again once the project is 
finalised. 

So far, a lack of interest to develop the 
technology by others in the 
forestry/timber industry is due to the 
lack of a demonstration plant to 
confirm the expected benefits - using 
forest waste. 

Very negative industry views of 
torrefaction and power generation from 
biomass in general. 

Positive interest from a group aiming 
to grow saltbush on more marginal 
land (PundaZole Co Pty Ltd), and from 
NSW wheat-sheep farmers (Inverell-
Moree area). 

Strong interest in bioDICE as part of 
other initiatives.  This is mostly due to 
the findings that other fuel sources can 
be used to produce an engine fuel. 

A demonstration plant is required to break 
the chicken-and-egg issue around 
bioDICE. 

Scoping tests have shown that saltbush 
woody material should also be useable for 
bioDICE. 

It likely that bioDICE will need to be part 
of a broader project, ie not only the 
utilisation of forest wastes, to be 
economically attractive to developers. 
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Technology - as 

originally 

envisaged 

Project outcomes, difficulties, 

findings 

Recommendations for improvement for 

next steps 

Proactive collaboration with a Chinese 
engine manufacturer in DICE;  this 
manufacturer also produces a 3.2 MWe 
8-cylinder Yanmar-designed genset. 
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1 INTRODUCTION 

This ARENA project is designed to assess the feasibility of using biomass as a source of fuel carbon in 
DICE (direct injection carbon engine), to produce electricity with low greenhouse gas emissions for the 
overall fuel cycle.  This will involve the pyrolysis of some commercially relevant biomass sources, to 
produce char water fuel slurries with sufficient specific energy and combustion properties. 

The project is based on the findings of previous studies by CSIRO which showed that micronised and 
refined coal water fuel produced from NSW black coals, and processed Victorian brown coals, should be 
capable of fuel cycle efficiencies of 48-50% (sent out, HHV basis) and with <700kg CO2/MWh by 
adapting current large marine engine technology.   

In the present study, the objective is to assess the use of processed biomass from forestry wastes to 
produce char-based fuels for adapted smaller diesel engines – say 1-20 MW, suitable for distributed or 
decentralised generation.  At this scale, engine-electrical efficiencies of over 40% LHV should be 
possible, giving very low CO2 power generation, even when all of the emissions associated with biomass 
processing and fuel production are taken into account.  On this basis, and assuming a wider range of 
biomass resources can be used for bioDICE as the resources estimated by Crawford (2012, 2016), up to 
20% of Australia’s electricity could be produced from biomass by 2050. 

1.1 Biomass processing 
Due to its low energy density compared to fossil fuels, for large-scale use as a fuel, very high volumes of 
biomass are needed, which compounds problems associated with storage, transportation, and feed 
handling at cogeneration, thermochemical, and biochemical conversion plants. 

Some of the inherent problems with raw biomass materials compared to fossil fuel resources (low bulk 
density, high moisture content, hydrophilicity, and low specific energy) render raw biomass difficult to 
use on a large scale.  These limitations greatly impact logistics and final energy efficiency. The pyrolysis 
of biomass enables these limitations to be reduced, since pyrolysis: 

• Provides a dry product (high moisture in raw biomass is one of the primary challenges if used 
directly for electricity generation using steam raising boilers, as it increases the energy for 
grinding and reduces the efficiency of the process).   

• Changes the surface from hydrophilic to more hydrophobic, the degree of hydrophobicity 
depending on the charring temperature.  This increase in hydrophobicity enables char/water fuel 
slurries to be produced with a higher content of char, and therefore with a higher overall specific 
energy. 

• Decreases the energy required for comminution.  Grinding of pyrolysed product to produce 
micronised char for fuel slurries is a major energy consumer. 

• Increases the specific energy of the product on a mass basis, by converting wood components into 
solid char, liquids, and gases.  The yields of each of these products depend on the pyrolysis 
temperature, and on the wood composition (cellulose, hemicellulose, and lignin).  The higher the 
temperature, the lower the yield of char and the greater the yield of liquids (with a range of 
organic compounds) and/or gases (with fuel values increasing with temperature). 

While the initial focus of this project was on torrefaction (low temperature pyrolysis; 280-320°C), since 
the last progress report the effects of increasing the pyrolysis temperature to higher temperatures (up to 
430°C in the laboratory, and to 500°C (nominal) for a commercial sample) have been explored.  Pyrolysis 
produces biochar, bioliquids and gases, in a ratio which depends on the pyrolysis temperature, and to 
some extent the biomass residence time.   
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Because of the unavailability of a tonnage quantity of char produced under the defined low temperature 
pyrolysis (320-340°C; torrefaction) conditions for the injector and engine trials, a 700 kg sample of 
E.cladocalyx high temperature char from Green Man (a company in Northern NSW) was obtained to 
produce slurry for the injector tests and engine runs.  This fuel should provide good quality data for the 
project on tip wear and atomision and atomiser (injector) wear. 

1.2 The direct injection carbon engine 
The direct injection carbon engine has been investigated by several programs over the last 100 years, but 
with the aim of replacing fuel oil.  When fuel oil prices have dropped, so has development – even though 
development had proceeded as far as prototype production engines (for locomotive use).  All of this work 
has used coal-based slurry fuels, with only 2 very limited investigations to use biochars, one of which by 
the CSIRO involved combustion of a char slurry fuel in a large spray chamber.  This work showed that a 
high temperature commercial char (produced at around 800°C) could be successfully ignited under diesel 
engine conditions.  It is noted that this char contained far less volatile matter than the lower temperature 
chars which form part of the present study – so even better results are expected for these lower 
temperature chars. 

To help provide a context for the new technical issues of burning biomass slurry fuels in diesel engines, a 
short background is provided on engine development, the use of high levels of water additions to engines, 
the use of bitumen-based fuels, and a short history of coal engine development – all directly relevant to 
bioDICE.  This summary also highlights the potential for char fuelled engines to give generation 
efficiencies up to 56% LHV – nearly 3x the efficiency of smaller biomass fuelled steam plants. 

As bioDICE is a new application of biomass, this introduction is purposely more detailed than that given 
to fuel production involving well-known torrefacation/low temperature carbonisation processing.  Its 
purpose is to justify that fuelling adapted diesel engines with char-based slurry fuels is technically 
achievable, with existing analogs. 

a) Historical 

Rudolf Diesel originally conceived the compression ignition cycle as a method for efficient combustion 
of both solid and liquid fuels in reciprocating internal combustion engines.  Diesel’s patent, issued in 
1892, covered the principles of one of the most important technological developments of industrialised 
society.  The engine has advanced to the point where it has become the dominant heat engine for all 
heavy duty applications where high fuel efficiency, reliability, and long life are required – essential 
attributes for secure, nimble power from biomass.  Although the size of diesel engines ranges from 5 kW 
to 100 MW, for the present project the focus is on mid-size, medium speed engines of 1-20 MW – 
ie suitable for distributed or decentralised generation.  At this size, overall sent out thermal efficiencies of 
42-48% LHV without exhaust heat recovery are possible – double that of similar sized steam or 
gasification-based generation. 

Despite 110 years of development, significant advances in diesel engine technology are projected.  Most 
engine developments are based on the use of improved materials (mostly ceramics/cermets), improved 
combustion and mechanical design, electronic control, and post-treatment of flue gases.  These 
developments are to give even higher efficiency, lower pollutant emissions, allow a wider range of fuels, 
increase service life, and reduce cylinder lubrication.  The use of hard and corrosion resistant 
ceramic/cermet coatings is especially important in giving longer life when lower grade fuels are 
employed – and are especially significant to bioDICE.  There is also some promise that self-lubricating, 
low friction cylinder materials can be developed that will reduce the frictional power loss in an engine 
and permit operation at high temperatures, without the use of an oil lubricant.  Other developments 
include multi-fuelling, higher combustion pressures, and highly humidified engines - mostly for NOx 
control. 
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Except electronic control, most of these improvements have been evolutionary, and have been able to 
proceed in small steps in response to market demands and regulations, which is another key advantage in 
adapting for bioDICE. 

b) Highly humidified diesel engines 

BioDICE is based entirely on the use of water-based slurry fuels, which, due to the water penalty issues 
from high moisture content fuels in boilers, are automatically assumed to cause the same reduction in 
efficiency for DICE – compared to diesel fuel.  This is not correct.  While a 50% water biomass will 
decrease the efficiency of a steam cycle by around 6% points, it will be shown that the water latent 
penalty in medium speed diesel engines is likely to be only 2-2.5% points.  Furthermore, wet diesel 
engine configurations are already well established (albeit for different reasons).  These HAM (humidified 
air motor) cycles, are therefore directly relevant to DICE. 

HAM variants include water-in-fuel emulsions (WIF), direct water injection (DWI) and scavenge air 
moisturisation (SAM) also termed charge air humidification (CAH). 

Combustion of fuel-water emulsions (termed water-in-fuel, or WIF) is the oldest and easiest method of 
reducing NOx emissions.  In this technology, water is added to the fuel and passed through an emulsifier 
to break up the water into fine droplets (typically 5-20 µm) uniformly dispersed throughout the fuel.  
Emulsions are an effective way of reducing peak flame temperature, which suppresses the formation of 
NOx. 

The results from recent WIF experiments with a large low-speed test engine are described by Andreasen 
(2011) and show that 50 wt % water in fuel amounts to a ~2% loss in efficiency – though there are other 
effects that need to be addressed, particularly the effect of water on ignition delay, and the increased 
volume of fuel to be injected. 

The main proponent for direct water injection is Wärtsilä for medium speed engines, and involves 
injecting water into the cylinder just prior to injection of the fuel.  Injection rates of 0.4-0.7 kg water/kg of 
fuel are typically used.  Special injectors, comprising separate water and fuel nozzles, are used.  The 
advantage of this system is that the water penalty is substantially avoided as the water spray cools the 
compressed air charge thereby reducing compression work.  This effect is particularly significant for the 
medium speed engines (400-750 rpm) proposed for bioDICE. 

Mitsubishi Heavy Industries has developed a more complicated version of DWI for NOx control.  This 
system is called stratified fuel-water injection, where slugs of fuel-water-fuel are sequentially injected 
into the combustion chamber to control the peak combustion temperatures.  The system has been 
successfully used for low-speed marine engines. 

Both the Wärtsilä and MHI systems generally give a 70% reduction in NOx for an efficiency penalty of 
1-1.5% points – ie giving a ~1% lower efficiency point penalty than for WIF systems. 

There is some analogy between these systems and the injection of micronised refined carbon (MRC) 
because, in contrast to oil-water emulsions used in WIF, where the contained water droplets evaporate 
during the bulk of the combustion period, the MRC slurry water must evaporate first before char 
combustion can occur. 

The ultimate development of humidified engines is called scavenge air moisturisation (SAM) which is 
presently the most favoured system for reducing NOx for the larger low-speed marine engines.  This 
involves saturating the scavenge air (the air going into the engine) with warm seawater or fresh water 
injected into the combustion air immediately before the engine. 

In the Wärtsilä version for large 4-stroke engines, fogging nozzles introduce fresh water directly into the 
charge air stream after the turbocharger, in the form of very small droplets (<5 μm) which evaporate 
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quickly in the hot air from the turbo charger (200°C).  Further heat for evaporation is provided by the air 
cooler (but acting now as a heater using hot engine coolant). 

Overall, developments in humidification have demonstrated that diesel engines can tolerate high levels of 
water ingestion – typically 7-9 vol% in the charge air, which is equivalent to 1.45 kg water/kg fuel or 
~60 wt% water in the fuel.  This is achieved without a significant impact on fuel consumption and 
thermal efficiency, as part of the latent heat of vaporisation is provided by lower grade engine heat. 

In a CIMAC presentation by Soren Jensen (Director, MAN Copenhagen), an efficiency of 59% (LHV, 
flywheel) is projected for a low-speed engine with waste heat recovery using SAM (Jensen, 2009).  For 
stationary power generation, this is equivalent to 56% sent out basis LHV. 

c) Bitumen-water emulsions – more difficult than char-based MRC? 

The use of bitumen-water emulsions in diesel engines provides a good analog for char-based MRC – as 
these are more difficult to ignite than conventional fuel oils. 

Over the last 20 years there has been a number of initiatives to produce bitumen-water emulsions to 
replace HFO in diesel engines and boilers.  In parallel to the Orimulsion process, a group of former BP 
staff developed an alternative low-capex emulsion technology called MSAR (Multi-phase Superfine 
Atomised Residue) in conjunction with Akzo Nobel.  This technology is based on utilising refinery 
residue feedstock.  MSAR is currently exploiting the market void created by the cessation of Orimulsion 
production in 2006 (to enable upgrading Orinoco bitumen to higher value diesel fuels). 

The MSAR is produced by emulsifying heavy refinery residues in water with the use of surfactants.  As 
the bitumen component of MSAR has a very high viscosity of over 106 mPa.s (and therefore not pourable 
unless heated to over 130°C), MSAR is essentially a slurry of solid bitumen particles in water. 

In general, bitumen-water emulsions are difficult fuels, giving poor atomisation and ignition, and with 
high heavy metal and PAH emissions; Ahrenfeldt (1999), Schramm (2003) and Phong (2002).  The 
ignition performance of MSAR is particularly poor in conventional diesel engines (especially compared 
to the earlier Orimulsion fuel), and development is underway by both MAN and Wärtsilä to overcome 
this problem - MAN with the use of the ME-type engines (ie with electronically controlled fuel injection). 

1.3 Effect of specific energy on efficiency 
Compared to fuel oils, char-based MRC will have a lower specific energy (SE) content due to the added 
water and the highly oxygenated char and condensates.  Both act as diluents, and the water also 
contributes to latent heat losses from the uncondensed water vapour in the exhaust or stack gases.  
However, to some extent these effects are offset by a reduction in compression work from evaporation of 
water injected before combustion occurs, and the chemical supercharging afforded by the high oxygen 
content (ie more fuel can be combusted without the need for air compression). 

Whilst the effect on boiler efficiency is readily calculated, the effect on a diesel engine is much more 
complicated due to a range of competing effects; for example, water evaporation from early injection will 
reduce compression work, whilst after combustion reduces expansion work due to latent heat losses. 

Accurate modelling of diesel engine performance from first principles involves many complex 
phenomena which require a deep understanding of a wide range of atomisation and combustion 
fundamentals.  This understanding does not presently exist for MRC (or for other coal water fuels).  Note, 
even for diesel fuel, models are highly simplified and use mono sized fuel sprays with constant fuel 
composition (ie fuel is considered a simple compound) and assumes complete evaporation (without the 
formation of chars – important for fuel oils) and thus are not applicable to char-based slurries.  While 
some of these factors are common with pf combustion and gasification for which reasonable models have 
been developed over many years, the situation for engine modelling is very different:  In a diesel engine 



bioDICE Milestone Final - February 2021 5 of 215 

there are additional complications because the combustion process is highly transient, non-steady state 
and highly variable spatially.  In addition, the heating conditions are grossly different (much higher 
pressure and temperatures), making pf and gasification data relevant.  These complexities mean that 
lumped parameter models will be required – which negates the benefits of a detailed model. 

Until the engine tests are carried out, efficiency estimates in the present project are being based on the 
expectation that engine efficiency on MRC would be 2-3% points less than that achievable for HFO.  This 
assumption is based on the following: 

• USDOE work claimed that efficiency on coal water slurries was very similar (within 1-2%) 
to that for diesel fuel. 

• MDT have given several estimates of efficiency penalty of 2-2.5% (ie an increase in specific 
fuel consumption of 4-5%) based on recent work with fuel oil emulsions. 

• Experimental work at CSIRO showed that a heat release rate similar to diesel fuel could be 
achieved with brown coal slurries, meaning no loss of efficiency due to slow ignition. 

• CSIRO has a detailed engine model which has confirmed both USDOE claims and recent 
CSIRO experience with brown coal slurries. 

The techno-economics in the present study have used conservative efficiency values, calculated by 
decreasing diesel engine efficiency by both the latent heat plus fuel pump losses, which probably 
underestimates probable efficiency by 1% point. 

1.4 Engine development 
While the development of DICE is made easier by these on-going evolutionary developments in the larger 
diesel engines, particularly those related to lower quality fuels and more adaptable electronic engine 
control, the use of char will require some major changes in design.  This, in turn, will require an improved 
understanding of a number of combustion and wear related phenomena unique to char-based MRC fuels. 

To place these adaptations in context, a summary of past coal engine developments is given below.  A 
listing of developments over the past 110 years is given in Table 1.  Unfortunately, this listing comprises 
no data for biomass char fuels. 

After some unsatisfactory experiments, Rudolf Diesel abandoned the use of coal as a fuel and 
concentrated his work on petroleum liquid fuels.  Serious work on coal-fuelled diesel engines was 
renewed in 1911 by Rudolf Pawlikowski, a former co-worker of Diesel.  After solving many 
technological problems, in 1928 a four-stroke low-speed engine was ready for commercial development.  
An early Pawlikowski single cylinder engine (60 kW at 160 rpm) operated successfully for around 11,000 
hours over 1916 to 1928 using a wide range of coal sources and coke; Pawlikowski, (1929). 

Overall, 4 German firms were involved in the development of the coal engine, initially by taking options 
on Pawlikowski's patents, and in two cases by refining Pawlikowski engines.  These four firms, and 
Pawlikowski' s firm Kosmos reported the successful construction and operation of 19 engines, spanning 
the power range from 6 to 400 kW and with engine speeds from 160 rpm to 1600 rpm.  The engineers at 
these firms contributed many technological advances, including satisfactory solutions for wear, fuel 
injection and combustion problems.  However, none of these engines were commercially produced, 
though this was to some extent due to production facilities being destroyed in 1944. 

Following World War II, abundant low cost oil removed the economic incentive for further development 
until the early 1970s, when the first oil shocks caused renewed interest.  Most involved investigation of 
coal-diesel mixtures as fuel extenders in small high-speed engines.  This was followed by a short series of 
tests in Europe using large slow speed research engines at Sulzer Bros (now Wärtsilä) and at Burmeister 
and Wain (now MAN).  While satisfactory combustion of coal-oil slurries was achieved using unmodified 
engines, chronic wear of injector tips was experienced.  This in turn resulted in chronic cylinder wear 
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problems.  A short test series with coal-water slurries was also reported by Sulzer (Steiger, 1982) with 
better results. 

The initial 1970s R&D was followed by a larger development program under USDOE funding.  The 
USDOE program involved Cooper-Bessemer/Arthur D Little, Sulzer, General Electric, Adiabatics, 
General Motors ElectroMotive Division, Detroit Diesel Corporation, and Southwest Research Institute 
(SwRI).  This program not only defined economic and technical conditions under which future coal 
engines can be commercialised, but also advanced the state of the art through pilot engine testing with 
greatly improved injection systems.  In comparison to the earlier developments, which utilised either coal 
dust aspiration, blast injection, or coal-diesel slurries, the USDOE program focussed entirely on coal-
water slurries.  Many component problems in the earlier program were overcome, in particular: 

• Durable injection nozzles were developed to give expected nozzle life of several thousand hours. 
• Emissions control systems were perfected to bring levels of NOx, particulate, and SO2 emissions 

below those of competitive coal power technologies. 
• A Cooper-Bessemer prototype engine was demonstrated with these technologies and included over 

100-hours of proof-of-concept testing of technologies for a 6-cylinder, 1.8 MW coal engine.  
200 hours of continuous engine testing was achieved on coal-water slurry, with a cumulative 
1050 hours of engine testing achieved during component development. 

• Similar developments were achieved by General Electric using a Dash 8 locomotive on the 
Morgantown test track. 

• Processes for producing low ash coal slurries were developed by CQ Inc. based on the integration of a 
special cleaning module with conventional mine mouth coal preparation plant.  Conventional coal 
cleaning technology was used (mostly by dense media cyclones).  A full scale modular 26,000 L 
slurry storage and handling system was fabricated and demonstrated. 
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Table 1  Coal-engine developments over the last 110 years 

Date Who Coal Engine 
type/cylinders 

Power 
Speed 

Injection Comments 

1890s Diesel 
MAN 

lignite dust single cylinder 
4-stroke 

Est 40 kW 
200 rpm 

air blast Engine apparently exploded, coal operation 
terminated in favour of peanut oil 

1911-40 Pawlikowski 
(Kosmos Corp) 

dust single cylinder 
4-stroke 

160 kW 
160 rpm 

dust aspirated, air 
blast 

Over 11,000 h operation, other engines also tested 
at 400-1600 rpm 

1925-29 I G Farben Industrie dust 4 cylinder 
4-stroke 

330 kW 
215 rpm 

air blast 3 engines constructed but development terminated 
for economic reasons 

1930-39 Schichau Werke dust 6 cylinder 
4-stroke 

450 kW 
375 rpm 

dust aspirated Demo engine only 

1930-45 I Bruenner MFG dust 3 cylinder 
4-stroke 

80-220 kW 
250-1000 rpm 

dust aspirated 6 engines demonstrated, first successful high-
speed engine 

1935-45 Hanomag dust single cylinder 
4-stroke 

75 kW 
220 rpm 

air blast 2 engines, little operation 

1949 North Carolina 20% coal-diesel 
-50 μm 

4 cylinder 
4-stroke 

15 kW 
1200 rpm 

conventional  PLN 20% coal in diesel, excessive wear 

1957 SwRI 30% coal-diesel 
-20 μm 

single cylinder 
4-stroke 

15 kW 
1000 rpm 

conventional  PLN 30% coal in diesel, excessive wear 

1959 Virginia Polytechnic Coal dust 
-450 μm 

single cylinder 
4-stroke 

8 kW 
1800 rpm 

dust aspirated 
diesel pilot 

excessive wear, incomplete combustion 

1969 Howard University coal dust 
-75 μm 

single cylinder 
4-stroke 

6 kW 
1000 rpm 

dust aspirated 
diesel pilot 

excessive wear 

1977 Virginia Polytechnic 15% SRC I-
diesel 
-2 μm 

single cylinder 
4-stroke 

8 kW 
1800 rpm 

conventional  PLN jamming of injection equipment, excessive wear 

1979 SwRI 20% coal-diesel 
-10 μm 

single cylinder 
4-stroke 

40 kW 
1800 rpm 

conventional  PLN jamming of injection equipment, excessive wear 
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Date Who Coal Engine 
type/cylinders 

Power 
Speed 

Injection Comments 

1978 Burmeister & Wain 30% coal-diesel 
-20 μm 

single cylinder 
2-stroke 

~1200 kW 
120 rpm 

conventional  PLN Good combustion, chronic injector, and cylinder 
wear issues, ring jamming from excessive coal 
contamination 

1979 Sulzer Bros 30% coal-diesel 
-10 μm 

single cylinder 
2-stroke 

1500 kW 
120 rpm 

accumulator 
injection 

Good combustion, some wear issues 

1984 CSIRO Clayton 30% Victorian 
coal-diesel 

-10 μm 

single cylinder 
4-stroke 

5 kW 
600 rpm 

conventional PLN Acceptable combustion over 100 hours, no wear 
issues 

1988-94 Cooper Bessemer coal slurry 
-1.5% 

ash, -20 μm 

single cylinder 
4-stroke 

200 kW 
400 rpm 

(1 cylinder of a 
6.3 MW engine) 

Adapted PLN Excellent results with 1050 h operation during 
component development including emissions 
controls and subsystems for 6.3 MW 18 cylinder 
power plant modules.  Use of diesel pilot for 
ignition control. 

1988-94 SwRI coal slurry 
-1% ash, -20 μm 

8 cylinder Detroit 
and EMD 2-stroke 

~600 kW/800 rpm 

200 kW/1900 rpm 

HEUI-type Development of advanced injection systems, 
demonstration of coal firing at 1900 rpm with a 
Detroit 2-stroke engine 

1987-94 General Electric 
Morgantown 

coal slurry 
-3% ash, -20 μm 

12 cylinder 
4-stroke 

(also single 
cylinder test 

engine) 

1860 kW 
1050 rpm 

electronically 
controlled, 

accumulator 
injector, shuttle 

pump 

Excellent results, 500 hours of testing including 
the operation of a locomotive on the Morgantown 
test track.  Development of reliable fuel injection 
system suitable for commercial use. 

2010- CSIRO Newcastle MRC based on 
Victorian HTD, 
both floated and 

chemically 
cleaned 

bituminous coals 
-40 μm 

single cylinder 
4-stroke 

11 kW 
400 rpm 

hydraulic-
electronic type 

60-90 MPa 

Engine operation with chemically and physically 
cleaned bituminous coal, and Yallourn CHTD 
from Exergen.  Good combustion without pilot 
fuel using an electronically controlled injection 
system. 
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1.4.1 Fuel atomisation 

Fuel atomisation was a key focus of earlier DICE developments.  Current atomisers for diesel and heavy 
fuel oil employ pressure atomisation of the fuel, which involves pumping the fuel into the engine through 
small orifices (0.2-1 mm) at high pressure (50-200 MPa).  This generates high velocity fuel jets (typically 
200-400 m/s) which cause rapid fuel breakup and atomisation.  This occurs due to a number of effects, 
including from turbulence generated within the liquid streams leaving the orifices, and interaction of the 
high velocity liquid with the relatively dense and hot (~600°C) compressed air charge in the cylinder. 

Regarding atomisation, the properties of MRC coal water slurry fuels are significantly different to diesel 
and fuel oils.  In particular, the high concentration of particles (45-50 wt% char and up to 2% of ash) 
gives an MRC with a much higher viscosity and surface tension.  Also, both char and ash residue particles 
are abrasive, making the use of high atomisation velocity very difficult to achieve in a commercial 
engine, which is expected to operate for thousands of hours with little maintenance.  Injection of MRC 
causes a number of technical problems concerning: 

• Pressurising and metering the fuel to the injector nozzles at the correct time and rate for each 
injection event. 

• Propelling the fuel into the combustion chamber at sufficient velocity to cause atomisation and 
mixing to give the required rate of combustion, complete combustion, and to reduce the formation of 
abrasive combustion residues including both ash and unburnt fuel.  However, this must be achieved 
using the minimum fuel velocity possible across valve seats and nozzles, to avoid wear and damage 
from abrasion and cavitation. 

• Protecting sliding and sealing surfaces in the fuel system (eg the non-return/vent valves, cut-off valve 
slides, nozzle slide valves) from particulate contamination which rapidly packs into sliding clearances 
causes jamming or abrasive wear. 

• Providing the ability to flush the fuel from the injector to prevent the formation of sludge and 
blockages after shut down. 

There is a trade-off between the quality of injection and injector life:  While atomisation can be improved 
by using higher fuel pressure, this exponentially accelerates wear in the fuel system.  Wear of the 
injection equipment reduces the quality of atomisation producing larger droplets, which eventually form 
larger agglomerates of particles during the drying stage of the atomised fuel.  The increase in the effective 
particle size of the carbonaceous matter reduces the rate of particle heating, slows combustion, and 
increases the amount in unburnt char in the exhaust.  Agglomeration also tends to increase the particle 
size of fly ash formed from combustion, due to the fusion of individual ash particles contained in the char 
agglomerates.  The result of reduced atomisation quality is an increase in the amount of char, and an 
increase in the size of the fly ash particles in the combustion gases – both are likely to increase wear of 
the cylinder and piston rings, and contribute to other problems from ring sticking, exhaust valve wear and 
turbocharger turbine abrasion. 

Despite these issues, and the very different properties of coal-based fuels, injection of coal-water fuels 
was successfully demonstrated in a number of demonstration programs for the USDOE over 1978-1993.  
The most successful of these demonstrated that acceptable injection systems could be constructed with 
relatively minor modifications to conventional fuel oil injection equipment.  These modifications included 
the use of increased injection pressure, seal oil protection of sealing surfaces, carbide or ceramic valve 
seats, and ceramic or diamond compact nozzles.  The basic design of the injectors and nozzles remained 
unchanged. 

However, while a modified conventional pressure atomisation equipment approach has been successfully 
demonstrated, valve seat wear and nozzle orifice erosion were still problematic and likely to limit injector 
life to around 2-4,000 hours, based on the findings from the DOE program for medium speed engines.  
This was deemed just acceptable for a commercial engine.  Using char-based MRC should give a 
substantial increase in longevity of key engine components. 
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Although a longer life is expected for injectors using char (relative to coal), it is clear that injector wear 
remains an issue for commercial deployment of DICE, and that additional development is required for 
this critical technological issue. 

Overall, the likely 2,000 hour injector life for a modified conventional pressure atomiser is considered 
acceptable and is probably the most significant technical obstacle to the development beyond the pilot 
stage. 

1.4.2 Effects of fuel properties 

Fuel quality is critical to use in a diesel engine, because reciprocating engines require much shorter 
combustion times than for normal combustion in a boiler, and because unburnt fuel particles can cause 
chronic engine wear, piston ring jamming and operational issues.  For this reason, producing a high-
quality fuel has been the main focus of the early experimental work. 

Although closely defined fuel quality parameters are not possible until engine tests are completed, generic 
requirements are as follows: 

• Particle size distribution with a d50 of <20 µm and a d90 <60 µm. 

• High specific energy to minimise latent heat losses in the engine. 

• Low abrasive ash content – to minimise injector nozzle and cylinder/ring wear especially. 

• High stability to prevent settling in the fuel handling equipment. 

• Strongly shear thinning behaviour to allow injection and effective atomisation – essential for 
controlled heat release and to minimise unburnt char. 

• Resistance to microbial action – some slurry fuels degrade rapidly, which can affect both stability 
and shear thinning behaviour – in addition to increasing OH&S concerns. 

Experience has shown which individual properties can be readily met, and achieving a balance between 
all properties is more difficult.  For example, a high SE fuel can be produced by increasing the char 
content, which will have the advantage of also increasing fuel stability.  However, this will also increase 
the viscosity and may produce shear thickening behaviour which will make the fuel very difficult to inject 
and atomise, and result in poor combustion behaviour. 

1.5 Project deliverables 
The specific deliverables to ARENA in this project are a series of reports as follows: 

Milestone report 1 (by 15 December 2018) 

1.1 Provision of a report on the production of chars (pine and nitens) to optimise fuel properties 
including details of each of the following: 

• processing conditions 

• energy efficiency from chip/waste through to electricity 

• fuel stability 

• handling properties 

• prevention of microbial degradation 

1.2 Provision of an independently reviewed draft business case which will include the following 
details:  
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• Description of a bioDICE power plant (s)  

• Engineering details of a bioDICE power plant including mass and energy flows and 
electricity out  

• A list of equipment, example suppliers and installation costs 

• A description of technical and commercial risk factors and their effects.  Any risk mitigation 
for the risk factors identified to date. 

Milestone report 2 (by 30 October 2020) 

2.1 Provision of a report which includes: 

• Detailed results of a 40 hour engine combustion test using a diesel fuel doped with Na, K, Al, 
Cl, Ca, Mg, Si, P, Fe and S to simulate the ash forming constituents of eucalyptus char. 
Details of the rate of ash fouling inside the engine, wear and effects on engine performance.  

• 500h equivalent injection test using a test injector nozzle on a spray bench, including 
injection flow performance and nozzle wear with time. A polycrystalline diamond nozzle 
(PCD) will be used and the results compared with sialon and hardened steel nozzles using the 
same rig. This test will provide a go- no-go test for nozzle materials for bioDICE and provide 
cost and longevity estimates for a commercial engine with PCD.  

2.2 Progress report on a techno-economic model to quantify the economic and CO2 benefits of 
bioDICE for the Business case. 

2.3 BioDICE concept plant design including equipment sizing and cost estimates.  

2.4 Evidence of engagement with and identification of potential commercialisation partners. 

Milestone report 3 (by 8 January 2021) 

3.1 Provision of an independently reviewed business case which will include the following details: 

• Description of a bioDICE power plant and its overall benefits  

• Engineering details of a bioDICE power plant including mass and energy flows and electricity 
out  

• A list of equipment, example suppliers and installation costs.  

• Calculated rate of return for 15 years, including a Capital Cost Budget for the bioDICE power 
plant and a list of assumptions (including source information). 

• The cost of electricity generated for a range of biomass costs and equipment high-low cases.  

• A description of technical and commercial risk factors and their effects. Any risk mitigation 
for the risk factors identified  

• Technical opportunities to explore suitable deployment sites and biomass availability in 
Australia. 

• A recommended timeline to full commercialisation with respect to plant size, configuration 
and locations. 

• Life Cycle Analysis (LCA) of the BioDICE process based on project data and including the 
criteria in ARENA’S LCA Guidelines.  The LCA will use the climate change impact category. 

3.2 Delivery of the Final Report in accordance with item 3.2 of Schedule 1 

The present report (Milestone Report 2) summarises the work for milestones 1 and 2 - noting that some of 
the findings have been revised in light of additional fuel related work undertaken since the last report: 
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• the range of pyrolysis conditions have been extended to higher temperatures (up to 500°C, 
nominal) 

• the rheology of biochar slurries produced from this high temperature char have been 
characterised; this has defined the conditions for producing a large quantity of fuel slurry for 
injection and engine tests 

• the effect of cylinder wear has been assessed using the modified HFRR test, and  

• an evaluation of milling energy has been made for the higher temperature char (extends the work 
reported earlier on chars produced at lower, torrefaction, temperatures). 

New sections covering specific deliverables for the latest reporting period are given in Table 2. 

Table 2  New report sections for specific deliverables 

Deliverables Relevant sections 

Completion techno-economic model to quantify the 
economic and CO2 benefits of bioDICE for the Business 
Case. 

Section 7.17.1.4 Economics of 
bioDICE 

Detailed in Sections A and B of the 
ARENA Final Report template Completion of a bioDICE concept plant design including 

equipment sizing and cost estimates. 

Engagement with and identification of potential 
commercialisation partners. 

Detailed in Sections A and B of the 
ARENA Final Report template 
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2 FUEL R&D 

2.1 Objectives 
The objectives of the fuel production work are to produce a stable, injectable fuel with the highest 
possible specific energy and lowest possible viscosity – and with the highest possible overall energy 
conversion efficiency from biomass.  This includes the lowest grinding energy for the char. 

As the initial sample of forest waste was excessively contaminated with dirt, the work included a range of 
potential forest biomass sources, which provide a close proxy for harvested forest waste (ie as distinct 
from logdump waste). 

The work program involved: 

• Undertaking a pyrolysis-fuel test matrix to determine the effect of pyrolysis conditions on final 
fuel properties – especially specific energy and rheology.  Note that most of the char was 
generated under torrefaction conditions, ie pyrolysis in the range 260 – 340°C.  A few samples 
were pyrolysed in the laboratory at higher temperatures, and a quantity of commercial char has 
also been included. 

• Undertaking a test matrix to determine suitable dispersants needed to produce a stable and 
atomisable fuel. 

• Determining the overall effects of pyrolysis conditions on the embodied energy/energy 
conversion efficiency and emissions for fuel production. 

2.2 Sources of biomass 
A wide range of biomass types have been included in the study, reflecting the commercial opportunities 
available in Australia.  One sample of torrefied pine has been obtained from Europe for comparison 
purposes.  The types of biomass, and the forms and masses of samples, are shown in Table 3.  Note that 
the Australian species of pine is Pinus radiata, and the common name for Eucalyptus regnans is Mountain 
Ash, for Eucalyptus nitens is shining gum, and for Eucalyptus cladocalyx is sugar gum.  While the exact 
charring temperature of the E. cladocalyx was not available from the supplier, a comparison of the C/H 
ratio and the volatile matter content, with data from higher temperature, slow pyrolysis of other eucalypts 
indicates a charring temperature of around 600°C. 

In addition, samples of cotton waste and saltbush were obtained for analysis as potential other fuels for 
bioDICE. 
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Table 3  Biomass samples 

Sample CSIRO 
ID 

Source Quantity Date 
received 

     
Pine sawdust 107 AKD Softwoods, 

Associated Kiln Dryers 
1x bulka bag 10/8/2016 

E.regnans sawdust 108 Hermal, Vic 2x bulka bag 17/8/2016 

European pine (torrefied) 111 Bioendev, Switzerland 1x bulka bag 12/7/2017 

E.nitens fines 122 Forico Tasmania 1x bulka bag 22/6/2018 

E.nitens fines 114 Forico Tasmania 10 kg bag 14/2/2018 

E.nitens harvest residues 115 Forico Tasmania 2x5 kg bags 14/2/2018 

E. cladocalyx char (600°C)  131 Green Man Char, NSW 700kg 6/5/2019 

 

Chemical analyses for the feed samples, and torrefied/pyrolyzed samples, are given in Table 4-Table 6. 
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Table 4  Torrefied pine 

 Pinus radiata  
Torrefied pine 

(320°C) 

Torrefied 
European pine 

(300°C) 

Total moisture (% ar) 62.5   

Inherent moisture (% ad)  3.9 6.8 

Proximate analysis (% db)    

Ash 0.2 0.3 0.3 

Volatile matter 84.8 50.4 53.6 

Fixed carbon 14.4 49.3 45.9 

Specific energy (MJ/kg HHV) 19.7 28.6 27.6 

Ultimate analysis (% db)    

Carbon 49.9 70.1 69.2 

Hydrogen 6.01 4.94 5.10 

Nitrogen 0.09 0.39 0.08 

Sulphur (total) <0.01 0.03 0.05 

Oxygen (by difference) 43.2 24.3 25.2 

Ash analysis (%)    

SiO2 4.76   

Al2O3 1.46   

Fe2O3 66.05   

CaO 11.4   

MgO 4.34   

Na2O 0.72   

K2O 8.07   

TiO2 0.11   

Mn3O4 0.75   

P2O5 1.2   

SO3 0.96   
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Table 5  Torrefied Eucalyptus compared with low ash coal (used previously for DICE) 

 E.nitens Torrefied 
E.nitens 
(320°C) 

E.regnans Torrefied 
E regnans 
(320°C) 

Glen Munro 
MRC 

Total moisture (% ar) 7.4  48   

Inherent moisture (% ad) 13.0 6.2  3.8  

Proximate analysis (% db)      

Ash 0.50 1.0 0.4 0.5 2.2* 

Volatile matter 84.8 56.5 88.6 57.9 35.0 

Fixed carbon 14.6 42.4 11.0 41.6 62.9 

Specific energy 
(MJ/kg HHV) 20.1 25.8  25.3 34.1 

Ultimate analysis (% db)      

Carbon 52.4 65.4 49.5 64.6 81.7 

Hydrogen 5.66 5.14 6.00 4.99 5.39 

Nitrogen 0.14 0.20 0.09 .13 1.89 

Sulphur (total) 0.02 0.03 <0.01 0.01 0.49 

Oxygen (by difference) 41.3 28.2 44.0 29.8 8.3 

Ash analysis (%)      

SiO2 28.6  30.0  53.4 

Al2O3 4.7  7.0  23.0 

Fe2O3 8.3  34.5  2.84 

CaO 19.5  7.5  0.96 

MgO 6.7  5.4  1.12 

Na2O 4.12  7.7  6.1 

K2O 9.70  5.08  1.73 

TiO2 0.28  0.34  4.85 

Mn3O4 2.76  0.61   

P2O5 6.7  0.67   

SO3  2.64  0.94  4.48 

 
*  Mostly as discrete mineral particles 
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Table 6  Other pyrolysed samples 

 E.nitens 
harvest 
residue 

Torrefied 
E.nitens 
harvest 
residue 
(333°C) 

Torrefied 
saltbush* 

 
 

(318°C) 

Torrefied 
cotton gin 

waste 
 

(320°C) 

Torrefied 
cellulose 

 
 

(290°C) 

E.cladocalyx 
char 

 
 

(600°C) 

Total moisture (% ar)       

Inherent moisture (% ad) 15.4 6.6 6.5 (23.3)** (19.4) 8.9 (14.9) 6.8 

Proximate analysis (% db)       

Ash  5.6 18.2*** 29.2 (18.1) 17.6 (10.8) 6.0 (3.6) 1.3 

Volatile matter 74.6 39.8 43.6 (60.9) 45.7 (68.2) 48.3 
(70.6) 

5.7 

Fixed carbon 19.8 41.9 27.0 (20.7) 36.7 (20.6) 45.5 
(25.7) 

93 

Specific energy 
(MJ/kg HHV) 20.7 22.8 17.8 (18.4) 23.0 (19.9) 28.7 

(18.3) 33.8 

Ultimate analysis (% db)       

Carbon 52.6 58.1 44.6 (44.9) 57.4 (50.5) 62.1 
(45.8) 

92.7 

Hydrogen 5.19 4.12 3.84 (3.90) 4.38 (4.78) 4.50 
(5.65) 

1.72 

Nitrogen 0.35 0.54 3.74 (4.29) 2.84 (2.42) 1.10 
(0.65) 

0.30 

Sulphur (total) 0.05 0.05 0.10 (0.30) 0.19 (0.32) 0.08 
(0.08) 

<0.01 

Oxygen (by difference) 36.2 18.9 18.5 (28.5) 17.8 (31.2) 26.1 
(44.2) 

3.98 

Ash analysis       

SiO2 72.4  (35.5) 10.9 (8.0) (4.47) 23.7 (19.3) # 

Al2O3 2.64  (0.77) 2.13 (1.54) (1.0) 4.26 (3.48) # 

Fe2O3 4.28  (1.0) 1.07 (0.81) (0.79) 13.9 (11.6) # 

CaO 9.8  (3.55) 40.6 (40.2) (7.5) 18.5 (15.8) # 

MgO 2.66  (9.3) 9.4 (9.6) (71.7) 8.2 (6.9) # 

Na2O 0.78  (14.5) 0.74 (0.72) (0.77) 4 (5) # 

K2O 3.14  (15.0) 13.0 (14.7) (2.67) 12.5 (21.3) # 

TiO2 0.37  (0.04) 0.15 (0.09) (0.07) 0.37 (0.31) # 

Mn3O4 0.98  (0.11) 0.12 (0.12) (0.18) 1.0 (0.9) # 

P2O5 0.67  (5.1) 8.6 (8.6) (8.2) 10.3 (8.7) # 

SO3  0.67  (3.26) 11.4 (12.1) (1.72) 1.59 (1.75) # 
*  A.nummularia **  feed sample shown in brackets *** abnormal result, 10% expected  #450°C ash 
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It should be noted that, for feed samples which are very heterogeneous (stem, leaf, bark, and dirt), the 
chemistry of the feed materials does not always match the expected values for the torrefied products.  
However, the torrefied products are easier to sample, and the chemistry of the products provides key data 
for producing the engine fuel. 

