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Abstract

Gasification, among the several thermochemical conversion processes, possesses
great potential in the advanced utilisation of biomass and wastes as a source for
energy and material production. This work deals with the characterisation of
reactivity and ash sintering in the gasification of biomass and wastes using
thermogravimetry (TG) as a tool.

The gasification reactivity of biomass fuels depends on many factors; in
particular the catalytic factors play a large role, and the behaviour is not easy to
predict. On the basis of results obtained experimentally and information
available in the literature, a method was developed for the characterisation of
reactivity and ash sintering of fuels to be used in fluidised bed gasification
processes, both atmospheric and pressurised. The purpose was to take into
account the complexity of the phenomena rather than to find systematic
correlations between the various fuel properties and reactivity and ash sintering,
or to determine kinetic parameters. The observed complexity was the spur to
develop a method, one that would be as simple as possible, to characterise
biomass and solid recovered fuels or wastes intended as feedstocks for use in
gasification while taking into account the conditions of the process. Thus, the
temperature and pressure ranges, heating rates and gaseous environment for the
thermobalance were selected so as to be relevant for the conditions existing in
fluidised bed gasifiers, including pressurised conditions. The temperature
maximum was thus 1000 °C, and the heating rate of the fuel sample was
adjusted to that when feedstock enters the reactor. The gaseous environment was
selected so that it would sufficiently describe that existing in a gasifier.

Solid recovered fuels were selected to represent waste-based fuels rather than
waste as a whole. The gasification reactivity of solid recovered fuels was found



to be similar to that of paper and higher than that of wood. Test results showed
broad scattering before the samples were extracted by sample division.

The method also provides information about ash sintering. The ash is the residue
remaining in the thermobalance after the gasification reactions, which thus
represents the conditions of gasification, even pressurised gasification. A
separate ash does not need to be prepared in the laboratory. The ash residue can
be classified into three categories: non-sintered ash, partly sintered ash and
totally sintered or fused ash. For some of the biomasses, ash sintering was much
stronger under pressurised conditions than at atmospheric pressure. The
laboratory findings for ash sintering appeared in various ways in real scale since
several factors affect the ash depositing in the reactor. Each time sintering (even
weak) was detected in the ash residue of the TG tests, agglomerates or deposits
were found in the reactor.

The results of thermobalance tests on different fuels were in good
correspondence with the behaviour of the fuels in fluidised bed gasifiers.
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1. Introduction

Gasification, among the several thermochemical conversion processes, possesses
great potential in the advanced utilisation of biomass and wastes as a source for
energy and material production (Kurkela et al. 2004, Maniatis 2001, 2004). In
gasification, biomass and solid waste are transformed into gas, which can be
burned directly as fuel or used as a raw material for synthesis gas or hydrogen
production. Considerable environmental importance rests upon the development
of highly efficient power cycles and on the production of liquid biofuels and
hydrogen from these renewable energy sources. Even though gasification
technologies have recently been successfully demonstrated, they continue to be
expensive relative to energy production based on fossil fuels. Strong drivers to
develop and commercialise biomass and waste gasification exist, however, in
face of the urgent need to increase the rates of biomass use and waste recycling
and to improve the efficiency of their use in electricity production.

As well as atmospheric pressure, gasification can also be achieved under high
pressure in integrated combined cycle (IGCC) applications. The need to
compress the fuel gas prior to its use in a gas turbine is then avoided. A small
overpressure is also possible when the product gas is used in engines (Patel &
Salo 2004). Pressurised gasification systems also have promising prospects in
the large-scale production of liquid fuels from biomass based on the gasification
and Fischer-Tropsch synthesis process (Kurkela et al. 2004, Maniatis 2004).

Since waste is often included with biomass in the concept of bioenergy, e.g. in
European Union statistics (EC 2005a), it was considered relevant to include it in
this work. However, solid recovered fuels (SRF) were selected to represent
waste-based fuels rather than waste as a whole. The biomass and waste-based
fuels are composed of numerous chemical compounds, which are difficult if not
impossible to analyse accurately. Instead, selected characteristics of the fuels are
determined in the laboratory, usually by standardised methods, to describe their
behaviour. Fuels are characterised for marketing purposes, for prediction of their
behaviour in thermochemical processes, and for evaluating their impact on the
environment.



For the most part these characteristics are related to combustion and little
attention has been paid to other processes like gasification. The present work
fills a gap by developing and testing a characterisation method that provides
specific information about biomass and waste-based fuels intended for use as
feedstock in atmospheric and pressurised gasification processes. The method,
which is based on thermogravimetry, produces information about the
gasification reactivity related to the achievable conversion of carbon in the
process and about the ash sintering and deposition that may hamper the process
operation. Attention needs to be paid to the pre-treatment of the sample,
particularly heating rate and stabilisation conditions. Importantly, it was
established that pressure should be included as a parameter in the method.

