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a b s t r a c t
A major hurdle for the gasiﬁcation of biomass under pressure is the need to introduce a ﬁbrous biomass
feed material such as straw, switchgrass or miscanthus into a pressure vessel. One proposed solution is to
prepare a dense aqueous slurry from the biomass and then use a conventional high pressure pump. The
production of syngas from wheat straw and subsequent power generation is examined theoretically in an
Australian context. A slurry of concentration of 50% biomass by volume, which is regarded as the
maximum pumpable value, is dried with superheated steam and the biomass gasiﬁed at 2 MPa with
steam only in cyclones. It was found that the thermal deﬁciency of introducing excessive liquid water is
considerable, rendering the process unsustainable. The problem can be overcome by employing a subsidiary fuel such as natural gas, but even with the minimal amount of water, the required energy input is
equivalent to that of the straw. The net electrical efﬁciency of the process based on both fuels is 33.5%, so
that the approach would be contemplated only if the over-riding consideration was the use of the straw
for energy generation. The zero net present value cost of power production is 125 $ MWh-1 for 90 Gg of
straw consumption per annum.
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1. Introduction
The production of energy from biomass using thermal processes
may follow the combustion, pyrolysis or gasiﬁcation routes. Combustion is directed towards heat and electricity generation, while
pyrolysis is employed for the production of liquid fuels. Gasiﬁcation
can satisfy either aim, but at the cost of greater process complexity
and uncertainty. In the Australian context the process aims are
generally less ambitious, and are conﬁned to power generation. A
preliminary study by the authors on the relative merits for power
generation of combustion and gasiﬁcation, both at atmospheric and
elevated pressures, was undertaken [1]. The conclusion arrived at
was that combustion is currently the only viable option, although
pressure gasiﬁcation is theoretically superior in terms of efﬁciency
and cost.
The beneﬁts of gasifying under elevated pressures rather than at
atmospheric conditions have been repeatedly demonstrated e.g
Bridgewater [2]. The process for carbonaceous fuels is more efﬁcient when operated under a pressurised environment, with 2 MPa
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a typical ﬁgure. The advantage for power generation is that this
shifts the equilibrium composition towards higher concentrations
of hydrocarbons (methane) and hence higher syngas speciﬁc energy, but at the expense of somewhat diminishing amounts of
hydrogen and carbon monoxide [3]. The conﬁguration does not
require energy to pressurise the syngas for subsequent combustion
in a gas turbine. In addition the process density is enhanced, with
comparatively smaller reaction vessels required.
In the previous paper [1] an economic analysis was carried out
which showed that pressurised gasiﬁcation should be a better option than combustion for electricity generation, as the overall efﬁciencies of the former are far higher, and the cost to generate power
is lower. Unfortunately, there are some technical challenges which
are still unresolved. The clean-up of the syngas to make it suitable
for further processing is the study of considerable research, which
is slowly developing solution [4,5]. The major hurdle is the need to
introduce a cohesive and/or ﬁbrous biomass feed material such as
straw, switchgrass or miscanthus into a pressure vessel.
One feeding option which has been proposed is to pulverise the
fuel, make it into a dense slurry, and pump it into the gasiﬁer using
conventional pumps. A literature search has not uncovered many
examples of slurry feeding using water, which would be technically