The above tables show the following: 

• The ash contents of the torrefied Pinus and Eucalyptus samples are 4-10x lower than for a 
typical sample of Hunter Valley coal which has been deep cleaned.  This should result in a 
proportional reduction in both injector nozzle and cylinder wear in engines – especially as the 
ash content in the biomass is likely to be less abrasive (see result for E.cladocalyx char in 
Section 3.1).   

• In general, it is expected that ash content will not be an issue – except for E.nitens harvest 
residue, Saltbush, and cotton gin waste.  As the use of harvest residues is highly desirable, 
future work would be worthwhile to determine if selective shredding (eg less bark, twigs and 
leaves), post classification by size-density, or by blending with lower ash feedstocks can be 
used to lower the effective ash content.  The Saltbush and cotton gin waste are not considered 
to be of use for producing a fuel slurry for engine electricity generation, and no fuel slurry 
experiments were carried out. 

• The total silica content of the eucalypt and pine are much lower than those for the black coal 
MRC, and in the latter this silica is mainly present as highly deleterious quartz (hard and 
abrasive).  On a % ash basis, the biomass samples generally have larger quantities of iron (in 
particular), as well as of Ca, Mg, and K, but much lower levels of sulphur.  The practical 
implications of this are likely to be more highly fused and softer ash residue for the 
biomasses.  The lower sulphur content could, however, increase the tendency to form 
carbonate deposits in the combustion chamber of engines – but the extent to which this is a 
problem will await the future engine tests. 

• Pyrolysis increases the ash content of the char in proportion to the amount of mass lost.  
However, the char samples have higher levels of fixed C (and therefore SE) than the original 
samples, and as described later in the report, the mass lost as condensibles can be added back 
to the char – so the effective enrichment is determined only by the non-condensible volatiles 
from torrefaction. 

• To obtain a fuel specific energy suitable for ignition compression engines (HHV SE of 
>14 MJ/L): 

- For a charring temperature of around 320°C (torrefaction), >50% char should be 
sufficient.  It is noted that in diesel engines the combustion conditions are very different 
to that in boilers, and high moisture content of the fuel has a smaller effect on ignition 
due to the relatively high temperature of the compressed air in the cylinder at the time of 
injection and the finer division of the fuel stream.  It is noted, the the 50% specification 
only applies to char only – the use of condensibles allows a lower char loading to 
maintain a satisfactory SE. 

- For a charring temperature of 600°C, >42% char would be sufficient.  The higher 
charring temperature leads to a higher ash content and fixed C (and therefore SE).  
Unfortunately, due to the process used, the liquids supplied with the char were very 
diluted and the resulting SE very low (1.16 MJ/kg) making it unlikely to be included in 
the fuel making process.  Comments to follow later in this report. 

• Comparing the torrefied pine and eucalypt samples, the pine loses more VM and has a higher 
fixed C, resulting in a higher SE for the pine char. 
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Section 4 below will include details on the morphology of the ash produced, from an engine wear 
perspective. 

2.3 Experimental methodology – fuel 
The following experimental methodology was developed and found to give reproducible results: 

1. Obtain representative samples of the target biomass sources, air dry these to around 10% 
moisture, and store in a cool room to minimise decay. 

2. Obtain proximate, ultimate and ash analyses. 

3. Carbonise each biomass for a set range of temperatures, nominally at 260, 280, 300, 310, 320, 
330, 340°C.  Not all temperatures were used for all samples, with most work done on pine and 
E.nitens chip and sawdust. 

4. Mill the carbonised product for both the rheology tests, and to determine grindability. 

5. Formulate the milled char with water and a small amount of dispersant to determine its rheology 
for a particular solids-water-dispersant ratio. 

6. Repeat chemical and specific energy analysis on the most promising blends (ie liquid MRC fuel). 

7. Repeat experiments where different levels of condensate from the torrefaction experiments are 
added to the char both before or after water addition. 

8. SEM observations of milled char. 

9. Detailed experiments to investigate the use of the Bond Work Index for characterising char 
grindability. 

10. Repeat fuel formulation tests using char milled by the Bond Mill (much larger and therefore more 
representative of full-scale practice). 

11. Grindability tests using the same approach used in the Bond Mill, but using a high-speed hammer 
mill. 

Overall, the experimental method was successful, though with some difficulties, mostly due to the lack of 
a local supplier willing or able to produce char at 320°C.  This significantly slowed progress by requiring 
multiple small torrefaction experiments to provide sufficient sample for subsequent tests.  This had a 
flow-on effect of requiring the use of overly small laboratory mills which underestimated the likely 
grindability leading to unnecessary additional torrefaction and milling tests. 

It is noted that 3 different mill types (Isamill, hammer mill, very small ball mill) were used to determine a 
suitable grinding procedure.  At the start of the project it was expected to be able to undertake all of the 
milling in a 4 litre high speed stirred detritor mill (an R1 Root mill).  However, this proved unworkable 
due to the small char samples then available (a similar situation for the van Gelder hammer mill), so the 
early milling was undertaken with the small ball mill (a gemstone tumbler).  Ultimately a larger ball mill 
was obtained which enabled milling at a reasonable size, together with the ability to determine the Bond 
Work Index of the chars. 

Some of this development work to develop a suitable methodology, ended up using a bulk sample of 
torrefied pine pellets obtained from Bioendev, Sweden.  These had been reportedly processed to 300°C 
and had corresponding milling characteristics. 

It is noted that, while the literature on grinding was not directly applicable to the present study requiring 
much finer grinds, in the end, the results from the present work follow similar trends with respect to the 
effect of torrefaction temperature to the previous studies. 
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2.4 Problems with forest waste 

2.4.1 Additional analysis 

The forest waste material obtained from Forico appeared to contain predominantly bark with extensive 
contamination with dirt.  To ensure homogenity, the sample was laid out on a large tarp and subsampled. 

Subsamples were torrefied at a range of temperatures and the samples analysed.  All samples had high ash 
contents, up to 22wt%, which was completely unacceptable for DICE fuel. 

To investigate the source of the high ash, a 20L subsample of forest waste was hand sorted into 3 
fractions, chip, shred and bark material, with a representative portion of these factions shown in Figure 1:  
The majority of the sample (90 wt%) was bark. 

 

Figure 1  Fractions obtained by hand sorting forest waste 

The amount of dirt contamination was determined by dry screening a bulk sample over a 1.7 mm sieve.  
The resulting dirt and biomass portions are shown in Figure 2 with the dirt fraction being 19-22wt%. 
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Figure 2  Dry screened forest waste to separate dirt (left portion) from biomass (right) 

To determine the effect of the high bark content, separate ash analyses were undertaken on the bark.  The 
ash result in Table 7 shows that, while the ash content of the bark is around twice that of woody material, 
dirt contamination is the problem. 

Table 7  Ash amount for bark and bulk torrefied harvest residue 

Fraction Ash (%db) 

(450°C) 

Ash (%db) 

(815°C) 

Bark (no dirt, no branch/chip material) 4.51 3.96 

Torrefied E.nitens harvest residue (333°C)  22.66 18.2 

2.4.2 Practical implications 

The practical implications of these results are that: 

• Forest waste for DICE will need to be selectively harvested to minimise the amount of bark and 
leaf material. 

• Log dump material is unlikely to be suitable, and chipping/shredding before forwarding (ie at the 
fell site) will be necessary to minimise dirt. 

• Preprocessing the chipped waste at the char plant will be required to reduce the entrained dirt 
content.  This could be achieved via dry screening, a trommel with air classification. 

• Increased MRC screening capacity in the MRC formulation plant will be required to remove any 
coarser (and more difficult to grind) mineral contamination. 
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• Fines generated during drying should be removed and used for other purposes (eg potting mix) 

2.5 Torrefaction 
Torrefaction conditions (in particular maximum temperature) control the properties of the biochar for 
grinding and slurry production.  For the process chain, from biomass harvesting to electricity generation, 
biomass drying and biochar grinding are the major consumers of energy. 

There are a number of factors which influence the selection of torrefaction temperature (in the range of 
280°C to 330°C), and compromises are required: 

• A higher temperature (>280°C) is required to start to degrade the cellulose, with lignin starting to 
decompose at temperatures >300°C.  These reactions are associated with the desirable increase in 
surface hydrophobicity (increases char content of aqueous fuel slurries), and improvements in 
grindability. 

• The higher the temperature, the lower the yield of solid char (the desired product), and the higher 
the yield of liquids (water plus organic acids, etc) and gases (CO2 with some CO, low fuel value) 

• The liquids can potentially be used to form the biochar fuel slurries, making a small contribution 
to the fuel SE.  If this is not feasible, the liquids would have to be treated before discharge. 

From a consideration of the ash contents of the biomass samples, cotton gin waste and saltbush were 
eliminated as potential sources of biochar for preparing a slurry fuel for DICE.  The two Eucalyptus 
species (regnans and nitens), and the Pinus species (radiata) were included in the torrefaction program, 
with the results given below. 

2.5.1 Experimental procedure 

For the torrefaction experiments, a custom built cylindrical reactor (~2.4 litres internal volume) was used 
and heated in a sand fluidised bed.  Figure 3 shows the reactor assembly and locations of the five 
thermocouples inside the reactor.  Figure 4 shows a screenshot of the user interface and a schematic view 
of the reactor including the locations of the thermocouples. 

Due to the high moisture content of the raw feedstock (~50%), the biomass was pre-dried prior to 
charring in order to increase char yield and reduce residence time.  Drying was conducted in a fan assisted 
drying oven at 55°C over a period of 2-3 days.  After removal from the oven, the moisture content was 
measured immediately (2-3%), and again after a few days of storage (8-9%).  For all experiments, pre-
dried feedstock was used, and the moisture content measured in order to determine the amount of free 
water in the feed; this enabled correction to yields on a biomass dry basis. 
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Figure 3  Torrefaction reactor 

 

 

Figure 4  Data acquisition interface and schematic of reactor showing thermocouple locations 
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Approximately 400-500 g of sawdust or milled biomass was loaded into the reactor, with stainless steel 
meshes of various sizes used at the inlet and outlet to diffuse the entering gas and to prevent particles 
from entering the exhaust stream.  After filling and assembly of the reactor and cold trap, the reactor was 
mounted to the hydraulic ram fitted above the fluidised sand bath and connected to the house nitrogen 
supply and exhaust vent line. 

The reactor was then lowered into the pre-heated fluidised sand bath and, simultaneously, the cold trap 
lowered into an ice bath.  Temperature and pressure on the gas inlet side were continuously monitored 
and data logged at 10 second intervals.  Once the centre thermocouple reached the target (or maximum) 
charring temperature, the reactor was left inside the heated bath for another 20 minutes before it was 
removed and cooled using a fan.  After the reactor cooled to room temperature, the char and liquids were 
collected and weighed to calculate the mass balance for each experiment. 

A series of charring experiments were conducted at a number of temperatures in the range 260 – 330°C 
(torrefaction), and at several higher temperatures up to 433°C, to determine the yields of char, liquids, and 
gases (by difference).  The effect of time at temperature was examined by comparing a holding time of 
one hour, with one of 20 minutes.  Since there was no significant difference in the char analysis, all 
further experiments were conducted using a hold time of 20 minutes at the desired charring temperature. 

Proximate, Ultimate and specific energy analyses were conducted on the char samples, whereas for the 
liquid samples only specific energy and pH were measured. 

2.5.2 Results 

The specific energy of a char fuel made from pyrolysed biomass is controlled by: 

• Specific energy of the char itself 

• Properties of the biochar which relate to the percentage that can be incorporated into an aqueous 
slurry (eg, hydrophobicity/destruction of hydrophilic surface groups, porosity) 

The economic impact of pyrolysis is related to: 

• Energy required to micronise the biochar to achieve a d90 of 50–70 µm. 

• Percentage of biochar produced; the liquids produced may have value if they can be used as part 
of the fuel formulation, or if they can be used for an alternative application (such as a biocide).  If 
not, a biological treatment cost would be incurred, with some offset due to generated biogas use 
as a fuel. 

• SE of the liquids produced during pyrolysis. 

• Potential to use these liquids to produce the char slurry and the resultant properties of the slurry 
for use as a fuel in an engine. 

The specific energy of chars from the species of Eucalyptus (regnans and nitens) and Pinus radiata, as a 
function of charring temperature, are shown graphically in Figure 3.  The SEs increase monotonically 
with temperature, with the rate of change increasing above 300°C (up to 320-330°C).  The largest 
changes occurred with Pinus radiata and E.regnans. 

These SEs at the higher charring temperatures are still somewhat lower than, for example, black coal 
given in Table 4 (34.1 MJ/kg) but are quite acceptable for a DICE fuel if a char content of at least 50% 
can be achieved for the aqueous slurry.  However, the present work has shown that condensibles can be 
added to the fuel which allows the required SE to be achieved with a lower level of char. 

The changes in char SE with torrefaction temperature are given in Figure 5. 
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Chemical analyses for the feed samples, and torrefied/pyrolyzed samples, are given in Table 3, Table 4, 
and Table 5. 

 

Figure 5  Char specific energy as a function of charring temperature 

The yields of char and condensibles, for both the Eucalyptus and Pinus species, are shown in Figure 6 
below. 
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Figure 6  Char and condensibles as a function of charring temperature 

 

From Figure 6, it can be seen that, at 320-330°C, the yields of both char and condensibles yields are 
around 45% and 30%, respectively, for both the Pinus and Eucalyptus samples.  It should be noted that 
the mass of condensibles has been corrected for the amount of inherent water in the biomass (reports to 
the condensibles). 

The specific energies of the condensibles vary with the charring temperature: higher temperatures result 
in higher values (in the range 260 to 320°C).  Results for E.nitens of SEs, and the associated carbon and 
nitrogen analyses, are given in Table 8.  Note that the temperatures of 387 and 433°C are above those 
considered to be relevant to torrefaction. 
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Table 8  Chemistry of condensibles from charring of E.nitens 

Nominal 
temperature (°C) 

SE (HHV; MJ/kg) Analysis (%) 

With inherent 
moisture 

Without inherent 
moisture 

C N 

260 7.3 9.0 20.7 0.07 

280 9.6 11.3 25.0 0.05 

300 10.4 11.7 27.0 0.07 

320 13.0 13.8 31.2 0.09 

387 12.5 13.2   

433 11.4 12.0   

 

SE values are shown for the condensibles as recovered (plus inherent moisture), as well as those corrected 
to zero inherent moisture.  The chemistry values are also corrected for inherent moisture.  This is 
necessary to allow for the variable amounts of water in the condensibles that are due to the inherent water 
in the feed biomass (usually 2-3% for laboratory dried samples).  When coupled with smaller levels of 
condensibles at lower torrefaction temperatures, quite significant differences in SE result, as shown in 
Table 8. 

The SE and carbon values are consistent with a high level of organics; if, at the torrefaction temperature 
of 260°C, all of the carbon was due to acetic acid (known to be a major component of torrefaction 
condensibles), the condensibles would contain around 50% acetic acid, which would account for 
7.3 MJ/kg of the total of 9 MJ/kg for the SE.  At the highest torrefaction temperatures, higher molecular 
weight products are produced, resulting in higher SE and higher carbon contents. 

The SEs of the condensibles (corrected to zero moisture) for the three species as a function of charring 
temperature are shown in Figure 7. 
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Figure 7  Specific energy (HHV) of moisture fre condensibles versus charring temperature 

These results show that: 

• The SE of the condensibles increases with torrefaction temperature, with the three species having 
very similar values in the range of interest to this study (300-320°C). 

• At the highest temperature (320°C), the SEs of the condensibles from both the Pinus and 
Eucalyptus species are sufficiently high that they could be considered for use as engine fuel in 
their own right.  It is therefore a potentially promising source of liquid for producing a char fuel 
slurry.  This opportunity is explored in the fuel slurry/rheology section. 

2.6 Milling 
There has been a number of studies examining the effect of torrefaction of wood chips/ sawdust on the 
energy required for milling.  However, these studies have not been directed at producing the size 
distributions required for bioDICE fuel slurries (d50 10-15 µm). 

Using a laboratory knife mill, Colin et al (2017) studied the grinding energy required for torrefied beech 
woodchip at a range of torrefaction conditions (various mass losses, 2 to 25%, which correspond to 
undefined temperatures), and compared these with unprocessed and dried woodchip samples.  The 
grinding energy consumption is expressed per unit of created surface, as well as per kg of dry matter, with 
the results shown in Table 9. 
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Table 9  Milling energy for torrefied beech woodchip 

Moisture content 
(%) 

Torrefaction 
mass loss (%) 

Milling energy 

kJ/m2 created kJ/kg kWh/kg 

40 0 18 900 0.25 

0 0 2.86 218 0.060 

0 1.7 2 135 0.038 

0 25 0.35 50 0.014 

 

While the d50 of the 25% mass loss sample was 160 µm, and therefore the grinding energy of 14 kWh/t is 
not directly relevant to bioDICE slurry requirements, the reduction in milling energy is relevant (eg for 
comparison with coal to achieve the same d50). 

This study shows that drying of the unprocessed biomass results in a major reduction in milling energy 
(factor of 4), with the mass loss due to torrefaction leading to a further similar major reduction (factor of 
4 at a mass loss of 25% compared to the dried sample).  

Repellin et al (2010) proposed a criterion to compare grindability of natural and torrefied wood which 
takes into account both grinding energy and particle size distribution; the energy required for grinding 
particles to sizes less than 200 µm.  Grinding was carried out in a rotary mill with a 0.5 mm grid, with 2-
4 mm particles of beech and spruce as feed.  Torrefaction is characterised by the anhydrous weight loss 
(AWL) of wood.  Up to an AWL of less than around 8%, grinding energy decreases rapidly.  For an AWL 
of over 8%, grinding energy decreases at a much slower rate.  Particle size distribution decreases linearly 
as the AWL increases. 

This study uses a grindability value which is the ratio between grinding energy and the volumetric 
fraction of particles less than 200 µm.  For an AWL around 8%, grinding energy is 4.7 times lower than 
that for natural wood, both for spruce and beech.  For an AWL close to 28% (a torrefaction temperature 
of 280°C (beech) or 300°C (spruce)), grinding energy is drastically reduced by 93% in comparison with 
natural wood.  The corresponding d50 values were 140 µm for beech, and 60 µm for spruce, with grinding 
energies of <100 kWh/t. 

Abdullah and Wu (2009) studied biochars produced from the pyrolysis of centimetre-sized particles of 
Western Australia (WA) mallee wood in a fixed bed reactor at 300 to 500°C.  At pyrolysis temperatures 
of 320°C, biochar as a fuel has similar fuel H/C and O/C ratios to Collie coal.  Grindability experiments 
showed that the fuel grindability increases substantially, even at pyrolysis temperatures as low as 300°C.  
Further increase in pyrolysis temperature to 500°C leads to only a small increase in biochar grindability.  
Under the grinding conditions, a significant size reduction (34-66% cumulative volumetric size below 
75 μm) for biochars can be achieved after 4 minutes grinding (in comparison to only 19% for biomass 
after 15 minutes grinding), leading to a significant increase in volumetric energy density (e.g., from ∼8 to 
19 GJ/m3 for biochar prepared from pyrolysis at 400°C). 

Whereas grinding raw biomass typically results in large and fibrous particles, grinding biochars was 
shown to produce short and round particles. 

Phanphanich and Mani (2011) carried out milling experiments on a range of torrefied biomass samples 
using a heavy duty laboratory knife mill, with a bottom sieve of 1.5 mm.  The specific grinding energy 
consumption of torrefied biomass was linearly correlated with torrefaction temperature (R2 > 0.9); higher 
temperatures required less grinding energy.  The grindability of torrefied wood was improved 
dramatically at 275 and 300°C as the specific energies required for grinding (23–78 kWh/t) were as low 
as that needed to grind grasses: wheat straw, barley straw, corn, and switchgrass (43.6, 27.1, 19.8, and 
58.5 kWh/t, respectively) using a similar sieve size of 1.6 mm.  The specific energy needed to grind the 
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bituminous coal used as a benchmark was 8.86 kWh/t.  Compared to untreated biomass samples, 
torrefaction at 300°C reduces grinding energy consumption by 10 times for pine chips and by six times 
for logging residues. 

Williams and co-workers (2015) studied the applicability of Bond Work Index (BWI) and Hardgrove 
Grindability Index (HGI) tests for several biomasses compared to Colombian La Loma coal.  This study 
focussed on predicting the grindability of biomass (including one torrefied product, undefined biomass 
species) in existing coal mills for power stations.  The lowest Bond Work Index Wi for the biomasses was 
for the torrefied pellets (16 kWh/t), with Eucalyptus pellets having a Wi of 87 kWh/t; the feed size 
(8 mm) and P80 (760 µm) of the products were very similar.  For the coal, the Wi was 23 kWh/t for a feed 
size of 2.8 mm, and a product size P80 of 77 µm. 

Overall, there have been many studies on the grindability of torrefied wood, but no procedure has yet 
gained acceptance for determining the energy required for milling torrefied biomass samples.  However, 
it appears that a reduction of 8-12 fold in grinding energy can be achieved when undried biomass is 
torrefied at temperatures around 300°C.  While this conclusion provided a guide as what to expect in the 
present project, unfortunately, none of the previous work is directly applicable to milling char for making 
engine fuel, as it relates to milling to much coarser sizes than is required for DICE.  For this reason, a 
detailed milling study was undertaken. 

2.6.1 Bond Work Index (BWI) 

Due to the lack of relevant milling data, a detailed milling study was undertaken using a Bond Work 
Index Mill. 

This was supplemented with a small ball mill used in a batch mode; this was found to be useful in 
understanding the milling characteristics of the various chars, up to pyrolysis temperatures where the 
chars are more brittle and mill quite rapidly.  Under these conditions, large quantities of ultrafines, which 
complicate the BWI measurement, are produced.  The results from this mill were used to develop an 
estimate of the BWI for the higher temperature chars. 

2.6.2 Method 

The BWI was developed by Fred Bond in the 1950s, as an indication of the resistance of ore to crushing 
and grinding.  The higher the value of the BWI, the more energy is required to grind the material.  The 
BWI was developed for ore samples and is used extensively in the mining industry to analyse the 
resistance of different materials, and the energy consumption and scale up for ball milling, specifically. 

The BWI is determined using a standardised testing procedure, using a ball mill with a drum size of 
305 mm in length and 305 mm in diameter.  The mill is charged with 285 steel balls of specified sizes, 
with a total weight of 20.125 kg.  The mill is operated at a constant speed of 70 rpm. 

Although not used in the standard BWI test, CSIRO have modified the mill drive to enable accurate 
actual power consumption measurements. 

1.1.1 Following the standard procedure, prior to adding to the mill, the biomass was milled and sieved 
to less than 3.35 mm using a hammer mill with a 3 mm screen.  A representative sample was then 
screened through a stack of sieves in order to determine particle size distribution (PSD) and to 
obtain the 80% passing size of the feed (F80). 

The BWI test specifies a 700 ml (compacted) sample which initially is milled for 150 revolutions in the 
mill.  The content is then screened over a nominated test screen size and the oversize collected is topped 
up with fresh feed to the initial weight of the sample.  The undersize is collected and bagged.  The 
number of revolutions for the next cycle is then calculated from the results of the previous test to produce 
a 250% circulating load (sieve undersize equal to 1/3.5 of the total charge of the mill).  This milling and 
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screening process is repeated until the net gram per revolution (also known as grindability) reaches a 
stable value for a minimum of three cycles (less than 5% error margin).  A PSD analysis is then 
conducted on the undersize from the last cycle in order to determine the 80% passing size of the product 
(P80). 

The BWI is then calculated using the following equation: 

𝐵𝑜𝑛𝑑 𝑊𝑜𝑟𝑘 𝐼𝑛𝑑𝑒𝑥: 𝑊𝑖 = 44.5 𝑃𝑖
0.23⁄ × 𝐺𝑏𝑔

0.82 (
10

√𝑃80

−
10

√𝐹80

) 

Where Pi is the test sieve size, Gbg is the grindability (net grams per revolution), P80 is the 80% passing 
size of the product and F80 is the 80% passing size of the feed.  Throughput and actual mill power were 
calculated from the grindability and the power used by the ball mill. 

Table 10 gives the BWI calculated using the standard method, plus the mill throughput and actual power 
for chars at various charring temperatures. 

Table 10 Bond Work Index and ball mill power for pyrolysis chars 

Sample Charring  
temperature 

(°C) 

BWI 
 

kWh/t 

Throughput 
 

kg/h 

Actual mill power 
 

kWh/t 

E.nitens 260 96 0.5 616 

E.nitens 280 89 0.5 554 

E.nitens 300 44 1.6 182 

E.nitens 320 19 4.3 70 

E.nitens 346 24* 3.8* 80* 

E.cladocalyx 600 52* 1.08* 277* 

*these values are showing the limitations of the BWI methodology with more brittle materials 

The main finding is the dramatic reduction in grinding energy with torrefaction temperature; for example, 
a 62% reduction between 300°C and 320°C.  At the higher temperatures (346 and 600°C), there is clearly 
a discrepancy; the BWI and mill power should reduce with charring temperature, while the throughput 
should increase.  At higher temperatures the brittleness increases, and, as shown by the small ball mill, the 
grindability increases.  A method for estimating the BWI at the higher temperatures is proposed later in 
this Section. 

As the BWI is poorly defined for chars, the tests have been repeated for other chars and using a range of 
screen sizes to evaluate the validity of the test.  These are plotted in Figure 8 for two different chars, 
E.nitens torrefied at 320°C and commercially available pellets (European Pine torrefied at ~300°C). 

The results show a significant increase in BWI for the finer screens, indicating that the BWI is not 
sufficiently accurate for chars to enable direct comparison of BWI, unless the tests are all performed at 
the same screen size, which for DICE should be 53 µm instead of the standard 106 µm.  Screening at 
53 µm actually produces a coarse tail up to around 100 µm – so is just representative of fuel sizing for 
DICE. 
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Figure 8  Bond Work Index versus test sieve sizes 

Most milling tests report an index, or a power consumption value, that excludes the power to operate the 
mill empty (ie with the media in place, but without the material to be milled), which results in a 
misleading low value – requiring that other factors must be applied to obtain the actual power for milling.  
The correlation between the calculated BWI and the actual mill power consumption (which includes the 
motor, drive and internal friction losses) is shown in Figure 9 for torrefied E.nitens. 

This shows quite a good correlation between the BWI and the actual mill power, with the actual mill 
power being 3-4x the calculated BWI. 

Despite some shortcomings of the test, overal the results were found to be repeatable, and show that a 
modified Bond Work Index test (ie using a 53 µm screen) could be a useful standard test for DICE fuel. 

 

Figure 9  Correlation between the BWI and actual mill power consumption for E.nitens 
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Due to the problem with obtaining a BWI for higher temperature chars, a milling study was carried out 
using a small laboratory ball mill with a total charge of less than 20 g.  The results are shown in Figure 
10. 

 

Figure 10  Particle size (100% passing) versus milling time 

The milling time to achieve d100 of 70 µm (shown as the target line), a typical top size for DICE slurries, 
is indicative of the grindability of the chars.  These results (coupled with measured masses of milled 
product), and those from the BWI measurements, have been used to produce a graph of grindability 
(g/revolution of the mill) as a function of charring temperature, for both methods;  see Figure 11. 

 

Figure 11  Grindability versus charring temperature 
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The comparison of the results for batch milling (small ball mill) with those for the BWI milling show that 
the extrapolation of the BWI to higher charring temperatures is reasonable.  Using the equation which 
generates the line shown on the graph to calculate the grindability for the higher temperatures, 346, 433 
and 600°C, enables the BWI, mill throughput and mill power to be calculated.  The results are shown in 
Table 11. 

Table 11  Calculated values for BWI and mill power for higher charring temperatures 

Charring 
temperature 

(°C) 

BWI 
 

kWh/t 

Mill power 
 

kWh/t 

346 20 62 

433 14 42 

600 10 36 

 

Overall, the results in Table 10 and Table 11, provide the required data to make reasonable estimates of 
mill energy consumption as a function of charring temperature. 

2.6.3 Effect of milling on particle morphology 

The milling tests, to determine the effect of pyrolysis temperature on the Bond Work Index, produced 
material that appears difficult to screen.  SEM observation of the milled samples showed that the Bond 
mill (a 305 x 305 mm ball mill) was producing flaky shaped particles – surprising given the brittle nature 
of the char.  As particle morphology (size and shape) is likely to affect both the rheology and maximum 
useable char loading of the fuel, a short series of tests was undertaken to study the effect of milling on 
particle morphology for similar size samples prepared using different milling techniques – which were 
then inspected under a SEM. 

A common starting material was prepared by pre-milling in a hammer mill, and screening to pass 3 mm – 
as is used in the Bond Work Index test.  Table 12 gives the processing steps conducted prior to SEM 
analysis. 

Table 12  Processing steps for E.nitens torrefied at 320°C 

Feedstock E nitens torrefied at 320°C 

Pre-treatment Hammer mill to -3mm 

Mill Type Ball mill 
Bond 

Hammer mill* 
van Gelder 

Cutter mill 
Newport Scientific 

CM6200 

Milling 4800 revolutions Recirculated for 10 
passes* One pass 

Sizing -106+53 µm +45 µm 

* this mill has a 800 µm screen, so the once-through residence time is very short 

Figure 12 shows the SEM images of the samples prepared as above.  The fibrous structure of the feed 
material is retained during size reduction for both the hammer and cutter mills, but the product from the 
ball mill is mostly compacted into flakes.  At this stage there is insufficient information to understand the 
practical ramifications of these differences.  For example, it is necessary to understand whether the flaky 
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particles are a problem for fuel rheology, atomisation and combustion.  Maybe the flakes are comprised 
of compacted smaller particles?  Maybe they will disintegrate during injection? 
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3 mm feed 

   

Bond ball mill Hammer mill Cutter mill 

Figure 12  SEM images showing the effect of mill type
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As the grindability changes significantly from torrefaction at 300°C to 320°C, additional tests were 
undertaken for torrefied E.nitens using the Bond ball mill to see if particle morphology also changes. 

The processing conditions are summarised below in Table 13, and SEM images for the resulting 
ground product are shown in Figure 13. 

Table 13  Effect of torrefaction temperature processing steps for E nitens 

Torrefaction temperature 300 and 320°C 

Pre-treatment Hammer mill to -3mm 

Mill type Bond ball mill using BWI media 

Milling 4800 revolutions 

Sizing -106  +53 µm 

 

Contrary to expectations, the SEM images in Figure 13 show more flaky particles for the higher 
torrefaction temperature, which could indicate that the flakes are being formed from compacted 
smaller particles, as the higher temperature material should be more brittle. 

Overall, the milling work has shown the usefulness of the Bond Work Index to characterise the 
grindability of chars – at least those formed from the higher temperature range of torrefaction. 
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3 mm feed 

 

 

 

      300°C     320°C 

Figure 13  E.nitens torrefied at 300 and 320°C and milled in the Bond ball mill
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2.7 Fuel formulation – MRC production 
The production of micronised refined carbon (MRC) from the pyrolysed product (biochar) requires two 
steps: milling/micronisation to a d90 of 50-70 µm, followed by fuel slurry formulation to try to achieve a 
char content of around 50%, and with a <500 mPa.s apparent viscosity at a shear rate of 100/sec. 

Whilst simple in principle, from our previous extensive experience with coals, this step has proven by far 
to be the most difficult in terms of both methodology and additives.  Overall, the situation for chars has 
been somewhat easier in terms of formulation, but it has been hindered by the small amounts of char 
available from the laboratory pyrolysis unit.  This has required the use of very small scale scouting 
experiments to narrow down the range of fuel formulation parameters.  These involved assessing the 
milling characteristics of the chars produced using a small gemstone tumbler (800 ml volume, 1.4 kg) 
using 12 mm steel balls (900 g, 25% of mill volume).  The mill containing the steel media was charged 
with 100 ml of the sample char (dried).  The mill was rotated at 50 rpm, with samples taken for 
measurement of particle size distribution after hourly intervals.  The test was continued for 4 hours, after 
which the milled product was screened at 63 µm, with the amount of oversize being recorded.  Following 
milling small volume tests were undertaken to obtain a guide to the best formulation – with slurry 
rheology as the main analytical tool. 

2.7.1 Rheology 

The char samples after milling under standard conditions (indicated above) have surprisingly produced 
very similar size distributions, given below in Table 14. 

Table 14  Particle size distribution of formulated fuel 

Sample Charring 
temperature 

(°C) 

Size (µm) 

d0.1 d0.5 d0.8 d0.9 d0.98 

E.regnans 320 1.81 7.08 14.5 20.8 35.8 

P.radiata 320 2.09 9.91 18.0 23.3 32.9 

E.nitens 263 1.86 7.39 15.5 21.7 34.3 

 284 1.95 8.17 17.4 24.9 43.8 

 299 1.68 6.89 14.7 21.1 36.8 

 320 1.81 6.48 13.6 20.2 36.0 

 387 4.31 8.91 14.9 19.1 26.8 

 433 5.24 9.34 14.0 17.4 25.2 

E.cladocalyx 600 2.56 8.07 16.8 24.5 41.2 

 

2.7.2 Slurry preparation 

Due to the small quantities of char product being available for laboratory produced samples, our normal 
method for rheology tests was redesigned to produce up to 150 ml of slurry for scoping tests to determine 
a workable recipe for producing the best fuel. 
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A small mixing apparatus was set-up, using a drill press fitted with a mixing paddle (of similar shape to 
that of the much larger 20 litre Eirich mixer normally used), and the belt drive setup to give the same tip 
speed as used for the larger mixer. 

Preparation of the test samples involved the following steps: 

• Calculating the amount of char (dry basis), condensibles (if being used), water and dispersant to 
produce ~100 ml of slurry. 

• Adding any condensibles, and some of the water, to the stainless steel mixing bowl and operating 
on slow speed, with small additions of char and weighed dispersant alternately, until all the char 
and dispersant have been added.  Once all the char has been added, the speed of the mixer is 
increased to match that of normal operation of the Eirich mixer, and mixed for a minimum of 1 h 
to ensure thorough distribution of the liquids and dispersant throughout the char and some 
increased fuel stability due to mechanical agitation.  Small water additions are made initially until 
the mixture just begins to show reasonable flow characteristics and then during the mixing 
process to allow for any small losses through evaporation.  The mixing time was kept to a 
minimum to maintain the slurry below 45°C.  This method produces slurries with a range of char 
loadings (ie it is difficult to ensure a given char loading when using a wide range of formulation 
conditions, as some conditions would produce fuel too viscous to enable viscosity 
measurements). 

• The sample was allowed to cool to room temperature in the sealed mixing bowl to avoid water 
loss. 

• The char slurry was then transferred into sealed jars to await rheology determinations – which 
were undertaken as soon as possible to avoid ageing effects – which can be very significant. 

• Once a workable formulation was achieved, large volume tests were undertaken – requiring many 
runs using the laboratory pyrolyser. 

Apparent viscosity was measured at shear rates from 0.1-3000/s (over approximately 30 minutes) using a 
Malvern Kinexus Pro rheometer, fitted with a cup and bob geometry.  Note that the viscosity 
measurements from the rheometer are termed apparent viscosity because the instrument assumes the same 
gap velocity profile as would be generated by Newtonian fluids.  Char slurries produced are non-
Newtonian, meaning that the fluid produces unknown shear conditions in the measurement gap, including 
wall slip. 

The work was undertaken in two stages: 

• Chars produced under torrefaction conditions (pyrolysis up to 320°C), 

• Chars produced at higher temperatures, up to 600°C for the commercially provided E.cladocalyx 
char  

The results for these stages are considered separately in the following Rheology section 

2.7.3 Rheology results 

a) Pyrolysis up to 320°C (torrefaction) 

For the charred Pinus radiata sample, the effect of charring temperature on the apparent viscosity of char 
water slurries using 0.5wt% of polystyrene sulphonate (MWt 15,000) from Lion Corporation, Japan as 
dispersant (on a wt% of char basis), is shown in Figure 14. 
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Figure 14  Viscosity as a function of torrefaction temperature and char content (P.radiata) 

These results show that comparatively small changes in charring temperature have a major effect on the 
char content (and therefore on the specific energy) for char water slurries made from the Pinus sample.  
The aim char content of 50% can be achieved with an acceptable viscosity (<500 mPa.s at a shear rate of 
100/sec). 