The thesis comprises, in addition to the present summary, the following
publications, which are attached as eight appendices. The first six papers deal
with gasification reactivity, and the last two papers with ash sintering:

I Moilanen, A., Saviharju, K. & Harju, T. 1994. Steam gasification
reactivities of various fuel chars. In: Bridgwater, A. V. (ed.). Advances
in Thermochemical Biomass Conversion, Vol. 1. London: Blackie
Academic & Professional. Pp. 131-141.

11 Moilanen, A. & Kurkela, E. 1995. Gasification reactivities of solid
biomass fuels. Preprints of Papers Presented at the 210™ ACS National
Meeting, Chicago. Vol. 40, No. 3, pp. 688—693.

11 Moilanen, A. & Miihlen, H.-J. 1996. Characterisation of gasification
reactivity of peat char in pressurised conditions. Effect of product gas
inhibition and inorganic material. Fuel, Vol. 75, No. 11, pp. 1279-1285.

v Moilanen, A. & Saviharju, K. 1997. Gasification reactivities of biomass
fuels in pressurised conditions and product gas mixtures. In: Bridgwater,
A. V. & Boocock, D. G. B. (eds.). Developments in Thermochemical
Biomass Conversion, Vol. 2. London: Blackie Academic and
Professional. Pp. 828—837.
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2. Literature review

The literature reviewed in this work deals with the characteristics, reactivity, and
ash sintering related to the gasification of biomasses and wastes. The focus is on
biomass and the use of thermogravimetry as a method. The abundant
information available on biomass and waste combustion (or incineration) and on
coal gasification is mainly excluded. In addition, literature dealing with the
determination of kinetic parameters for biomass gasification is not reviewed
since the gasification reactivity of biomass varies widely (as observed in this
work) and general conclusions cannot be drawn from tests carried out on a single
biomass fuel. More detailed studies are needed to understand the factors
affecting the gasification reactivity of biomass chars. Furthermore, in the
literature describing the kinetics of biomass gasification, little attention has been
paid to the reactivity behaviour, i.e. the gasification rate vs. conversion, which is
the subject of interest here.

2.1 Gasification and gasification processes

When fuel is fed to a gasifier, water and volatile matter are released fast and a
char residue is left to react further. The char gasification is what mainly controls
the conversion achieved in the process. From solid carbon, product gas is formed
according to the following main reactions:

C+H20—>CO+H2 (1)
C+CO, — 2CO ()
C +2H, — CH.. (3)

In addition to the reactions of solid carbon, the most important reaction is the
water-gas shift reaction, which takes place in the gas phase:

CO +H,0 < H, + CO,. (4)
The product gas generally contains large amounts of hydrogen and carbon

monoxide and a small amount of methane, as well as carbon dioxide and steam,
and in air gasification nitrogen. In addition, a significant amount of other organic
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components in the gas, known as tar, is formed. Tar formation is a well-known
phenomenon in coal (Aristoff et al. 1981, McNeil 1981) and biomass gasification
(Milne et al. 1998, Simell 1997, Simell et al. 2000, CEN BT/TF 143 2004).

Since the reactions (1) — (3) are endothermic, heat is needed. The simplest way
to produce the heat is to burn a part of the fuel in air. Pure oxygen can be applied
to avoid the dilution of the valuable product gas components with air nitrogen.
Typical lower heating values (LHV) of wet product gas from different fuels have
been reported by Kurkela & Stihlberg (1992) as 3.5-5 MJ/m’n (normal cubic
metre). According to Babu (2006), the higher heating value (HHV) of product
gas from biomass gasification processes could exceed 17 MJ/m’n.

There are three main types of gasifier — fixed bed, fluidised bed, and entrained
flow — which together represent the most promising methods to gasify biomass
and waste. Gasification processes based on these methods and with commercial
potential in the modern utilisation of biomass and wastes were considered in a
recent review by Kurkela et al. (2004).

Fixed bed gasifiers are suitable for small-scale processes, i.e., less than 10 MW.
Feedstock flows by gravity, while the gas flow can be either updraft or
downdraft. Ideally, the feedstock should be piece-like and fairly homogeneous to
flow smoothly in the reactor. In practice, however, it contains fines and fibrous
material, which cause problems in the fuel flow leading to operational problems.
The flow problems can be avoided by applying a new type of technology
(“Novel” fixed bed gasifier), in which the flow is forced (Kurkela et al. 2000,
Kurkela et al. 2004).