the simplest. More emphasis has been placed on bio-oil produced
by pyrolysis as the slurry medium. The gasiﬁcation of this oil and
the corresponding char has received some attention e.g. Refs. [6e9].
The process of producing a dense slurry of biomass involves a
number of difﬁcult steps. Most biomass is hard to handle and resists
pulverisation to ﬁne sizes. Dry materials will retain their inherent
cell structures (see Fig. 1), which on water addition will be ﬁlled
before free water will become available to mobilise the particle
assembly. The only way to minimise overall slurry water content is
to pulverise the biomass to a sufﬁciently small size which ensures
destruction of the major cell walls.
The consequence of this is that a slurry produced from even a
dry feed material will contain quantities of water which compromise the thermal conditions of a gasiﬁer. In a conventional system
air (or oxygen) is added in sufﬁcient quantity to maintain the
operating temperature at the required value, typically in the vicinity of 800 ! C. The presence of water lowers the efﬁciency to such
an extent that pre-drying is essential, which then transfers the
thermal penalty to this operation. It must be addressed by adopting
a suitable process conﬁguration, typically with integration of the
various steps.
For example, the most prominent proponent of aqueous slurry
feeding is de Souza-Santos, who with co-workers has published a
series of detailed papers, of which the latest are [10e13]. At this
stage, they are desk-top studies which examine a similar concept
with different conditions and fuels. The last of the series, which
considers operation at a very high pressure to produce a net mechanical output of ~106 MW [12], will be examined as typical of the
approach.
The fuel considered is a hypothetical biomass with 50% asreceived moisture and a comparatively large particle size
(82% > 1.68 mm). This feed is slurried with water, pumped, dried in
a ﬂuidised bed at 10 MPa using ﬂue gas from a gas turbine, and the
dry solid then passed to a ﬂuidised bed gasiﬁer operating at a
similar pressure.
There are a number of assumptions in the proposal which need
closer examination. The core of the process is the production of an
aqueous slurry containing 40% solid biomass by weight. The 60% of
water is comprised of 40% inherent in the biomass and an extra 20%
of added free water. Since the particles are comparatively large, the
cellular plant structures would remain, and retain the inherent
water. The added water does not appear to offer enough volume to
ﬁll interstices such that the particles would be mobilised. On a
volume basis assuming the inherent water is retained, the slurry is
likely to be 80% solids. The feed system would then be more of an
extrusion rather than a pumping operation. The authors nominate a

manufacturer who would supply such a device, which needs to be
conﬁrmed in practice. The complicated ﬂowsheet incorporates two
gas turbines, ﬁve steam turbines and three gas compressors, all of
the latter with an intercooling stage.
It is hard to regard the process as practical when it relies on such
an arrangement. For instance, when considering the steam turbines, the mechanical outputs range from lows of 0.7, 3, 15 and
25 MW up to 104 MW. Of the gas turbines, one has an output of
222 MW, and the other 25 MW during which the working gas
decreases in entropy. The larger turbine operates at 9.9 MPa, which
is beyond the range of conventional machines.
A major ﬂaw in all the processes is the venting direct to the
atmosphere of large quantities of wet gas from the driers at high
pressures e.g. 83 kg s"1 at 0.9 MPa [12], 70 kg s"1 at 2.2 MPa [11].
This is inconceivable. The other conﬁgurations detailed in companion papers suffer from similar defects, meaning that the plants
described are unrealistic in concept.
In the present simulation, an assumption has been made that
the amount of water required for such a process will be determined
by slurry rheology. As a consequence the principal disadvantage of
this method is the large quantity of water introduced, and the
subsequent need to dry the biomass before the gasiﬁcation reaction. Application of the simulation software used here quickly
revealed that the water deemed necessary to produce a slurry made
the system unfeasible. As a result a supplementary fuel, in this case
natural gas, was required to support the drying/gasiﬁcation reaction. The quantity of NG was varied until a satisfactory energy
balance was obtained. It was found to be roughly equivalent, in
energy terms, to the amount of straw processed.
This paper proposes the use of superheated steam, rather than
air as the drying agent, and then employing the generated steam as
the only gasifying medium. It also proposes the use of a pressurised
cyclone as the gasiﬁer, thus simplifying the operation of pressure
vessels.
The advantages of this system are as follows.
# Conventional feeding equipment is employed.
# The steam drying process is equally as efﬁcient as, or more
efﬁcient than with air.
# High energy syngas is generated as nitrogen is excluded from
the gasiﬁer.
# The cyclone can act as an efﬁcient, compact gas-solid contacting
reactor.
The simulation is applied to wheat straw from central Western
Australia, one of the major cereal-producing regions of the world.