For the charred E.regnans sample (milled for 4 hours in the gem tumbler), the effect of charring 
temperature on the apparent viscosity of char water slurries using 0.5wt% of polystyrene sulphonate as a 
dispersant (on a wt% of char basis) is shown in Figure 15 below. 
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Figure 15  Viscosity as a function of charring temperature and char content (E.regnans) 
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Figure 16  Viscosity as a function of shear rate 
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Figure 18. 

10

100

1000

10000

100000

0.1 1 10 100 1000 10000

A
p

p
ar

en
t 

vi
sc

o
si

ty
 (

m
P

a.
s)

Shear rate (/s)

E.regnans 320°C 0.5%PSS(LN) 55.3%

P.radiata 320°C 0.5%PSS(LN) 10% condensables 49.4%

E.nitens 320°C 0.5%PSS(SA) 49.7%

E.nitens 320°C 0.5%PSS(SA) all condensables 47.9%



bioDICE Milestone Final - February 2021 44 of 215 

 

Figure 17  Viscosity as a function of charring temperature (<300°C) and char content (E.nitens) 

 

 

Figure 18  Viscosity as a function of char content (E.nitens, 320°C) 
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From these results for E.nitens it can be seen that: 

• As for the other species, there is a major increase in char content when the temperature of 
torrefaction is increased from 300°C to 320°C 

• There is virtually no effect of adding increased levels of PSS (above 0.5%) when the 
condensibles are added – presumably this is due to competition for adsorption sites on the surface 
of char particles, between the dispersant (PSS) and the organics in the condensibles. 

• The Sigma Aldrich dispersant is slightly more effective than the lower molecular weight product 
from Lion Corp (an increase in char of around 0.6% at an apparent viscosity of 500 mPa.s). 

• The effect of adjusting the pH, from the slurry pH with condensibles of 3, to 5.3 with ammonia, is 
to decrease the char content by about 0.5%. 

• The effect of adding condensibles is to reduce the char content: 50.0% with nil condensibles, 
48.5% at 10% condensibles and 47.6% at 100% condensibles.  As noted elsewhere, there are 
considerable benefits to incorporating the condensibles into the fuel slurries 

b) Pyrolysis at higher temperatures (up to 600°C) 

E.nitens 

Experiments were carried out with E.nitens to extend the charring temperature above the torrefaction 
range – to 387°C and 433°C.  A summary is given in Table 15. 

For these samples, the liquids produced (approximately 40% by mass of the biomass input), were all 
added to the char, together with 0.5% PSS (by wt of the char).  Additional water was required to achieve 
the required rheological properties. 

Table 15  Properties of E.nitens slurries; 387 and 433°C charring temperatures 

Charring 
temperature 

(°C) 

Char 
(wt%) 

Apparent viscosity (mPa.s) SE 

MJ/kg (HHV) 

SE 

MJ/L (HHV) 0.1/s 100/s 1000/s 

387 36.6 211,000 494 176 12.3 14.3 

433 33.1 149,000 545 119 10.7 12.3 

433 34.6 144,000 642 155 11.2 13.0 

 

While the slurries had excellent stability, and were strongly shear thinning, only the slurry prepared from 
the 387°C char met the minimum required calorific value. 

E.cladocalyx (supplied by Green Man char) 

The high temperature char, produced from E.cladocalyx at around 600°C, was reduced in particle size, 
and a 5 kg composite sample was made, dried at 55°C and milled as for other chars.  It was noted that, 
due to the high temperature preparation of the char, the milling time was greatly reduced (see Table 11), 
and using the small scale ball mills it was only necessary to mill for half the time. 

Along with the bulk supply of char, 450L of which appeared to be diluted wood vinegar from the process 
was supplied.  The analysis of this is given in Table 16. 

. 
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Table 16 Analysis of supplied wood vinegar from process 

Sample 

 

Specific 
energy 

MJ/kg (ar) 

Carbon 
(%ar) 

Hydrogen 
(%ar) 

Nitrogen 
(%ar) 

Supplied wood vinegar 1.16 8.1 8.9 0.21 

 

It was initially intended that the wood vinegar liquid supplied would be incorporated into the fuel, as in 
the case of the E.nitens, but analysis showed it to have very low calorific value and, on its addition, 
bacterial growth occurred in a number of the slurries (as shown in Figure 19). 

Despite these drawbacks, some slurries were made incorporating the wood vinegar to determine the effect 
on char content/rheology. 

   

(a) (b) (c) 

Figure 19  Microbial activity in MRC (a, b) and with wood vinegar (c) 

An extensive series of tests were carried out on the HT char using 70000 MWt PSS from Sigma Aldrich 
(SA) as the dispersant.  This was chosen due to its current lower cost, ease of procurement in comparison 
to the Lion PSS, and comparable results in regard to fuel rheology.  Slurries were made with and without 
the supplied wood vinegar liquid from the process, and with various levels of dispersant.  The results are 
shown in Figure 20 and Figure 21. 



bioDICE Milestone Final - February 2021 47 of 215 

 

Figure 20 Viscosity as a function of char content (HT char) 

 

The results in Figure 20 show that: 

• With no additions, a 42.6% char content slurry can be produced at the specified maximum 
apparent viscosity of 500 mPa.s at a shear rate of 100/s.  The addition of wood vinegar reduces 
the char content to 41.4%. 
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An understanding of the slurry rheology also requires data on the apparent viscosity as a function of shear 
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viscosity at a shear rate of 0.1/s, and be shear thinning (ie the apparent viscosity decreases over the range 
covered by the rheometer). 

The results show that: 

• The samples without any addition, with weak vinegar only, or with the lowest level of PSS 
(0.05%), are all acceptable as fuel slurries from a rheology perspective 

• All other samples, with PSS levels of 0.1% and above, show shear thickening at higher shear 
rates, and low apparent viscosities at 0.1/s shear rate (ie likely issues with stability) 
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Figure 21 Viscosity as a function of shear rate (HT char) 

As specific energy is the ultimate indicator of fuel quality in terms of combustion and engine efficiency, 
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Table 17  Effect of charring temperature on specific energy for acceptable slurries 

Biomass type Charring temperature 
(°C) 

MRC char 
 content* 

SE of slurry 

MJ/kg MJ/L 
P.radiata 300 36.5 10.44 12.00 

 314 43.7 12.50 14.74 

 316 46.0 13.16 15.65 

 320 49.4 14.13 16.98 

E.regnans 280 24.3 6.15 6.89 

 300 36.0 9.11 10.59 

 310 45.2 11.44 13.77 

 315 49.2 12.45 15.22 

 320 55.0 13.92 17.47 

E.nitens 320 47.9** 12.84 15.66 

 387 36.6 12.31 14.34 

 433 33.1 10.70 12.32 
E.cladocalyx  400-700 est 43.7 14.79 17.69 

 
*  To give <500 mPa.s viscosity at a shear rate of 100/s – CSIRO’s benchmark for producing a 
reasonable DICE fuel. 

** Char content includes the char content as well as some contribution from the condensibles 

The results show that a number of the slurries in the above table have SEs that exceed the minimum 
CSIRO standard of 14 MJ/L for an engine fuel (shown in bold in the table).  For the HT char, the higher 
SE of the char product more than compensates for the comparatively low char content of the slurry. 

2.7.4 Summary – fuel formulation 

From the rheological studies it is concluded that good quality DICE fuel can be produced from torrefied 
chars, with the following specific energies: 

• For the pine, 14.1 MJ/kg or 17.0 MJ/L (for a charring temperature of 320°C) 

• For E.regnans, up to 13.9 MJ/kg or 17.5 MJ/L (for a charring temperature of 320°C). 

• Experiments with the higher temperature char are inconclusive as condensibles were added to the 
MRC.  The method used was to added the condensibles to the water during formulation which 
resulted in a substantially lower char content for these MRCs, which together with the lower SE 
of the condensibles (ie lower than that of the char) resulted in a disappointingly low SE for the 
MRC from E.cladocalyx (14.8 MJ/kg or 17.7 MJ/L).  Whilst this fuel meets the minimum SE 
requirement we believe that further development of the method of adding the condensibles back 
to the char will result in an improvement in overall SE.  For example, it is proposed that adding 
the condensibles to the char during cooling and before the addition of trim water will result in the 
condensibles being absorbed into the char pore structure rather than simply behaving as slurry 
water. 

• If char-only slurries are required, then a torrefaction temperature of 320°C will maximise the 
yield of char, while ensuring reasonable milling and rheology. 
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• If condensibles are be added to the char during slurrying, it is expected that a slightly higher 
torrefaction temperature (say 340°C) will be preferred, giving lower grinding energy and a higher 
SE fuel, while maintaining acceptable overall energy recovery and rheology. 

The SE expressed on a volumetric basis is most relevant to compression engine injection, enabling the 
additional fuel pump power losses for low energy fuel to be accounted for.  At present, CSIRO considers 
that fuels with a SE >14 MJ/L will be acceptable. 

The high temperature char produced commercially in Australia from E.cladocalyx makes a fuel slurry 
with good rheological and SE properties. 

2.7.5 Implications for engine performance 

This section lays out the key findings to identify an optimum processing temperature range to obtain 
maximum over cycle efficiency (dry biomass through to net power output).  The graphs in Figure 22 
show key parameters for processing temperatures from 263 to 346°C - the temperature range with the best 
experimental data, and literature data for estimating gaseous energy content.  The basis used is one tonne 
of dry biomass (SE 20.1 GJ/t).  The individual parameters are summarised as follows: 

Char energy: Expressed in GJ/t dry feed, this decreases with processing temperature 
from 78% of the initial biomass energy at 263°C down to 50% at 
320°C. 

Condensible liquids energy: Expressed in GJ/t dry feed, this increases with processing temperature 
from 12% of the initial biomass energy at 263°C up to 29% at 320°C. 

Total combustible fuel: The total combustible fuel was calculated using the energy in the char 
and condensible fractions together with the estimated energy for non-
condensible factions using data from Sermyagina (2015).  While this 
was not ideal, at the outset of the experimental work it was anticipated 
that only torrefaction temperatures would be used (ie less than 300°C) 
and therefore offgas measurements (technically difficult) were not 
taken. 

Grinding power: Grinding power is shown as the actual mill energy used, corrected for 
char produced at each of the temperatures.  As grinding energy (kWh/t 
char) decreased exponentially with processing temperature, and the 
amount of char to be milled also decreased with temperature, this 
resulted in a marked decrease in grinding power on a dry feed basis. 

SE of the MRC: Only the results for char only MRC are shown.  The SE increases 
markedly with processing temperature due to a double effect - 
increased SE of the char with temperature (reducing O content) and the 
ability to make MRC with a higher char content with the higher 
temperature chars. 

Engine efficiency: This value is calculated by assuming 40% efficiency for the engine 
using diesel fuel, and then subtracting increased losses from needing to 
pump a more dilute fuel to injection pressure and the increase in latent 
heat for the MRCs.  This streamlined approach to calculating engine 
efficiency for MRC has been shown to give reasonable values, and 
appropriate for the present comparative analysis. 

Net power output: This is a nominal power output after considering all of the above 
factors.  As the purpose of the present comparison is to identify an 
optimum processing temperature, only grinding and mixing power 
consumption (fixed 20 kWh/t char) have been subtracted as parasitic 
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loads.  Other plant loads should be less dependent on processing 
temperature. 

Overall, the results show that the optimum processing temperature is substantially higher than for 
torrefaction, with the present analysis indicating that 350°C is optimum, with 325-375°C being a suitable 
practical target temperature range.  However, this assumes that all of the condensibles and carboniser 
offgases can be used by the engine - with processing heat being provided by engine waste heat as 
discussed further in Section 6 below. 
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Figure 22  Key parameters from dried feed through to net power versus processing temperature 
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2.8 Fuel blending 
Both ammonia and coal are being investigated to extend the potential capacity of bioDICE.  Both fuels 
have the ability to significantly improve overall fuel quality, for example: 

1. Ammonia has the potential to replace up to 30% of the water used in fuel formulation (ie with the 
ammonia in solution at atmospheric pressure).  This has several potential benefits – a 10-15% 
increase in SE of the fuel, improved atomisation and combustion in the engine, reduced fuel pH.  
In practice it is envisaged that distributed ammonia production plants using solid state devices, 
and powered by PV and wind energy, will provide a future source of readily stored renewable 
energy.  In addition, bioDICE plants could be set up to utilise 1-100% ammonia, further 
extending the capacity of bioDICE, and enabling energy produced during the day to be used for 
night generation. 

2. Brown coal could replace some of the biomass (especially in larger bioDICE plants around the 
Latrobe Valley), with it being processed as for biomass.  This could allow larger bioDICE plants 
whilst maintaining availability/security of supply.  While it is acknowledged that the use of coal 
will detract from the renewable theme, Victorian coal in particular is actually very woody in 
nature, containing a substantial proportion of large tree remains, with very similar chemistry to 
current biomass. 

2.8.1 Ammonia/char slurries 

Laboratory grade ammonia solution (30% NH3) was used to produce slurries with the Pine, E.nitens and 
E.cladocalyx chars, with the results shown in Table 18 and Figure 23. 

 

Table 18  Rheology of ammonia/char slurries 

Char 
Char 

(wt%) 

mPa.s 

0.1/sec 100/sec 1000/sec 3000/sec 

P.radiata 320°C – 0.5% PSS(SA)  38.2 117500 487 318 312 

E.nitens 320°C– 0.5% PSS(SA)   35.7 44150 594 364 387 

E.cladocalyx 600°C – 0.5% PSS(SA) 44.0 103100 461 188 219 

E.cladocalyx 600°C  0.075% PSS(SA) 44.0 57430 552 268 286 
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Figure 23  Viscosity as a function of shear rate for ammonia/char slurries 

The SE of ammonia is 22.5 MJ/kg (HHV), and, together with the SEs for the chars, was used to calculate 
the SEs for the ammonia/char slurries, and for the E.cladocalyx char without an ammonia addition.  The 
densities of the slurries were measured, and the results used to calculate MJ/L, a more relevant energy 
unit for an engine fuel.  The results are shown in Table 19. 

Table 19  Specific energies for ammonia/char slurries 

Char 

Fuel slurry SE (calculated, HHV) 

Char 
(wt%) 

NH3 
(wt%) MJ/kg MJ/L 

Pine (320°C) 38.2 18.5 15.1 17.5 

E.nitens (320°C) 35.7 19.6 13.7 15.9 

E.cladocalyx (600°C) 44.0 16.8 18.6 21.5 

E.cladocalyx (600°C); no NH3 44.0 0 14.9 17.8 

 

The conclusions are: 

• All of the above samples would be satisfactory fuels for a bioDICE engine, from an SE, stability 
and shear thinning perspective.  Attention would need to be paid to minimising the loss of 
ammonia using sealed top tanks. 
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• The slurry made from the high temperature char has the same rheological properties, at the same 
char content, with and without the ammonia. The major difference in pH has no obvious 
deleterious effect. 

• There was no evidence of microbial activity, due to the high pH of the slurries.  For 
ammonia/char slurries, the condensibles cannot be used in the fuel slurry, and must either be 
treated (to avoid an environmental issue), or used commercially (eg as a biocide, or as a fuel if 
the SE is sufficiently high). 

2.8.2 Brown coal char/biomass char slurries 

The use of brown coal to extend biomass resources was investigated by co-charring two mixtures of 
E.nitens sawdust, and Victorian brown coal: 75% by wt sawdust and 25% by wt brown coal, and a 50:50 
mixture.  The +1 mm brown coal was produced by crushing and screening briquettes produced from Loy 
Yang low ash coal.  Prior to charring, the brown coal was dried at 55°C and the moisture content was 
about 3.5%, similar to the sawdust sample.  The charring procedure was the same as that described in 
Section 2.5. 

For direct comparison with E.nitens, a target charring temperature of 320°C was used.  Both mixtures 
were charred under nitrogen by heating the reactor content up to 320°C, and holding at temperature for 20 
minutes, before cooling back to room temperature.  

Table 20 and Figure 24 summarise the mass balance data from charring of the brown coal/sawdust 
mixtures; for comparison, results for charring of E.nitens sawdust at the same temperature are also 
included. 

Table 20  Charring of brown coal /sawdust mixtures 

Feedstock 50% BC + 
50% sawdust 

25% BC + 
75% sawdust Sawdust 

Feedstock (g) 632 476 302 

Moisture (free water) (%) 3 2.9 2.4 

Max temp at centre of reactor (°C) 321 320 321 

Residence time (min) 108 75 56 

Char collected (g) 422 277 149 

Liquids collected (g) 123 116 66 

Mass Balance (free water free basis) 

Char (%) 68.9 59.9 50.5 

Liquids (%) 17 22.0 20.1 

Remainder by difference (%) 14.1 18.0 29.4 
 

It can be seen that the presence of brown coal increases the charring time (ie reduces the rate of heat 
transfer).  Taking into account the holding time at temperature, the time to heat up E.nitens sawdust to 
320°C (36 min) was around 40% of the time to heat up the 50/50 mix (~88 min).  This effect is related to 
the equipment used for heating, and could be mitigated with fluidised bed heating. 
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Figure 24  Charring of brown coal /sawdust mixtures 

The yield of char is higher, and the yield of liquids and gases is lower, when mixtures containing brown 
coal are charred.  Based on the above results, the yield of char from 100% brown coal (db)can be 
calculated to be 87-88%. 

2.8.3 Slurry preparation 

Chars from both brown coal/sawdust mixtures were prepared with and without the addition of 
condensibles, and 0.5%PSS(SA). 

These slurries were prepared in the same way as for previous biomass char samples, using the small 
mixing apparatus on a drill press fitted with a mixing paddle (of similar shape to that of the much larger 
20 litre Eirich mixer normally used), and the belt drive adjusted to give the same tip speed as the larger 
mixer. 

Condensibles were added to the stainless steel mixing bowl and, operating on slow speed, small additions 
of char and weighed dispersant were added alternately until all the char and dispersant had been added.  
Water was then added until a flowable slurry was obtained.  The speed of the mixer was increased to 
match that of normal operation of the Eirich mixer, and mixed for a minimum of 1 h to ensure thorough 
distribution of the liquids and dispersant throughout the char.  Small water additions were made during 
the mixing process to allow for any small losses through evaporation.  

The mixing time was kept to a minimum, to maintain the slurry below 45°C.  The char slurry was then 
transferred into sealed jars and allowed to cool to room temperature prior to rheology determinations –
undertaken as soon as possible to avoid ageing effects (can be very significant). 

Apparent viscosity was measured at shear rates from 0.1-3000/s (over approximately 30 minutes) using a 
Malvern Kinexus Pro rheometer, fitted with a cup and bob geometry 

a) Rheology results 

The rheology of the slurries, apparent viscosity as a function of shear rate, is important to identify likely 
stability and shear thinning properties (handling and injectability performance). 
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Results for the slurries prepared from blends of brown coal char and sawdust char (produced at 320°C) 
are shown in Figure 25 and Table 21.  For samples including condensibles, the amount of condensibles 
added was in proportion to the char produced (using the ratio of the two produced in the charring step). 

 

Figure 25  Viscosity as a function of char content for char blends 

Table 21  Brown coal and sawdust char slurries 

Char 
Chars 
(%wt) 

mPa.s SE of slurry 

0.1/sec 100/sec 1000/sec 3000/sec MJ/kg MJ/L 

BC+sawdust 25/75 mix 320°C-
All condensibles + 0.5%PSS(SA)  51.9 6384 397 452 446 14.44 16.69 

BC+sawdust 25/75 mix 320°C- 
no additives 46.2 26080 535 367 374 12.36 14.07 

BC+sawdust 50/50 mix 320°C-
All condensibles + 0.5%PSS(SA) 55.3 5219 475 242 304 15.34 17.88 

BC+sawdust 50/50 mix 320°C- 
no additives 51.3 6971 460 349 310 14.11 16.28 

Sawdust -320°C - all condensibles 
+ 0.5%PSS(SA) 47.9 17510 538 500 450 11.28 12.90 

Sawdust - 320°C- no additives 100 ND ND ND ND 10.01 11.19 

 

Figure 25 shows that slurries with high char content and high SE can be produced when brown coal char 
is a substantial component of the blend.  The addition of PSS and condensibles increases the char to over 
55% for the 50:50 mix. 
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For the 25/75 mix, Figure 26 shows that the apparent viscosities as a function of shear rate are consistent 
with a suitable engine fuel (shear thinning, and reasonable low shear viscosity for stability).  The stability 
was also seen to be reasonable from visual observation over some weeks.  For the 50:50 mix, the 
rheology curves, while fairly reproducible, have many peaks and troughs, and are difficult to interpret.  
More research is required to understand these effects, and to optimise such slurries for use as DICE fuel. 

 

Figure 26 Viscosity as a function of shear rate for brown coal/sawdust char slurries 

2.9 Fuel stability 

2.9.1 Effect of rheology 

Fuel stability has been largely overlooked in previous RD&D programs using coals for diesel engines, 
however, this has been a major focus in CSIRO’s program for both coal and char-based MRC.  Following 
experiences with poor quality slurry fuels, both MAN and Maersk identified fuel stability as the single 
biggest concern for using slurry fuels. 

In general, fuel stability is integral to producing a fuel with the correct rheological properties for DICE, so 
a fuel that is stable and shear thinning will also make a good engine fuel.  However, the reverse is not 
always the case, with highly injectable fuels not automatically exhibiting good stability.  Figure 27 below 
shows typical rheology plots for good and poor fuels. 
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Figure 27  Key differences in rheology between a good fuel and a poor fuel 

 

From our extensive experience with the stability of carbon water slurries (black coal, brown coal, 
processed black and brown coals), the following parameters are used to assess fuel stability: 

• The apparent viscosity at very low shear rate (0.1/sec); generally values above 10,000 mPa.s are 
required. 

• Good shear thinning (correlates with good stability, handling, injectability and ultimately good 
combustion). 

• Lack of build-up of sediment in sample containers with storage, and with any sediment formed 
being easily redispersed; many established stability tests only require stability over (say) 1 week.  
Our work is aimed at 100% stability for >1 month – much longer than specified by most stability 
tests.  It is noted that some bulk slurries produced by CSIRO to this specification have been 
completely stable for more than 24 months. 
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2.9.2 Microbial activity 

The major factors affecting the growth of mould are: nutrients, temperature, light, aeration, pH and water 
content.  For commercial coal water slurries, when mould has been an issue (rarely reported), a biocide 
has been added, chosen on its ability to enter the cell membrane of the microorganism responsible, and 
damage or inhibit the cell’s genetic activity or to interact directly with the cell membrane to destroy its 
integrity. 

Although mould growth and slurry degradation due to microbial activity has been previously reported for 
coal slurries, past CSIRO experience with slurry fuels from 48 coals from Australia, Venezuela, Indonesia 
and Germany have shown no evidence of microbial activity – with the exception of a single NSW coal 
slurry prepared by others.  An analysis of this sample identified a Penicillium species (P. crustosum 
probably) and a number of Hypocreales fungi (probably Fusarium spp.).  In this particular sample, a 
commercial biocide was used to completely inhibit mould growth. 

Although CSIRO’s experience with coal water fuels has not shown any significant degradation issues, the 
situation for torrefied/low temperature carbonised biomass was expected at the outset to be worse due to 
the low processing temperatures involved.  As mould not only has the potential to degrade the fuel in 
terms of its rheology, but to also produce neurotoxins; all fuel formulation work (ie the production of a 
slurry from the torrefied chars) involved an assessment of the stability of the fuel in terms of rheology, 
settling and microbial activity. 

It was found that all fuel slurries using biochars produced mould after 2-5 days.  Based on previous 
studies with coal slurries, the commercial biocide Grotan (Troy chemical Corp., Newark, N.L) was 
obtained for tests.  The active ingredient in Grotan is hexahydro-1,3,5-tris(2-hydroxyethyl)-s-triazine 
(78.9%).  Tests showed that this biocide was not effective for the char-based fuels produced in the present 
study, with moulds appearing after only 2 weeks.  While this would probably be acceptable for fuel for 
short term storage, CSIRO’s criterion for a stable fuel is for no degradation over 6 months. 

As the condensibles produced from torrefaction are used as insecticides, it was decided to determine the 
effectiveness of adding some of the torrefaction condensibles back onto the slurry to act as a biocide.  
Several trials were carried out adding 10% (dry char basis) of condensibles back into the slurry.  The 
resulting slurries had a water content of 45-50%, and a pH of around 3.  All of the slurries have remained 
mould free (at the time of this report, over 500 days) – easily exceeding the specification for a stable fuel. 

The effectiveness of condensible addition is clearly shown below:  Figure 28 shows a pine slurry without 
the condensibles after 3 days, and the corresponding pine slurry sample with condensibles is shown in 
Figure 29 after 200 days, and after more than 500 days.  The results of this test show conclusively that 
condensibles are a highly effective biocide for char-based MRC. 

Also, as the addition of the condensibles does not adversely affect fuel rheology, and is expected to give 
other benefits (improved ignition and combustion, eliminates the production of a separate by-product), the 
use of condensibles (at least those produced under torrefaction conditions) eliminates the need for further 
investigation into mould characterisation or the use of biocides. 
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(a) (b) 

Figure 28  Microbial activity on pine char slurry after 3 days (a) and 500+days (b) 

 

  

(c) (d) 

Figure 29  Pine char MRC with 10% condensibles - after 200 days(c) & 500+days(d) 

Subsequent to these tests, additional work has been undertaken to add even more condensibles to the 
slurries – in this case to improve the calorific value of the fuel and to avoid the complication of the 
production of a condensibles by-product stream.  This strategy should further eliminate the chances of 
microbial activity. 
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3 FUEL PRODUCTION FOR ENGINE TESTS 

3.1 Sourcing of biochar for production of 1 tonne of MRC 
It was estimated that about 1,000 L of MRC would be needed for the 500-hour injector wear test and the 
40-hour engine fouling test, with some uncertainty around how many times bioMRC could be recycled 
during the injector wear testing.  Assuming 50% char loading, we planned on requiring a minimum 600 kg 
of char (dry basis) and chose to obtain 1 tonne to cover contingencies.  In-house production facilities were 
unsuitable to make the large amount of char needed and therefore the char needed to be sourced 
commercially. 

Several torrefaction companies were approached both nationally and internationally.  Successful contacts 
were established with several companies, most of which are based in Europe.  The following gives a short 
overview of negotiations (in chronological order) to supply the required processed biomass. 

Pacific Pyrolysis, Wyong, NSW Initially very promising, aiming to use existing multihearth 
furnace, but then declined due to issues with waste water 
disposal and needing to recommission old equipment. 

Crucible carbon, Newcastle, NSW Marginal processing conditions (too hot, and no condensibles 
recovery) and restrictions on the use of normal chip which 
would need screening, then equipment was relocated to 
Queensland for another project. 

Bioendev, Sweden Typical operating temperature 340°C.  A commercial sample 
was obtained for analysis.  The initial sample was ideal and 
extensive tests were undertaken to determine the best method of 
formulation. 

After delays due to other commitments and equipment 
modifications, Bioendev sent a larger sample.  More testing 
showed that this sample was unsuitable due to the presence of 
non-torrefied wood particles/dust making overall sample 
behaviour similar to our in-house tests conducted at only 300°C.  
Photos of supplied samples and contamination shown in Figure 
30 and Figure 31, with the latter showing the large amount of 
ungrindable unprocessed material - over half. 

Bioendv were ultimately unable to guarantee that our bulk 
sample would not contain untreated material, and together with 
other commercial pressures which would have pushed our test 
back by several months, negotiations were terminated. 
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Figure 30  Torrefied pine pellet from Bioendev 

 

Figure 31  Size separation of raw wood and char after milling of Bioendev pellet 
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Biogreen ETIA, France Initially an attractive supplier with claimed high temperature 
control ±1°C within 280-400°C range.  Cost of test campaign 
was only $25,000, plus chip supply.  However, Biogreen were 
then focussing on pyrolysis of plastics, and the resulting delay 
plus delays due to civil unrest, meant supply delays of 12 
months.  There were also concerns around chip importation into 
France (Australian or Brazilian) and additional export/quarantine 
issues due to Brown Stick Beetles hazards/infestation.  
Ultimately this option was dropped as being too slow and too 
uncertain. 

CENER, Spain Max torrefaction temperature only 300°C, cost for test estimated 
at $75,000 with a delivery schedule of 12 months - too slow and 
too costly. 

Renergi, Curtin University, Perth Grinding pyrolysis technology, simultaneous grinding/milling of 
char during pyrolysis.  Initially this option was of high priority 
as produced char could potentially be milled to fuel ready size 
ready for slurrying in 2 days of plant operation.  However, IP 
concerns over processing conditions and the high cost ($85,000) 
for 1 tonne of char made this option unworkable - noting that the 
budget for the char was only $25,000. 

Green Man Char, Hawthorn, 
Victoria 

Green Man Char is a biochar and wood vinegar 
producer/supplier located in Hawthorn, Victoria. 

Green Man Char uses a proprietary slow pyrolysis process to 
produce commercial charcoal (CharMaker MPP).  The process 
uses volatiles from a gas stream for heating and driving of 
pyrolysis, but does collect wood vinegar.  Unfortunately, the 
process operates ballistically, without temperature control and so 
the processing temperature ranges from 400 to 700°C.  Although 
this supplier was initially placed as a fallback option in the end 
they were the only practical source of bulk char for the project. 

Ultimately, as no suitable supplier could be identified to produce the required amount of char within the 
temperature range of 320-340°C, and the numerous dead-ends with other suppliers had delayed the 
project, the decision was made to conduct the test using Green Man char - from de-barked eucalyptus 
cladocalyx (Sugar Gum) block wood.  This option had many advantages: 

• Ready availability, at a weeks notice if additional supplies were required 

• Wood vinegar retained and supplied with the char 

• Economical ($6,000 for the char and 250 L of wood vinegar, and including manual debarking and 
selection of uniform block wood feed, plus freight to Newcastle) 

Important:  As the laboratory testwork had shown that a wide range of timber species give similar 
processing response and MRC fuel properties, the use of E.cladocalyx was considered a reasonable proxy 
for the E.nitens (harvested) forest waste originally intended. 

3.2 Pre-processing of Green Man char 
About 250L of wood vinegar was collected during the charring process.  As the Green Man Char charring 
process uses large, if not all, portions of the VOC’s generated, the collected gas condensates (wood vinegar) 
has a very low specific energy of only about 1.16 MJ/kg.  Fuel tests with the condensate added back showed 
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no benefits, therefore it was decided to forgo the addition of the condensate in the final fuel recipe for 
injection and engine tests. 

The E.cladocalyx char was supplied in different size fractions (less than 3 mm, 3-8 mm and larger than 
8 mm) with a moisture content varying between 50-60% from quenching.  Each size fraction was weighed 
and pre-processed individually and combined to form a homogeneous sample.  Size fractions above 3 mm 
were coarse milled using a roller mill in preparation for wet milling in a stirred bead mill (a Glencore 
Technology Isamill).  Due to the high moisture content of the char, air drying was required to prevent 
clogging of the roller mill. 

Laboratory tests were undertaken with small fuel batches to obtain the final fuel recipe - aiming for a 
conservative 46-48% char content for the injection test.  The objective was to minimise the need for 
dispersant, 0.05% PSS, with no condensates added.  Important:  The lower char loading was determined 
by limitations posed by the small laboratory Isamill to handle higher char slurry.  In practice, with larger 
mills, this would not be necessary. 

3.3 Methodology for fuel preparation for injector wear test 
The following methodology was developed to produce a 100L MRC fuel batch size: 

1. Combine char into a representative batch using appropriate portions of each size fraction (air 
dried and pre-processed in roller mill). 

2. Determine moisture content of batch. 
3. Calculate amount of water needed per batch to achieve ~46% solid loading. 
4. Form slurry by re-circulating pre-calculated amount of water through a mixer while adding char. 
5. While forming slurry, gradually add 0.05% PSS, approximately 15-20L of slurry is processed at a 

time.  The pre-mixing (which also had a slight milling action on top size particles) was essential 
in producing small batches to prevent blockages during feeding of slurry into the laboratory 
Isamill for wet milling.  In practice, this would not be required. 

6. Batches were combined for wet milling through a customised Isamill, with 3 mm steel media and 
using a 75% fill capacity. 

7. A single pass through the Isamill produced an acceptable particle size distribution in the slurry 
(black coal normally requires 4 passes, showing the ease in which the higher temperature char 
mills). 

8. Final slurry was analysed for rheology.  Figure 32 shows the apparent viscosity versus shear rate 
of the fuel used for the injection tests. 
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Figure 32  Apparent viscosity versus shear rate E.cladocalyx MRC 

3.4 Nozzle pressure versus fuel flow 
While the rheometer gives useful data for shear rates up to 3000/s, an additional test was undertaken with 
an extrusion rheometer to investigate any unforeseen issues with char MRC at much higher shear rates - as 
experienced during injection.  Although a home-grown qualitative test, it gives important information on 
(noting that there are no existing tests for MRC as a engine fuel): 

• The effective viscosity of the fuel relative to water - useful for engine component designers 

• An indication of any adverse shear thickening behaviour under injection conditions 

• The additional pressure required to inject the MRC - useful for engine component designers 

• Nozzle blocking tendency - a critical fuel property, a function of particle size distribution, rheology 
and particle shape. 

The instrument used is a modified Rosand RH10 Rheometer (originally designed for plastic extrusion) 
which is equipped with a larger cylinder to enable tests with nozzle sizes typical of DICE. 

The equipment drives a piston down at a controlled speed to push the fluid through a known nozzle (die). 

For MRCs which require higher flow rates a single larger bore piston has been fitted and the piston speed 
increased. 

For the present tests three different size carbide airless paint nozzles were used (323, 333 and 345) to 
measure the pressure required to pass fuel or water at a fixed rate - water being the benchmark.  Figure 33 
shows a photograph of the nozzles, and Table 22 gives the dimensions. 
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Figure 33  Nozzles used in pressure versus fuel flow measurements 

Table 22  Nozzle diameters 

Nozzle Equivalent diameter 
(mm) 

Relevance to engines 
(kW/cylinder) 

323 0.584 <250 

333 0.838 250-2000 

345 1.143 >2000 

 

The rheology results in Figure 32 above, indicate progressive shear thinning behaviour at low to medium 
shear rates.  The results for the higher shear rates representative of injection are shown in Figure 34 below  
- comparing the pressure to inject at a given flow rate relative to water (ie representing lumped viscosity 
parameters), indicates good injectability for the fuel, with injection pressures for the relatively viscous 
MRC being only slightly above that of water.  In addition, no fuel blockages were observed during the 
test.  The similarity with water (which has 500x lower viscosity than MRC at the 100/s shear rate) 
indicates strongly shear thinning behaviour for the MRC at the higher shear rates of injection. 
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Figure 34  Injection simulation - MRC flow versus water 
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4 FUEL-ENGINE INTERACTIONS 

There are many fuel-engine interactions that are of utmost importance to using chars in adapted diesel 
engines, and each is affected by several physical and chemical phenomena, all of which are strongly 
interdependent.  This section details these interactions, their relevance to both fuel preparation and engine 
modifications, and also the results of tests undertaken in the current project to provide data on these 
interactions for biochar MRC: 

• Atomisation under simulated engine conditions to determine the effects of MRC properties – char 
loading, viscosity, particle size and atomisation pressure and nozzle size. 

• Combustion of the fuel under simulated engine conditions, to determine combustion ignition delay, 
slow combustion, and heat release rate.  

• Lubricity and wear testing of char ash. 

• Compressibility and gel-sol formation – using both injection through a nozzle, and an extrusion 
rheometer. 

• Engine deposits using fuel doped with ash forming inorganics. 

4.1 Overview of interactions 
The following description of potential fuel-engine interactions is provided as context for the experimental 
results detailed in the following sections.  Note that while a fuller list of interactions is described for 
completeness, only key interactions were investigated in the current study: 

• Injector nozzle wear 

• Cylinder wear 

• Combustion 

• Ash fouling 

In DICE, it is paramount that the fuel 1) gives a high degree of atomisation during injection, which 
ensures rapid ignition, combustion, and complete burnout, 2) forms minimal abrasive ash particles, 3) has 
the highest char char loading to maximise engine thermal efficiency.  These requirements are both 
strongly interdependent and strongly influenced by the choice of engine, including the size of the 
cylinders, engine speed, and engine armoring.  Specific properties include: 

• Low abrasive mineral content – to minimise injector nozzle and cylinder/ring wear mostly. 

• Char particle size distribution with a d50 of <15µm and a d95 <65µm to ensure complete 
combustion. 

• High char content to minimise latent heat losses from fuel water – subject to meeting viscosity 
specifications. 

• High stability of formulated fuel to prevent settling in the fuel handling equipment during 
transport and storage. 

• Strongly shear thinning behavior to allow injection and effective atomisation – essential for 
obtaining a controlled heat release and to minimise unburnt char. 

• Resistance to microbial action – some slurry fuels are prone to bacterial degradation, which can 
affect both stability and shear thinning behavior – in addition to increasing OH&S concerns. 

Nominal target specifications, based on recent engine experiences, are as follows: 

• Ash content <2% (dry char basis) 
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• Residual mineral size <5µm 

• Char particle size distribution giving a d50 of <15µm and d98 <50µm 

• Char content of the fuel should be as high as attainable while still meeting the following nominal 
rheology targets: 

- >10,000 mPa.s @ 0.1/s 
- <500 mPa.s @ 100/s 
- <100 mPa.s @ 10,000/s and be shear thinning at higher shear rates 

• Specific energy  >14 MJ/L 

• pH of 3.5-8.5 to reduce corrosion and corrosion-erosion wear of fuel system components. 

• Stable – exhibiting no settling to form a coherent cake on the bottom of a storage tank over 90 
days. 

4.1.1 Key fuel properties 

This section provides more background information on the relevance of char and MRC properties as they 
relate to fuel-engine interactions and to provide context for the experimental work undertaken in the 
current project on both fuel production (above) and fuel-engine interactions (below). 

Experience has shown that, while individual properties can be readily met, achieving a balance between 
all properties is more difficult.  For example, a high specific energy fuel can be produced by increasing 
the char content, which will have the advantage of also increasing fuel stability.  However, this will also 
increase the viscosity and may cause shear thickening behavior, which will make the fuel very difficult 
(even impossible) to inject and/or give poor atomisation.  The resulting large fuel droplets (containing 
many smaller char particles) will likely dry to form a single large char agglomerate, resulting in slower 
ignition and incomplete combustion.  This will invariably lead to chronic piston ring jamming from char 
packing behind the rings.  The resulting flyash from poor atomisation is also likely to be larger due to the 
interaction and fusing of fine inorganics and organically bound ash forming components within the char.  
These interactions are discussed in more detail below: 

• Char loading 

• Char particle size 

• Residual volatiles 

• Ash content 

• Sulphur 

• Alkalis 

a) Char loading 

Char loading has two main effects, 1) strongly affects fuel viscosity – especially at higher char loadings 
(say >50 wt%), and 2) water reduces the calorific value of the fuel and increases the latent heat penalty. 