Fluidised bed reactors could solve the problems related to nonhomogeneity of
the feedstock, but they are too expensive in small scale. In fluidised bed
technology, the feedstock must be crushed to millimetre size before it is gasified
in either bubbling or circulating mode. These gasifiers are suitable for scales up
to hundreds of megawatts. Recently, fluidised bed technology was applied for
wastes where the product gas is combusted in a pulverised coal-fired boiler
(Figure 1, Palonen et al. 1998, Kurkela et al. 2003). The same method has been
used to recover aluminium from the reject produced in liquid packaging board
(LPB) recycling (Palonen et al. 2000). The circulating fluidised bed has been
demonstrated to be particularly suited for fuels containing high contents of alkali
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metals, where ash sintering problems can be avoided by using limestone and

special arrangements with the feeds (Pat. WO0011115 2000).

@ FOSTER WHEELER

CFB BIOMASS GASIFIER

40 — 70 MWth

KYMUARW. FINLAND

CFB BIOMASS GASIFIER
Connected to 350 MWth
Steam Boiler

GASIFIER DATA

Fuel Input
Fuels

BOILER DATA

Benson Reheat

BOILER STEAM DATA
Total Heat Output
Pressure
Temperature
Electricity Output
District Heat Qutput

40 - 70 MWth, moisture 50 - 20 %
Wood Waste

Bark

Sawdust

Origin Classified Refuses (REF)
Biomass

125 kg/s

Coal

max. 360 MWth
170/40 bar
540/540 *C

138 MWe

max. 240 MWth

Figurel. The fluidised bed gasifier connected to the pulverised coal-
fired boiler in Lahti and the major data (Foster Wheeler Energia Oy
1998).
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In the third type of gasifier, the entrained flow gasifier, pulverised fuel is
gasified at high temperature. This is regarded as one of the optional processes
for liquid fuel manufacture from biomass and wastes (Kurkela et al. 2004). High
pressure gasification based on the entrained flow process can be applied to
improve the energy recovery from black liquor (Maniatis 2004, Chemrec 2005).

2.2 Biomass and waste as fuel

Biomass-based fuels are non-fossil and renewable and are regarded as CO,
neutral since biomass assimilates carbon dioxide from the atmosphere during
growth. In the 25 member states of the European Union (EU), the share of
biomass and wastes in the gross consumption of energy (Gross Inland
Consumption) represented 69 millions tonnes of oil equivalent in 2003, which
was 4% of the total. The amount used in the EU is expected to increase
substantially (EC 2005b, EC 2006).

Vegetative biomass can be classified into the categories woody, herbaceous,
agricultural by-products, energy crops, and black liquor. Black liquor is a by-
product of the forest industry, consisting of organic matter dissolved in the alkali
solution used to separate the fibres during chemical pulping (Grace et al. 1989).
Because of the high concentration of alkali, black liquor deviates significantly
from other biomass.

Chemically, biomasses consist of organic components such as cellulose, lignin,
hemicelluloses, lipids, proteins, starches and sugars. They also contain water,
alkaline and earth-alkaline metals, chlorine, nitrogen, phosphorus, sulphur,
silicon and some trace elements and heavy metals.

The waste fuel considered in this work is solid recovered fuel (SRF). It is a
relatively new concept, applied in Finland and the Netherlands and a few other
European countries (de Vries et al. 2000) but not included in many studies. In
Finland, 300 000 t/a of dry solid recovery fuel was co-fired in industrial and
municipal boilers in 2004 (Wilén et al. 2004). If wastes are incinerated as such,
heat and electricity will be produced with poor efficiency (Ludwig et al. 2003).
For effective use, they need to be refined into various fuel products, such as
solid recovered fuels, which are mainly processed from source-separated wastes,
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and refuse derived fuels (RDF), which are manufactured directly with no source
separation. Source separation takes place at the site where the waste is formed,
with different types of material, such as bio-organic material (food, garden
waste), paper, metal, glass and LPB, being placed in separate collection bins.
The remaining part, consisting mainly of plastics, paper-plastic mixtures, cartons
and wood, is suitable for raw material in SRF processing. Source separation
practices differ from one community to the next, and, according to the main
waste streams, SRF can be categorised as originating from household waste,
industrial and company waste and construction wood waste. SRFs are prepared
at special processing plants, where the incoming waste material is first treated
for the removal of large objects and then processed in various crushing and
screening operations. Metals are removed by magnetic and eddy current
separators. (Wilén et al. 2004, de Vries et al. 2000, Tekes 2003, Wilén et al.
2003, SFS 5875 2000, CEN/TC 343 2006).