Fig. 1. Micrographs of a stalk of straw [22].

This choice was made because considerable amounts of feedstock
are available, and a study of availability and cost is available in the
literature [14].

2. Procedure
2.1. Process conﬁguration
Since the feed will be presented to the high temperature process
vessels as a liquid, it was decided to use a continuous-ﬂow system
for drying and gasifying. This has advantages for heat transfer and
the cost of pressure vessels.
The core of the process is an assembly of cyclones which is fed at
the operating pressure with a mixture of steam and the biomass.
The steam is supplied both by externally superheated steam, and by
the water from a dense biomass slurry. The cyclones are arranged in
a closely-packed conﬁguration to produce the required reaction
surface area for the biomass particles as they pass through the
system. By alternating the lines of feed pipes, a compact design of
multiple rows of cyclones can be designed to ﬁt into a gas-ﬁred
chamber. They are externally heated by a natural gas ﬂame to
maintain the chosen operating temperature. The emerging ﬂuegas
is then used to supply heat for the evaporation of the water in the
slurry before it enters the cyclones. A battery of parallel gasiﬁcation
assemblies is required to give a commercial throughput.
A suitable arrangement of one gasiﬁer assembly is shown in
Fig. 2. The process involves ﬁrst shredding and then wet grinding
the straw feed in a ball mill, followed by preparing it as a dense
slurry in an agitated tank. A diaphragm pump then supplies the
slurry to an array of tubular risers with riﬂed bores, modulated
through a control valve. Rings of manifolds feed superheated steam

Fig. 2. Elevation of proposed cyclone gasiﬁer.

into the bottom of the risers, entraining the slurry on the way. The
water in the mixture is evaporated as it traverses the riser, and then
empties into the cyclones, where the gasiﬁcation process is
completed. The syngas is collected in a manifold and forwarded to
the heat extraction exchangers.
The cyclones are maintained at a temperature of 800 ! C by
means of a natural gas ﬂame ﬁring into a chamber surrounding the
cyclones. Char and ash are extracted from the bottom outlet of the
cyclones, from where they pass to a manifold and are collected in a
lock hopper. The off-gas from the natural gas ﬂame is subsequently
directed into the vertical cylindrical casing enclosing the riser
bundle, which is conﬁgured with shell-side bafﬂes like a shell-andtube exchanger. Thus further heat is extracted from the ﬂuegas to
support the drying process. The ﬂuegas is then used to preheat the
biomass slurry to 210 ! C in another external exchanger before
passing to the stack.
The ﬂowchart of the proposed process, which is shown in Fig. 3,
is fairly conventional BIGCC technology. The inputs and outputs
parameters are presented in Table 3. The steam cycle is speciﬁed as
6 MPa at 460 ! C, with a ﬁnal condensing pressure of 20 kPa absolute
at a temperature of 60 ! C. The gasifying medium is steam taken
from the extraction turbine at 2.2 MPa, and then reheated to
650 ! C; it represents 17% of the steam ﬂow entering the turbine.
The gas turbine is envisaged as a utility machine such as a GE
MS-6101FA unit [15] which has a pressure ratio of 14.9 and a
maximum ﬂame temperature of 1280 ! C. The syngas emerging
from the cyclone battery is used to superheat the steam extracted
from the turbine of the steam cycle. This cools it to 360 ! C, which is
beneath the alkali condensing temperature necessary for the gas
cleaning step. The ﬁnal stack temperature is 138 ! C.
2.2. Dense slurries
Maintaining a minimum of water in the feed is crucial to successful operation of an auto-thermal gasiﬁer, but it is difﬁcult to
prepare dense slurries of biomass because of the latter's porous
nature. For instance, when an equal quantity by mass of water was
added to some wheat straw, no free water remained present [16].
Lignocellulosic material intended for biological treatment is
generally pre-treated with acid to improve slurry preparation e.g.
Refs. [16e18]. In the latter case even a 30% by mass slurry of acidiﬁed corn stover returned apparent shear stresses around 45 kPa.
Yield stresses of this order are reported for 50% by volume slurries
of non-porous nylon ﬁbers [19], and the shear stress rises to the
third power of the volume fraction.
Dense slurries are generally characterised by the volume fraction of the solid in suspension. The literature indicates [20,21] that a
50% volume fraction mixture is about the maximum possible
loading which will give a mobile slurry able to be pumped by a
standard high pressure pump. Unfortunately biomass such as
‘grassy’ wheat straw retains the plant cell structure, which involves
the cellulosic cell walls surrounding what is effectively a void space
where the cytoplasm has consolidated by drying after ripening. An
example is shown in Fig. 1, where two scales of voidage are
apparent [22]. Without pulverisation, this voidage would enclose
water which will not contribute to the interstitial ﬂuid mobilising
the slurry.
It follows that the ﬁner the grinding of the straw, the higher will
be the particle density, and the denser the slurry which can be
produced. Following a program of measurement, Lam et al. [23]
report the following “Assuming that a particle is a solid cylinder,
the bulk density of wheat straw was about 90 kg m"3, assuming it
was a hollow cylinder the bulk density was 500 kg m"3, and
measuring the volume using a pycnometer, the particle density was
roughly 1100 kg m"3”. Accordingly the particle density of ﬁnely-