It is important to note that while the effect of char loading on calorific value is linear, the effect on 
viscosity is exponential at higher char loadings (say 50wt%) depending on the shape of the size 
distribution, particle morphology, porosity, and surface properties.  This rapid increase in viscosity means 
that the maximum char loading is usually dictated by the highest viscosity, which ensures satisfactory 
atomisation.  For bioMRC, another complicating factor investigated in the current project is that 
condensibles from charring can be added to the MRC mixture, which has been found to decrease the 
maximum char content, which more or less negates the additional calorific value of the condensibles 
(however, the overall energy efficiency of the fuel cycle increases). 
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b) Char particle size 

As a guide, at 500 rpm, around 30 ms is available for combustion.  Practical experience suggests that a 
char top size of 50-60µm will give good combustion with minimal unburnt char in the exhaust – 
providing atomisation is sufficient.  Lower temperature chars (higher oxygen content, more reactive 
chars) and lower speed engines are likely to allow efficient combustion of a coarser tail in the char size 
distribution. 

However, there are several other factors that need to be considered, as the particle size distribution of the 
char in the MRC strongly affects the fuel’s rheology for a given char loading, and therefore its 
atomisation, ignition, and combustion. 

Overall, combustion data for char in engines is lacking, and existing data for pulverised coal firing (of 
low rank coals, a rough proxy for biomass char) is likely to be misleading for bioDICE, but from recent 
work with treated brown coals, and experiments for the present project, the following generalisations can 
be made: 

• A wide size distribution allows a higher particle packing efficiency in the slurry, and therefore 
char loading (this can be calculated), which improves thermal efficiency and fuel stability, and 
reduces fuel transport costs. 

• An optimum char loading and wide particle size distribution should give a high low shear 
viscosity (essential for fuel stability in storage) and shear thinning behavior, which enables 
injection and atomisation.  Char loadings above the optimum rapidly cause shear-thickening fuel, 
which causes fuel system clogging and poor atomisation. 

• Both the quality of atomisation and the char top size affect the effective size of the char at the 
time of ignition - which in turn determines the time for combustion.  Finer grinds may not be 
better;  for example, overly fine grinds can increase fuel viscosity and result in poor atomisation.  
Also, subsequent agglomeration of the char during heating, and before combustion, results in a 
coarser effective char particle size distribution than that of dispersed particles. 

• In general, the slower the engine, the larger the allowable top size; however, this also depends on 
the devolatilisation behavior of the char under the extremely rapid heating and intense 
combustion intensity in an engine.  Combustion intensity can exceed 5 GW/m3 – around two 
orders greater than for pf combustion in boilers –some lower temperature chars are likely to 
exhibit a large enhancement in volatiles yield (cf flash pyrolysis of biomass), which will give 
faster ignition and combustion. 

c) Residual volatiles 

Although there is no literature information on the effect of volatile content, with previous engine 
experience using only medium to high volatile coals (28-40%), higher volatile coals are expected to give 
improved ignition and combustion as more of the fuel combusts in the gas phase, and there is less char to 
combust.  Higher volatiles release from both biomass and coals also results in a more expanded, porous, 
and lacy residual char, which will give faster combustion rates than chars from lower volatile MRC chars. 

It is noted that the standard method of determination of volatiles (the Proximate analysis) will 
underestimate the effective volatiles content under the extremely rapid heating rates of atomised MRC 
and the high pressures in diesel engines (which can exceed 150 bar at the start of injection).  The 
morphology of the resulting char is also likely to be very different than that for combustion in boilers and 
more akin to that of flash pyrolysis of biomass. 

The effects of volatiles on ignition and combustion described in the next section are also affected by the 
oxygen content of the char.  Low volatile char carbonised at 650°C and containing around 5% volatiles 
require 40°C higher charge temperature to achieve the same ignition performance as a 30% VM 
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bituminous coal, whereas a hydrothermally treated Victorian brown coal which is a reasonable proxy for 
low temperature biomass char gave an ignition temperature 60°C lower.  The practical significance of this 
is that the air temperature in the cylinder of a diesel engine at the start of fuel injection is typically 570-
620°C (the latter being for the largest engines).  Under these conditions, the ignition of high temperature 
char (650°C) would be marginal, whereas that for low temperature char (say 350°C) would be highly 
reliable and give a short ignition delay (around 3 ms) essential for an efficient engine. 

d) Ash content 

Ash is the residue after complete combustion at 540°C in a crucible and comprises altered mineral 
particles from the extraneous ash components plus oxides and sulphated compounds from alkali and 
alkaline elements.  Flyash is ash formed during rapid combustion of finely divided char in suspension and 
comprises the same ash consistents as released into the combustion gases during combustion.  It is formed 
from both extraneous mineral particles and the oxide or sulphated residues formed from the organically 
bound inorganic elements (mostly K, Na, Ca, Mg).  During flyash formation, inorganics can interact 
during burnout of the char, resulting in a complex mixture of aluminosilicates, alkaline oxides and 
sulfates depending on the char.  The resulting flyash comprises both discrete particles ranging from 
submicron fume, altered mineral particles, cenospheres, and condensed phases.  The extent that these 
interactions affect the final morphology of the flyash is evident in Figure 35, which shows large (>80µm) 
cenospheres (ash balloons) produced from CO evolution by char encapsulated by molten ash - from 
treated brown coal with a similar composition to a char. 

Flyash interacts with the engine in several ways, but most concern is the contamination of the oil film on 
the cylinder walls with hard ash particles, leading to accelerated wear of the rings and cylinder liner.  
Flyash can also cause a range of other issues, including ring jamming (very serious), exhaust valve seat 
wear, and turbocharger erosion.  At present, there is little quantitative information on any of these effects 
and how they are related to char properties, MRC properties, atomisation, and combustion conditions 
where a high proportion of ash is extremely fine and relatively soft compared to (say) black coals. 

In the case of commercially harvested biomass, there is also the possibility of entraining dirt and other 
contaminants, which after combustion will report as extraneous ash particles comprising thermally altered 
mineral matter.  The temperature-time history determines the extent of alteration in the combustion 
chamber and reactions with volatilised organic ash constituents; eg alkali-clay, alkali-quartz reactions 
which form low melting point silicate phases which will accelerate spheroidisation of angular silicate 
mineral particles. 

Both the wear and fouling implications are detailed below in Section 4.3 and 4.5. 
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Figure 35  SEM images of cenospheres from DICE using a hydrothermally treated Victorian coal 
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e) Sulphur 

Large diesel engines designed to operate with heavy fuel oil can tolerate high sulphur fuels (up to 5wt%), 
providing cylinder lubrication uses the appropriate lubricant to prevent acid corrosion of the cylinder 
walls and/or changes to cylinder cooling to increase the cylinder bore temperature (up to 165°C is used).  
The ability to neutralise acids is given as the lubricant base number (BN) expressed as wt% CaO.  For 
bioMRC, which produces alkaline ashes, tests will be required on actual engines to determine the most 
appropriate lubricant BN to protect against acid attack without introducing excess Ca into the combustion 
chamber as a lubricant.  The adverse effects of excessive BN/CaO are described in more detail in the ash 
fouling section below. 

Note that the ability to increase the cylinder temperature (via increased coolant temperature) for control of 
acid attack also provides a means of delivering higher grade heat for drying - with up to 130°C (2.5 bar) 
coolant being readily achievable for the dryer.  This aspect is utilised in the heat balance for concept 
plants with close coupling in Section 6. 

f) Alkalis 

While alkalis are a significant issue for coal- and biomass-fired boilers (nominally, for Na2O+K2O:SiO2 
ratios >0.04, or in the presence of high S and Cl) to date, there is no evidence that alkalis are an issue for 
DICE.  Recent CSIRO experience with a chemically cleaned coal (employing a caustic ash removal 
process) with a high Na:SiO2 ratio, showed negligible ash deposits after 40 hours at full load of a 4 litre 
single-cylinder test engine – see Figure 36.  Other indirect evidence is from marine engines, which have 
shown no cylinder fouling despite ingesting salt spray (including from air inlet humidification or 
aftercooler leaks).  Potassium behaves similarly to Na, but with a stronger fouling tendency.  In the 
present project tests were undertaken with doped fuel to simulate biomass firing - see Section 4.5 below. 

 

 

Figure 36  Head valves after 40 hours of full load operation using MRC produced from Yancoal UCC 
(courtesy Yancoal) 

It is surmised that the lack of ash fouling is a result of the large pressure swings (> 100 bar) for each 
engine cycle, which regularly mechanically shed the porous particulate ash deposits (ie deposit panting). 
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g) Summary - fuel properties 

To summarise: 

1. The mineral ash content of chars will cause wear issues unless the engine is armored 

2. Censopheres and submicron ash are unlikely to cause wear issues 

3. Submicron ash and volatilised inorganics are likely to cause fouling issues 

4. The alkaline content of the ash will need to be taken into account in determining the base number 
of the lubricant 

4.1.2 Physical phenomena 

The physical phenomena affecting fuel-engine interactions are detailed under: 

• Injection and injector nozzle wear 

• Ignition delay 

• Combustion rate 

• Burnout 

• Cylinder abrasive wear 

• Ash fouling 

• Fuel blockages 

a) Injection and nozzle wear 

Fuel injectors are devices that spray high-pressure fuel into the highly compressed air near top dead 
centre.  The objective is to atomise the fuel by forcing it through small orifices (0.4-0.7 mm) at high 
velocity (typically 250-400 m/s) using a pressure of 300-600 bar.  Figure 37 below shows the general 
arrangement of an injector nozzle for a medium speed 4-stroke engine with an output of 
100 - 200 kW/cylinder. 
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Figure 37  Injector nozzle/section with nominal spray pattern (medium speed 4-stroke engine) 

The high velocity necessary for atomisation causes wear of the atomiser orifices, and for MRC this is by a 
combination of abrasion by solid particles (mostly char, but also by minor minerals) and cavitation (micro 
compressive forces due to implosive collapse of vapour microvoids in the rapidly moving fuel).  The 
latter can generate micro compressive forces of 2-5 GPa, sufficient to cause cratering of all materials 
except cubic boron nitride or diamond. 

Cavitation wear is more significant with MRC due to the higher vapor pressure of the fuel’s continuous 
phase (ie water) and its higher viscosity - relative to conventional diesel fuels.  Other fuel properties may 
contribute to cavitation, including the high particulates loading and the strongly shear-thinning nature of 
MRC, which channel the flow. 

Wear is further accelerated by corrosion-erosion mechanism if materials subjected to high-velocity fuel 
are not sufficiently hard and corrosion-resistant.  Corrosion resistance is particularly important for the 
softer binder phase used to produce ultra-hard compacts such as tungsten carbide.  For MRC, 
conventional cobalt bonded carbide wears an order of magnitude faster than nickel bonded carbide. 

Overall, there is a complete lack of data linking nozzle wear to ash-forming content in fuels (all fuels, not 
just char-MRC).  However, it is essential that injector wear is minimised to ensure a consistent and a high 

9x 0.4mm orifices 

Nozzle 
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degree of atomisation.  While with diesel fuelling, poor atomisation causes soot, and a small loss of 
efficiency, atomisation for solid fuel slurries is more critical because it adversely affects all other 
fuel-engine interactions.  For example, poor atomisation gives larger droplets which take longer to heat up 
and evaporate water, which generates larger dried fuel agglomerates.  These give a longer ignition delay 
and slower burning rate, which increases unburnts in the exhaust, and also produces a larger flyash size.  
These factors increase the amount and size of abrasive material reporting to the cylinder walls and 
cylinder/ring wear.  The continued build-up of material behind the piston rings will lead to catastrophic 
ring and cylinder scuffing. 

Note, research undertaken during the USDOE coal engine program over 1978-1992 generally found that 
atomisation of black coal slurries gave an area mean diameter of ~250 µm (for slurry with 50% coal), 
which was found acceptable for medium-speed engines (ie 400-1000 rpm) of the type being suggested for 
biochar.  However, the CSIRO work recommends that a droplet top size of 75µm be achieved to reduce 
the amount of unburnt char in the cylinder gases - to minimise contamination of the oil film on the 
cylinder walls, and char buildup behind the piston rings 

In the current project, atomiser nozzle wear has been investigated using 3 ceramic nozzles, as described in 
Section 4.2 below. 

b) Ignition delay 

Ignition is the time between the start of injection and the start of combustion and is usually defined as the 
time for a pressure rise due to combustion of 1% of the fuel.  Compared to fuel oils, char-based MRC has 
properties that are likely to slow ignition and combustion.  For example, the presence of a large fraction 
of water which has to be evaporated before heating of the char to ignition temperature can occur, and 
depending on the temperature of charring, is likely to produce volatiles with a lower energy content, 
reducing the heating effect from early volatiles release and ignition.  In the DOE research of the 1980s, 
this longer ignition delay increased the amount of prepared fuel-air mixture in the combustion chamber at 
the start of combustion, resulting in a sharp pressure spike at the onset of ignition.  The delay also 
required advanced injection timing and resulted in increasing the peak cylinder pressure.  In some cases, 
ignition delay was sufficient to prevent an autoignition temperature from being achieved (due to 
evaporative cooling), causing misfiring and the need for pilot injection of diesel fuel.  CSIRO’s 
experiences with a specification of finer atomisation have not observed premix combustion or abnormal 
pressure spikes for black or treated brown coals, and so expect a similar result can be expected for 
bioMRC. 

The current project has determined the ignition delay for a worse case biochar-MRC, as described in 
Section 4.4 below 

c) Combustion rate 

This is the rate of combustion (and, therefore the heat release rate) for the fuel spray after the onset of 
ignition, through to burn out.  The rate needs to be matched to the engine (mostly speed-dependent) to 
ensure maximum thermal efficiency without exceeding the maximum allowable firing pressure or 
pressure shock loading (which can break piston rings and damage bearings).  The heat release rate is 
likely to be affected in complex ways by the fuel water content, atomisation, chamber temperature, and 
pressure, coal devolatilisation, and char reactivity, in addition to combustion chamber mixing.  The last is 
affected by fuel jet momentum and penetration into the combustion chamber and combustion chamber 
turbulence. 

The current project has determined the combustion rate for a biochar-MRC, as described in Section 4.4 
below. 
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d) Burnout 

After the release and rapid combustion of char volatiles, the remaining char burns much more slowly.  In 
addition to creating a long tail on the heat release curve and unburnts in the exhaust gases (which both 
cause a small loss in thermal efficiency), unburnts also create a mechanism for abrasive material (char + 
contained minerals/ash) to be deposited on the cylinder walls, and may cause erosion of the turbocharger 
inlet vanes and the turbine wheel. 

e) Cylinder abrasive wear 

For MRC fired engines, piston ring and cylinder wear is the most significant fuel-engine interaction after 
injector nozzle wear.  For coals, this wear occurs mostly from contamination of the lubricant film on the 
cylinder walls with flyash produced from combustion, and to a lesser extent due to unburnt char. 

With biomass char-based MRC, the ash will likely be mixed oxides and sulphates formed in the gas phase 
or on the surface of the burning char, together with a smaller amount of altered mineral components 
released into the combustion gases.  Compared to other fuels used in DICE by CSIRO, biomass-MRC 
was likely to produce far less abrasive ash due to the small amount of mineral matter in the char. 

For MRC produced from clean biomass (ie free from entrained soil), the hardest ash material will be 
small amounts of quartz with a hardness (Vickers) of around 11 kgf/mm2.  Quartz is capable of causing 
abrasive wear of materials with hardness less than around 13 kgf/mm2, and certainly abrasive weara of all 
conventional materials used for engine piston rings and cylinders (cast irons).  This means that these 
components will require armoring with ceramics for DICE. 

Figure 38 shows the relative hardness of quartz versus a range of commercially available ceramics that 
could be used to prevent abrasive wear – if they can be incorporated into an engine.  The figure shows 
that carbides should be immune to abrasion, and as these are the lowest cost and readily applied by a 
range of high-velocity spray coatings methods (eg HVO or laser bonded), and are already used in engines 
for some low-quality residual fuel oils, they should not represent a significant technological or cost 
constraint to bioDICE. 

 
a As a general rule, to prevent abrasion the surface needs to be 30% harder than the abrading media 
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Figure 38  Hardness of materials relative to biomass mineral ash 

In the current project, the wear rates due to ash contamination of cylinder wall lubricant were determined 
using a modified HFRR procedure described in Section 4.3. 

There are also ramifications for abrasive wear of other engine components, particularly those lubricated 
by crankcase oil contaminated by material scraped down from the cylinder walls.  This aspect is discussed 
in more detail in Section 5 Engine Adaption, below. 

f) Ash fouling of the engine 

Ash fouling in DICE has received very little attention.  Although all previous experience, around 15,000 
hours total, has not reported fouling, the possibility of fouling remains a risk factor for fuels produced 
from biomass – which have very different ash properties compared to the black coals mostly used for 
previous engine tests. 

Fireside furnace slagging, tube, and air heater ash deposits (loosely referred to as fouling) has been a 
significant problem for coal-fired boilers, especially since the introduction of pulverised fuel firing in the 
1940s.  Extensive R&D and experience over the last 80 years have shown that problematic fouling is due 
to a range of complex phenomena - condensation, particle diffusion, impaction, adhesion, and 
consolidation.  These are affected by the coal ash chemistry, occurrence within the coal, mechanisms of 
release during combustion, post-combustion reactions, metal temperature, gas flow conditions, and time. 
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To summarise: 

• Fouling always occurs in biomass-fueled boilers, so why not expect fouling in an engine? 

• Fouling is often worse for low ash fuels and for finer fly ash – which will be the case for bioMRCs. 

• Temperature-time history is always important – for both the combustion gases and the deposit-
metal layer.  This history is very different for reciprocating engines, which have intense combustion 
at high pressure for 10-20% of the cycle time, followed by expansion of the gases, exhausting, then 
refilling the cylinder with low-pressure air followed by compression to around 600°C before fuel 
is injected and the cycle restarts.  For boilers, temperature conditions in the deposit layers change 
only slowly as the deposit grows. 

• Flame impingement is always problematic – and this always occurs in reciprocating engines, 
especially diesel engines, where the fuel is injected at high velocity (200-400m/s). 

• Fouling is usually due to reactive phases formed from a minor component in the fuel (especially 
those from Na and K), either during combustion, or formed in-situ as the ash deposit forms. 

• The elements Fe, Na/K, Ca, S, and Cl are most often associated with slagging and fouling – biomass 
ashes/combustion residues contain these elements. 

• Fouling precursors have highly non-linear and complex interdependencies that remain uncertain. 

The current project includes a 40-hour engine test to identify major fouling issues for a biomass 
equivalent fuel. 

g) Fuel handlability 

Experience with a range of MRCs (produced from over 50 different coals and chars) has shown that 
rheology is extremely important for troublefree fuel handling and storage by ensuring fuel stability and 
resistance to settling, and to allowing high pressure injection without the formation of blockages. 

If the rheology is not correct, the fuel will form gel-sol during handling – a fluid in which solid particles 
have meshed such that they form a semi-rigid or plasticine-like material (with water in the interstices).  
The term gel or sol is used depending on whether liquid or solid is the dominant phase, respectively.  This 
behaviour has not been previously reported;  however, under some conditions, our research has shown 
that gel-sol can form, and very effectively block a fuel system.  An example of gel-sol on a fuel strainer is 
shown in Figure 39 below.  For char-based MRC, this behaviour may be exacerbated due to the fibrous 
nature of the low temperature chars used, which to some extent, will be determined by the type of mill 
used to prepare the fuel.  An example of the deposits from gel-sol behaviour of an MRC produced from a 
hydrothermally treated brown coal (a reasonable proxy for a bioMRC) is shown in Figure 40 below.  The 
rheology of the fuel is an important indicator of gel-sol behaviour. 
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Figure 39  Gel-sol blocking a coarse fuel strainer after 3 min 

In a fuel system (typically comprising a charge pump, fuel strainer, check valve, high pressure pump, 
high pressure line, injector needle valve and orifices), gel-sol has been found just upstream of sharp step 
decreases in flow area.  In these regions, a relatively stagnant pocket of fluid (a toroidal vortex) forms and 
can result in the formation of a ring of gel-sol.  In practice, this could be overcome by ensuring that there 
are no sharp area changes in the fuel system to ensure smooth flow without dead zones, or dead 
recirculation zones.  The other zone for formation is the fuel strainer.  To ensure resistance to gel-sol 
effects CSIRO has have developed a pulse screening system. 

At present the conditions leading to gel-sol behaviour are unclear and have not been previously reported.  
A number of contributing factors are speculated including: 

• Non-homogeneity of the fuel, particularly with respect to the small amount of additives. 
• Repeated compression-release of stagnant fluid 
• Stagnant eddies. 

Although gel-sol is not regarded as a serious technical issue for DICE, measures are required to avoid 
abnormal fuel rheology and ensure that appropriate component design is employed. 
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Figure 40  Nominal fuel rheology resulting in very poor handling 

4.2 Nozzle wear 
At the outset of the project, it was planned to undertake a 500-hour bench test of injection with a 
eucalyptus char to determine nozzle wear.  Although fuel was prepared (as described in Section 3 above) 
and a new fuel injection system was manufactured to undertake the test, a suitable ceramic nozzle was 
unable to be manufactured to fit the injector.  Initially, this nozzle was to have been manufactured by 
Moore SuperHard in China from cubic boron nitride, or a cubic boron nitride blank was to be laser drilled 
by Oxford Instruments using a femtosecond laser.  However, commercial pressures and rationalisation of 
services, meant that both companies were ultimately unable to undertake the work. 

An alternative test program was proposed using a simpler nozzle design comprising a disc with a single 
orifice to enable bench testing of several ceramics using semi-continuous high pressure flow, instead of 
short injection pulses.  It was agreed that this would provide a reasonable proxy for a nozzle test using the 
injector, and to thus identify a suitable nozzle material.  Since undertaking these tests there has been 
substantial progress in obtaining suitable ceramic nozzles for the injector.  However, the delivery time is 
estimated as early 2021 - still too late for the current project.  If successful, details of the design and 
performance will be published subsequently. 

The methodology used was to pump bioMRC produced from E.cladocalyx through the nozzle disc using 
a double-acting high pressure abrasive paint pump capable of injection pressures (as shown in Figure 41).  
Note, MRC from the forest waste obtained from Forico was not used due to excessive contamination from 
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the log dump (as described in Section 2.4 above), which would have resulted in an unacceptable DICE 
fuel. 

The injection pressure at the back of the nozzle was approximately 300 bar (minor variation from the 
beginning to the end of each stroke), which is representative of that required for MRC injection.  The 
cycle time of the pump was approximately 40 strokes/min (ie 20 complete pump cycles/min). 

 

Figure 41  Test rig for bench scale testing of simplified disc-type ceramic nozzles 

The selection considerations and nozzles tested included: 

1) Tungsten carbide (cobalt-bonded micrograin, obtained from AASpray Systems).  This is a 
commercially available nozzle for abrasive paints and reflective coatings.  The reason for 
including this material is that tungsten carbide is readily available and can be easily shaped by 
electro discharge machining (EDM) and can be ground with diamond abrasives. 

2) Sialon (Syalon 101 grade), manufactured by International Syalons, UK.  Syalon 101 is a grade 
that offers the best overall combination of properties, with a hardness similar to tungsten carbide, 
with greater toughness, and much higher corrosion resistance.  The latter is due to a much smaller 
proportion of binder phase - it is essentially monolithic.  With tungsten carbide, the Co and Ni 
binder, is prone to corrosion, which results in grain plucking and abrasive wear.  The increased 
toughness of Syalon 101 was also considered an essential attribute to overcome the concern of 
nozzles cracking under the shock load of injection.  This material is used for many arduous 
applications, including abrasive paint nozzles and wire drawing dies (see images below), and has 
also been used to manufacture exhaust valves for diesel engines, which demonstrates its 
toughness.  It is formed and fired similarly to tungsten carbide and can be made EDMable to 
enable forming more complicated shapes by adding a small amount of titanium. 

250 mm air motor 

Double acting 
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pump 

Fuel inlet 

Nozzle in holder 
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bioDICE Milestone Final - February 2021 84 of 215 

 

Wire extrusion dies and sand blast nozzles (International Syalons) 

3) Polycrystalline diamond compact (<10µm grain size, obtained from Hard Metals, Sydney but 
ultimately provided by associates in China).  This material is used for a wide range of cutting 
tools and saws, together with similar wire drawing dies and water jet abrasive cutting nozzles as 
use Sialons.  Also, there have been recent developmentsb in producing nanograin CBN and PCD 
compacts with markedly improved mechanical properties (toughness and tensile strength) that 
offer further development opportunities for these materials for DICE injector parts. 

During the tests the fuel was periodically sampled to obtain both a particle size distribution and its 
rheology, the latter being obtained using a Kinexus rheometer over the shear range 0.1-3000 /s. 

Sufficient fuel was used to enable sequential batch cooling to maintain a fuel injection temperature of 
30-55°C (which maintains relatively constant rheology).  Note that fuel heating during injection results 
from high compressive forces and friction through the nozzle, so recirculating the fuel results in 
progressively increasing temperature. 

4.2.1 Nozzle orifice wear results 

The nozzle wear tests are shown in Figure 42 below which shows the change in flowrate with equivalent 
injection time relative to PCD (which did not change).  An increase in flow rate of 10% was deemed to be 
a fail, at which point, if used in an engine, there would be an unacceptable loss of atomisation 
performance/combustion efficiency.  This value was used with other coal-related studies with MAN. 

The results are summarised in Table 23 and Figure 42, and with images of the nozzles. 

Table 23  Engine equivalent time for nozzle flow to increase by 10% 

Nozzle material 
Equivalent engine running time for flow 

rate to increase by 10% 
(hours) 

Cobalt bonded tungsten carbide <2 @200 bar 

Syalon 101 7-10 @ 200 bar 

PCD (<10µm) No change after 500 hours @ 300 bar 

 

The results clearly show the superior wear resistance of PCD and its potential suitability for injector 
nozzles. 

 
b   Mitsubishi Materials (2019) 
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Figure 42  Change in flowrate relative to time zero for 3 ceramic nozzle materials 

a) Tungsten carbide 

Surprisingly, the tungsten carbide nozzle wore rapidly, with the flow rate increasing to 110% within 2 
hours and exceeding 150% by 12 hours.  As the nozzle was designed for paint, where the abrasive 
particles are micron-size TiO2, and as the test duration was considered too short for significant corrosion 
of the cobalt binder used for these compacts, the rapid wear was possibly associated with the larger 
particle size of the char MRC - but as the test was a total fail, no further investigation was undertaken. 

b) Sialon 

The monolithic sialon nozzle performed better than tungsten carbide, with approximately 20% the wear 
rate.  Although the 110% flow rate point was reached after 10 hours, the test was continued until 
120 hours to obtain information on the flow through the nozzle (to determine if cavitation wear was 
active). 

Optical microscopic images of the nozzle orifice before and after the test are shown in Figure 43.  These 
images show no evidence of cavitation with attendant flow disturbances, with the orifice shape remaining 
circular (allowing for the coating of residual fuel) from start to finish.  We concluded that this indicates 
uniform axisymmetric flow and that the wear was predominantly by abrasion. 

Note, a worn hardened steel nozzle from a coal-based MRC test is shown in Figure 44 to indicate the type 
of uneven wear possible by cavitation/erosion with hardened steel nozzles after 10 hours. 
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(a) before 

 

(b) after 120 hours 

Figure 43  Sialon nozzle orifice new and after 120 hours (at the same magnification) 
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Figure 44  Uneven nozzle wear due to cavitation and abrasion after 20 hours with coal-MRC 

c) PCD 

The flow rate results in Figure 42 above show negligible wear of the PCD nozzle after 525 hours.  Images 
of the new and used nozzle orifice are shown in Figure 45 below, and corresponding 3D replication 
(repliset) of the internal form of the orifice are shown in Figure 46. 

Note, replisets are made by injecting a special silicon rubberc into the orifice and withdrawing the 3D 
image after curing.  These replicas are dimensionally correct and have an ultrafine detail reproduction 
with details of features less than 0.1µm over the whole replica surface. 

 
c  We used Struers RepliSet,  https://www.struers.com/en/Products/Materialographic-analysis/Materialographic-analysis-equipment/Replication-
system 
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337µm new orifice 

 

351µm after 500 hours - see notes re difference 

Figure 45  PCD orifice a) before and b) after 500 engine equivalent hours 
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Before 

 

 

After 525 hours showing increased texturing 

Figure 46  Repliset replicas of the orifice before and after 525 hours 
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The observations are as follows: 

• While the nozzle flow did not change during the test, the nozzle has undergone appearance 
changes in that the as-new smooth surface has become textured - both on the front face of the 
nozzle and on the orifice surfaces. 

• The orifice size has increased from 337µm to 351µm (equivalent to around 7µm from the 
surface) 

• The orifice remained circular and without any belling along its length. 

We conclude that the texture changes were not wear of the PCD, but the removal of a surface layer 
formed from the migration of active species (presumably used for sintering and to impart conductivity) to 
the surface during sintering and also during electrodischarge machining of the hole.  As the active species 
comprise Al, Zn, Co and Mn, it is feasible that they could have been quickly dissolved/abraded from the 
surface during the very early stages of the test, and thus did not affect the measured flow rate (averaged 
over on an hourly basis during the first 20 hours of the test).  This reasoning is supported by the change of 
appearance of the front and rear of the nozzle - surfaces not exposed to high-velocity fuel. 

Overall, PCD showed remarkable resistance to wear, even the coarse 10µm grainsize product used in the 
present tests.  Given recent developments in producing super micro-fine PCD (and cubic boron nitride) 
compacts with markedly improved mechanical properties, it is concluded that this is the material of 
choice for injector nozzles for commercial bioDICE.  PCD could also be used for other wear components, 
either as wear surfaces diffusion bonded to metal backing parts (eg for the cut off needle) or as monolithic 
components (valve seats).  Based on the present results PCD would allow component lifetimes over the 
2,000 hours nominated by MAN for commercial 4-stroke engines. 

d) Fuel properties during tests 

As the injected fuel was recycled for the injection tests, samples of fuel were periodically taken for 
particle size analysis and viscosity determination to ensure that the main attributes, particle size and 
viscosity remained relatively constant.  In particular, we were concerned that the violent nature of high 
pressure injection could cause decrepitation of the char (especially the larger particles) resulting in a 
change in rheology.  For example, decrepitation would likely cause an increase in viscosity which could 
mask nozzle wear as characterised as increase in flow rate. 

The analysis results for the PCD nozzle are shown in Figure 47 and Figure 48 below. 
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Figure 47  Fuel particle size distribution throughout the injection test 

 

Figure 48  Fuel rheology throughout the injection test 

The results show: 

• A negligible change in particle size, noting that the Malvern analyser usually gives more variance 
in the coarse end of the size distribution - in our case, there is a slightly coarser tail after 450 
hours than after 525 hours. 

• A small but significant improvement in the high shear rheology with injection time.  We conclude 
that this is due to a combination of improved mixing (microscopically) of the dispersant in the 
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fuel (always observed in coal-based MRC) and possibly (although not clearly shown by the 
particle size analysis), due to breakdown of the larger fibrous rod-like particles present in char. 

Overall, it was concluded that the fuel properties had remained sufficiently consistent throughout the test 
to remain representative. 

4.2.2 Nozzle development 

Since completing the Stage 2 milestone report which included the nozzle orifice wear tests above, nozzle 
development has continued with both monolithic tungsten carbide and polycrystalline diamond. 

The PCD nozzle has been shaped by EDM by Aerotech to form a prototype nozzle for a larger 4-stroke 
engine.  If successful, a smaller prototype (more difficult to fabricate due to the smaller orifices involved) 
will be attempted to enable on-going engine demonstrations beyond the present project. 

Details of this nozzle is given in Section 5.2.6, below. 

4.3 Cylinder wear 
Engine wear is a significant concern for slurry firing, and concerns 5 main areas - listed in order of 
decreasing concern: 

1. Injector nozzles and the injector needle (ie the needle and the seat) 
2. Piston rings, ring grooves, and cylinder liner 
3. Exhaust valve seats 
4. Fuel pump plunger and non-return valve 
5. Exhaust gas turbine 

The present section relates to the second most area of concern – that of the sliding surfaces within the 
cylinder - the piston rings, cylinder liner, and piston ring grooves. 

In general, 2 types of wear testing are relevant to diesel engines: high frequency rubbing tests (HFRR) 
used to determine the lubricity of fuels, and pin-on-disc wear tests to characterise cylinder-ring wear – but 
neither test is designed for use with lubricants heavily contaminated with particulates. 

For previous slurry tests, MAN recommended the use of the HFRR test to obtain relative abrasiveness 
indices – and this was used for the present study.  CSIRO has adapted the HFRR test for use with slurry 
fuels and has used this test for over 170 different solid fuels with excellent reproducibility. 

a) HFRR test 

The HFRR test involves rubbing a 6 mm steel ball on a 21 mm steel disc with a constant force of 200 g.  
The test uses a sinusoidal reciprocating motion of the ball at 50 Hz, with an amplitude of 1.0 mm, for 
75 min.  The fluid under test (2 mL) is added to the test chamber, and this immerses the ball-disc contact 
area.  The tests have been undertaken at the standard test temperature of 60°C, as requested by MAN.  
After the test, the ball and disc are cleaned to remove oil and wear debris, and the wear scars are 
inspected under an optical microscope.  The wear rate is recorded as the diameter or area of the wear scar 
(ie flat) on the ball. 

The HFRR apparatus used for the present tests is shown in Figure 49, and the standard test conditions 
used are given in Table 24.  Note that the applied load of 200 g produces an initial contact pressure of 
>100 MPa, which reduces to around 20 MPa (ie equivalent to peak ring-cylinder pressure) for an average 
size wear scar of 350 µm dia.  The average sliding velocity is 0.1 m/s (cf 8 m/s piston speed for a medium 
speed engine) and therefore relates well to wear near the top of the power stroke. 
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Whilst the HFRR test was designed for determining the lubricity of fuels, the pressure and contact sliding 
velocity also closely relate to conditions between the piston ring and liner shortly after the onset of 
combustion – and the area of highest rubbing related wear (as distinct from corrosion wear which can 
occur lower down the stroke).  These conditions of high contact pressure and low velocity cause adverse 
wear conditions, especially scuffing (due to lubricant breakdown, metal-metal contact, and micro 
adhesions/welding).  Under these conditions, the lubricant film is very thin (a few µm), which it is 
speculated will increase the likelihood of 3-body wear by abrasive particles of ash etc contained in the oil 
film. 

 

 

Figure 49  HFRR test rig 
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Table 24 Test conditions for ASME D6079-11 HFRR lubricity test for diesel fuel 

Parameter Unit Values 

Fluid volume mL 2  0.20 

Stroke length mm 1  0.02 

Frequency Hz 50  1 

Fluid temperature °C 60  2 

Relative humidity % 35-85 

Applied load g 200  1 

Test duration min 75  0.1 

Bath surface area  cm2 6  1 

 

b) Modified HFRR procedure 

To improve the relevance of the test, a modified procedure has been developed to adapt the standard 
lubricity test to a wear test: 

• The standard test fluids used for calibrating the equipment have been replaced with a typical 4-
stroke diesel engine oil (Castrol RX Super 15W-40).   All wear results are relative to the 
performance of this lubricant. 

• To determine the effect of oil contamination, the lubricant was doped with 5 % of ash formed 
from the Green Man char from E.cladocalyx using ashing temperatures of 450°C and 1000°C. 

• An additional measure of wear was developed, where the rate of metal loss is calculated from the 
scar diameter and the calculated volume of the metal cap removed.  This gives a better measure 
of total wear than the scar diameter using for the standard test procedure.  The wear mass is given 
by the equation: 

 
wear mass  = density x wear cap volume 

= 
𝜋ℎ

6
(3𝑟2 + ℎ2) 

where; 

 = density = 7850 kg/m3 

r = average radius of wear scar (mm) 

R = radius of ball = 3 mm 

h = height of cap = (𝑅 − √𝑅2 − 𝑟2) (mm) 

• In addition to the optical microscope to observe the scar diameter, selected wear scars were 
viewed under an SEM to obtain much higher resolution images. 

• Additional tests have been undertaken using tungsten carbide disc and ball combinations. 

c) Results - abrasive wear 

The Green Man HT char (using E.cladocalyx as biomass) was milled to produce the feed for ashing.  The 
size distributions for the milled char, and the ashed products are shown inTable 25. 
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Table 25  Size distributions for char and ashed samples 

Sample 
Size distribution (µm) 

d10 d50 d98 

HT Char (milled) 2.5 8.2 44 

Ash (450°C) 1.9 10.2 41 

Ash (1000°C) 6.4 38 178 

 

The size distribution for the sample ashed at 1000°C shows that some agglomerates are formed due to the 
higher temperature of ashing.  This was confirmed by SEM analysis. 

The wear scars for clean oil (Castrol RX Super 15W-40), and from ash-doped oil, are shown in Figure 
50 and Figure 51, and scar measurements given in Table 26.  For comparison purposes, the results of 
samples with black and brown coal ash, from earlier projects are included in the table, and relative wear 
rates are shown graphically in Figure 52. 

The results show excellent reproducibility for the char contaminated samples. 

  

Figure 50  Wear scars for ball (left; x10) and disc (right) using clean oil 

  

Figure 51  Wear scars for ball (left; 10x) and disc (right) using oil + 5% ash (1000°C). 
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Table 26  Effect of char ash contamination on wear  

Test fluid Wear scar 
(µm) 

Metal loss 
(µg) 

Metal loss ratio 
(relative to clean 

oil) 

Clean oil  331 
312 
343 
309 

av. 324 

0.77 
0.61 
0.89 
0.59 

av. 0.72 

1.0 

Oil + 5wt% ash (450°C) 293 
295 

av. 294 

0.48 
0.49 

av. 0.48 

0.67 

Oil + 5wt% ash (1000°C) 293 
299 

av. 296 

0.47 
0.51 

av. 0.49 

0.68 

Oil +5wt% Vic brown coal ash   1.0 

Oil +5wt% Hunter black coal ash   7.0 

 

 

Figure 52  Comparison of wear rates relative to clean oil 
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The results show that: 

• The char ash acts as an anti-scuff lubricant with 30% lower metal loss than those for clean 
lubricating oil. 

• Char ashing temperature has no effect. 

• For the Victorian brown coal ash, wear is similar to that of clean oil.  In this ash, the hard-mineral 
content (quartz and microcline) is only 3% of the total ash. 

• Hunter black coal ash results in a 10-fold higher wear rate - due to the high quartz (58%) content 
of the ash. 

d) Practical implications of wear tests 

Overall (and despite extensive wear monitoring also undertaken during the USDOE test program), it 
remains unclear what size and shape of particles will cause most ring/cylinder wear.  In general, it has 
been speculated that ultrafine particles (say below 5 µm) will not cause wear because these particles are 
smaller than the thickness of the hydrodynamic lubricant layer.  Also, particles larger than 30 µm are 
unlikely to cause wear because they will be pushed to the top of the ring travel without entering the 
lubricant gap (and presumably be incorporated with oil into a carbonised deposit that will periodically 
shed and be ejected from the cylinder, along with material removed from the piston land by the piston 
cleaning or fire ring). 