Fig. 3. Flow diagram for the gasiﬁer.

divided straw was taken as 700 kg m"3, which implies the retention
of some voidage.
To obtain a 50% slurry by volume, the mass fraction of straw is
41%, with 59% water. Slurry of this concentration can be produced
by careful preparation [24e26] and ﬂow modiﬁers could be added
to enhance wetting and ﬂuidity. One speciﬁcation for particle size
distribution often cited for fuel applications [27] is that 75e80% of
the particles must be less than 75 mm, which reﬂects the desired
sizing for pulverised coal ﬁring. The effect of particle size on slurry
behavior is illustrated by Chen et al. [21], who found that a wider
distribution is effective in lowering viscosity at the same solid
loading. By examining Fig. 1 micrograph of Kristensen et al. [22], it
appears that the straw needs to be reduced to < 120 mm size by
pulverisation to open up some of the ﬁner cell structures.
2.3. Superheated steam drying
Stahl et al. [28] quote Mujumdar [29] concerning the advantages
of superheated steam dryers over air dryers. No oxidation or
combustion reactions are possible. Steam dryers have higher drying
rates than air and gas dryers. Steam drying also avoids the danger of
ﬁre or explosions and allows toxic or valuable liquids to be separated in condensers.
The use of steam drying has been recorded for a range of applications, particularly for low rank coals e.g. Ref. [30]. A comparison of the effects of air, microwave and superheated steam drying
found that there was little difference between the processes [31].
They found that during steam drying, aromatic structures remained
relatively unchanged up to 250 ! C, but decreased signiﬁcantly

thereafter because of some pyrolysis reactions that took place at
higher drying temperatures. Carboxyl and carbonyl groups were
especially labile. Steam drying experiments under elevated pressure showed that the rate of drying is limited by the rate of external
convective heat transfer [32].
The operating pressure appears to have no inﬂuence on the
drying rate [32]. The equilibrium moisture content is higher in a
higher pressure steam, and this equilibrium is attained earlier. At
atmospheric pressure and ambient temperature, the equilibrium
moisture content rises from 8% at 50% RH to 30% at 90% saturation
[33]. At 2 MPa and 300 ! C, it was assumed that the equilibrium
moisture content was effectively zero [34]. The turbulent nature of
the steam/slurry ﬂow means that drying of the ﬁne straw particles
would be almost instantaneous.
One application of steam drying applied to biomass involves
sawdust in a spouted bed at 200 or 240 ! C [35], and other trials
have been carried with the steam gasiﬁcation of biomass chars
[36e39]. Higher temperatures were considered here, so that some
biomass decomposition can be anticipated. Biomass pyrolysis
commences when the temperature approaches 300 ! C [40],
beginning with hemicellulose, followed by cellulose and ﬁnally
lignin. The changes under torrefaction with an inert atmosphere
reﬂect this behavior [41e43]. Any decomposition of the straw in the
technology proposed here will not affect the overall result, as all
vapour products will undergo reaction in the riser and cyclone.
2.4. Cyclone reactor technology
! de
! and co-workers [44e47] have shown
In a series of papers Le

that the cyclone is capable of performing as a high-throughput
pyrolysis or gasiﬁcation reactor. The reaction and product separation actions are incorporated into the same vessel. The capacity of
the cyclone to achieve high conversion rates for the solids is put
! de
! [44] to ablative reaction i.e. the heat transfer and
down by Le
chemical reactions are much faster than heat conduction through
the solid. The reactions occur in a thin layer at the surface, and steep
temperature gradients are formed. It was found experimentally
that there was a reproducible upper limit to throughput, above
which the sawdust being gasiﬁed adhered to the walls and blocked
the ﬂow.
The gasiﬁcation of rice husks was successfully achieved in a
cyclone reactor using air as the gasifying medium [48]. It was found
that judiciously introducing some of the air as a secondary stream
improved the quality of the syngas. The throughput achieved was
! de
!. Gabra et al. [49] also employed cysimilar to that found by Le
clones when gasifying bagasse.
2.5. Process modelling
The analysis used for the straw, which is taken from Saidur [50],
gives 8% moisture and 12% ash, and is presented in Table 1. In view
of the results found from our previous paper, a feedrate of
3.26 kg s"1 of as-ﬁred straw was modelled, which produces about
10 MW of electrical power in a combustion system and 15 MWe
under pressurised gasiﬁcation. This feed rate is equivalent to about
90 Gg annum-1. In that study, the process design and economic
analysis were carried out by means of the ECLIPSE software.
ECLIPSE was developed at the University of Ulster speciﬁcally for
such energy-based applications [51,52], and is used again here.
The ECLIPSE software is divided into a sequential series of steps
which entail (1) building a process ﬂowsheet, (2) entering feed
data, (3) carrying out a material and energy balance, (4) calculating
the utility requirements, (5) estimating the process and utilities
capital costs, (6) adding process stream and fuel costs, and ﬁnally
(7) performing an economic analysis. There is a data base supplied
for reaction components which can be supplemented by the user,
and a ﬁle base for process equipment design and costs. The system
is run manually on an iterative basis until all deﬁned input and
output values are satisﬁed.
When it was apparent that a supplementary fuel was necessary,
a sequence of simulations was progressively carried out with natural gas introduced through a burner ﬁring into the gasiﬁer
enclosure, until the operating temperature could be maintained at
800 ! C. This is the ﬁgure reported in the results.
For the present design, a fuel stock of 21 day's supply on-site was
deemed appropriate. With straw bales or rolls averaging only
180 kg m"3 in density, large covered storage areas are required. The
bales are shredded with a hammer-mill and the slurry prepared by
wet grinding in a ball mill ﬁtted with a classiﬁer circuit. Since this is
at the heart of the process, it is one aspect which would need
careful attention. Obtaining a suitable particle size distribution to
satisfy both the pumping and drying/reaction requirements would
be crucial to a successful operation.
The gasiﬁcation reaction was assumed to be carried out at
800 ! C, which ensures sufﬁciently high reaction rates and minimises downstream problems. The tars formed at lower
Table 1
Straw analysis.
Moisture content (as-sampled) %
Ash mass fraction (dry basis %)
Ultimate analysis (daf) % mass
HHV (daf) MJ kg"1