From the current work, we conclude that these effects are likely to result in only a small reduction in wear 
rate, because the lubricant gap actually decreases down to 0-2 µm at the top of the stroke (as evident by 
direct measurement and extensive microadhesion in this region of ring travel), and the surface roughness 
of the cylinder bore is much larger than 30 µm which will act to trap and mill larger particles until they 
can enter the lubricant gap.  This roughness is by design to ensure oil retention, and due to a combination 
of honing (when new) and preferential wear of graphitic phases during operation (see Figure 53).  Recent 
tests by MAN (wear from catalytical cracker fines, and for ingested micron size fused quartz) show 
accelerated wear issues for both size extremes. 

 

Figure 53  Milling of coarse minerals in the lubricant layer by hard phases 

The results of the wear tests are summarised as follows: 

• There are several mechanisms for accelerated engine wear, which complicates the effects of char 
and ash contamination of the cylinder oil layer - abrasion, fretting, adhesion, corrosion. 

hard phase

lubricant

film

hard phase
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• Biomass char and ash have been shown to exhibit anti-scuff behaviour (prevent micro-welding of 
sliding surfaces when the oil film breaks down or is very thin), most likely working similarly to 
other organometallics already added to lubricants as wear inhibitors (eg those incorporating Zn, 
Ca, S, and P). 

• The highly alkaline nature of char ash should prevent wear by an acid attack, by neutralizing 
acids.  This will likely require specially formulated engine oils - with a lower base number and 
increased detergency than oils used for medium speed engines burning heavy fuel oils. 

• All mineral ash particles derived from contamination with dirt are likely to increase engine wear 
by abrasion, unless the cylinder materials are harder than the minerals (or more correctly, flyash).  
Tungsten carbide (and presumably chromium carbide that is already used for piston rings) 
completely eliminates abrasive wear, though it is expected that ash will still increase wear over 
that for a no ash situation, due to polishing action. 

• Larger mineral particles (say 30-100 µm) from entrained dirt are likely to be milled by the 
cylinder into finer particles.  This is likely to be a significant cause of wear for biochars, unless 
additional measures are taken to minimise entrainment of dirt. 

• Mass for mass, very large particles (>100 µm) comprising entrained dirt or sloughed ash deposit 
material, are less likely to cause accelerated wear as they cannot enter the sliding spaces and are 
less likely to be constrained by cylinder surface roughness and milled into finer material. 

• A higher turn over of cylinder lubricant film should reduce the effects of ash contamination.  For 
4-stroke engines, this can be readily achieved via piston cooling jets and by shaping the piston 
rings to promote down scrape of contaminated oil - combined with increased crankcase lubricant 
filtration/centrifuging capacity. 

• Overall, we expect cylinder wear not to be a major technical issue for bioDICE. 

4.4 Combustion 
The CSIRO combustion test is based on a modification of an ISO test for fuel oils.  This test has 
previously been used to provide combustion data to MAN on coal-based slurry fuels, and more recently 
for ammonia. 

The diesel engine industry has developed a range of tests for problem fuels – fuels that have long ignition 
delays and/or slow combustion rates.  The most recent of these is detailed in Standard IP541/06 
“Determination of ignition and combustion characteristics of residual fuels – constant volume combustion 
chamber method.”  In this test, 0.2 mL of fuel is injected into a 600 mL cylindrical combustion chamber 
heated to 500C and pressurised with air to 4.5 MPa.  The fuel is preheated to 60ºC or higher, as 
necessary for heavier fuel oils.  The instrument is fully automated and is calibrated with 
methylcyclohexane (which gives a period to maximum heat release of 12.5 ms). 

A nominal pressure curve obtained from the standard is shown in Figure 54 below, and the heat release 
curve obtained from the derivative of this curve is shown in Figure 55.  Both diagrams are annotated with 
the characteristic parameters of interest.  It is noted that the ignition delay (ID) is the time after injection 
for the chamber to increase in pressure by 1 % of the maximum pressure rise, and the main combustion 
period (MCP) is the time between a 10 % and 90 % pressure rise. 



bioDICE Milestone Final - February 2021 99 of 215 

 

Figure 54  Nominal pressure rise curve from a typical fuel oil (IP541/06) 

 

Figure 55  Heat release curve derived from the nominal pressure rise curve above (IP541/06) 

Whilst the test has been widely adopted by the marine engine industry for characterising heavy fuels, it 
has been deemed unsuitable for slowly volatilising fuel oils and therefore chars.  Based on the earlier 
DOE work, where ignition temperatures of over 700ºC were required, most coals would fail to ignite in 
the IP standard test apparatus. 

4.4.1 Modified test methods for MRC 

Due to the limitations of the IP541/06 test, the present study has adapted a combustion test using the 
CSIRO spray chamber, in consultation with MAN.  The objective of the tests is to inject 0.5 mL of MRC 
fuel into the spray chamber at 600-650°C (considered by MAN to be more relevant to larger engines), and 



bioDICE Milestone Final - February 2021 100 of 215 

to determine by the start and end of combustion from the high speed video of the event (combustion being 
defined from the number of frames where the temperature of the jet is >10% of peak intensity) rather than 
from the change in chamber pressure).  The heat release rate is obtained by subtracting the expected 
pressure decay after acetylene combustion from the measured chamber pressure.  Two chamber pressures 
will be used (50 bar and 100 bar), which represent cylinder conditions at the start of injection at 50 % and 
full load, respectively. 

The procedure used was to pre-charge the chamber with a known mixture of nitrogen, oxygen and 
acetylene gas, and then spark ignite this mixture.  The mixture burns rapidly and increases the 
temperature of the charge in the chamber.  After a pre-determined time which allowed the gases to cool to 
the required temperature, a shot of MRC was injected.  The pre-charge mixture was chosen to ensure that 
the oxygen content in the residual hot gases is 20.9 vol% as for air.  By varying the delay before injection, 
the ignition delays and combustion rates were obtained for various starting temperature and pressure 
conditions.  For the present tests, acetylene was used for the pre-heating fuel.  While it is well known that 
the use of combustion gases containing hydrogen can affect the reproducibility of ignition testing for light 
diesel fuels (due to residual O-H radicals in the chamber at the start of injection), for char-water fuels this 
is not considered to be a problem, and avoids the dangers of using carbon monoxide fuel gas and 
minimising condensation issues compared to other hydrocarbon gases. 

For char-based slurry fuels, this test has the advantage of simulating combustion over the higher range of 
pressures and temperatures as necessary for efficient use of chars and is more applicable to modern diesel 
engines with higher firing pressures.  As a research tool, this approach has several other advantages over 
the smaller IP541 test apparatus, as the quality of atomisation, fuel jet structure, combustion intensity and 
combustion tail can all be directly observed with high speed video and pyrometry. 

An example of the change in chamber pressure from charging with air/O2/acetylene mix, combustion to 
preheat the chamber, MRC injection and combustion is shown in Figure 56 below.  The MRC heat release 
information is contained in the bump on the chamber pressure curve under the red injection pressure 
curve. 
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Figure 56  Chamber pressure with time for acetylene combustion and MRC injection 

4.4.2 Test apparatus 

The chamber comprises a 9 L cylindrical chamber which can be pressurised up to 200 bar.  An injector 
with an interchangeable tungsten carbide disc nozzle is located at one end which injects down the axis of 
the chamber.  A high-speed video system is provided which can image the full width of the spray, or for a 
smaller field of view down to a 2 µm droplet (which is the diffraction limit).  Optical access is via optical 
grade single crystal sapphire windows, with laser backlighting used to illuminate non-combusting sprays.  
A general view of the apparatus is shown in Figure 57. 

• The macro imaging system comprises a high speed camera with a macro lens, with a frame rate 
10 kHz, a shutter speed of 100 µs, and laser illumination with a pulse duration of 0.03 µs through a 
laser diffuser plus a diffuser sheet over the chamber window.  Figure 58 shows the HECTA spray 
chamber with the high-speed camera, test injector, fuel pump, and fuel system used for these tests. 

• The micro-imaging system consists of a high-speed camera with a microscope, with a frame rate 
10 kHz, a shutter speed of 100 µs, and with laser illumination with a pulse duration 0.03 µs through a 
laser diffuser plus diffuser sheet over chamber window.  A telescope was used to allow capture of 
images of individual droplets, as shown in Figure 58. 
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Figure 57  Spray imaging test setup 

 

Figure 58  Telescope imaging test setup 
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4.4.3 Results 

a) Atomisation 

The excellent slurry shear thinning rheology of char-MRC ensures good atomisation as shown in Figure 
59 below. 

 

 

Figure 59  Typical atomisation of char-based MRC (0.4mm orifice, 600 bar injection, 50 bar chamber) 

b) Ignition and combustion 

A comparison of the combustion behavior of the eucalyptus char MRC (49% char, 650°C char) relative to 
brown coal MRC (from hydrothermally treated Yallourn coal) and fuel oil, is shown below.  Figure 60 
compares the ignition delay at 2 temperatures with the brown coal MRC, and Table 27 gives additional 
combustion parameters, including for fuel oil for comparison. 
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Figure 60  Ignition delay versus temperature compared to brown coal 

 

Table 27  Calculated ignition parameters biochar MRC compared to Yallourn coal and fuel oil 

Fuel bioMRC1 bioMRC1 Yallourn2

MRC Fuel oil3 

Char (%) 49 49 51 2 

Orifice size (mm) 0.4 0.4 0.4  

Chamber pressure at injection (bar) 24.9 30.1 52.6  

Approx. temperature at injection (°C) 495 655 600 600 

Max. pressure increase - Max PI (bar) 2.63 3.66 1.93 3.4 

Ignition delay - ID (ms) 10.2 5.6 9.2 5.3 

Main combustion delay - MCD (ms) 13.5 6.9 9.9 6.7 

End of main combustion - EMC (ms)4 42.1 20.4 21.5 15.5 

End of combustion - EC (ms)4 63.1 29.7 25.0 11.3 

Pre combustion period - PCP (ms) 3.3 1.3 0.9 1.5 

Main combustion period - MCP (ms)4 28.6 13.5 11.8 4.6 

After burn period - ABP (ms) 21.0 9.3 2.8 4.2 
 

1 650°C eucalyptus char   2 330°C hydrothermally treated Yallourn coal (courtesy of Exergen) 
3 typical heavy fuel oil 
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c) Summary 

• Overall, the results show that biochar MRC will have combustion characteristics are similar to 
heavy fuel oil and slightly better than those of brown coal. 

• As brown coal has been successfully used in the CSIRO laboratory engine (at 400-500 rpm), the 
practical implications of the combustion tests are that biochars will also perform well, with the 
shorter ignition delay allowing use in faster engines (say 600 rpm).  The latter is more common 
and produced by more manufacturers than the low speed (400 rpm) types. 

• Overall, we do not expect any combustion problems from char-based MRC.  As it is 
recommended that adapted engines use a smaller common rail diesel injection system for startup, 
shutdown and possibly low load, this system could also be used for pilot injection (say 1% of 
fuelling from diesel) to give increased tolerance to changes in MRC quality.  This small amount 
of pilot fuelling would also cool and maintain the diesel injection system. 

4.5 Ash fouling 
The purpose of the present engine test (40 hours continuous) was to determine if fouling is likely to be a 
prominent issue – noting that much longer tests (several thousand hours) are required to address this 
concern fully. 

Ash fouling in DICE has received very little attention.  Although all previous experience, around 15,000 
hours total, has not reported fouling, the possibility of fouling remains a risk factor for fuels produced 
from biomass – which have very different ash properties compared to the black coals mostly used for 
previous engine tests. 

4.5.1 Background – why fouling is a concern 

Fireside slagging, tube, and air heater ash deposits (loosely referred to as fouling) is a significant problem 
for solid fuel-fired boilers and therefore is an unknown issue for bioDICE.  Extensive R&D and 
experience over the last 80 years have shown that problematic fouling in boilers is due to a range of 
complex phenomena - condensation, particle diffusion, impaction, adhesion, and consolidation.  These are 
affected by the ash chemistry, occurrence, mechanisms of release during combustion, post-combustion 
reactions, metal temperature, gas flow conditions, and time. 

To summarise: 

• Fouling always occurs in biomass-fueled boilers. 

• Fouling is often worse for low ash fuels and finer fly ash – which will be the case for bioMRCs. 

• Temperature-time history is always important – for both the combustion gases and the deposit-
metal layer.  The time-temperature history is very different for reciprocating engines, which have 
intense combustion at high pressure for 10-20% of the cycle time, followed by expansion of the 
gases, exhausting, then refilling the cylinder with low-pressure air followed by compression to 
around 600°C before fuel is injected and the cycle restarts. 

• Flame impingement is always problematic – and this occurs in reciprocating engines for fuels with 
slower combustion rates. 

• Fouling is usually due to reactive phases formed from a minor component in the fuel, either during 
combustion or formed in-situ as the ash deposit forms and grows. 

• The elements Fe, Na, K, Ca, S, and Cl, are most often associated with slagging and fouling – 
biomass ashes/combustion residues contain these elements. 

• Fouling precursors have highly non-linear and complex interdependencies that remain uncertain. 
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4.5.2 Previous experience with engine fouling 

a) Silicate fouling with landfill gas engines 

Silica fouling has been observed for engines operating on landfill gas, and the cause has been identified as 
siloxanes present in the combustion gases at ppm levels.  The siloxane oxidises during combustion and 
forms silica fume which results in silica deposits (with minor Fe, Cu and Na).  The images below show 
piston and cylinder and turbocharger after 2,000 hours. 

 

 

Figure 61  Piston crown and turbine inlet vanes after 2,000 hours with landfill gas 

Even worse fouling is observed with landfill gas in boilers (see tube plate below). 
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Figure 62  Waste heat boiler tubeplate fouling on landfill gas 

b) Calcium fouling when using high Ca lubricants for palm oil 

Several large engines have experienced engine fouling issues due to the build-up of CaCO3 deposits on 
the piston top land when high base oils are used with low S fuels.  For example, when switching from 
heavy fuel oil to lighter diesel fuel in S sensitive marine zones, or when using biooils (eg palm or coconut 
oil) in an engine using lubricants designed for heavy fuel oil. 

An example of excessive piston fouling is shown in Figure 63 below (courtesy of MAN).  These deposits 
are mostly CaCO3 and are formed when the Ca content of the lubricant is too high for the S content of the 
fuel.  While the CaCO3 deposits are not abrasive, they rub the lubricant from the bore, which leads to 
scuffing and accelerated wear.  Ideally, the base number of the cylinder lubricant is matched to neutralise 
fuel S, which reports to the oil film. 

 

Figure 63  Ca-based fouling in a large bore low-speed engine burning palm oil for 1700 hours 
 – the Ca being attributed to Ca in the cylinder lubricant 
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In the case above, CaCO3 also caused heavy fouling of a waste heat boiler.  Whilst unlikely to be a 
problem for smaller bioDICE plants (where it would be uneconomic to use a waste heat boiler), for larger 
centralised plants (say >20 MWe) a waste heat system could increase output by 10% for an expenditure of 
around $1,100/MWe (private communications with Wärtsilä Australia - Huntingwood) in which case 
fouling would likely require the use of soot blowers – as is standard practice for coal and biomass fuels in 
boilers. 

c) Experience with coals 

The closest proxy to biomass-derived fuel is engine tests undertaken by CSIRO using Victorian coals.  
Victorian coals have similar ash amounts and compositions and similar MRC properties in energy and 
water content.  Although nearly 30 hours of operation have been accumulated by CSIRO using brown 
coal fuel in a laboratory engine, only 12 hours was undertaken continuously.  However, this test showed 
no indication of problematic fouling, with both the injector, cylinder head, valves, and piston being free 
of ash deposits.  The only other relevant test was undertaken under a USDOE DICE project using coal 
similar to those from Victoria – hydrothermally treated Usibelli coal (24% O daf, 9% ash, 19% CaO).  
Whilst the engine test duration was only 1 hour; the researchers specifically noted no sign of ash fouling. 

Another test with relevance to biochar is a 40-hour test undertaken by CSIRO for Yancoal using 
chemically cleaned black coal.  This coal contains very low silica and high Na when compared to normal 
black coals, so it has direct relevance to biochar firing.  With courtesy of Yancoal, the condition of the 
piston, head, and valves after 40 hours is shown in Figure 64 to Figure 66 below. 

 

  

Figure 64  Piston crown and head (black blobs are hydraulic oil from disassembly) 



bioDICE Milestone Final - February 2021 109 of 215 

  

Figure 65  Inlet (left) and exhaust valves (right) 

  

Figure 66  Flaking deposits on inlet valve (left) and head above the edge of the piston bowl 

Other indirect evidence for tolerance to alkalis is from marine engines, which show no cylinder fouling 
despite ingesting large amounts of salt spray either from humidification or aftercooler leaks. 

However, despite this evidence, the engine manufacturers have continued to raise fouling as an issue –
based on problems with Ca-based fouling with high Ca cylinder lubricant and with land-fill gas engines. 

4.5.3 Fouling test this project 

At the outset of the project, it was planned to undertake a 40-hour engine test with a eucalyptus char to 
determine fouling tendency.  Although a new fuel injection system was manufactured to undertake the 
fouling test, a suitable ceramic nozzle could not be manufactured due to commercial constraints.  An 
alternative test program was proposed using diesel fuel doped with inorganics to simulate biochar 
combustion.  It was agreed that this would provide a reasonable proxy for the fouling from char 
combustion - though there are several differences - which are discussed in the results below. 

a) Doping 

The tests involved adding a combination of diesel soluble compounds to the diesel fuel (160 litres).  
Those elements for which suitable diesel soluble compounds were unavailable were added in water-
soluble form via a nebuliser in the engine air inlet.  As the nebuliser produced an ultrafine fog (see Figure 
67 below) with a droplet size of <10µm, these compounds would be rapidly released into the combustion 
gases as a micron sized fume to interact with those added via the fuel.  In both cases the additions were 
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made on an energy equivalent basis (ie diesel fuel was doped with a proportionally higher concentration 
of inorganics than for the same volume of MRC). 

 

Figure 67  Ultra fine fog of doped water from the nebuliser 

As a suitable Al additive compound could not be sourced, a Si equivalent was used (noting that both Si 
and Al oxides are network formers, with similar effects).  Similarly, for Ca and Mg, which are silicate 
network breakers (ie lower the viscosity of aluminosilicates). 

mols of Si added = mol SiO2 in ash + mol Al2O3 in ash 

mols of Ca added = mol CaO in ash + mol MgO in ash 

The additives used are shown in Table 28, representing the average ash compositions for E.Nitens and 
GreenMan char on a common energy basis. 



bioDICE Milestone Final - February 2021 111 of 215 

Table 28  Summary of fuel and fumigation additions 

Additive Detail Diesel fuel additions 
(g) 

Nebuliser fumigation 
additions (g) 

Diesel BP Ultimate 160,000  

Hexamethyldisiloxane C6H18OSi2 661  

Ferrocene C10H10Fe 865  

Dimethyl disulfide C2H6S2 104  

Water Tap water  15,000 

Sodium chloride NaCl  151 

Potassium chloride KCl  139 

Phosphoric acid H3PO4  44 

Calcium dihydrate CaCl2.2H2O  1,174 

Consumption (g/h)  4041 413 
 

Figure 68 shows the diesel fuel doped with hexamethyldisiloxane, ferrocene, and dimethyl disulfide. 

 

 

Figure 68  Doped diesel fuel - brown colour is from ferrocene additive 
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b) Engine setup 

Figure 69 and Figure 70 shows a general arrangement of the adapted test engine, with the nebuliser 
solution and diesel fuel system (both on weigh scales). 

 

Figure 69  General arrangement of the doping system 
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Figure 70  Nebuliser setup for inlet fogging with water soluble inorganics 

c) Test methodology 

The method of operating the engine was to fix the engine speed at 700 rpm with the dynamometer and 
then adjust the fuel pump governor to give the required power (13.2 kW) representing the maximum rated 
torque.  The engine was operated at these settings for 40 hours, consuming 4 L/h of fuel and with 410 g/h 
of salt solution fumigated into the inlet.  At the end of each day of 5-7 hours, the engine was shut down 
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and the injector removed for inspection of the fouling of the piston top and valves using a boroscope 
inserted through the injector port.  The objective of this inspection was to observe any marked buildups 
that could be harmful to the engine.  None of the deposits were removed or disturbed. 

4.5.4 Results - fouling test 

The condition of the piston and head/valves are shown in Figure 71 to Figure 86 with a discussion of the 
findings given under the following engine components: 

a) Cylinder head 

b) Piston crown, piston land, rings 

c) Inlet port and inlet valve 

d) Exhaust valve and exhaust port 

e) Valve seats 

f) Injector tip 

a) Cylinder head 

For comparison, Figure 71 shows the cylinder head after 2 hours of diesel-only operation, and Figure 72 
shows the head after 40 hours of operation with doping. 

The results show only patchy head deposits (the valves are discussed separately), and clear evidence of 
intermittent deposit sloughing - as evidenced by the range of deposit thicknesses, and also the lack of 
material in the piston bowl - which indicates that material did not detach from the head on cooling at the 
end of the run. 

The deposited material is substantially lighter than for diesel-only operation - which is always jet-black.  
In practice, the lighter ash will have a lower radiative absorptivity and a lower thermal conductivity than 
soot, and therefore should reduce combustion heat losses - though this effect will likely be challenging to 
quantify in isolation. 
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Figure 71  Head after 2 hours using diesel only 
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Figure 72  Head after 40 hours with doping - dark halo on the valves shows no valve rotation 

b) Theoretical considerations 

To understand the the fate of the key deposit forming elements, free energy minimisation modelling was 
undertaken using Outotec’s HSC thermodata package for the Na-S-O-Cl-Ca-Si system, with K being 
represented as Na, Al as Si, and Mg as Ca.  This was a simplified calculation without considering mixed 
phases or kinetics, and so the results are presented only to show trends. 

The results for Na are shown in Figure 73, which is a predominance area plot for the main Na species. 

 

Inlet 

Exhaust 
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Figure 73  Predominance area diagram Na-S-O-Cl-Ca-Si system for biomass ash 

The streamlined free energy calculations show: 

1. At combustion temperatures, the dominant Na species is Na2O.2SiO2 - sodium disilicate, 
followed by gaseous NaCl.  Compared to pulverised coal combustion where the reaction to form 
sodium disilicate is limited by reaction kinetics due to the relatively small surface area of the 
SiO2 (mostly larger flyash from sand and clay minerals) and diffusion of Na into the flyash, for 
biomass where the contained Si is organically bound, the Si will likely report into the gas phase 
as high surface area SiO fume which will greatly enhance reaction with Na. 

2. As the gas temperaure falls below 1200°C the most stable Na species is solid sodium sulphate, 
Na2SO4, with excess Na reacting with any Cl to form NaCl (condensed).  However, the extent of 
these reactions will be determined by available Na - ie that not consumed as silicates. 

The practical implications of these findings are that engine fouling will most likely involve the formation 
of mixed alkali sulphates and chlorides on the exhaust valve - initially via particle diffusional mechanisms 
and possibly desublimation.  Although these initial deposits will be below the melting point of the 
compounds involved, once a thin deposit is formed, the extremely high heat fluxes during combustion 
will cause the outer layer of the deposit to increase in temperature, to allow more rapid build-up via 
condensation mechanisms, and ultimately becoming sticky to allow retention of ash solid material. 

However, the inner deposit layers should remain porous and friable for longer - which it is speculated, 
results in periodic sloughing of the bulk of the deposit due to panting. 
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c) Piston crown 

Figure 74 shows the piston crown after 40 hours had a more consistent coverage of deposit material than 
the head, but these layers also show clear evidence of intermittent deposit sloughing - as evidenced by the 
range of deposit thicknesses.  Only one small piece of detached material was found in the centre of the 
piston bowl at the end of the test.  In general, the photograph indicates that sloughing occurs for deposits 
thicker than 0.05-0.1mm. 

The darker colour of the bowl deposits (where most combustion occurs) is probably due to traces of 
unburnt fuel. 

 

Figure 74  Piston crown and bowl showing sloughing of deposit layers thicker than about 50µm 

 

Figure 75 show an SEM micrograph of darker deposit material which comprises fine particulates - mostly 
<5µm. 
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Figure 75  SEM image of the darker piston deposit 

d) Valves 

Images of the valve faces are shown in Figure 76 and Figure 77. 
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Figure 76  Valve deposits (inlet on LHS, exhaust on RHS) 

 

Figure 77  Heavier fouling of the hot face of the inlet valve (top) 

Figure 78 is an SEM micrograph of deposit material taken from the hot face of the inlet valve which 
shows larger particles comprising either partially fused or assimilated finer particles presumeably a result 
of the higher underlying metal temperatures. 
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Figure 78  SEM of deposit taken from the hot face of the inlet valve 

The deposit thickness ranged from 0 to 0.7mm, with the inlet valve having the thickest and most coherent 
deposit.  This finding was unexpected and indicated that the surface of the inlet valve was operating at a 
higher temperature than the exhaust valve.  This speculation is supported by Figure 79 and Figure 80, 
which shows heavy encrustation of salts in the inlet port and inlet valve with dried salts after 40 hours - 
due to inlet fumigation, and therefore an unwanted artefact of the experimental methodology. 
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Figure 79  Inlet port top and bottom showing heavy encrustation from inlet fogging 

The inlet valve seat and valve are also heavily contaminated (see lower Figure 79, Figure 80 and Figure 
81), which resulted in a slight reduction in peak compression pressure during the test.  It is concluded that 
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these encrustations were causing the valve to leak and, together with deposit material on the seat (which 
reduces heat transfer from the valve head to the valve seat in the head), would have resulted in the valve 
overheating and causing more coherent deposits to form.  This effect was likely to have been 
compounded by the fact that the engine is equipped with valve anti-rotation collars on the valve tappets (a 
result of the engine design originally being equipped with a valve shadowing tab which required non-
rotating valves).  Interestingly, although the compression pressure decreased, there was negligible change 
in engine power during the test - we believe that this is due to the inlet valve leakage leading to a mild 
Miller cycle, where power and efficiency increase as the result of lower compression work. 

 

Figure 80  Inlet valve seat showing heavy contamination from salts 
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Figure 81  Inlet valve stem heavily encrusted with dried salts 

The practical significance of this finding is unclear;  however, we expect that fouling should be 
substantially reduced for normal operation (ie without fumigation) by active valve rotation, and the high 
water content of bioMRC, which will reduce peak flame temperatures and give a marked reduction in 
heat transfer to the valve face. 

e) Exhaust valve 

In contrast to the inlet valve, the exhaust valve port (Figure 82), valve stem (Figure 83), and seat were 
nearly free of deposits and with only small contamination of the valve seat (Figure 84).  The latter may 
also have caused a slight leakage and an elevated valve head temperature.  In practice, both would be 
reduced by ensuring valve rotation, which improves sealing, and the high water content of bioMRC, 
which will reduce peak flame temperatures and give a marked reduction in heat transfer to the valve face. 
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Figure 82  Exhaust port from below above the valve seat 
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Figure 83  Exhaust valve behind the seat 

 

Figure 84  Exhaust valve seat showing clean and deposit plated areas 
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Figure 85 shows a SEM micrograph of exhaust valve hot face deposit.  Although more fused than that 
from the piston crown, it is significantly less fused than deposits on the inlet valve hot face. 

 

Figure 85  SEM image and qualitative point analysis of hot face deposit from the exhaust valve 

f) Injector tip 

Figure 86 below shows the injector tip with a patchy relatively thick ash deposit, but one which clearly 
sheds periodically as evidenced by the sooted regions showing the beginnings of new deposits.  The 
remaining ash deposit was relatively friable.  The areas immediately surrounding the fuel orifices show 
only light sooting, with no evidence of trumpeting. 
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Figure 86  Injector tip - loosely adherent deposits, clear orifices 

g) Qualitative analysis of deposits 

The qualitative analysis of the ash deposts taken from the piston and valves are compared in Figure 87 
below. 

Orifices 
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Piston crown 

 

Inlet valve 

 

Exhaust valve 

 

Figure 87  Comparison of qualitative analyses from SEM 

From the relative peak heights: 

• The deposits are predominantly O, Na, Si and S. 

• The hotter valves contain more Ca 

• The inlet valve deposit contained more Na 

• The exhaust valve deposit contained significantly more Ca, and some Cl. 

• The minor species in all deposits are Fe, P, Cl and K 
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From the limited data available from the present scouting test, it is concluded that the main deposit 
forming compounds are likely to be Na2O.2SiO2 and Na2SO4. 

4.5.5 Summary of fouling results 

• Due to issues in obtaining the required ceramic injector nozzle, the fouling test was undertaken 
using doped fuel and aspirated salt fog.  While a reasonable proxy in terms of chemistry, it 
introduced 2 physical issues which need to be taken into consideration when interpreting the 
results: 

1. Firing with diesel fuel would have generated higher combustion and exhaust gas temperatures 
which would have increased exhaust valve fouling over the equivalent bioDICE test. 

2. Unexpectedly excessive salt accretions in and around the inlet valve caused valve leakage, 
which would be expected to significantly increase the temperature of the inlet valve leading 
to a marked increase in valve head fouling. 

• Piston and head showed minor fouling, with clear evidence of periodic deposit sloughing. 

• The need to fumigate a fog of water-soluble salts has caused a high degree of encrustation of salts 
in the valve inlet port, on the valve stem, the back of the valve head, and the valve seat.  Seat 
deposits are thought to have caused valve leakage, which would have increased valve temperature 
and contributed to increased fouling of the valve’s hot face.  This finding is, therefore, considered 
an artefact of the experimental technique and should not occur in practice. 

• Some fouling of the exhaust valve hot face did occur.  However, the back of the valve and 
exhaust port remained clean. 

• The lack of valve rotation on this engine would have increased the tendency of ash material to 
cause valve leakage and increased valve hot face fouling.  The anti-scuff nature of the biomass 
ash constituents should eliminate valve seat wear with valve rotation. 

• There was only a slight reduction in engine performance during the test (around 5%). 

• The dominant deposit species are consistent with Na2O.2SiO5 and Na2SO4, as predicted by the 
free energy minimisation. 

• Overall, the test has shown, subject to the issues caused by inlet fogging, that fouling was not 
excessive and appeared to be self-limiting due to periodic sloughing - especially given that the 
engine was fuelled with diesel, which produces significantly higher combustion and exhaust 
temperature compared to MRC.  For example, an exhaust temperature around 150-200°C lower 
would be more typical for bioMRC.  Under these conditions, it is expected that exhaust valve 
head fouling would be substantially decreased. 

• If future tests are undertaken with the doping method (which is a convenient method of 
simulating a wide range of biomass feeds), all ash elements should be injected directly into the 
cylinder with the fuel, even if this means producing a slurry fuel comprising micron size 
additives.  Valve rotation is considered essential to reducing valve leakage caused by uneven 
plating of ash material on the exhaust valve seat. 

4.6 Implications of fuel-engine interactions 
Ignition and combustion:  The tests performed using the one 650°C char sample (the worst case for 
ignition) showed that ignition and combustion were slightly inferior to brown coal (the nearest 
comparable fuel for which DICE has been demonstrated), requiring an extra 55°C to achieve similar 
combustion behaviour.  However, it is expected that the low-temperature char, now recommended for 
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bioDICE, will have very similar ignition and combustion characteristics to brown coal, and will therefore 
perform well in engines up to 600 rpm. 

Injector nozzle wear:  PCD showed remarkable resistance to wear, even the coarse 10µm grainsize 
product used in the present tests, and given recent developments in producing super micro-fine PCD 
compacts with markedly improved mechanical properties, it is concluded that this is the material of 
choice for injector nozzles for commercial bioDICE.  PCD could also be used for other wear components, 
either as wear surfaces diffusion bonded to metal backing parts (eg for the cut off needle) or monolithic 
components (valve seats).  Based on the present results, PCD would allow component lifetimes over the 
2,000 hours nominated by MAN for commercial 4-stroke engines. 

Cylinder wear:  Biomass char and ash have been shown to exhibit anti-scuff behaviour, which should 
give low cylinder and ring wear - providing there is no contamination by dirt.  All mineral ash particles 
derived from contamination with dirt are likely to increase engine wear by abrasion, unless the cylinder 
materials are harder than the minerals (or more correctly, flyash).  Tungsten carbide and chromium 
carbide (often used for piston rings) eliminated abrasive wear in laboratory tests with highly abrasive coal 
ash, though it is expected that ash will still increase wear over that for a no ash situation due to polishing 
action. 

The highly alkaline nature of char ash should prevent wear from acid attack by neutralising acids.  This 
will likely require specially formulated engine oils - with a lower base number and increased detergency 
than oils used for medium-speed engines burning heavy fuel oils. 

Ash fouling:  Fouling was not excessive and appeared to be self-limiting due to periodic sloughing.  
Valve rotation is essential to prevent soft ash from plating onto the valve seat.  Longer duration trials are 
required to thoroughly investigate this aspect, preferably with a larger engine to ensure combustion and 
metal temperatures representative of commercial bioDICE. 
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5 ENGINE ADAPTATION 

While most the equipment for the bioDICE fuel cycle can be readily adapted from existing commercially 
available equipment via general engineering, the engine requires more specialised adaptation.  The skills 
needed to design and undertake these adaptations are presently minimal due to the newness of DICE.  In 
the main, the modifications required for bioDICE will be identical to those for coal-based DICE, with the 
only significant difference being the size of the engines: for bioDICE the target engine size is likely to 
include smaller engines (say 2-5 MW), whereas for DICE the target engines are presently the largest 4-
stroke low speed engines (20-24 MWe at 500 rpm).  For currently available diesel engines this will likely 
result in the following differences in choice of engine: 

 bioDICE DICE 

Rating 

Older models with larger 
displacement and lower firing 

pressure, or derated faster 
modern engines 

Advanced designs with higher 
boost, Miller cycles, and higher 

firing pressure 

Suppliers Chinese, Indian, Russian Korean, Japanese, European 

Rating 200-500kW/cylinder @ 
500rpm 

1,000-1,300 kW/cylinder @ 500 
rpm 

Cylinder bore (mm) 250-375 420-500 

Efficiency (% LHV flywheel) 38-42 45-48 

 

The following sections provide additional details on the engine modifications required, a recommended 
layout for a fuel delivery system, and detailed design information for an electronically controlled unit 
injection system suitable for MRC. 

5.1 Overall modifications 
Table 29 below gives nominal engine component modifications for low-medium speed 4-stroke engines 
suitable for bioDICE.  These engines are available in 500kWe to 24MWe unit size.  These 
recommendations are based on all of our DICE experience, including for coal-based MRC. 

The most significant changes are for the fuel supply (ie the low-pressure fuel supply from the service 
tank) and the high-pressure injection system. 

Table 29  Nominal engine component modifications for DICE 

Component Modifications needed 

Engine foundations No change 

Engine frame, bedplate, 
crankcase No change 

Crankshaft No change 

Cylinder liners 
Hard coating, optional provision of oil scraper grooves to allow increased bore 
lubrication, and flushing of char to reduce filtration load on crankcase 
lubrication 
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Component Modifications needed 

Piston No change in the short term, optimisation of bowl shape for MRC rather than 
low NOx as required for fuel oil 

Rings Hard coating, improved design to increase down scrape of contaminated oil 
from the cylinder walls 

Exhaust valves No change 

Crankcase oil filtration 200% increased filtration capacity; dual systems to allow on-line maintenance, 
separate centrifuge for reconditioning cylinder down scrape 

Fuel supply system 

A dual system is required:  One for MRC and one for a diesel/fuel oil used for 
starting, idling and optional pilot injection to improve ignition (1-5% of heat 
rate, as is currently used for some gas engines). 
The MRC system should provide a small, controlled circulation flow around 
the fuel rail and injectors and back to the service tank to enable rapid flushing 
of the system and to eliminate clogging of the fuel system when the engine is 
not in operation.  This circulating flow should be down through the injectors 
suction valve to the seat of the needle/cut off valve and should be controlled 
either electronically or from the same oil that actuates the fuel pump plunger.  
The spring-loaded inertial valves often used with HFO are not recommended 
due to the variable flow properties of MRC (shear thinning) and seat wear. 
It is recommended that a twin pump low-pressure fuel system is used, with 
one pump controlling the pressure to the engine, and the other used to control 
the return circulation flow back to the service tank. 

Injection system 

Seal oil protection of all sliding surfaces, including the pump plunger and 
needle valve.  For typical hydrocarbon seal oils, the seal oil should be 
maintained at around 120% of the fuel supply pressure at all times, and to 
120% of the high-pressure fuel pressure during each injection event.  This 
strategy minimises seal oil consumption and oil contamination of the fuel 
return flow (which, if excessive, can cause coal particles to agglomerate). 
A single high-pressure seal oil system can be used if a water-soluble seal fluid 
is used (eg a polyalkyl glycol such as UCON). 

Pilot injection 

Pilot injection is essential for engine conditions where ignition is less reliable 
- starting, idle, and shutdown.  The amount will depend on the MRC 
properties, engine speed, cylinder size, and whether Miller cycle is used 
(lowers compression temperatures).  Pilot injection at 1-5% the heat rate is 
recommended for engine speeds above 400 rpm, and at low load. 
The electronically controlled pilot injection is essential to allow fine-tuning of 
MRC combustion, which is likely to vary depending on fuel source and 
processing. 

Exhaust manifold 

While the fly ash produced from MRC combustion is likely to be very fine 
<10µm and remain in suspension, the 20-40x increase in char passing through 
the engine will inevitably cause ash deposits that will periodically be shed as 
larger grit.  A grit dropout before turbocharger is therefore recommended (as 
is sometimes used with residual fuels).  Large horizontal exhaust gas ducting 
with lower gas velocities (eg between the engine and the exhaust stack), 
should be provided with a positive grit removal system (eg bottom auger, 
chain conveyer, blowers). 

Exhaust turbine No change for ash with aerodynamic diameter <10µm.  Possible use of 
ceramic or hardfacing (HVO coatings) for inlet guide vanes. 

Waste heat recovery 
Conventional solid fuel boiler design, rather than finned heat exchangers as is 
standard for fuel oil or natural gas.  A vertical fire tube or horizontal water 
tubes is preferred to reduce ash clogging.  Until experience is gained or 
proven otherwise (given the different fuel chemistry and combustion 
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Component Modifications needed 

conditions), access is required for manual soot blowing with compressed air or 
steam. 

Exhaust gas cleanup 

Fabric filtration of exhaust gas will be required for all installations, as all of 
the ash content in the fuel reports to the exhaust gas, compared to (for 
example) grate-firing of biomass where a proportion of the ash drops out into 
the ashpan.  Electrostatic precipitators could also be used, as the ash will have 
low resistivity due to the presence of alkalis, in particular. 
For other larger installations in built-up areas (say 30MWe), it is possible that 
SCR may be required - even though DICE produces around half of the NOx of 
diesel-fuelled engines. 