8
12
C 49.6, H 5.3, N 0.8, S 0.1, O 44.2
17.7

temperatures tend to be smaller molecules which are more easily
processed in the gas clean-up step.
The number of cyclones to be employed is determined by their
! de
! as 9 g s"1 per square metre of
maximum capacity, identiﬁed by Le
cyclone heated wall area [45]. The load under consideration
therefore requires 360 m2 of wall area. Cyclones of 200 mm internal
diameter are employed, with the length of the parallel body
extended to one metre (following [48]) to increase the wall area.
Each provides 0.78 m2 of heated area, so that approximately 460
cyclones are necessary. Allowing for a cyclone wall thickness of
10 mm, the design shown in Fig. 2 accommodates a maximum of 85
such cyclones, meaning that 6 units would sufﬁce.
A standard cyclone of this size requires an inlet pipe of rectangular cross-section of 50 $ 100 mm, and has a d50 cut size of
<10 mm [53]. However, the gas entry velocity for cyclones should be
10e15 m s-1, which sets the preferred inlet pipe dimensions. An
inlet aperture of 200 mm2 (10 $ 20 mm) will produce a velocity of
10e11 m s"1 under the conditions envisaged.
The evaporation/drying rate under steam is controlled by heat
transfer considerations, so that the height of the risers is determined by that rate. Boiling heat transfer rates in water-wall boiler
tubes under radiant conditions can sustain 400 kW m"2; in this
case the transfer will be controlled by the outside convective conditions, with an overall coefﬁcient taken as 200 W m"2 K"1. By
choosing an inside tube diameter appropriate to the cyclone inlet of
12.5 mm, the evaporation is complete in 7.5 m of tube. Further
drying will take place in the approach section of the cyclones.
The slurry is preheated to 200 ! C before passing to the dryer,
where the temperature is progressively raised to 800 ! C, vaporising
all water in the process. This implies that the pyrolysis reactions
would be initiated before char gasiﬁcation, which is preferable for
low tar formation and efﬁcient char gasiﬁcation [54]. It was
assumed that the gasifying/drying steam would be reheated to
650 ! C, and be fed to the bottom of the riser at 40% of the rate of
water added to produce the preheated slurry. This ensures that
there will always water present as vapour in the drying phase. The
steam: carbon mol ratio is 3.7:1 in the dryer and gasiﬁer.
As a complete thermodynamic or kinetic evaluation of the
gasiﬁcation process is not available in ECLIPSE, some assumptions
are required. Because the biomass feed is present in ﬁne sizes, and
almost total conversion of wood powder in ablative cyclone reactors was observed [45,46], the gasiﬁcation reaction was assumed
to be essentially complete. In addition, a solution requires some
user input. For example, the extent of char formation and of
methane formation needed to be speciﬁed, which was carried out
based on literature values [52]. As only one equilibrium calculation
could be included, the water gas shift reaction was chosen:
CO þ H2O 4 CO2 þ H2
Most examinations of gasiﬁcation product systems conclude
that the gases leave the gasiﬁer at close to equilibrium conditions
e.g. Refs. [55,56]. It can be seen that this reaction is insensitive to
pressure, whereas hydrocarbon formation is favoured by higher
pressures. The assumed/predicted output gas composition is shown
in Table 2, together with experimental outputs from other steambased gasiﬁcation trials of biomass [36,37,39], as well as an equilibrium value for a 3:1 steam:carbon ratio [3].
Tar formation is a major concern in gasiﬁcation operations.
There is evidence that gasiﬁcation with excess steam will signiﬁcantly reduce the quantity of tars formed at 800 ! C [57], perhaps to
a level of a few percent of the feed biomass [58]. Lignin gives a
higher tar yield than cellulose or hemi-cellulose, and produces
more stable components in tar due to its molecular structure [59]
but wheat straw is in the lower range of lignin contents for
biomass [22,50]. For these reasons it was assumed that a conventional tar removal system would perform adequately.

Table 2
Composition of dry synthesis gas from steam gasiﬁcation (volume %).
Author [Ref]

Pressure (MPa)

CH4

CO

CO2

H2

HHV (dry) (MJ m"3)

This work
[36]
[37]
[38]
[3]

2
0.1
0.1
0.1
2

6.4
2e9
6
7
12

15.8
12e17
22
20
25

24.0
24e27
27
17
13

53.7
50e56
38
50
50

10.8
~11
10.1
9.5
13.6

The speciﬁc energies were calculated only from the three fuel gases listed in the table.

Table 3
Inputs and outputs parameters.
Stream

Pressure (MPa)

Temperature (! C)

Flowrate (kg s"1)

Straw feed
Slurry water
Dryer/gasiﬁer input
Syngas product ex gasiﬁer
Steam turbine inlet
Steam turbine outlet
Passout steam
Steam cycle feed water
Syngas to gas turbine
Air to gas turbine
Gas turbine exhaust
Stack gas

0.101
0.101
2.050
2.050
6.000
0.020
2.050
2.15
0.101
1.550
0.201
0.101

25
25
213
800
320
60
320
49
362
25
732
138

3.26
4.57
10.46
10.46
16.00
13.50
2.50
16.00
10.09
30.47
40.56
63.48

The tars are removed over a char bed by thermal treatment i.e.
by the introduction a small bleed of air. Further gas cleaning is then
carried out with hot with ceramic candle ﬁlters at temperatures
between 350 and 370 ! C, so that alkali salts would have condensed.
Tests with bagasse indicate that most ash-forming components exit
with the char from a cyclone gasiﬁer, in contrast to the ash from a
ﬂuidised bed [49]. The literature suggests that tar concentrations of
50 mg m-3 are acceptable for internal combustion engine applications, and higher levels for gas turbines [58].
The study by Kingwell and Abadi [14] of straw availability in the
wheat belt of Western Australia established that a cost of 68 $ (in
2015) was appropriate for delivery to a centralised facility. Natural
gas was costed at 7.5 $ GJ-1. The char and ash removed from the
gasiﬁer were assumed to be returned to the farms as back-loading,
to be spread onto the ﬁelds as soil improver, at a cost of 22 $ t-1.
The application of spent gasiﬁer solids to soil is subject to some
reservations in view of the likely contamination with toxics. It appears that dioxins will not constitute a problem [58], nor will
metals [59]. The main concern would be PAHs which could damage
some soil microorganisms which promote plant growth. The proposed temperature of gasiﬁcation (800 ! C) is above the 650 ! C
commonly used in the preparation of chars by pyrolysis only
[59,60], and the gasiﬁcation simulation is carried out in the presence of steam, both of which will tend to destroy organic species.
Pricing the reactors was difﬁcult, as it is an unusual conﬁguration. The ECLIPSE package includes a ‘tube bundle’ reactor, which
was adopted here in the form of 6 units. This ﬁgure was then
doubled to allow for the complex tubing geometry.
The gas clean-up system was costed at 4% of the total capital
cost. Prices were calculated in pounds Sterling, and then converted
into US dollars (conversion used is 1.0 $ ¼ £ 0.82 in 2015). The
operating costs were taken as 3% of the capital cost, maintenance
3% and an internal rate of return of 10% was adopted. The location in
the WA wheat belt, although not remote, is sufﬁciently far from
ports and manufacturing sites that an extra site premium of 20%
was added. Although the ECLIPSE program is from the 1990s, the
capital costs were updated using the CE index.