Lubrication 

Adjustment of crankcase oil base number to match sulphur content of the 
MRC, and with increased detergency to keep char and ash in suspension to 
allow removal by filtration/centrifuging.  The base number should consider 
any sulphur reporting to the ash via reaction with alkaline ash components (Ca 
and Mg) and alkalis (Na and K) to form sulphates. 

 

5.1.1 Fuel supply system 

There have been several fuel supply systems proposed for DICE, which all involve some method of 
agitating the fuel in storage, plus a valving system to enable flushing of the pump and lines to the 
injectors.  A more preferred system includes a screening system before the main fuel supply pump, a 
circulation with controllable return flow, and the ability to flush the entire fuel system down to the 
injector nozzles with the engine stationary, as shown schematically in Figure 88. 

 

Figure 88  Suggested fuel supply system - 5MWe 
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1. Fuel is stored in a 60 m3 service tank sufficient for 24 hours supply for a 5 MWe plant.  This tank is 
equipped with a very slow speed rake-type agitator (say 1 revolution per hour).  Note that 
conventional high-speed tank mixers are ineffective for MRC, giving localised agitation only, due to 
the shear-thinning behavior of MRC, and are also more energy intensive. 

2. Fuel passes through a pulse screen filtration device before a positive displacement supply pump.  A 
screen aperture of 325µm would be suitable for an engine with injector orifices of 400-500µm.  The 
purpose of screening is to allow the fuel to pass but trap major oversize particles and contamination 
such as flakes of rust, paint etc.  Various screening devices can be used, however, MRC rapidly clogs 
conventional filters with apertures finer than 10-15x the maximum particle size, which make these 
unsuitable for screening below 650 µm.  To overcome this problem CSIRO has developed a pulse 
screening technology that enables filtration at sizes below those required to guard against blocking 
the injector nozzle orifices. 

3. The fuel supply pump is a positive displacement pump (progressive cavity type) which supplies the 
fuel rail at nominally 20-30 bar. 

4. Electronically controlled unit injectors are preferred for the MRC (eg HEUI or MEUI type) to allow 
closer control of injection timing.  The injectors should preferably incorporate fuel circulation valves, 
which allow flow of fuel through the injector’s pump section and then down the body of the injector 
to the needle/cut off valve seat, and back out to a return rail. 

5. Controlled fuel circulation:  Conventional pressure relief systems for maintaining a controlled 
circulatory flow around the fuel rail and back to the service tank are unsuitable for bioDICE due to 
rapid wear of the pressure relief valve and the likelihood of progressive decrepitation of the fuel 
particles - which usually leads to significant and undesirable thickening of the fuel.  To avoid this 
issue, CSIRO has developed a simple and robust fuel delivery system using twin positive 
displacement (progressive cavity type) pumps.  The first pump supplies fuel at a controlled pressure 
to the fuel rail as described above, and a second return pump operating in reverse controls the total 
return flow to the service tank, or in the case of flushing, to a dump tank.  The letdown pump need 
only be ~10% of the capacity of the supply pump – which would enable complete flushing of the 
system within (say) 30 seconds.  The speed of the return pump is controllable to set the return flow.  
Operating the return pump in reverse reduces shaft seal wear from the ingress of pressurised slurry.  
The pump speed controllers are tuned to allow dead-heading without damaging the pumps through 
overpressure during sudden load changes. 

6. The flushing fluid should be potable water, with the flush fluid going to a small settling tank to allow 
the water to be reused - noting that once diluted MRC rapidly settles. 

5.1.2 Fuel injection system 

The fuel injection system is a high-pressure fuel system which provides the fuel in short pulses to the 
injector for pressure atomisation via the injectors nozzles.  A dual fuel system is essential - with the main 
injection system handling MRC, and a completely separate system used for diesel fuel for startup, 
shutdown, and optional pilot injection to assist with the combustion of the MRC.  As the diesel system 
can be of smaller capacity and used only for start-up, a very compact common rail pencil-type injector 
could be fitted on one side of the head (ie shooting across the combustion chamber from front to back).  
This arrangement (with both compactness and electronic control) would also allow the use of this injector 
for pilot injection (say 1-5% of the fuel rate), which would provide more accurate ignition and efficient 
char combustion – especially at lower loads or with higher speed engines (say 750 rpm). 

For MRC, a range of high-pressure injection systems has been used, including: 

1. Conventional jerk pump (200 bar) - line - media separator (shuttle piston or diaphram) – nozzle: 
eg by GE and Cooper Bessemer during the earlier USDOE programs. 
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2. Hydraulically actuated pump (600 bar) – media separator (diaphragm) – nozzle by CSIRO 

3. Unit injector:  Common rail hydraulics (700 bar) – seal oil protected media separator – nozzle 
(WING&D/Maersk) 

4. Unit injector:  Hydraulic ram (150-300 bar oil pressure) – seal oil protected plunger – nozzle 
(CSIRO and CSIRO/MAN) 

Although all options have been made to work with MRC, the unit injector-types 3 & 4 have the advantage 
of compactness and controllability.  Desirable features include: 

1. Modular body construction (to facilitate maintenance and component development), comprising: 

- servo oil valve module containing a high-speed solenoid valve 

- hydraulic actuator module 

- pump module 

- fuel ring module containing a non-return valve for the fuel inlet 

- lower flanged body, which contains the usual spring, pushrod, nozzle body and cut-off needle 
valve. 

2. An automatically (this could also be electronically actuated) operated return valve to provide 
positive fuel flushing around the injector between injection events and while the engine is 
standing.  This ensures continuous movement of the fuel, which dramatically reduces the chance 
of clogging, and enables rapid fuel switching or system flushing – either during engine operation 
or when stopped; see schematic in Figure 88 above. 

3. All fuel wetted surfaces are provided with seal oil continuously while the fuel is pressurised (this 
can be hydraulic or motor oil) at a slightly higher pressure than the fuel (say 25 bar for 20 bar rail 
pressure). 

4. The fuel pump and needle spindle must be provided with high-pressure seal oil during the actual 
injection event.  The seal oil pressure can be provided by an integral intensifier pump within the 
injector’s hydraulic ring or from an external supply.  In the case of the latter, a two pressure 
system should be used to reduce seal oil pressure when the engine is standing, to avoid 
unnecessary seal oil contamination of the return fuel. 

5. Although MRC has a much higher viscosity than diesel fuel, CSIRO has found that only a 
slightly larger orifice size is required (say 10% larger diameter) due to the strongly shear-thinning 
behavior of MRC fuels (if correctly prepared).  Shear-thinning results in marked wall slip, which 
increases the volumetric flow of a nozzle.  Experience has shown that a nozzle size of 500-
750µm will provide a balance between atomisation and jet penetration for cylinder bores up to 
(say) 50 cm. 

The fuel system in Figure 88 above enable both rapid flushing during a controlled shut down, and also to 
allow flushing whilst stopped.  Both are essential features for MRC slurry fuel. 

5.2 Design for an MRC injector 
These notes describe the requirements and basis for a prototype unit injector for a 300-500 mm bore 4-
stroke engine.  The design is for a prototype for atomising char-based MRC and can be adapted to 
other/larger engines as required.  The design is based on a system successfully used for CSIRO’s 4 litre 
single-cylinder laboratory engine. 

At the outset, it is important to note that successful use of MRC slurry fuels require substantial changes to 
injector design due to: 
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• Jamming of any sliding surfaces wetted by the fuel.  This is especially the case for the fuel pump 
plunger and the cut-off needle valve spindle, which will jam solid within several injection cycles 
unless protected by a higher-pressure seal oil.  This also precludes the use of a conventional jerk 
pump with spill ports to control injection duration. 

• Clogging of fuel ways if the fuel is allowed to remain stagnant – especially if the engine is hot 
and the fuel has repeatedly been pressurised to injection pressure.  This requirement means that 
flushing of the fuel system is necessary either before stopping the engine or immediately after. 

• Erosive wear of fuel system components, especially the atomiser orifices, and to a lesser extent 
the non-return valve seat and the needle valve seat.  The size of fuel galleries must also be 
increased to reduce fuel velocities to below 10 m/s if possible.  Velocities over 20 m/s will cause 
galleries to wear.  Erosive wear is further accelerated by corrosion-erosion mechanism if 
materials subjected to high velocity fuel are not sufficiently hard and corrosion-resistant. 

• Cavitation – due to the lower vapour pressure of the fuels continuous phase (water).  Other fuel 
properties may contribute to cavitation, including the high particulates loading and the strongly 
shear thinning nature of MRC. 

The unit injector design provided combines 5 functions – adjustable injection timing and duration, fuel 
pumping and injection, automatic fuel circulation, automatic generation of high pressure sealing oil.  The 
design incorporates features to substantially reduce all of the above problems. 

This section gives an overview of the design and its basis, an introduction to the main components, details 
of the various fluid circuits, and a detailed description of the key components.  This is followed by a 
section giving our views on likely limitations of the design, measures to overcome these, and the ideas for 
future development.  Injector drawings can be obtained by contacting the author Wibberley - 
louis.wibberley@csiro.au  

5.2.1 Design criteria 

The overall design objectives were as follows: 

• To inject MRC at up to 600 bar, fit within a standard cylinder head to avoid modification to the 
head casting. 

• Modular, to allow for on-going development 

• Allow easy flushing and disassembly for repairs and maintenance 

• Resistant to clogging, especially after engine shut down. 

CSIRO has designed and used 4 different types of fuel injection systems for MRC slurry fuels, including 
designing a full system for Maersk (WING&D 8 MW test engine), and modifying a MAN LGI injector as 
used for over 80 hours of testing with coal slurries - all with excellent results. 

These were as follows: 

1) Jerk pump (200 bar) – line - media separator (shuttle piston) – nozzle (as used by the USDOE 
programs).  Overall, this arrangement gave poor performance and was prone to failure. 

2) Hydraulic pump (600 bar) – media separator (diaphragm) – nozzle (for a Lister engine, problems 
with the diaphragm) 

3) Common rail hydraulics (700 bar) – seal oil protected media separator – nozzle (over 40 hours on 
coal slurries, including 7 hours on a 8 MW 4 cylinder test engine) 

4) Unit injector:  hydraulic ram (150-300 bar) – seal oil protected plunger – nozzle (Lister engine for 
over 60 hours including 40 hours for Yancoal, and tests for MAN of over 80 hours) 

mailto:louis.wibberley@csiro.au
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Although options 3 and 4 gave an equally good performance, option 3 requires both high-speed and high 
pressure hydraulics, so option 4 (with medium pressure hydraulics) was chosen for the present design.  
The decision to use a unit injector design was to minimise fluid connections and to avoid the need to 
locate separate hydraulic pumps near the injectors. 

The design was based around an electronically controlled, hydraulically actuated unit injector, with the 
following features: 

1) Fully modular construction, comprising a: 

• top cap 

• servo oil valve module containing a high-speed solenoid valve 

• hydraulic actuator module, 

• pump module, 

• feed ring module containing a non-return valve for the fuel inlet 

• flange body which contains the usual spring, push rod, nozzle body and cut-off needle 

2) An automatically operated return valve is included to provide fuel flushing around the injector 
between shots and whilst the engine is standing.  This ensures continuous movement of the fuel 
which greatly reduces the chance of clogging, and allows rapid fuel switching, or system flushing 
– either during engine operation or when stopped.  A schematic of this arrangement is shown in 
Figure 89.  Based on experience with a laboratory MRC injector, a fuel supply pressure of around 
20 bar should be sufficient to provide rapid refill of the integrated fuel pump between shots. 

3) All fuel wetted surfaces are continuously provided with seal oil (this can be hydraulic or motor 
oil) at a slightly higher pressure than the fuel (say 25 bar). 

4) The fuel pump and needle spindle are provided with seal oil at about 15% higher pressure than 
the injection pressure chosen (which is 2.4x that of the hydraulic oil supply pressure) during the 
actual injection period – see Figure 90 below.  The choice of an intensification ratio of 2.8 was 
driven by using a Caterpillar HEUI solenoid valve (which is designed to operate at 100-240 bar 
oil pressure) and the ability to provide a peak injection pressure of 670 bar.  In the event that 
other high-speed solenoid valves are used, the intensification ratio may need to be adjusted to 
suit. 

5) Minimal fluid connections; for example, there is no high pressure seal oil connection as this is 
generated internally from low pressure seal oil, and all return and case drain oil flows are 
combined. 

6) Use of a near stock atomiser nozzle sizing (important as this will give similar fuel jet penetration 
in the combustion chamber).  Although MRC has a much higher viscosity than diesel fuel, 
CSIRO have found that only a slightly larger (10% increase in diameter) orifice size is required 
due to the higher injection pressure and the strongly shear thinning behaviour of MRC fuels (if 
correctly prepared).  The latter results in marked wall slip which increases the effective 
volumetric flow of a nozzle.  Overall, it is expected that the stock nozzle size of 400-450 µm will 
give satisfactory atomisation and fuel jet penetration for a 300-500 mm bore engine. 

General schematics that show the principle of operation of the fuel system and the injector to meet the 
design requirements are shown in Figure 89 to Figure 91, with a short description for each given below 
for the following aspects: 

• Fuel flow path 

• Servo (hydraulic) oil flow path 
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• High pressure seal oil flow path 

a) Fuel flow 

To meet the requirement for fuel circulation around the fuel system between injection events, the present 
design incorporates a hydraulically actuated return fuel flow valve which opens only when the hydraulic 
oil pressure to the fuel pump plunger drops to that of the low pressure seal oil after each injection event.  
This valve remains open until the hydraulic oil pressure increases for the next injection event.  This 
arrangement allows a controlled flow back to the service tank, which avoids the possibility of fuel settling 
in the fuel lines when the engine is stopped, and also enables rapid flushing of the fuel system in the event 
of a prolonged engine stop. 

The 2 states for the system are shown schematically in Figure 89 below. 

 

Figure 89  Fuel and fuel return circuits between and during an injection event 

b) Servo oil 

Servo oil provides the motive power to operate the integrated fuel pump, high pressure seal oil 
pump, and return fuel flow valve.  It would be provided by a variable pressure oil pump, with 
pressure being adjusted according to the injection pressure of the fuel and engine speed.  For 
example, a fuel with excellent rheology should only require 150 bar servo oil pressure (giving 
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360 bar injection pressure), whereas a fuel having a higher effective viscosity during injection 
may require 200 bar (giving 729 bar peak injection pressure).  The servo oil circuits for the two 
states of the injector are shown in Figure 90. 

 

 

Figure 90  Servo oil circuits between and during an injection event 

c) Seal oil 

Seal oil injection into all siding surfaces is essential to the operation of both the high pressure fuel pump 
plunger, the return flow valve, and the cutoff needle valve in the injector tip.  Two modes of operation are 
preferred: 

1. Low pressure seal oil (just above the fuel supply pressure) while waiting between shots or when 
the engine is stopped with fuel pressure applied. 

2. High pressure seal oil (just above the injection pressure) during the injection event. 

In the present design this 2-stage pressurisation is generated automatically by a double diameter plunger 
operated by the same medium pressure oil supply as the main fuel plunger.  This aspect is shown 
schematically in Figure 91 below. 
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Figure 91  Seal oil circuit between and during an injection event 
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5.2.2 Main components of the unit injector 

The unit injector is described as a modular design to enable ready access to all components and to 
facilitate development.  Though it is anticipated that, for commercial production of the injector, the 
number of components would be reduced by combining similar sections.  For example, the top cap, 
solenoid ring, and hydraulic rings could be combined, similarly for the pump and feed rings.  The design 
comprises the following main assemblies – which are also shown in Figure 93 below.  Additional details 
and the rationale for the choice of components is given below: 

Top cap: This plate is used to clamp the CAT solenoid valve down into the solenoid ring, 
and to route the servo oil into the solenoid valve (for actuation).  A small cover 
plate is also attached to the top to protect the electrical connections to the 
solenoid.  Other high-speed hydraulic valves can be used.  However, CSIRO 
has found that the type from a CAT HEUI is readily adapted to this type of 
injector, and would be suitable for at least a demonstration engine, with a 
specialised valve being produced subsequently for commercial units. 

Solenoid valve ring This section houses the modified CAT solenoid valve and provides all of the 
remaining fluid connections: 

− Fuel inlet 

− Fuel return to tank (ie for fuel circulation) 

− Low pressure seal oil (25 bar, engine crankcase oil is suitable) 

− Oil return to tank – this comprises the discharges from the high-speed 
hydraulic valve plus any case drains from leakage of oil past the hydraulic 
pistons or from the needle and return valve spindles.  The maximum 
allowable back pressure is 5 bar. 

 The solenoid ring also provides cross ports to send servo oil from the hydraulic 
valve across to the high pressure seal oil pump piston, and the piston which 
controls actuation of the fuel return valve. 

Hydraulic ring: This contains 3 hydraulic pistons for the fuel plunger, the high pressure seal oil 
plunger and for the fuel return valve.  The ring also provides cross ports for the 
low pressure seal oil to the high pressure seal oil pump and conducts this oil to 
the fuel non-return valve spindle (a poppet valve) located in the feed ring. 

Pump ring This section contains the fuel plunger, the high pressure seal oil plunger, and the 
fuel return valve. 

Feed ring This contains the non-return valve sub-assembly for the fuel.  The non-return 
valve is a spring-loaded poppet valve.  The valve spindle is continuously 
protected by low pressure seal oil.  The non-return valve assembly is retained by 
a retaining plug to allow removal.  An access port is provided opposite the head 
of valve to allow the valve sub-assembly to be pushed out.  All of the high 
pressure surfaces use 60° metal-metal conical sealing faces. 

Flange body This is a modified form of a typical stock injector.  The modifications include: 

− Increasing the height to provide a flat upper face to mount the pump and 
hydraulic ring assemblies. 
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− Straight ducts for the fuel down to the nozzle.  The original 2-piece hole 
would likely cause clogging and erosion issues.  The fuel port down to the 
nozzle has been enlarged to 4 mm. 

− A fuel return duct (3 mm dia) from the recess immediately above the nozzle 
outlet. 

− A smaller spring to increase the minimum metal thickness of the fuel ducts 

− A high pressure seal oil duct for the needle spindle. 

− Drillings to provide case drain. 

Nozzle This component will require some development with the chosen equipment 
supplier, and which should be manufactured from EDM grade nanograin 
polycrystalline diamond or EDM grade nanograin cubic boron nitride.  The 
orifices should be of similar size and number to those for the stock engine or up 
to 15% greater orifice cross-section depending on the flow characteristics of the 
fuel.  A concept design for a ceramic nozzle is given in Section 5.2.6 below. 

Cut off needle This component will require some development with the chosen equipment 
supplier.  The arrangement shown in the Figure 92 below is a suggested starting 
design, which should be manufactured from nanograin PCD or cubic boron 
nitride insert (shown in yellow) diffusion welded to a tool steel upper body.  In 
contrast to diesel practice, it is unnecessary to grind the needle at the customary 
1° less than the seat, as MRC does not leak, and identical angles are preferred to 
minimise contact stress with ceramic components. 

 

 

Figure 92  Needle showing seal oil pressure equalisation grooves 
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Figure 93  Main components of the injector 
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5.2.3 Fluid flow circuits - concept injector 

The unit injector has the following circuits, which are also shown in the figures below (from 2 views 
where possible).  Note that the fluid conduits are colour coded: 

Red – fuel in, down to the needle in the nozzle 

Green – fuel return from the nozzle 

Dark blue – high pressure seal oil 

Cyan – low pressure seal oil (25 bar) 

Purple – servo oil for actuation (150-200 bar) 

Yellow – servo return and case drains 

a) Fuel (see Figure 94) 

1. Low pressure fuel in, down through the non-return valve up into the pump chamber 

2. High pressure fuel down past the head of the poppet valve to the needle/nozzles 

3. High pressure fuel return up from the needle space to a hydraulically actuated return valve 

4. Low pressure fuel from the return valve out from the solenoid ring and back to the fuel tank 

b) Servo (hydraulic) oil (see Figure 95) 

1. Medium pressure (150-200 bar) oil into the top plate 

2. Medium pressure oil to the CAT solenoid valve 

3. Medium pressure oil from the CAT solenoid valve directly down to the fuel plunger’s hydraulic 
piston 

4. Medium pressure oil from the CAT solenoid valve across to both the high pressure seal oil and 
fuel return valve pistons 

c) Low pressure seal oil (see Figure 96) 

1. Low pressure seal oil inlet via the solenoid ring 

2. Low pressure seal oil to the high pressure seal oil pump – which communicates this to the fuel 
plunger and needle spindle 

3. Low pressure seal oil to the non-return valve poppet spindle and the fuel return valve spindle. 

d) High pressure seal oil (see Figure 96) 

1. High pressure seal oil; from the seal oil pump to the fuel plunger 

2. High pressure seal oil from the seal oil pump to the needle spindle 

e) Case drains (Figure 97) 

1. Drain from above the needle to the feed ring, which then continues upwards into the solenoid 
valve ring cavity picking up oil from sources 2-4 below: 

2. Drain from the non-return valve spindle 
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3. Drains from below the fuel plunger piston, the high pressure seal oil piston and the fuel return 
valve piston. 

4. Case drain back to the hydraulic oil tank/engine sump. 
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Figure 94  Fuel in and return paths  
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Figure 95  Servo oil circuit through the solenoid valve to hydraulic pistons 
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Figure 96  High pressure seal oil circuit – active during each shot pump feed is low pressure seal oil  
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Figure 97  Case drains which combine with the oil return from the solenoid valve 
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f) Details of individual sub-components 

High speed servo valve: This uses a standard solenoid hydraulic valve from Caterpillar HEUI.  CSIRO 
has successfully used these valves for several MRC engine projects.  The valve 
is capable of fully opening in less than 1.5 ms (around 3° crank movement) 
which is much faster than commercially available hydraulic valves (eg Moog 
D633 or D334).  At 600 rpm the valve has ample flow capacity to supply fuel at 
the rated output.  The only problems with this valve are that it is limited to 
240 bar, and the valve requires a full enclosure to retain return hydraulic flow, 
which issues from several gaps around the valve.  The 240 bar maximum 
pressure has also needed some comprises around the fuel plunger bore/stroke.  
The enclosure also slightly increases the overall height of the injector. 

 The only modification to the valve for it to be used in the concept injector 
design is to reduce the diameter of the threaded end – preferably using a CNC 
mill (see Figure 98 below) to enable accurate indexing.  To preserve its 
performance, this valve should not be disassembled.  Ports should be blocked 
with plasticine during milling. 

 

Figure 98  Milling the threads from a CAT solenoid valve 

 Note that CSIRO has designed an industrial electronic driver module for this 
valve, the design of which can be obtained from Wibberley. 

Intensification: An oil:fuel intensification ratio of 1:2.8 was chosen which will give a maximum 
fuel pressure of around 670 bar at the maximum operating pressure of the 
solenoid valve – 240 bar.  Note that only 400-500 bar fuel pressure is likely to 
be required for good atomisation of a quality MRC.  

Seal oil: Low pressure seal oil is provided between shots (including when the engine is 
stopped) to the fuel pump plunger, the non-return valve spindle, the high 
pressure seal oil chamber, the fuel return valve spindle and the needle (or cut-
off valve) to prevent contamination of clearances with fuel. 

 High pressure seal oil is supplied to both the fuel plunger and needle valve 
during shots.  This is self-generated by a separate intensifier pump with a 1:3.3 
plunger.  This is supplied by the same servo oil as for the fuel plunger, so this 
pressure is only generated during a shot.  During the idle time, the seal oil 
pressure will drop to the low pressure seal oil supply pressure – set slightly 
above the fuel supply pressure to avoid contamination of fuel wetted surfaces 
between shorts (or when the engine is stopped).  Note that continuous use of 



bioDICE Milestone Final - February 2021 152 of 215 

high pressure seal oil would cause excessive seal oil contamination of the fuel, 
which can cause fuel system clogging due to coal agglomeration.  This is 
especially true when a full fuel circulation system is used. 

5.2.4 Design limitations 

The present design has several important limitations imposed by the requirements of limiting engine 
modifications (especially the requirement to use a stock cylinder head) to hasten development time.  As 
bioDICE is commercialised, MRC optimised engine designs would likely be developed (for example, to 
allow larger diameter MRC injector nozzles, and with a common rail fuel system for pilot and starting 
fuel system). 

5.2.5 Naturally aspirated or turbo engines 

A naturally aspirated engine gives fewer options for controlling fuel ignition, which for MRC is around 
600°C.  The temperature after compression is strongly affected by both the temperature and pressure of 
the charge when the inlet valve closes (which is fixed for normally aspirated engines), and so variable 
augmentation of ignition must depend on pilot fuelling with a small amount of diesel fuel (say 2-5%).  
Another means of augmenting ignition is to use a small amount of preheat of the inlet air using engine 
coolant.  This would have a double effect: increased charge temperature at the start of compression, and a 
reduction of mass at this point in the cycle.  It is envisaged that naturally aspirated engines for DICE 
could be manufactured with a different camshaft grind giving a mild Miller cycle wherein a small amount 
of ingested air is pushed out of the cylinder before the inlet valve closes - providing the same effect as 
inlet air preheat. 

For turbocharged engines, variable ignition assistance can be provided by controlling the amount of 
turbocharger aftercooling (aka intercooling). 

None of these augmentation methods should significantly increase the cost of the installed engine. 

5.2.6 Atomiser nozzle 

CSIRO’s experience with both a small lab engine and 2 large low speed engines, has found that stock 
steel nozzles will last between 2-10 hours depending on load and injection velocity, and therefore a 
ceramic nozzle is required.  The nozzle wear tests in the present project (Section 4.2 above) concluded 
that the best material is polycrystalline diamond compact.  As this material is relatively brittle compared 
to the tool steel normally used for injector nozzles, different approaches will be required to incorporate a 
ceramic nozzle into a standard injector envelope.  It is envisaged that a workable design is a ceramic 
button nozzle, where the size of the ceramic part is minimised (this reduces the effects of non-
homogeneity during pressing), and the button is clamped to the needle guide with a nozzle retaining nut 
to impart compressive forces to the nozzle button.  A concept button arrangement for a large 4-stroke 
engine is shown in Figure 99 below. 
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Figure 99  Ceramic nozzle button 

At the time of the last milestone report, CSIRO had ordered Si-doped PCD nozzle blanks to enable 
accurate shaping by EDM by a Swiss high-tech manufacturing company, Aerotechd.  A number of 
prototype nozzles have now been manufactured for a medium speed Zichai engine; see Figure 100 below.  
This nozzle will be tested post the present project using a full-size prototype MRC injector, and the 
results provided as an addendum and on the CSIRO website (ie post completion of the current project). 

Note, that, as of preparing this report, Zichai are the most prospective manufacturer of customised 
engines suitable for bioDICE. 

 
d  https://www.aerotech.ch/  (contact Urs Schuerch: urs.schuerch@aerotech.ch) 
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Figure 100  Prototype PCD injector nozzle (0.4mm orifices) for a Zichai diesel engine 

5.3 Cost of modifying and maintaining an engine 
The use of bioMRC fuel requires modifications to the standard large diesel engine, both in terms of 
replacement with hardened components, revised maintenance schedules, and more frequent replacements.  
Although the exact extent of these changes cannot be determined until further demonstration and 
durability testing is complete, approximate cost premiums are summarised below, based on best available 
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information and the costs of producing prototype injectors for several coal-based DICE projects over the 
last 8 years. 

Table 30 gives a breakdown of nominal component costs for a 5MWe bioDICE engine-generator skid 
installation, which total $4.75M, or $0.95/MWe.  There is no allowance for tapping into the local grid 
(415V), or the provision of engine shed, office etc, as this will be very site specific. 

Table 30  Nominal component cost premiums for a 5MWe engine-generator skid 

Engine component Cost premium 
AUD ($k) 

Pistons and rings 40 

Cylinder liners 54 

Cylinder heads (pilot injectors) 100 

Servo oil system 25 

HEUI injectors 180 

Low pressure MRC system 35 

Crankcase lube system 50 

Instrumentation 150 

Fabric filtration 220 

MRC fuel tanks, installation premium 200 

Total engine premium 1054 

Base genset commissioned as a skid unit 
(based on Zichai cost estimate of $700/kW, 415V) 

3500 

Total installed cost 4754 

($950k/MWe) 

 

In addition to a cost premium for certain componentry, bioDICE is likely will require additional 
maintenance - though to some extent this has been accounted for by the premium in purchase price. 

Typical R&M costs for a 5 MW diesel engine are compared with those estimated for bioDICE in Table 
31.  This shows that R&M requirements could be up to twice that of diesel-only operation.  As diesel 
R&M is typically $4/MWh (including lubricant), bioDICE will require $8/MWh.  Again this aspect 
requires duration operation of a commercial scale engine to confirm. 
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Table 31  Projected R&M periods for bioDICE compared to diesel only 

 Diesel 
(engine hours) 

bioDICE 
(engine hours) Comment 

HEUI fuel system 4,000 2,000 
Injector tips, needle valve, pump plunger 
and for bioDICE non-return valves, slurry 
pump rotors 

Minor maintenance 8,000 4,000 Oil change, filters, centrifuges 

Top-end overhaul 25,000 12000 

More frequent due to valve seat wear, 
though the ash from biomass may reduce 
wear - long run trials are needed. 
Bag filter elements replacement 

Major overhaul 100,000 75,000 
Top end + bottom end (crank and camshaft 
regrind and bearings) - assumes increased 
particulates in lube oil 
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6 PERFORMANCE OF A HYPOTHETICAL PLANT 

The main business hypothesis for the present project is the low capital cost and high efficiency of diesel 
engines, which could be fuelled with a water-based slurry produced from low-temperature torrefaction of 
a range of biomass wastes. 

While at the outset of the project the team was reasonably confident that the bioDICE concept could be 
made to work, what was less clear were the technologies required and the overall economics – relative to 
the existing power supply and alternative technologies such as small-scale steam or organic Rankin cycle 
plants, or gasification-based plant.  To provide information to develop a business case, a mass and energy 
balance simulation of 3 plant configurations was undertaken to determine: 

• The effects on the overall thermal efficiency of 3 levels of integration. 

• Whether sufficient waste heat was available to process the biomass feed. 

• Mass and energy flows to enable equipment sizing and parasitic electricity consumption. 

• Input/output streams for future LCA studies. 

It is also noted that previous work on torrefaction plants, though similar, is different due to the higher 
processing temperature required for bioDICE fuel, and the availability of higher temperature engine waste 
heat. 

Although the present business case is restricted to electricity production cost comparisons with NEM 
electricity and use of biomass in steam- or gasification-based plants, it is noted that a wide range of other 
factors is likely to provide increased benefits for biomass to electricity in general.  These mostly 
interrelated factors include: 

• Recent upward revision of estimates of bioenergy sources/resources. 

• A doubling of grid electricity and gas prices over the last decade, a high price situation that is 
expected to continue. 

• An end to the assumption that gas would replace coal to provide dispatchable/secure electricity to 
support increased intermittent renewables and reduced CO2 emissions. 

• Grid security concerns due to increased intermittent renewable capacity and the closure of 
traditional base-load coal stations. 

• The increasing number of coal stations past their end of life and requiring a large investment to 
meet safety and compliance requirements – compounded by a marked reduction in renewable 
power costs, which makes the economics of refurbishment of older coal plants marginal.  Recent 
closures include Playford in South Australia, Hazelwood in Victoria, and Liddell (announced) in 
NSW. 

• Export parity natural gas price forecasts and expected supply constraints, which coal seam gas is 
not expected to alleviate.  This situation is worsened by recent commissioning of LNG trains for 
export overseas, which exacerbates both the natural gas supply issue and also consumes large 
amounts of electricity for LNG production. 

• The increasing trend for businesses to investigate on-site generation/co-generation (a trend 
already established in other parts of the world, especially Europe). 

6.1 Bioenergy to electricity technologies 
The 3 main technology routes for converting biomass to electrical power are shown in Figure 101, the 
oldest 2 being direct combustion in the boiler to produce steam for either a reciprocating steam engine or 
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turbine, and gasification with the combustion of low calorific value gases in a spark ignited reciprocating 
engine.  Although all biomass was originally used on an as-received basis, over the last 20 years there has 
been a trend to predrying with waste heat to improve the efficiency of the incumbent technologies - for 
small plant (say <5 MW) conversion efficiencies of 18-22% are achieved.  Slightly higher effective 
efficiency can be achieved if biomass is cofired with coal in larger pulverised fuel boilers, though usage is 
usually limited by the ability of the coal mills to handle biomass.  Over the last 10 years, pretreatment of 
biomass by torrefaction has enabled a much higher proportion of biomass to be used without substantially 
modifying the coal-fired boiler – though the overall thermal efficiency is only marginally improved due to 
the energy required for drying and torrefaction, which is usually provided by combusting the torrefaction 
off-gases. 

To be of commercial interest, bioDICE needs to be shown capable of a step improvement in the cost of 
electricity generation – given its technical immaturity.  The aim of the present analysis is mostly to show 
that bioDICE can provide a step improvement in overall conversion efficiency compared to the 
incumbent biomass technologies, and with competitive capital costs and other benefits.  Table 32 gives 
our current view of the relative advantages of these technologies. 
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Figure 101  Incumbent and emerging technology for electricity from biomass 
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Table 32  Summary attributes of the fuel cycles used for the economic comparison 

Technology Advantages Disadvantages Comments 
Direct biomass boiler Mature technology 

High feed flexibility 

Low efficiency at small capacity 

High capex 

Needs to be close to biomass source 

Assume 5 MW captive plant to mill 

Torrefied pellet/cofiring Fuel processing (high SE) allows 
increased transportation and high 
conversion efficiency when fuel is burnt 
using larger centralised power plant 

Medium cycle efficiency due to the need 
to utilise torrefaction off gases and 
possibly condensibles for process heat. 

Use of published torrefied pellet 
economics and Australian coal power 
plant data – on-going. 

Gasification-gas engine Mature gasification and engine 
technology 

 

Low efficiency due to gasification step 
(~65%) and the need for low 
compression gas engine. 

Gasifier and engine must be close 
coupled. 

Data obtained from Zichai on 
commercial 5 MW plant in China 

Biodigestion   Token consideration due to lack of data – 
on-going. 

Torrefaction-DICE Exergetically efficient, as drying and 
torrefaction/carbonisation process heat 
can be provided by engine cooling and 
exhaust waste heat. 

Process off gases and condensates can be 
used directly as fuel for the engine. 

Unproven, no commercially available 
engines. 

To gain highest efficiency close coupling 
will be required. 

Micronising energy increases as biomass 
pre-processing temperature decreases, as 
does the specific energy of the engine 
fuel. 

Based on a 5 MW close coupled plant.  
Larger capacity centralised plants would 
likely comprise multiple units. 
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In the case of bioDICE, as heat energy is rejected from a diesel engine at relatively high temperature as 
exhaust (475°C) and coolant (100°C), it was proposed that the diesel engine provides the opportunity for 
a high level of heat integration with the pretreatment plant.  In this way, all of the offgases from 
torrefaction (including condensibles) could potentially be used as engine fuel, thereby increasing the 
overall thermal efficiency of the fuel cycle. 

It is noted that the fuel processing research described in the previous sections has shown that all of the 
condensibles can be advantageously utilised in preparing the MRC slurry fuel.  Direct utilisation of the 
relatively dilute carboniser offgases should also be possible providing that most (say 75%) of the 
condensible species (ie tars) are removed for adding into the MRC. 

6.2 BioDICE case studies 
The processes were modelled using a combination of DWSIM, Excel and detailed engine models for 
slurry fuels of various quality, using experimental data, or that from equipment suppliers when available. 

Three levels of heat integration have been used in the present study to demonstrate the integration 
benefits possible with bioDICE: 

Case 1:  Full integration with use of both engine coolant and exhaust for drying, and exhaust gas 
for torrefaction 

Case 2:  Part integration with the use of coolant for drying (approximately 80% of the plant heat 
energy requirements), with electrical heat used for torrefaction (ie a Spirajoule torrefier). 

Case 3:  No integration, with heat energy for the torrefaction plant being provided entirely by the 
combustion of carboniser offgases (ie without condensation of tars etc). 

The schematics shown in Figure 102 to Figure 104 also show nominal mass balances for the main unit 
operations, plus heat and electrical duties. 

The basis for the calculations is given in Table 33 below. 

 



bioDICE Milestone Final - February 2021 162 of 215 

 

Figure 102  Case 1 - 3.5 MWe bioDICE with full heat integration  
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Figure 103  Case 2 - 3.2 MWe bioDICE with heat integrated dryer and electrically heated torrefier  
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Figure 104  Case 3 - 2.4 MWe bioDICE with separate torrefier and engine plant  
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Table 33  Parameters used for the mass and energy calculations 

Property Unit Value Comments 

Biomass feed    

Source  Pine or Eucalyptus 
chip or sawdust 

Present study shows little difference in torrefaction products from different feeds.  
Form mostly affects the type of dryer – sawdust will need a down draft belt dryer. 

Rate kg/s wet 1.0 Nominal rate to produce 2.5-3.5 MWe 

Moisture wt % 50 Typical after chipping 

Dryer    

Dryer power kW 26 Estimated from Beltomatic conveyor dryers 

Product moisture wt% 10 Literature typical value.  CSIRO experiments have shown lower levels.  Higher 
value used to represent worst case for carboniser. 

Product temperature °C 100-105 To minimise emissions of VOCs as per recent literature on wood drying 

Dryer hot gas inlet °C average 125-135 To minimise emissions of VOCs as per recent literature on wood drying 

Torrefier    

Type  Screw/auger Controlled residence time to ensure consistent grindability 

Method of heating  Case 1 
Case 2 
Case 3  

Indirectly heated with engine exhaust 

Direct electrical heating (eg SpiralJoule) 

Attemperated afterburn offgases 

Temperature of hot gases for indirect heating °C 450-475 To minimise carboniser hot spots 

Char product temperature °C 320 Deterimined by present experiments to give practical balance between energy for 
grinding, char yield and MRC quality 

Char wt% dry feed 47 Present study, 320°C 

Condensibles wt% dry feed 27 Present study, 320°C 
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Property Unit Value Comments 

Gases wt% dry feed 26 Present study, 320°C, high proportion of water vapour 

Energy as char kJ/s 6720 Present study, 320°C 

Energy as condensibles kJ/s 1620 Present study, 320°C 

Energy as gases kJ/s 1010 Estimated by difference assuming 95% of SE of wood reports as products 

Average offgas temperature °C 220 Taken as average solid temperature 

Afterburner with fans (Case 3 only)    

Fan pressure drop kPa 3 Expected pressure drop across recuperator and afterburner 

Attemperation air m3/s Varied to meet 
temperatures above 

Used to control the inlet gas temperatures to the dryer and indirectly heated 
carboniser for Case 3. 

Char cooler type Pugmixer, cooling 
with refluxing 

water from 
aircooled heat 

exchanger 

Simple, based on experience in cooling 500°C soil from a soil remediation plant 

Char milling type Hammer mill with 
wizzer classifier or 

wet ball mill 

Main parasitic load.  Based on present experiments.  

Char milling power kWh/t dry 60 Based on actual mill power consumption – no scaling factor for more efficient 
commercial plant. 

Char pugging kWh/t dry 5 Low speed mixing needed to recombine condensates with mill char.  These are 
added first, followed by makeup water and dispersant.  Power values based on 
present experiments and experience with coal-based MRC fuels. 

Fuel blending kWh/t dry 30 Higher shear mixing to homogenise the premixed pugged fuel.  Power 
consumption based on present experiments and experience with coal-based MRC 
fuels. 
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Property Unit Value Comments 

Biomass feeder to dryer kW 3 Auger conveyor drive estimates, electrical heat for SpiralJoule torrefier based on 
mid-range heat of torrefaction/carbonisation literature values. 

Char cooler kW 3.5 Nominal values for small auger plus air-cooled condenser (~90°C) 

Condenser kW 5 Nominal literature value scaled 

Char-liquid pugging kW 2.5 Based on soil pugmill experience 

Fuel blending kW 26 Based on present experiments and experience with coal-based MRC fuels. 

Balance of plant kW 30 Nominal estimate for small plant 
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Table 34  Main energy flows for Cases 1-3. 

Unit operation 
Units Case 1 

Full heat 
integration 

Case 2 

Partial 
integration – 
dryer only 

Case 3 

No integration – 
separate fuel & 

generation 

Biomass feed rate kg/s @ 50% 
moisture 

1 1 1 

Energy in biomass feed kJ/s 9850 9850 9850 

Char to MRC production kJ/s LHV 6721 6721 6721 

Condensates to MRC 
production 

kJ/s LHV 1620 1620 - 

Torrefier offgases to engine kJ/s LHV 1010 1010 - 

Torrefier offgases (all) to 
afterburner 

kJ/s LHV   2630 

Gross power generated kW @ generator 
terminals 

3576 3576 2610 

Parasitic loads     

Feed system kW 3 3 5 

Dryer incl coolant circulation kW 26 26 23 

Torrefier kW 6 393 6 

Char cooler kW 3.5 3.5 3.5 

Condenser kW 5 5 - 

Afterburner, recuperator, air 
attemperator fans 

kW - - 26 

Milling kW 51 51 51 

Pugging kW 2.5 2.5 2.5 

Blending kW 25 25 25 

Balance of plant kW 30 30 30 

Total parasitics kW 152 539 172 

Net generation kW 3424 3037 2438 

Overall thermal efficiency % LHV sent out 34.8 30.8 24.8 

 

 

6.3 LCA 
The main case for bioDICE is its potential to reduce CO2 emissions.  On this basis, a high-level analysis 
of the likely CO2 savings of the bioDICE fuel cycle is presented below, noting that a more detailed LCA 
can only be undertaken once full scale plant is operated to obtain the necessary emissions data. 

Using ISO 14040 terminology, the basis/assumptions for the calculations is as follows: 
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System boundaries Eucalypt forest waste from plantation eucalyptus through to 
electricity supplied to the Victorian grid.  Forest waste is assumed 
to have sequestered 920 kg CO2/wet tonne at the time of use 
(equivalent to 50% moisture and 25% carbon, wet basis). 

Functional unit Utilisation of 1 tonne of forest waste 

Production system Felling, delimbing, shredding, and forwarding of forest waste has 
been assumed to require the same amount of energy as for 
producing wood chip or split blockwood from saw logs.  
Literature values range from 3.75 – 12 kg diesel/dry tonne; 
eg Smith (1976) and Quinteiro (2019).  The higher figure is from 
a 1976 study with 40 km transport legs.  The present analysis with 
30 km transport legs has assumed 9 kg of diesel/dry tonne which 
equates to approximately 15 kg CO2/wet tonne. 

A heat integrated 3.5MWe bioDICE plant, including drying and 
torrefaction with waste heat, fuel processing, DICE generation, 
overall thermal efficiency 34% LHV. 

Burdens CO2 only 

Omissions Growth of forest waste from forest resource.  Assumed to be 
allocated to the production of saw logs. 

Neglects CH4 and emissions directly from forest growth. 

Transmission and distribution losses, due to assumption of 
electricity use by local grid. 

Embodied emissions from plant construction etc. 

VOCs from drying, as it is assumed that engine coolant will be 
used to provide the hot drying air which should give very low 
VOCs. 

Unidentified trace emissions with strong greenhouse forcing 
effects. 

System credits Forest waste is assumed from the sustainable production of sawn 
timber and has been allocated the same production emissions as 
that removed as sawlog. 

Avoided emissions from decay or fire.  Nominal CO2 values only. 

Displacement (ie system expansion) of brown coal-based 
generation at 1050-1200 kg/MWh (Loy Yang typical, various 
sources). 

 

The 2 systems and resulting CO2 flows are shown in Figure 105 below. 
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Figure 105  Simplified LCA showing system boundaries and CO2 flows 

The figure above shows that each tonne of forest waste could generate 0.94 MWh of sent out electricity.  
In Victoria, this could displace 0.94 MWh of brown coal electricity, which would save 1050-1230 kg of 
CO2 from power station emissions.  After taking into account initial sequestration of CO2 for forest 
growth, an allowance for harvesting and transport, and emissions from leaving the waste insitu, the 
overall benefit/reduction in CO2 is 1120-1200 kg CO2/tonne of green waste utilised over the business as 
usual case. 

This is the best case for the 3.4 MW bioDICE plant.  As sustainably grown, forest waste results in a near-
zero emissions cycle, and the CO2 savings are almost entirely dependent on the system being replaced.  
For example: 

• If displacing NGCC grid generation, the savings in CO2 would be approximately 1/3 of these 
values at 400 kg/t of forest waste. 

• If displacing the same green waste used in either a small steam plant or gasification-gas engine 
plant, the savings would only be 43 kg CO2/t forest waste. 

• If displacing forest waste that would normally be used to co-fire the most efficient Victorian 
brown coal plant (Loy Yang B), the savings would be reduced to that from the additional 
transportation to take the forest waste to the Loy Yang power plant or around 30 kg CO2/t for a 
100 km each way trip. 

These arguments omit economic and logistical factors (eg the benefits of distributed generation, safe on-
site storage of MRC versus biomass), which will ultimately drive forest waste utilisation. 
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7 BUSINESS CASE 

7.1 Economics of bioDICE 
This activity has proven difficult.  However, at a high level, the results indicate that bioDICE should 
provide economic advantages over generation from the combustion of torrefied pellets in boilers, when 
the following factors are included: 

• The slightly higher torrefaction temperature required for ease of grinding and to produce higher 
SE MRC for bioDICE should not significantly affect equipment costs.  The increased energy for 
torrefaction is small compared to the energy for drying and heating for torrefaction at 320°C.  The 
increased condensibles are added back during fuel formulation to enable use by the engine.  The 
engines waste heat is then used for process heat.  The main effect is a slightly larger torrefier to 
provide a longer residence time for heating, but this option also means a slightly smaller MRC 
plant (mill and mixing capacity). 

• Milling energy is markedly lower. 

• Fuel quality is excellent, allowing efficient engine operation.  Engine efficiencies will give nearly 
twice the conversion efficiency to that of smaller steam plants designed for torrefied biomass, and 
comparable to that for co-firing in large centralised coal plants - but without the longer transport 
issues. 

• Engine waste heat is suitable for (and in excess of) that required for biomass drying and 
torrefaction - which is exergetically more efficient. 

7.1.1 Plant layout 

The base engine specified for the concept plant is the Zichai 8N330LD-2 genset (a heavy-duty medium 
speed engine designed by Yanmar) - see Figure 106.  This engine was chosen following a visit to Zichai 
in late 2018 and 2019.  Although these engines are of an older design, their simplicity makes them easier 
for adaption to a DICE - an essential consideration for first-of-a-kind units. 
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Type Units In-line 4-stroke 

Number of cylinders each 8 

Cylinder bore x stroke mm 330 x440 

Displacement litres 301 

Continuous power MWe 3.2 

Speed r/min 600 

Net weight tonne 71 

Dimensions (L x W x H) m 7.5 x 1.9 x 3.6 

 

Figure 106  Zichai 8N330LD-2 engine and generator 

A nominal layout for a 9 MWe bioDICE facility is shown in Figure 107 using 3 of these engines, noting 
that over 90% of the site area is for chip receival, storage, and fuel processing. 
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Figure 107  Nominal layout for 9 MWe plant 

Table 35  List of key plant 

STK Chip stockpile 

VA Vehicular access, turning 

DR Dryer, 2-stage using heat from coolant (120°C), can still act as engine radiator if carboniser is 
stopped 

CB Carboniser with off gas rinse, offgases ducted to engine inlet hood 

BM Ball mill, wet, slurry formation 

FM Formulation and mixing, trim additives and water to control viscosity 

ST1, ST2 MRC storage tanks, live bottom (3 days full load each) 

FT Fuel treatment plant to enable screening, and optional reconditioning of off-line tanks for out of 
specification fuel, including dosing pumps for additives to trim for water content, additives 

SVT MRC service tank, 1 day capacity at full load, slow agitation 

D Diesel tank for startup and pilot fuelling (5% of the heat rate, if required, 2 weeks capacity) 

D1-3 DICE with generators, 3x 3 MWe continuous, 11 MWe peak 

FF Fabric filtration of all exhausts 

S Stack 

AS Ash storage, elevated hopper, by-product for pozzolanic uses 
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SY Switchyard 

WKSP Engine workshop 

CR Control room, with small lab for particle size analysis and viscosity measurement 

SP Settling pond for runoff and washdown 

 

7.1.2 Equipment costs 

With the exception of data relating to engines, this aspect has proven most difficult to obtain accurate 
data, due to the newness of the proposed fuel cycle, the fragmentation of the biomass to energy industry, 
the lack of literature data on recent torrefaction initiatives, and by technology providers being unwilling 
to provide either detail of technology or costs over IP concerns. 

The slightly higher processing temperature (25-50°C) required for the proposed process (for grindiblity 
and to produce higher SE fuel) should not significantly affect equipment costs, and therefore generic cost 
data for torrefier installations have been used for the present analysis.  Note, that the use of a slightly 
higher processing temperature should reduce equipment costs for the MRC processing plant as the 
proportion of char in the MRC decreases significantly for temperatures above 300°C. 

The cost information has been aggregated under the following aspects: 

• Cost of biomass delivered to plant 

• Carboniser plant cost 

• MRC processing plant cost 

• Adapted engine cost 

• Operating assumptions - availability, overall plant conversion efficiency, labour, R&M 

• Cost of equipment 

a) Cost of biomass delivered 

The cost of feed biomass was taken as $30/wet tonne, as recommended by Hermal and others.  This 
equates to $3/GJ. 

b) Carboniser plant cost 

Data taken from recent literature on recent torrefaction plants is summarised as follows, with cost data 
shown graphically in Figure 108: 

Thengane (2020) 

 

This study was for a mobile torrefaction unit to produce a small annual amount 
of biochar for application in the forest (for ecosystem enhancement).  Of the 
capital cost of $657,000, the dryer was $150,000, and the torrefier was 
$200,000 with these 2 units being 54% of the capital cost. 

Pirraglia (2020) Provides details for both the torrefaction unit (43% of the total installed costs) 
and pelletiser US$0.5M. 

The delivered costs of the biomass is cited as the largest factor in the 
production costs of torrefied wood pellets, followed closely by the depreciation 
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of the equipment, while energy consumption represents a small fraction on the 
production costs.  Biomass cost are taken to be $45/bone dry tonne. 

Production costs for a 100,000 t/year facility is $199/t, being a slightly higher 
value than that reported by Topell Energy (2011). Gonzalez (2011) found very 
similar production costs for torrefied wood pellets, assuming a 80,000 t/year 
plant, with US$199/t. 

Batidzirai (2013) The authors claim that since torrefaction for large scale bioenergy production 
is currently being developed, there is limited documentation on its techno-
economic performance and as a result, most of the data used in this study is 
based on grey literature, and also interviews and industry knowledge that is 
confidential.  Given the sensitivities surrounding proprietary techno-economic 
data, companies and technology developers are generally reticent about sharing 
actual information, and thus the level of detail presented in this study is 
limited. 

They received advice from Topell Energy, so the capital costs should be 
reasonable.  For the opex we have assumed the same price and yield for 
biomass as Pirraglia (2020). 

However, the opex reported seems very low; without the feed cost, the total 
opex is given as US$3.0M/year, with electricity an additional US$0.5M/year. 

Japan Coal Energy 
Center paper (2016) 

 

This was a study for Indonesia and considers the production of torrefied pellets 
produced from empty fruit bunches, a residue of palm oil production.  The 
capital costs assume that the main items (dryer and torrefier) are from Japan.  
The possibility of manufacture in Indonesia is mentioned; this should 
substantially reduce the capital cost. 

The dryer was costed at US$2.1M, and the torrefier at US$1.2M (installed 
costs).  The cost of these 2 units is 45% of the installed costs. 

A summary of costs derived from the above sources is given in Table 36 and shown in Figure 108.  The 
costs show little or no benefit from increased annual capacity - which is unlikely.  For the present 
calculations, localised construction was assumed with a total plant cost of AUD$400/annual tonne of 
carbonised feed and a char yield of 70% - representing normal torrefaction.  The condensibles are added 
to the MRC at nil cost during mixing. 

Table 36  Dryer and torrefier costs derived from the above sources 

 Dryer 
($/annual t) 

Torrefier 
($/annual t) 

Scale 
(t biochar/a) 

Overall cost 
($/annual t) 

Thengane (2020) 173 230 1232 403 

Pirraglia (2013) 228 (est) 174 100,000 402 

Batidzirai (2013) 21 187 - 267 250,000 208-288 

Japan Coal (2016) 248 142 12,000 390 
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Figure 108  Dryer and torrefier cost data from the above sources 

c) Adapted engine cost 

The cost data detailed in Table 30 in Section 5.3 (page 154) above gives a breakdown of nominal 
component costs for a 5MWe bioDICE engine-generator skid installation, which amounts to 
$0.95M/MWe for an installed engine and generator.  This cost includes an engine fuel supply system 
comprising circulating pumps from the service tank and a final fuel filtration device. 

d) Overall plant cost 

A breakdown of key equipment costs for an integrated plant (equivalent to Case 1 in Section 6.2 above) is 
given in Table 37 below. 
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Table 37  Summary of installed plant capex for a 9 MWe plant 

Item Unit Cost % cost 

Char plant including feed handling, site costs 
(34,500 t/yr torrefied char equiv @ $400/a.t) $M 13.1 54 

Mill (3.2 t/h of 350°C char, 60 kWh/t) $M 0.5 2.1 

Mixer (6 m3/h MRC, 20 kWh/t) $M 0.5 2.1 

Storage tanks (2 x 350 m3) $M 0.13 0.5 

Engines and generators (3x 3 MWe net of auxiliaries) $M 8.55 35.3 

Engine hall (350 m2) $M 0.5 2.1 

Electrical services (nominal allowance) $M 1.0 4.1 

Total $M 24.3 100 

Contingency 10% 2.4  

Overall cost $M 26.7  

Specific installed cost $M/MW 3.0  

 

e) Comparison with established technologies 

For completeness, a capital cost comparison with the established technologies the boiler-steam turbine, 
and the gasifier-gas turbine has been carried out.  At the outset it is acknowledged that this is an unfair 
comparison as the established technologies: 

• Can use a wider range of biomass - in particular can utilises much higher ash levels 

• Are mature technologies with relatively accurate capital costs 

Best available costs are summarised in Figure 109 below, which shows that bioDICE has approximately 
50% of the capital cost of a boiler-turbine unit, and 30% of a gasifier-gas turbine unit. 

Key features of bioDICE that led to the lower capital cost include the following: 

• The diesel engine is a lower cost heat engine than a steam turbine/condenser or gas turbine, and is 
available as skid mounted units up to 20 MWe which reduces costly onsite construction. 

• The diesel engine has higher thermal efficiency, resulting in an overall more efficient fuel cycle.  
This flow on effect, decreases the cost of all upstream processing equipment. 

• The balance of plant for bioDICE (dryer, carboniser, mill and mixer) are all low temperature and 
low pressure utilising basic engineering steels. 

• The higher efficiency of the diesel engine and the ability to operate with coolant temperature up 
to 130°C, decreases heat exchanger sizings (less than half). 

• Milling of char is much easier than size reduction of unprocessed biomass. 

• Onsite fuel storage can be in the form of MRC (a stable liquid, and safer than biomass) the tanks 
for which are less costly and safer than as biomass. 

• There is the potential for modularisation of the front end of the plant (biomass feed, drier, 
carboniser, milling and mixing) to enable factory manufacture and assembly to minimise on-site 
engineering.  This approach also facilitates incremental increases in capacity. 
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Figure 109  Plant capital cost vs unit size (escalated from published datae) 

7.1.3 Generation cost 

Using the fuel and equipment costs above, a breakdown of the cost of generation is given in Table 38 
below. 
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Table 38  Nominal component costs for the overall generation cost 

 Unit Value Cost 
 

$M/yr 

Proportion of 
cost of elect 

% 

Capex $M 26.7   

Capital charge rate % 5% 1.34 21 

Biomass $/GJ 3   

 GJ/yr 654,823 1.96 30 

Diesel (5% of heat rate) L/yr 795,000 0.56 9 

Labour  (12) Man-day/day 12   

Labour cost $M/man.yr 0.15 1.80 28 

R&M (includes engine lube) % of capex 3% 0.80 12 

Equivalent cost of char $/t 120   

 $/GJ 4.4   

Total operating cost $M/yr  6.46 100 

Total export electricity MWh/yr 67,014   

Cost of electricity $/MWh 96   

 

The overall cost of generation is $96/MWh sent out.  Approximately $9/MWh of this cost is due to the 
assumption of requiring diesel fuel for pilot injection.  The 2/3rd of the generation cost is biomass and 
labour (mostly for the char fuel production activities), the high labour component being a function of the 
small plant. 

7.1.4 Discounted cash flow rate of return 

a) Value premium for dispatchability 

Electricity from bioDICE should be dispatchable.  Although there have been recent discussion concerning 
the term, dispatchability does not have a universal meaning, it is commonly considered as the extent to 
which the supply can be relied on to follow a target output in relation to its load or generation and is 
therefore both controllable and flexible - AEMC (2020).  The value placed on dispatchability has also 
been the subject of recent discussions and analysis.  While the premium is not explicitly defined, a recent 
paper by Nunn et al (2020) shows that dispatchability is already valued by the NEM, giving the premium 
as the difference between the dispatch-weighted prices received by non-dispatchable and dispatchable 
generators.  Using South Australia as an example (the highest utility-scale capacity of variable renewable 
energy (VRE)), AEMC show (see Figure 110 below) that the dispatchability premium has averaged 
around 70 per cent since 2016, with this premium more than doubling between 2014 and 2019. 
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Figure 110  Comparison of wind dispatch price and firming price for South Australia (AEMC 2020) 

A dispatchability premium of 70% has been used for the base case economics in the present analysis. 

b) CO2 credits 

The LCA-based calculations in Section  6.3 above, show that sustainably grown, forest waste results in a 
near-zero emissions cycle, and the CO2 savings from the use of this waste in bioDICE are almost entirely 
dependent on the system being replaced.  For example (based on 1 MWh/980kg green wood waste): 

• If displacing the most efficient Victorian brown coal plant (Loy Yang B), the savings in CO2 
would be around 1200 kg/t of forest waste. 

• If displacing NGCC grid generation, the savings in CO2 would be around 400-450 kg/t of forest 
waste. 

These arguments omit economic and logistical factors (eg the benefits of distributed generation, safe on-
site storage of MRC versus biomass, the use of biomass normally left to decay, or biomass co-products - 
eg from the harvesting of saltbush for cattle fodder), which could provide additional economic 
justification. 

In terms of valuing avoided CO2, the price of Australian carbon credit units (ACCUs) are presently 
$18.50/t, a record high driven by market anticipation of more ambitious climate targets.  RepuTex (2021) 
predict that moves by the government to tighten Australia’s emissions reduction target will continue to 
have the effect of boosting the price of offsets over time, creating market dynamics similar to the 
European Union Emissions Trading Scheme (EU ETS), where prices have reached a record high of A$61 
on the back of the EU’s new 2030 target, and its long-term pathway to net-zero emissions by 2050.  With 
additional measures to force companies to pay a fee to sell carbon-intensive goods, the EU aims to level 
the playing field for domestic industrial emitting companies as they invest to reduce GHG emissions to 
meet compliance targets under the EU emissions trading scheme (ETS).  Australian exporters would 
therefore be forced to buy carbon permits at prices which mirror the EU ETS, with prices forecast to 
significantly increase to 2030. 

For the present analysis, $18.50/t has been assigned as the CO2 credit for the base case, with higher EU 
value being used in the sensitivity analysis. 

$
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c) Soil carbon credits 

Soil carbon credits have not been considered for the target biomass (forest wastes), but these could be 
significant economic driver for the saltbush demonstration location described in Section 7.2.2, below. 

d) Economic cases 

The overal assumptions used are as follows: 

CO2 intensity of displaced power 650 kg/MWh 

Company tax 30% 

Deprecitation rate for plant weighted average 15%f 

Economic threshold DCRR 7% 

The matrix of values used for the different cases to calculate the discounted cash flow rate of return 
(DCRR) are shown in Table 39 below, which also gives the Table number for each case; Table 40 
through to Table 50. 

Table 39  Variables for sensitivity analysis for cases A1 to E-2 

Variable Comment Unit 

Worst cases 

ID 

Value 

DCRR Table 

Base cases 

ID 

Value 

DCRR Table  

Best cases 

ID 

Value 

DCRR Table 

Plant capex 
Over night cost, variation 
in drier & carboniser 
costs only 

$M 
A-1 
30.4 

Table 41 

Base 
26.4 

Table 40 

A-2 
24.4 

Table 42 

Biomass feed For green feed $/GJ 
B-1 

5 

Table 43 

Base 
3 

Table 40 

B-2 
1 

Table 44 

Electricity price $70/MWh + DRE $/MWh 
C-1 
105 

Table 45 

Base 
119 

Table 40 

C-2 
140 

Table 46 

Diesel rate Pilot fuel, starting and 
shut down 

% heat 
rate 

D-1 
2 

Table 47 

Base 
5 

Table 40 

D-2 
10 

Table 48 

CO2 value 
Avoided or displaced 
CO2 emissions, 
650 kg/MWh 

$/t CO2 
E-1 

0 

Table 49 

Base 
18.50 

Table 40 

E-2 
60 

Table 50 

 

 

 
f  ATO depreciation rates 2020, Table A 
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Table 40  Discounted cash flow rate of return - base case 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 14.3 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 -0.1 0.5 1.0 1.4 1.7 2.0 2.2 2.4 2.6 2.8 2.9 3.0 3.1 3.2 11.8 

Income tax $M  0.0 -0.1 -0.3 -0.4 -0.5 -0.6 -0.7 -0.7 -0.8 -0.8 -0.9 -0.9 -0.9 -1.0 -3.5 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 3.7 3.5 3.3 3.2 3.1 3.0 3.0 2.9 2.8 2.8 2.8 2.7 2.7 2.7 10.8 

Cummulative after tax revenue  -25.5 -21.8 -18.4 -15.0 -11.8 -8.6 -5.6 -2.6 0.3 3.1 5.9 8.7 11.4 14.1 16.8 27.6 

                  

Discounted cash flow (10.1%)                  

Present value  $M -25.5 3.3 2.9 2.5 2.2 1.9 1.7 1.5 1.3 1.2 1.1 1.0 0.9 0.8 0.7 2.5 

Cummulative net present value $M -25.5 -22.2 -19.3 -16.8 -14.6 -12.7 -11.0 -9.4 -8.1 -6.9 -5.8 -4.9 -4.0 -3.2 -2.5 0.0 
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Table 41  Discounted cash flow rate of return - high capex (Case A-1) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -29.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -29.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                11.9 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -29.7 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 15.5 

                  

Financials                  

Depreciation $M 4.5 4.1 3.5 3.0 2.5 2.2 1.8 1.6 1.3 1.1 1.0 0.8 0.7 0.6 0.5 2.8 

Taxable income $M -34.2 -0.5 0.1 0.7 1.1 1.5 1.8 2.1 2.3 2.5 2.7 2.8 2.9 3.1 3.1 12.7 

Income tax $M  0.1 0.0 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.8 -0.8 -0.9 -0.9 -0.9 -3.8 

Tax credit first year losses $M 1.3                

After tax revenue $M -28.4 3.8 3.6 3.4 3.3 3.2 3.1 3.0 2.9 2.9 2.8 2.8 2.8 2.7 2.7 11.7 

Cummulative after tax revenue  -28.4 -24.6 -21.0 -17.5 -14.2 -11.1 -8.0 -4.9 -2.0 0.9 3.7 6.5 9.3 12.0 14.7 26.4 

                  

Discounted cash flow (8.8%)                  

Present value  $M -28.4 3.5 3.0 2.7 2.4 2.1 1.9 1.7 1.5 1.3 1.2 1.1 1.0 0.9 0.8 3.3 

Cummulative net present value $M -28.4 -24.9 -21.8 -19.2 -16.8 -14.7 -12.9 -11.2 -9.7 -8.3 -7.1 -6.0 -5.0 -4.1 -3.3 0.0 
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Table 42  Discounted cash flow rate of return - low capex (Case A-2) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -23.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -23.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -23.7 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 14.3 

                  

Financials                  

Depreciation $M 3.6 3.3 2.8 2.4 2.0 1.7 1.5 1.2 1.1 0.9 0.8 0.6 0.6 0.5 0.4 2.3 

Taxable income $M -27.3 0.3 0.8 1.3 1.6 1.9 2.2 2.4 2.6 2.7 2.9 3.0 3.1 3.2 3.2 12.1 

Income tax $M  -0.1 -0.3 -0.4 -0.5 -0.6 -0.7 -0.7 -0.8 -0.8 -0.9 -0.9 -0.9 -1.0 -1.0 -3.6 

Tax credit first year losses $M 1.1                

After tax revenue $M -22.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.9 2.8 2.8 2.7 2.7 2.7 2.7 10.7 

Cummulative after tax revenue  -22.6 -19.1 -15.7 -12.5 -9.3 -6.2 -3.3 -0.3 2.5 5.3 8.1 10.8 13.6 16.2 18.9 29.6 

                  

Discounted cash flow (11.8%)                  

Present value  $M -22.6 3.2 2.7 2.3 2.0 1.8 1.5 1.3 1.2 1.0 0.9 0.8 0.7 0.6 0.6 2.0 

Cummulative net present value $M -22.6 -19.5 -16.8 -14.4 -12.4 -10.7 -9.1 -7.8 -6.6 -5.6 -4.7 -3.9 -3.2 -2.5 -2.0 0.0 
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Table 43  Discounted cash flow rate of return - high biomass cost (Case B-1) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 -3.27 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 -6.4 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 13.0 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 -1.4 -0.8 -0.3 0.1 0.4 0.7 0.9 1.1 1.3 1.5 1.6 1.7 1.8 1.9 10.5 

Income tax $M  0.4 0.2 0.1 0.0 -0.1 -0.2 -0.3 -0.3 -0.4 -0.4 -0.5 -0.5 -0.5 -0.6 -3.1 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 2.7 2.6 2.4 2.3 2.2 2.1 2.0 2.0 1.9 1.9 1.8 1.8 1.8 1.8 9.9 

Cummulative after tax revenue  -25.5 -22.8 -20.2 -17.8 -15.4 -13.2 -11.1 -9.1 -7.1 -5.1 -3.3 -1.4 0.4 2.2 4.0 13.8 

                  

Discounted cash flow (5.4%)                  

Present value  $M -25.5 2.6 2.3 2.1 1.9 1.7 1.6 1.4 1.3 1.2 1.1 1.0 1.0 0.9 0.9 4.5 

Cummulative net present value $M -25.5 -22.9 -20.6 -18.5 -16.6 -14.9 -13.4 -11.9 -10.6 -9.4 -8.3 -7.3 -6.3 -5.4 -4.5 0.0 
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Table 44  Discounted cash flow rate of return - low cost biomass case (Case B-2) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 -0.65 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 -3.8 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 15.6 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 1.2 1.8 2.3 2.7 3.0 3.3 3.5 3.8 3.9 4.1 4.2 4.3 4.4 4.5 13.1 

Income tax $M  -0.4 -0.5 -0.7 -0.8 -0.9 -1.0 -1.1 -1.1 -1.2 -1.2 -1.3 -1.3 -1.3 -1.3 -3.9 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 4.6 4.4 4.3 4.1 4.0 4.0 3.9 3.8 3.8 3.7 3.7 3.6 3.6 3.6 11.7 

Cummulative after tax revenue  -25.5 -20.9 -16.5 -12.3 -8.1 -4.1 -0.1 3.8 7.6 11.4 15.1 18.8 22.4 26.0 29.6 41.3 

                  

Discounted cash flow (14.6%)                  

Present value  $M -25.5 4.0 3.4 2.8 2.4 2.0 1.8 1.5 1.3 1.1 1.0 0.8 0.7 0.6 0.5 1.5 

Cummulative net present value $M -25.5 -21.5 -18.1 -15.3 -12.9 -10.9 -9.1 -7.6 -6.3 -5.2 -4.2 -3.4 -2.7 -2.1 -1.6 0.0 
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Table 45  Discounted cash flow rate of return - low electric price case (Case C-1) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 13.4 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 -1.0 -0.5 0.0 0.4 0.8 1.1 1.3 1.5 1.7 1.8 2.0 2.1 2.2 2.3 10.8 

Income tax $M  0.3 0.1 0.0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.5 -0.6 -0.6 -0.6 -0.7 -0.7 -3.3 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 3.0 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.2 2.1 2.1 2.1 2.0 2.0 10.1 

Cummulative after tax revenue  -25.5 -22.5 -19.7 -17.0 -14.4 -11.9 -9.6 -7.2 -5.0 -2.8 -0.7 1.4 3.5 5.6 7.6 17.7 

                  

Discounted cash flow (6.8%)                  

Present value  $M -25.5 2.8 2.5 2.2 2.0 1.8 1.6 1.5 1.3 1.2 1.1 1.0 0.9 0.9 0.8 3.8 

Cummulative net present value $M -25.5 -22.7 -20.2 -18.0 -16.0 -14.2 -12.6 -11.2 -9.8 -8.6 -7.5 -6.5 -5.5 -4.6 -3.8 0.0 
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Table 46  Discounted cash flow rate of return - high electric price case (Case C-2) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 15.7 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 1.3 1.9 2.4 2.8 3.1 3.4 3.6 3.9 4.0 4.2 4.3 4.4 4.5 4.6 13.2 

Income tax $M  -0.4 -0.6 -0.7 -0.8 -0.9 -1.0 -1.1 -1.2 -1.2 -1.3 -1.3 -1.3 -1.4 -1.4 -4.0 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 4.6 4.5 4.3 4.2 4.1 4.0 3.9 3.9 3.8 3.8 3.7 3.7 3.7 3.7 11.8 

Cummulative after tax revenue  -25.5 -20.9 -16.4 -12.0 -7.8 -3.7 0.3 4.3 8.1 12.0 15.8 19.5 23.2 26.9 30.6 42.3 

                  

Discounted cash flow (14.9%)                  

Present value  $M -25.5 4.0 3.4 2.9 2.4 2.1 1.8 1.5 1.3 1.1 0.9 0.8 0.7 0.6 0.5 1.5 

Cummulative net present value $M -25.5 -21.5 -18.1 -15.2 -12.8 -10.7 -9.0 -7.5 -6.2 -5.1 -4.1 -3.3 -2.6 -2.0 -1.5 0.0 
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Table 47  Discounted cash flow rate of return - high diesel rate (Case D-1) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 -1.11 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 -5.7 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 13.8 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 -0.6 -0.1 0.4 0.8 1.1 1.4 1.7 1.9 2.1 2.2 2.4 2.5 2.6 2.6 11.2 

Income tax $M  0.2 0.0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.6 -0.7 -0.7 -0.7 -0.8 -0.8 -3.4 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 3.3 3.1 3.0 2.8 2.7 2.6 2.6 2.5 2.5 2.4 2.4 2.3 2.3 2.3 10.4 

Cummulative after tax revenue  -25.5 -22.2 -19.1 -16.2 -13.3 -10.6 -7.9 -5.4 -2.9 -0.4 2.0 4.4 6.7 9.0 11.3 21.7 

                  

Discounted cash flow (8.2%)                  

Present value  $M -25.5 3.0 2.7 2.3 2.1 1.8 1.7 1.5 1.3 1.2 1.1 1.0 0.9 0.8 0.8 3.2 

Cummulative net present value $M -25.5 -22.5 -19.8 -17.5 -15.4 -13.6 -11.9 -10.4 -9.1 -7.9 -6.8 -5.8 -4.8 -4.0 -3.2 0.0 
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Table 48  Discounted cash flow rate of return - low diesel rate (Case D-2) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 -0.22 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 -4.8 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Net profit before tax $M -26.7 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 14.7 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 0.3 0.8 1.3 1.7 2.0 2.3 2.6 2.8 3.0 3.1 3.2 3.4 3.4 3.5 12.1 

Income tax $M  -0.1 -0.2 -0.4 -0.5 -0.6 -0.7 -0.8 -0.8 -0.9 -0.9 -1.0 -1.0 -1.0 -1.1 -3.6 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 3.9 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.1 3.0 3.0 3.0 2.9 2.9 11.0 

Cummulative after tax revenue  -25.5 -21.6 -17.9 -14.3 -10.8 -7.5 -4.2 -1.0 2.1 5.2 8.2 11.2 14.2 17.1 20.1 31.1 

                  

Discounted cash flow (11.3%)                  

Present value  $M -25.5 3.5 3.0 2.6 2.3 2.0 1.7 1.5 1.3 1.2 1.0 0.9 0.8 0.7 0.7 2.2 

Cummulative net present value $M -25.5 -22.0 -19.0 -16.4 -14.1 -12.2 -10.4 -8.9 -7.6 -6.4 -5.4 -4.4 -3.6 -2.9 -2.2 0.0 
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Table 49  Discounted cash flow rate of return - low CO2 value (Case E-1) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M                 

Net profit before tax $M -26.7 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 13.5 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 -0.9 -0.3 0.2 0.6 0.9 1.2 1.5 1.7 1.8 2.0 2.1 2.2 2.3 2.4 11.0 

Income tax $M  0.3 0.1 -0.1 -0.2 -0.3 -0.4 -0.4 -0.5 -0.6 -0.6 -0.6 -0.7 -0.7 -0.7 -3.3 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 3.1 2.9 2.8 2.7 2.6 2.5 2.4 2.4 2.3 2.3 2.2 2.2 2.2 2.1 10.2 

Cummulative after tax revenue  -25.5 -22.4 -19.4 -16.6 -14.0 -11.4 -8.9 -6.5 -4.1 -1.8 0.4 2.6 4.8 7.0 9.1 19.3 

                  

Discounted cash flow (7.3%)                  

Present value  $M -25.5 2.9 2.6 2.3 2.0 1.8 1.6 1.5 1.3 1.2 1.1 1.0 0.9 0.9 0.8 3.6 

Cummulative net present value $M -25.5 -22.6 -20.0 -17.8 -15.8 -13.9 -12.3 -10.8 -9.5 -8.3 -7.2 -6.1 -5.2 -4.3 -3.6 0.0 
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Table 50  Discounted cash flow rate of return - high CO2 value (Case E-2) 

 Unit 
Year 

0 

Year 

1 

Year 

2 

Year 

3 

Year 

4 

Year 

5 

Year 

6 

Year 

7 

Year 

8 

Year 

9 

Year 

10 

Year 

11 

Year 

12 

Year 

13 

Year 

14 

Year 

15 

Expenditure                  

Plant construction  -26.7                

Operating costs                  

Biomass $M  -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 -1.96 

Diesel  $M  -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 -0.56 

Labour $M  -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 -1.80 

R&M $M  -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 -0.80 

Total expenditure $M -26.7 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 -5.1 

                  

Income                  

Electricity sales $M  8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 

Sale/savage value of plant $M                10.7 

CO2 credit $M  2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 

Net profit before tax $M -26.7 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 16.1 

                  

Financials                  

Depreciation $M 4.0 3.7 3.1 2.7 2.3 1.9 1.6 1.4 1.2 1.0 0.9 0.7 0.6 0.5 0.4 2.5 

Taxable income $M -30.7 1.8 2.3 2.8 3.2 3.5 3.8 4.1 4.3 4.5 4.6 4.7 4.8 4.9 5.0 13.6 

Income tax $M  -0.5 -0.7 -0.8 -1.0 -1.1 -1.1 -1.2 -1.3 -1.3 -1.4 -1.4 -1.5 -1.5 -1.5 -4.1 

Tax credit first year losses $M 1.2                

After tax revenue $M -25.5 4.9 4.8 4.6 4.5 4.4 4.3 4.2 4.2 4.1 4.1 4.0 4.0 4.0 4.0 12.1 

Cummulative after tax revenue  -25.5 -20.6 -15.8 -11.2 -6.7 -2.2 2.1 6.3 10.5 14.6 18.7 22.8 26.8 30.8 34.7 46.8 

                  

Discounted cash flow (16.2%)                  

Present value  $M -25.5 4.2 3.5 3.0 2.5 2.1 1.8 1.5 1.3 1.1 0.9 0.8 0.7 0.6 0.5 1.3 

Cummulative net present value $M -25.5 -21.2 -17.7 -14.8 -12.3 -10.2 -8.5 -7.0 -5.7 -4.6 -3.7 -3.0 -2.3 -1.7 -1.2 0.0 
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The DCRR and payback period for the cases are compared in Table 51, and Figure 111 shows the results 
graphically. 

Table 51  Sensitivity analysis summary giving DCRR and payback period 

Variable Unit Variable 
values Case ID 

Discounted cash 
flow rate of return 

(%) 

Payback 
period 
(years) 

Plant capex $M 
23.4 

26.4 

29.4 

A-1 
Base 

A-2 

8.8 
10.1 

11.8 

8.5 
8 

7 

Biomass feed $/GJ 
5 
3 

1 

B-1 
Base 

B-2 

5.4 
10.1 

14.6 

12 
8 

6 

Price of electricity 
sales (POE) $/MWh 

105 
119 

140 

C-1 
Base 

C-2 

6.8 
10.1 

14.9 

10 
8 

6 

Diesel rate % heat rate 
10 
5 

2 

D-1 
Base 

D-2 

8.2 
10.1 

11.3 

9 
8 

7.5 

CO2 value $/t CO2 
0 

18.50 

60 

E-1 
Base 

E-2 

7.3 
10.1 

16.2 

10 
8 

5.5 

 

 

Figure 111  Effect of variables on DCRR (see examples below) 
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Example:  Point A 

𝑅𝑎𝑡𝑖𝑜 =

$60
t CO2

 

$18.5
t CO2

 
 = 3.24 

𝐷𝐶𝑅𝑅 = 16.2%    (Case E-2 Table 50) 

Example: Point B 

𝑅𝑎𝑡𝑖𝑜 =

$1
GJ 

$3
GJ

 = 0.33 

𝐷𝐶𝑅𝑅 = 14.6%    (Case B-2 Table 44) 

 

The DCRR results given in The DCRR and payback period for the cases are compared in Table 51, and 
Figure 111 shows the results graphically. 