3. Results
The design of the process is operable when analysed on the
ECLIPSE desktop simulation program. However, natural gas was
needed to supply approximately 47% of the thermal input to the
system. The composition of the syngas in Table 2 shows that as a
consequence of the high H/O ratio, the predominant gas is
hydrogen. Table 2 also lists some experimental results from the
literature for gas compositions obtained under similar, but lower
pressure gasiﬁcation conditions. The results obtained in the simulation are consistent with these data. As noted above, the amount of
methane generated was arbitrarily decided, and may be conservative. However, the assumptions made are unlikely to modify the
conclusions ﬁnally arrived at.
In this instance, water comprised 59% of the gas on a volume
basis, and roughly the same on a mass basis. The higher speciﬁc
energy of the dry syngas was 10.8 MJ m-3 (measured at 298 K and
101.3 kPa), but only 4.30 MJ m-3 wet. Although the water severely
reduces the caloriﬁc value of the gas, it represents working ﬂuid for
the gas turbine and contributes to the overall output. The gas turbine generates 60% of the total electrical output, and the steam
cycle 40%.
The natural gas supplies 14.1 MWh to the gasiﬁer in order to
drive the endothermic reactions, and 19.1 MWh to the dryer. The
net electrical output from the system is 29.5 MWe, with an overall
electrical efﬁciency, considering both fuels, of 33.5%. This is
approximately 2% higher than the ﬁgure found for the pressurised
gasiﬁcation of straw under similar conditions [1], but is lower than
what could be attained in a modern combined cycle gas turbine
ﬁring only natural gas. The decrease represents the penalty for
introducing large amounts of liquid water into the process. Hence it
represents a thermodynamic degradation of the natural gas, and
would be contemplated only if the use of biomass was driving the
application. The efﬁciency could be increased by using higher
process conditions for both cycles. Natural gas was chosen here to
give added thermal input to the process, but other alternatives such
as coal or solar energy could be substituted.

The emission of SOx is relatively modest at 285 mg Nm"3, but
the high nitrogen content of the straw may require ﬂue gas treatment, which would considerably increase the capital and operating
costs of the plant. In the Australian context, this is unlikely as the
installation would be at a comparatively isolated site.
In the NPV calculation a contingency of 15% was allowed, and
the plant availability was taken as 85%. The capital cost of the
process calculated using the ECLIPSE software was 71.2 M$ (in
2015). This was subsequently converted to US dollars i.e. 84 $. As a
result the unit capital cost of the plant is 2850 $ kWe-1 When
compared with recent literature values [61e63], this ﬁgure is found
to be consistent with the lower-tech end of the reported values.
The production cost of power at zero NPV over 25 years was
found to be 125 $ MWh-1, which is only slightly more than the 122
$ ﬁgure calculated previously with the same software for conventional pressurised gasiﬁcation [1]. However, in this case the technology is comprised of conventional-type equipment. It is also less
than the estimate for the combustion/steam turbine route of 133 $
MWh-1.
The proposed conﬁguration lends itself to the application of
solar energy as the auxiliary heating system, in order to decrease
the use of natural gas. Two avenues present themselves. Firstly, a
concentrated beam could be directed onto the array of cyclones
through the aperture currently occupied by the gas burner. That
burner could be repositioned as a ring of smaller radial burners.
Thus make-up heat could be added when insolation is either not
available, or is insufﬁcient. Note that the size of gasiﬁer unit discussed here requires over 2 MWth to sustain the reaction, and
another 3þ MWth for the evaporation/heating load. Secondly, the
slurry preheating could easily be carried out in the tubes of trough
solar concentrators.
4. Conclusion
The vexed question of using an aqueous slurry feed for pressurised gasiﬁcation needs clariﬁcation, as it is extremely sensitive
to the assumed water content. When an almost dry straw is converted into a 40% by volume slurry with water, a process simulation
shows that auto-thermal gasiﬁcation is untenable. An alternative
process proposed here for gasifying wheat straw appears to be
technically feasible and overcomes the limitations of conventional
systems, but suffers from the penalty that a supplementary fuel
such as natural gas needs to be employed at approximately the
same thermal input. The efﬁciency of use of the natural gas is
compromised in the system, due to the liquid water in the feed. The
cost of power generation is competitive with classical BIGCC.
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