Table 51 and Figure 111 above are summarised as follows: 

• All of the cases exceed the nominal requirement for a minimum DCRR of 7%, except for the high 
($5/GJ) biomass case.  The maximum biomass cost to give a DCRR of 7% is $4.30/GJ (assuming 
base values for the other variables). 

• The DCRR is most sensitive to variation in price of electricity and plant capital cost, followed by 
the cost of biomass. 

• However, as the probable range of capital cost values is smaller than the other variables, the 
DCRR for a project will probably be least affected by capital cost, and most affected by $/t CO2, 
POE and $/GJ biomass. 

7.2 Suitable locations for demonstration plants 
There are a range of suitable locations for establishing a bioDICE demonstration plant, summarised as 
follows: 

Adjacent to a mill Allows demonstration of a fully integrated plant 

A sawmill can provide a higher quality feed. 

There are numerous mills, with capacity to host the full range of 
bioDICE plant capacity, as discussed in the section below 

Economic benefits to the mill owner via direct use of power and 
dispatchable, renewable, power exports. 

Potential increased integration with steam generated from waste heat for 
board conditioning;  with bioDICE it will be more efficient to maximise 
the amount of feed to bioDICE plant, and then use the engine offgases to 
generate steam for seasoning instead of using biomass in a steam boiler. 
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Potential to use harvested forest timber waste (via existing 
infrastructure) - forest fellings normally unsuitable for salvage log, 
should be more economical to recover. 

Provides a good demonstration of future commercial potential. 

Purpose built integrated 
demonstration plant - a 
National Facility 

Allows demonstration of a fully integrated plant 

Broader relevance, so wider stakeholder appeal 

Test campaigns with different feedstocks possible 

Separate MRC plant and 
generator 

Allows demonstration at a small scale as fuel can be stored to enable 
longer engine runs from smaller fuel plant(s) 

Allows mismatch between fuel plant and engine facilities. 

Could use several fuel plants. 

Integration can be accurately simulated. 

Allows MRC plant and generator to be ideally located in close proximity 
to stakeholders/supporters. 

Allows engine to be located optimally for technical support (eg adjacent 
to an existing operator of reciprocating engines for generation, or a 
technical institute).  This could also include engine trials overseas by 
interested engine manufacturers, as the fuel could be transported in 20 
tonne ISOtainers. 

Centralised in a saltbush 
biomass growing area 

Allows demonstration of a fully integrated plant 

Likely to require a consortium approach, so also likely to attract more 
committed contributors 

Provides a good demonstration of large commercial potential 

Increased security of fuel supply via multiple suppliers 

Increased technical risk due to higher alkali feedstock 

Demonstration of multi-bottom-line initiative 

Adjacent to an existing coal 
fired power plant 

Availability of technical staff 

Possible lower cost electrical connections for larger plant 

7.2.1 Adjacent to existing sawmills 

This is a highly preferred option as it allows the demonstration of a fully integrated plant from a higher 
quality feed.  In addition, existing infrastructure can be used to collect more salvage logs and lighter 
material. 

A recent ABARES study (Downham (2017)), giving mills by capacity (m3 log feed per year) and State, is 
given in Table 52 below.  Depending on existing markets and on-site consumption for steam production, 
potentially 50% of this volume of wood waste could be available for DICE, with process steam 
generation being met using engine exhaust waste heat.  As around 1.2 m3 of wood feed is required/MWh 
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generatedg, if it is assumed that 50% of the log wood arriving at the mill is available as fuel, then a 
100,000 m3/yr mill could generate 16 MWe continuously for 220 days/year.  For a larger softwood mill, 
this would increase to over 64 MWe. 

Table 52  Mills by capacity (m3/year) and State 

 NSW Vic Qld SA WA Tas Aust 

Hardwood sawmills 

<3,000 30 4 20 0 12 5 71 

3,000 - <15,000 16 13 17 0 9 7 62 

15,000 - <45,000 19 5 7 0 5 6 42 

45,000 - <75,000 2 1 0 0 0 1 4 

75,000 - <100,000 0 0 0 0 0 0 0 

>100,000 1 2 0 0 0 0 3 

Total 68 25 44 0 26 19 182 

Softwood sawmills 

<3,000 2 1 1 3 0 1 8 

3,000 - <15,000 0 0 5 3 0 0 8 

15,000 - <45,000 3 2 4 1 1 1 12 

45,000 - <75,000 2 0 2 1 0 0 5 

75,000 - 100,000 3 0 1 1 0 0 5 

100,000 - <400,000 1 5 2 1 0 0 9 

>400,000 3 1 2 3 1 1 11 

Total 14 9 17 13 2 3 58 

Wood-based panel mill 

MDF/Hardboard 2 1 2 0 0 0 5 

Particleboard 2 1 1 2 1 0 7 

Plywood/Veneer/LVL 3 1 1 0 1 5 11 

Total 7 3 4 2 2 5 23 

Post and pole mill 2 8 2 2 4 1 19 

Cypress pine sawmill 4 0 13 0 0 0 17 

 

 
g  Assuming 9.5 GJ LHV/m3 as received, 85% wood to MRC energy conversion, 38% energy conversion from MRC to electricity 
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7.2.2 Centralised in a saltbush biomass growing area 

Although out of scope for the current project, which was focused on forest waste, scoping work has been 
undertaken with others on the potential use of purpose-grown biomass such as mallee and saltbush for 
DICE.  This opportunity represents another possible application of bioDICE, and thus would provide 
additional incentives for progressing the technology overall. 

The combination of bioDICE electricity production from saltbush and other similar marginal land species 
combined with bio-sequestration provides the potential for net negative CO2 emissions electricity in 
Australia, and world-wide, from land which is not in competition with land required for food crops. 

a) Ash implications 

Saltbush would at first appear to be unsuitable for DICE, due to its high reported salt content.  However, 
saltbush ash contents have only been reported for the leaf or on an average plant basis.  As previous work 
by Wibberley et al (2001) found that ash is concentrated in the leaf, bark and lighter woody sections, 
scoping analyses were undertaken for hand-sorted leaf and stem samples of saltbush from Brockway 
PundaZole Co Pty Ltd (2020).  Additional description of the saltbush option has been summarised by 
Brockway (2020) and provided in Appendix A.  Key aspects include: 

• The analysis of hand sorted material given in Table 53 below, shows that the ash content of 
saltbush stem is only around 3%, compared to the foliage at over 30%.  The silica content (forms 
more abrasive ash) is particularly low, with the majority of the ash being alkali and alkaline earth 
elements; Table 54. 

• The primary energy cost ($/MJ) for saltbush biomass $1.5-2.5/GJ could be significantly lower 
than that from mill waste which is generally costed at $30-50/tonne or around $3-5/GJ for higher 
value applications and be significantly below or comparable with that for black coal at $3-5/GJ. 

• Saltbush rootstock has a significant potential value from soil organic carbon and Australian 
Carbon Credit Units. 

• Valuable fodder biomass is advantageously separated from the energy biomass feedstock before 
energy production. 

• Saltbush and similar species provide a potential return from marginal land. 

• Prior work with species selection has been undertaken from an animal feed rather than a fuel crop 
perspective.  The present scoping work indicates that a much higher fuel yield can be achieved by 
closer cropping on better land. 

• Very high growth rates can be achieved from better land, and it is likely (but this needs to be 
confirmed by testing) that this would further reduce the salt content of the woody material. 

Table 53 Ash content of different species leaf and stem 

Species Ash content 
(wt% db 450°C, 12 hours) 

 Stem and twig Leaf 

A.rhagodiodes 2.6 35.0 

A.nummularia (1) 3.5  

A.nummularia (2) 4.6 30.6 

A.halimus 3.5  
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Table 54  Analysis of saltbush foliage and stem 

 Unit Foliage Stems 

Proximate analysis    

Ash % db 22.7 3.3 

Total S % db 0.23 0.03 

Volatile matter % db 76.2 71.1 

Gross SE MJ/kg db 15.49 18.98 

Ultimate analysis    

Carbon % db 40.6 48.8 

Hydrogen % db 5.01 5.85 

Nitrogen % db 1.68 0.64 

Oxygen % db 29.9 41.4 

Ash analysis (500°C)    

SiO2 % ash 1.0 2.5 

Al2O3 % ash 0.21 0.65 

Fe2O3 % ash 0.07 0.51 

CaO % ash 7.7 14 

MgO % ash 7 8.6 

Na2O % ash 26.7 17.5 

K2O % ash 14.3 21.4 

TiO2 % ash <0.02 0.04 

Mn3O4 % ash 0.08 0.1 

SO3 % ash 6.9 6.9 

P2O5 % ash 1.5 6.6 

BaO % ash <0.02 <0.02 

SrO % ash 0.06 0.17 

ZnO % ash 0.03 0.04 

 

b) Linkages with the hydrogen economy 

The saltbush bioDICE scenario offers important potential benefits as part of sustainable development 
nodes in regional Australia.  A schematic showing the key linkages is shown in Figure 112 below. 
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Figure 112  A potential multi-bottom-line energy system utilising the fuel flexibility of bioDICE 

Although either gaseous or liquified ammonia (LNH3) could be injected via a separate fuel system, the 
present work has shown that ammonia can be comixed with MRC from char to produce a highly stable 
fuel, and it is expected that ammonia and char will have synergistic combustion properties.  For example, 
the high vapour pressure of ammonia will assist in atomisation of MRC, and the lower ignition 
temperature of char will provide a multiplicity of ignition sites for the ammonia. 

7.3 Generation of new employment 
To make an estimate of potential new employment that could be generated by the deployment of 
bioDICE, data on employment in the Forestry Sector has been used.  It is acknowledged that this 
approach will overestimate employment for systems using broad acre cropping of biomass (eg mallee or 
saltbush) which will is more ameniable to mechanisation. 

For the present estimates, Forestry data has been extracted from National Industry Insights, produced by 
the Australian Industry and Skills Committee (AISIC 2020). 

The Forestry sub-sectors relevant to the bioDICE report are given in Table 55 below, with employment 
figures for 2020. 

Table 55  Employment by sector forestry industry 2020 

Sub-sector Employment 

Forestry and logging 3400 

Forestry support services 4900 

Sawmilling and processing 11900 

Total 20200 

 

The total production of logs in 2018-2019, latest figures from the ABARES website, were 32,565,000m3.  
Using the employment figures for 2020 and 2018-19 production data, there are 3,923 m3 (or 2,864 wet 
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tonnes) of forest logs, harvested and processed, per employee.  For a 9 MWe BioDICE plant, using 
77,000 tpa of wet feed, the employment generated by the woodchip supply would then be 
77,000/2,864 = 27.  The bioDICE plant itself would add a further 12, making a total of 39.  This equates 
to around 2,027 MWh/person. 

Extrapolating this analysis Nationally, if bioDICE were used to generate 10% of Australia’s electricity 
demand (recent reports have indentified that there is sufficient biomass to do twice this), this would 
generate around 24,000 jobs in forestry operations. 

7.4 Operational strategy 

7.4.1 Startup 

a) Engine 

It is recommended that engine starting and warm-up to operating temperatures should use fuel oil or 
diesel.  Cold starting of diesel engines is always somewhat marginal, as the heat losses from a cold 
cylinder, large mass of cold air in the cylinder, a slower compression stroke, plus cold injection 
equipment, means that the charge temperature at the start of injection is lower (say 400°C) than when hot 
and at speed (say 650°C).  This is an issue, as all bioMRC has a higher autoignition temperature (530-
650°C, depending on the temperature of carbonisation) than fuel oils (250-375°C). 

It is, therefore, unlikely that bioMRC will be suitable to start a cold engine.  Even if the engine started, 
the higher unburnts from a cold engine would cause problematic contamination of the cylinder bore, with 
unburnt char packing behind the piston rings.  This packing would cause accelerated ring and cylinder 
wear, and possibly ring breakage. 

The use of diesel fuel oil for starting will require a dual injection system – a small capacity one for 
starting, and a larger one for MRC.  An additional benefit is that the smaller capacity system for diesel 
fuel oil could also be used for pilot fuelling and optimised ignition control. 

b) Carboniser 

For close coupled plants the carboniser would only startup once the engine was at temperature, which 
starting from a completely cold start would be within 30 minutes.  During this time the engine would 
switch over to MRC held in storage in the service tank.  Given the residence time in the dryer and 
carboniser, another 30 minutes would be required before fresh char was being received at the mill.  To 
assist the startup of the mill and mixers, it is envisaged that already prepared MRC would be pumped 
around the fuel formulation circuit to provide a heal of fuel during the transition from no fresh char to all 
fresh char. 

7.4.2 Pilot fuelling 

DICE may require some pilot fuelling – an established technology with natural gas engines, especially 
those needed to operate as dual-fuel engines (ie as distinct from lower compression spark ignition gas-
only engines – Otto cycle).  The amount of pilot fuel required needs experimental data.  It will depend on 
the engine (speed, cylinder size, boost, aftercooling etc, which affect the charge temperature at the start of 
injection) and the effective volatiles content of the MRC (ie the volatiles released on very rapid heating).  
However, it is expected that a fixed 2-5% of the heat rate at maximum output would be sufficient – a 
fuelling rate, which if kept constant, automatically provides a higher proportion of heat input when 
required at idle and lower load settings. 
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For low-speed engines (<400 rpm), and based on practical experience, it is expected that the engine could 
operate reliably on 100% MRC, providing the engine is hot and above (say) 35% load.  For lower load 
and higher speed engines, minimum pilot fuelling with fuel oil is likely to be required.  As both startup 
and pilot injection will require a separate injection system, operationally, some minimum pilot injection 
will likely be preferred to provide cooling of the pilot injector nozzles. 

Injection timing for the pilot injection would normally be just before, or at the same time, as the MRC –
both being electronically timed to allow optimisation for different engine conditions and fuel variations. 

In addition to a lower speed, derating the engine by reducing the amount of aftercooling (a higher air inlet 
temperature would give a reduction in cylinder charge, with a disproportionate increase in compression 
heating), may also reduce the need for pilot fuelling. 

The requirement for assisting ignition with pilot fuel provides an additional implementation strategy:  
installation of dual fuel NG engines now, being progressively switched to DICE as required using a 
retrofit kit. 

7.4.3 Shut down 

a) Engine 

With a correctly designed fuel system, engine shut down can be achieved without any precautions.  To 
achieve this, the fuel system will require some method of controlling a circulating flow of fuel down the 
injector to the needle valve and back to the service tank – as described in Section 5.  If this feature is not 
included, then a full flush of the fuel system from the feed pump through the injector will be required 
while the engine is operating to eliminate the possibility of stagnant MRC fuel clogging the hot injection 
system while stopped.  With the latter system, the engine shut down would need to be under pilot fuelling. 

While diesel fuel has been used as the flushing fluid in some previous trials (eg by Sulzer) by simply 
switching the fuel supply to the engine from MRC to diesel, this arrangement is not recommended.  In 
contrast to MRC, diesel fuel requires perfect sealing of valve seats (ie the needle or cut off valve in the 
injector) to ensure that fuel does not leak into the cylinder under the influence of the fuel supply pump.  
Also, any MRC that is not flushed from the system by the diesel fuel will highly likely result in 
agglomeration of the residual fuel particles, potentially causing blockages.  If this method of flushing is 
chosen, then an alternative flushing fluid should be used, for example, a mixture of long-chain polyglycol 
(eg UCON type fluids) and water.  This fluid would have the advantage of being miscible with MRC.  In 
both cases, the switch over to the flushing fluid needs to be undertaken at less than half-load, to avoid 
over fuelling the engine. 

b) Char plant 

To avoid stopping the char plant in a banked condition with an increased risk of fire, it is envisaged that 
feed to the dryer would be stopped around 30 minutes before stopping the carboniser.  This would ensure 
that the dryer and carboniser are parked empty.  In the event that an unscheduled or emergency stop is 
required, it is envisaged that, after closing all air inlet dampers, and opening the vent to the flare, a small 
amount of water in the form of a fog (eg via fogging nozzles) would be introduced into both the dryer and 
carboniser at the highest temperature points.  Restarting after this condition may require dumping the first 
15 minutes of char produced.  As engines of this capacity have compressed air starting, the plant is 
capable of a black start, provided backup power is available for the engine control system. 
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7.4.4 Peaking 

To assist development, demonstration as a peaking generation plant would enable earlier semi-
commercial operation with a smaller fuel supply and processing plant, and intermittent operation would 
give an increased opportunity for component development, with new or modified componentry being 
switched during off-peak time, whilst not substantially reducing economics.  In this case, the engine can 
be shut down and remain sufficiently warm to enable a short start-up time (say 10 min for the engine 
using stored fuel, and 30 min for the fuel plant to come up to full output in the case of no storage). 

7.5 Development pathway 
A development pathway is proposed in the context of: 

• Cost effective, dispatchable generation from woody biomass, including harvested forest waste. 

• Based on diesel engine providing higher thermal efficiency, lower capital costs and at small scale 
(3-5 MWe) - so more power and lower cost/MWh. 

• CO2 savings of 400-1200 kg/MWh depending on the fossil fuel being displaced, or the grid being 
supplied. 

• Potential for major replacement of coal and natural gas - up to 20% of Australia’s demand. 

• Nimble generation to support variable electricity demand, and underpinning a high penetration of 
intermittent renewables. 

• Potential multi-bottom line system with sustainable agriculture. 

• Ability to demonstrate at relatively small, near commercial scale (say 3 MWe), leading to a first 
commercial bioDICE plant (say 9-18 MWe) before 2030. 

The program proposed considers several development imperatives, derisking by staged development and 
scale-up risk. 

7.5.1 Development imperatives 

The research undertaken in the present project has highlighted development imperatives, which have 
shaped the proposed development pathway: 

1. Small demonstration-scale engine tests to obtain key performance data on combustion, using 
tonnage lots of consistent and high quality MRC produced from larger fuel plants. 

2. Duration engine tests to investigate fouling.  These tests could be performed using smaller engine 
tests and a range of adapted boiler test methods, to avoid the need for producing a larger tonnage 
amount of MRC and the costs of long term operation of the larger test engine. 

3. Securing the commitment of an engine OEM and component manufacturer (eg fuel systems). 
4. Development of a suitable large engine test facility (ie small scale demonstration engine), which 

is capable of firing bioMRC at near commercial scale conditions:  For example, an inline 6-
cylinder variant of a larger V18 cylinder engine suitable for large scale commercial generation. 

5. Detailed risk and hazard review to further de-risk the new fuel cycle, identify key technology 
gaps/show stoppers, and to broaden stakeholder engagement. 

6. R&D to obtain data for optimising fuel handling logistics, and to enable engineered systems to be 
developed for a range of scenarios (local generation, distributed generation, export). 

7. Developments in MRC fuel standards, in particular, to take into account the differences and 
trade-off in MRC properties between different biomass sources. 
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8. Detailed business cases using fully engineered plant designs to provide the basis for establishing 
a new industry and farmer commitment.  These cases should be developed with potential farm 
cooperatives to diversify fuel supply to derisk the fuel.  Ideally, aspirational programs - multi-
bottom line projects, sustainable agriculture (eg wheat/sheep transition to saltbush), regional 
employment, synergies with renewable ammonia (either as a cofuel or blended), soil carbon, 
drought and fire resistance etc should be included, to further broaden the appeal. 

9. For forestry waste, additional projects to identify practices for producing suitable feed material 
without dirt contamination.  For saltbush, R&D on optimising species selection (previously 
focussed on fodder production). 

7.5.2 De-risking with staged development 

While the previous DICE RD&D has provided promising findings for a range of technical issues around 
char-engine interactions, this work can only provide a technology readiness level of 4-5 for most 
technical aspects.  De-risking by increasing the technology readiness level or TRL from 5 to 8, to justify 
(say) a 9 MWe commercial demonstration project, requires that appropriate small-scale demonstration 
tests are undertaken – taking full benefit of the many technical improvements over the last 30 years.  
DICE needs considerable development and demonstration to match the technological development of the 
incumbent biomass power generation technology based on steam boilers.  However, this can be cost-
effectively fast-tracked:  compared to the incumbent technologies, DICE has the ability to carry out a 
near-commercial scale demonstration at a relatively small size (say 3 MW). 

The 3 MW capacity engine-generator can be obtained in skid form, in a straight-6 configuration, giving a 
cylinder of approximately 40 cm bore and operating at 500 rpm.  The simple in-line configuration with 
fewer cylinders ensures easier and faster incorporation of new componentry for testing - essential to 
shortening development time.  For example, the option of only needing to make changes to one cylinder – 
which can also be swapped out as a complete power unit in a few hours to facilitate testing. 

The data and experience gained from this semi-commercial engine would be directly applicable to a 
commercial demonstration - for example, 3x3 MWe units, or even larger installations comprising a single 
18 MWe unit, or a bank of smaller units - as is practised for gas engine installations.  This would not 
entail any scaleup of DICE – as discussed in more detail below.  However, it is envisaged that the waste 
heat recovery system would be scaled up to reduce capital cost and to improve overall efficiency – this is 
existing commercial technology.  In this event, the exhaust from several engines would be combined into 
a single waste heat recovery unit. 

7.5.3 Scale up risk 

Scale up risk is estimated based on the engine only, as carbonising plants already exist at the scale 
required to fuel next stage engine developments.  The cylinder size, cylinder rating and power output for 
the proposed development steps, out to a full-size commercial engine are given in Table 56. 

Table 56  Scaleup factors from demonstration through to large commercial installation 

Development stage Bore 
(cm) 

Cylinder 
rating 

(kWe/cyl) 

Cylinders 
Units 

Plant 
output 
(MWe) 

Scale up 
factor 

Small scale demonstration 30 500 6 3 - 

First commercial 46 1000 8 
1 unit 8 1.5x 
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Large commercial 63 2000 6 
2 units 24 2x 

 

The scale up factor (based on cylinder area) between the development stages is at most 2x, which are 
relatively small scale-up steps that would have low technical risk: 

• The scale ups are considered very conservative by the engine manufacturers – especially the small 
scale demonstration plant (possibly repurposed as a National Test Facility), enabling testing of the 
latest developments before deployment of the larger first commercial unit. 

• In contrast to many technologies, DICE has the advantage of being able to undertake near full-scale 
demonstration at small-scale. 

• As cylinder size increases, many of the technical issues associated with firing MRC decrease (eg 
more time and space for combustion allows for reduced atomisation, and wear effects also decrease as 
more wear can be tolerated with larger components). 

Overall, it is envisaged that a staged development program could be established with an engine 
manufacturer and OEMs (eg suppliers of injection and turbocharging components) to quickly undertake 
the demonstration program, to enable full scale commercial deployment by 2030. 

The scale up risk for the fuel plant is considered smaller, as biomass processing plants of the required 
scale (30,000 t (wet)/year) already exist. 

7.5.4 Staged development program 

The recommended program involves 3 stages, which allows sequential de-risking and the development 
necessary to provide the experience and data required to develop the components to adapt an engine for a 
demonstration plant.  In comparison to other new technologies, bioDICE has the advantage of being 
based entirely on relatively small adaptations of existing commercial technology, and at a small scale to 
drastically shorten the time required to progress from single-cylinder tests through to commercial 
deployment.  This includes both the MRC plant and the engine. 

The stages and timings are as follows: 

Stage 1 (2021-23) Pilot scale (15-400kW) - component development, duration fouling test, 
logistics and fully engineered business cases 

Stage 2 (2024-27) Demonstration scale DICE test facility and fuel plant (1-3 MW) for 
technology providers to demonstrate key plant, and the establishment of 
pilot fuel supply sources/systems 

Stage 3 (2028-30) First commercial DICE plant (3-18 MW units) 

a) Stage 1 - Pilot tests, engineering, consortia 

These tests would extend the findings of the present project, with the backing of a potential consortum of 
stakeholders, including: 

• Experience in the production of (say) 20 tonnes of suitable fuel - a one-tonne per day char plant 

• Hands-on experience with producing, handling and storage of bulk MRC fuel 

• Fuel quality testing - establishment of acceptable tests and criteria 

• Operation of a modified engine, on-engine fuel handling experience, including both the low 
pressure fuel supply system and the high pressure injection system 
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• DICE operating strategy, including startup, operation at various load settings, and shut down with 
or without system flushing 

• Optimising pilot fuelling 

• Exhaust emissions 

• Duration testing of a new injector 

• Better data on ash fouling 

• Detailed techno-economics and risk assessment 

• Final business case for DICE facility at the selected location 

• Indentification of methods of reducing equipment capital costs 

• Broadening stakeholder engagement with real data 
Two scales could be considered: 

• Small-pilot (15kW): Current CSIRO lab engine with ceramic injector with a large lab scale 
carboniser and fuel plant.  Estimated cost $600k over 2 years (includes $200k for char 
production, eg by Curtin University). 

• Large-pilot (400kW): Purpose built engine (400kW) with a one tonne per day fuel plant located 
at a sawmill.  All skid mounted.  Estimated cost $5M over 2 years. 

It is also recommended that a parallel R&D and logistics program be undertaken, including: 

• Detailed risk and hazard assessment, to further de-risk the new fuel cycle, identify key 
technology gaps/showstoppers, and to broaden stakeholder engagement.  MRC slurry fuels and 
new coal combustion equipment will be required to demonstrate no surprises.  For example, 
MRC is finely divided, but it is not classified as flammable.  Spills can be readily cleaned up with 
a shovel once the fuel loses a few percent moisture.  While MRC looks like oil, spills are less 
detrimental (see Figure 113 below), and different handling and storage procedures are required. 

 

 

Figure 113  MRC spill 24 hours later (hydrothermally treated lignite ~ biochar) 
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b) Stage 2 – semi-commercial demonstration plant (1 MW) 

This would involve demonstrating the technology at the smallest unit scale of modules suitable for 
commercial operation - say 1-3 MWe.  Skid mounted units are envisaged to reduce installation costs, and 
also to allow relocation of the equipment to other sites for subsequent demonstrations.  However, in all 
other respects the plant would be representative of commercial units.  A plant of this capacity would 
unlikely be economic due to relatively high manning costs, and the overheads associated with first-of-a-
kind equipment. 

c) Stage 3 - first commercial plant (3-12 MW units) 

This plant would be as described in Section 7.1 above, which includes 3MW 8 cylinder engines.  Larger 
engines could also be considered, as there are many medium speed 4-stroke engines in this cylinder size 
class (400-600 kW/cylinder, with up to 18 cylinders). 

7.5.5 Commercialisation approach 

Following the successful demonstration, rapid commercialisation is possible, and likely to be driven by a 
strong need for dispatchable renewable power and the recent interest in developing bioenergy generation: 

• Incremental load-following capacity to secure a higher penetration of renewables, and in direct 
competition with gas open-cycle plants with higher gas prices. 

• Remote and regional generation. 

• Once an engine is adapted for DICE it will be capable of handling a wide range of other alternative 
fuels (ie difficult) fuels for example, sludges or char-ammonia blends, crude biooils, which would 
extend the facility’s value past the proposed demonstration, and provide additional environmental 
incentives for the facility and the commercialisation of bioDICE. 

• Char based MRC could be used to replace fuel oil for boilers. 

7.6 Summary of the business case 
The business case is presented starting with nominal plant layout and an economic analysis based on the 
best available data, with most uncertainty being around the cost of the char plant. 

The plant layout is provided for a 9 MWe integrated plant, with a 35% overall thermal efficiency with 
wood chip as feed. 

The installed cost of this plant is $26.4 M, with a nominal cost of generation of $96/MWh.  
Approximately $9/MWh of this cost is due to the assumption of requiring diesel fuel for pilot injection, 
which may not be required.  Nearly two-thirds of the generation cost is biomass and labour (mostly for 
the fuel plant), the high labour component being a function of the small plant. 

The business case is presented in the context of current drivers, including supporting a higher penetration 
of intermittent renewables. 

• All of the cases exceed the nominal requirement for a minimum DCRR of 7%, except for the high 
($5/GJ) biomass case.  The maximum biomass cost to give a DCRR of 7% is $4.30/GJ (assuming 
base values for the other variables). 

• The DCRR is most sensitive to variation in price of electricity and plant capital cost, followed by 
the cost of biomass. 



bioDICE Milestone Final - February 2021 207 of 215 

• However, as the probable range of capital cost values is smaller than the other variables, the 
DCRR for a project will probably be least affected by capital cost, and most affected by $/t CO2, 
POE and $/GJ biomass. 

A development pathway is given, following a discussion of development imperatives.  A 3-stage 
development program is recommended to allow commercial deployment by 2030. 

Options are given for demonstration of the technology, including a range of potential sites.  The most 
preferred location for the first demonstration plant is adjacent to a large sawmill, where higher quality 
feedstock is available, including harvested smaller salvage logs.  The option of using saltbush is also 
presented, together with a scoping analysis showing the suitability of stem material, and with the 
expectation that the leafy material would be used for fodder products.  The saltbush bioDICE scenario 
offers important potential benefits as part of sustainable development nodes in regional Australia, and a 
link to the Hydrogen Economy. 
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Australia has enormous potential for biomass energy from semi-arid, marginal and saline-degraded (non-
food-crop) land.  The biomass can be farmed and utilized on a large scale for dispatchable renewables 
electricity with negative greenhouse gas emissions.  The biomass can also be utilized for a range of other 
energy products with a key focus on zero emissions dispatchable power from bioDICE, thereby providing 
firming power to support and enable a greater utilization of intermittent renewables such as solar and 
wind.  

If approximately two percent of Australia’s total semi-arid land were farmed for bioenergy crops, there 
would be the potential to supply all the electricity currently supplied by coal. To put this in a practical 
context, the amount of land is roughly equivalent to that farmed for wheat in Australia each year. 

Concurrently, some long-lived, deep-rooted species, such as saltbush, draw down and bio-sequester 
carbon dioxide from the atmosphere, much of which, for all practical intents and purposes, persists for 
centuries or millennia as deep soil biomass and/or as soil organic carbon.  

Approximately two percent of Australia’s total marginal land farmed for bioenergy crops has the potential 
to bio-sequester between 10 and 20% of the nation’s total greenhouse gas emissions. 

The combination of bioDICE electricity production from saltbush and other similar marginal land species 
combined with bio-sequestration, provides the potential for net negative CO2 emissions electricity in 
Australia, and world-wide, from land which is not in competition with land required for food crops. 

Moreover, modelling indicates that the primary energy cost (c/MJ) for saltbush biomass could be 
significantly below, or comparable with, that for black coal.  In addition, saltbush rootstock has 
significant potential value for soil organic carbon (SOC) and Australian Carbon Credit Units (ACCUs).  
Finally, valuable fodder biomass is separated from the energy biomass feedstock, prior to energy 
production.  

There are thus three potential revenue streams from saltbush and other marginal land species, making a 
compelling commercial case provided by the synergies between biomass energy (particularly bioDICE), 
ACCUs and agricultural products. 

The bioenergy industry would also be expected to lead to substantial regional economic activity and 
employment. 

Saltbush biomass yield 

There are many scientific publications on saltbush, its annual yield and some of its properties.  As 
expected, the vast majority focus exclusively on the agricultural/fodder component - the edible dry matter 
(EDM), ie the leaves and very thin branches which can be consumed by grazing animals, harvested for 
fodder pellets, and processed for flour and/or protein extracts.  General conclusions which can be drawn 
from the literature and from recent research indicated the following. 

  



bioDICE Milestone Final - February 2021 213 of 215 

 

1) Yield is heavily dependent on the number of plants per hectare. 

2) A number of studies report from 650 to 1,000 plants per ha, yielding about 1 t/ha/yr of edible 
dry matter (EDM).  1kg/plant/year EDM seems to be a reasonable approximation (Haros and 
Leake, 2018; Panta et al, 2014; Salem et al, 2010) 

3) A US report indicates 12.3t EDM/ha/yr for 17,000 irrigated plants per ha. 

4) Farmers in Australia are known to plant ≥ 3,000 plants/ha 

5) There is evidence that irrigation, even with saline water, can increase yield, in some cases 
significantly. 

6) Considering total biomass yield for energy production, a couple of papers report that EDM 
represents 30 to 50% of total (above ground) biomass, ie, 50 to 70% total biomass in trunks 
and branches (Salem et al, 2010). 

7) For several samples of saltbush in WA, the mass of trunks and branches were found to 
comprise 81 to 86% of the total above ground biomass (Walden and Harper et al, 2017) 

8) If saltbush were planted more densely, say about 10,000 plants per ha and the EDM is 30% to 
50% of the total biomass, then total yield of dry biomass could be of the order of 20t/ha/yr, or 
greater, presumably after a couple of years of growth.  (Irrigation would be expected to give a 
higher yield.) 

9) Recent CSIRO data (Table 1) indicates that the trunks and stalks of saltbush, comprising 
>50% of the dry mass, have a relatively low ash content, which is about an order of 
magnitude lower than in the EDM. 

10) The dry basis percent ash is similar to that from low ash Victorian brown coal. 

11) The constituents in the ash are not expected to cause fouling problems in the bioDICE. 

12) The trunks and stalks of the saltbush sample showed a very high volatile matter, indicating 
high reactivity to combustion. 

13) The trunks and stalks of the saltbush sample showed a the dry basis calorific value of about 
19MJ/kg. 

14) The Ultimate analysis of saltbush trunks and stalks is similar to that of many types of woody 
biomass (Table 1). 

Table 1  Saltbush analyses - trunks and branches 

 Unit Air Dried Dry Basis Dry Ash Free 

Proximate Analysis  (ad) (db) (daf) 
Moisture (%) 6.70   

Ash (%) 3.10 3.30  
Total Sulphur (%) 0.03 0.03 0.03 

Volatile Matter (%) 71.10 76.20 78.80 
Specific energy (HHV) (MJ/kg) 17.71 18.98 19.63 

     
Ultimate Analysis     

Carbon (%) 45.50 48.77 50.43 
Hydrogen (%) 5.46 5.85 6.05 
Nitrogen (%) 0.60 0.64 0.67 

Oxygen (by difference) (%)   42.85 
 



bioDICE Milestone Final - February 2021 214 of 215 

Primary energy cost comparison 

Based on the above data on yield and primary energy content (CV, db), on published data of the cost of 
brown and black coal, and on the estimated cost of large scale saltbush production, it can be shown that 
the cost of primary energy from saltbush (trunks and stalks), brown coal and black coal is expected to be 
in the ranges 0.16 to 0.26c/MJ, 0.11 to 0.16c/MJ and 0.23 to 0.38c/MJ, respectively.  A similar trend is 
observed for energy on a gross wet (as received) basis. 

Clearly brown coal has the lowest cost primary energy, but also has the highest GHG intensity in power 
generation.  Black coal has the highest energy cost (although substantially lower than for natural gas), but 
also has a high GHG intensity.  Saltbush biomass energy cost is closer to, and is expected to overlap with, 
brown coal energy cost, but of course can be produced with negative GHG emissions. 

BioDICE LCOE 

First-order modelling of the LCOE from bioDICE fired with saltbush biochar- water slurry, including 
recycled gas and tar, provided an indicative cost of $70-90/MWh (using the plant cost data in the above 
report), depending upon a number of variables such as the yield of saltbush biomass per hectare, the 
overall efficiency of the process and the annual capital charges, etc. 

The important point to note is that this cost is comparable to intermittent renewables (solar and wind), and 
expected to be achieved for dispatchable power with negative GHG emissions.   It is also expected to be 
achieved with rapid start, rapid ramp rate technology which can provide the dispatchable (“firming”) 
component to support intermittent renewables. 

Saltbush bioDICEcomparison with natural gas power generation 

Because open cycle gas turbine (OCGT) generation has rapid start, rapid ramp rate capabilities, it is often 
assumed that natural gas is the natural partner of intermittent renewables to “firm up” the latter.  
However, as indicated above, bioDICE is expected to have superior rapid start and rapid ramp rate 
capabilities than OCGT, and similar maintenance penalty for rapid starts. 

It should be further noted that the GHG intensity of an OCGT, at the generation plant, is expected to be of 
the order of 500kgCO2/MWh, with a margin of ±10%.  Moreover, when operated in a rapid ramp rate 
mode, as required to support intermittent renewables, the GHG response increases substantially, (up to 
double when operating at (say) half load), much more so than for a diesel engine. 

Finally, in terms of GHG emissions, the full life cycle of natural or coal seam gas and its utilization has 
been determined to be in the range 630 to 900kgCO2/MWh (Australian Energy Regulator). 

Moreover, the LCOE from an OCGT in the NEM is expected to be of the order of $80 to $100/MWh. 

The conclusion is that on both cost and GHG emissions bases, bioDICE is expected to be a lower cost and 
more environmentally sustainable alternative to an OCGT to support intermittent renewables. 

Bio-sequestration, soil organic carbon and Australian carbon credit units 

Saltbush has a moderately deep root system (Fig. 1).  Anecdotally, the amount of biomass in the roots 
appears similar to that in the above ground biomass.  Walden and Harper et al (2017) reported the total 
biomass in leaves, stems and roots of A. nummularia at four sites in WA and found that the proportion of 
root biomass to a depth of 2m varied substantially from about 15 to 40% of the total biomass.   There may 
be several reasons for the lower result at one site.  It may simply be an anomaly since the mean root to 
shoots (stems + leaves) ratio was 0.37±0.04. It is also known that saltbush roots can extend to a depth of 
about 5m for mature plants. Saltbush plant life is usually 50 years or more, so the total root biomass, 
including carbon exudates and products of microbial and fungi products from roots at each site would be 
expected to be somewhat higher, if sampling below 2 m were included.  Clearly there is potential for 
substantial biosequestration of CO2 from saltbush and similar marginal land species root systems.  
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Figure 1.  Young saltbush foliage and rootstock at Scotdesco. 

For all practical intents and purposes, over the timeframe which is important in reducing atmospheric CO2 
and climate change, the vast majority of biosequestered CO2 is expected to persist in soil for many 
decades and in deep soil (300 mm to bedrock) for a century or more; in many cases for millennia. 

With some elements similar to the EU Emissions Trading System, the Australian Government has 
established a system of tradable carbon credits for CO2 biosequestration.  The system is managed by the 
Clean Energy Regulator (CER) and every tonne of CO2 converted to soil organic carbon (SOC) creates 
one Australian Carbon Credit Unit (ACCU).  At present, the market value of an ACCU is about A$16.  
With time Australian ACCU value is expected to approach the EU rate of about A$40/tCO2. 

Net negative greenhouse gas emissions for bioDICE 

The combination of renewables bioDICE dispatchable electricity production utilising the above-ground 
biomass effectively recycling carbon, coupled with bio-sequestration of additional CO2 drawn down from 
the atmosphere, offers the potential for net negative electricity production (Figure 2) with a technology 
offering the potential for rapid start, rapid ramp rate to support intermittent renewables power generation. 
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Figure 2.  Saltbush bioDICE with net negative greenhouse gas emissions 

A similar argument for net negative GHG power generation could be applied to saltbush combustion 
utilised in a steam boiler and turbogenerator, albeit with a much lower overall efficiency and inability for 
rapid start, rapid ramp rate electricity production. 

Net negative bioDICE power generation provides other environmental benefits and, of course, goes 
further than wind or solar which do not draw-down CO2 from the atmosphere.   

Moreover, bioDICE provides dispatchable flexible power and there is a strong case that when the real 
cost of energy storage (pumped hydo or batteries) are included with wind or solar, bioDICE will prove to 
be cost competitive, even for baseload electricity production. 
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