Recovered fuels are less homogeneous than other solid fuels because they are
mixtures of various man-made materials, and wide variation in the properties
(specific gravity, chemical composition etc.) from particle to particle is probable.
The quality determined for an SRF is significantly affected by the sampling.
Sampling tests carried out on different SRF streams have shown wide variation
in the properties at short intervals (Ajanko et al. 2005a, Moilanen et al. 2005).

The Finnish SRF standard ranks the quality on the basis of impurities rather than
energy content (SFS 5875 2000). Moreover, the EU waste incineration directive
lists a number of trace elements and heavy metals, the emissions of which must
be limited when wastes and waste-derived fuels are used as fuel (EC 2000). In
addition, the high amounts of chlorine and heavy metals like zinc, copper and
lead can cause both sintering and corrosion in the combustion of waste-based
fuels (Bryers 1996).

2.3 General fuel properties

The most important characteristic of fuel is the calorific value, which is the
amount of energy (mega joules, MJ) in a unit of mass (kg) or volume (m®) of a
fuel. Water and ash in the fuel will lower the calorific value. Several other
characteristics are determined to describe the technical and environmental
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aspects of the fuels, as noted below. These characteristics are usually determined
by standardised methods, and they have recently been presented in the technical
specifications developed by CEN (European Committee for Standardisation) for
biomass fuels (CEN/TC 335 2006) and SRFs (CEN/TC 343 2006). Table 1
presents selected biomass fuel characteristics determined according to the
standardised methods (Wilén et al. 1996). Biomass and waste fuel characteristics
are also collected in the publications of Phyllis (2000) and Alakangas (2000).

The moisture content is the amount of water evaporated by drying, and the ash
content is the residue remaining after the sample is burned. Volatile matter
describes the amount of gases when a material is heated in an oxygen-free
environment. The heating value is the energy content, and it is determined by
burning a sample totally in a calorimeter. It can be expressed as gross calorific
value or higher heating value (HHV) and as net calorific value or lower heating
value (LHV) (CEN/TS 14588:fi 2003). Since the results are dependent on the
measuring conditions, all determinations are carried out under controlled
conditions according to the standardised methods.

The analysis of the elemental composition of biomass and waste-based fuels
mainly focuses on carbon, hydrogen, oxygen, nitrogen, sulphur and chlorine.
Usually, these elements are determined by instrumental methods. C, H, and S are
measured by infrared absorption, while N is determined by thermal conductivity
after the fuel sample has been burned completely (using Leco instruments, for
example). Chlorine can be determined according to the oxygen bomb method
(ASTM D 4208-88 2002) followed, for example, by a capillary electrophoresis
technique.

The ash chemical composition of solid fuels is described in terms of the
elements Si, Al, Fe, Ca, Mg, K, Na, Ti, S and P. These are the elements normally
determined in the ash. Ash forming constituents are constituents in the fuel from
which ash is formed. In biomass they are salts, organically bound compounds
and extraneous material such as soil and sand. Their amounts can be determined
by chemical fractionation tests (Zevenhoven-Onderwater 2001). In SRF, ash
forming material is often of man-made origin — fillers in paper and plastics,
pigments, metal pieces etc. The high content of alkaline metal in biomass fuels
constitutes the main difference between these and fossil fuels. Alkaline metals
cause ash sintering and corrosion but also catalyse oxidation reactions of char.
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Table 1. Fuel characteristics for selected biomasses: A) dry basis, B)
dry ash-free basis (modified from Wilén et al. 1996). HHV=higher
heating value, LHV=Ilower heating value, O(diff) = oxygen content

obtained by difference.
A) dry basis
Moisture| Ash|Volatile| Fixed | HHV|LHV | C |H| N (0] S Na K Cl
matter |carbon (dift.)
%) | % | % % [MIkg[MIkg|l % |%| % | % | % |mg/kg|lmg/kg|lmg/ke

Northern Woody Biomasses
thfg’sd 39 [06]| 80.0 | 19.4 [20.89]19.56(51.8]6.1] 0.3 | 41.2 |0.01| 42 | 983 | 42
Forest
E‘I’fi;ds“e 63 [13| 793 | 19.4 [20.67]|19.34(51.3(6.1] 0.4 | 40.9 [0.02| 76 |1377| 76
(Finland)
Forest
Z‘;’lsi;)dsue 6.3 |41 741 | 21.9 [20.54]|19.27[51.0(5.8] 0.9 | 38.2 [0.04| 640 |2604 | <50
(Sweden)
Sawdust 153 10.08] 83.1 [ 168 | - |19.03]51.0{6.0/0.08/42.8| 0 | 20 | 480 | <50
(pine)
Sapflt‘ce 53 |23 752 | 225 [19.83]18.54[49.9(5.9| 0.4 | 41.4 [0.03| 89 |3003 | 279
Pine bark 47 |1.7] 73.0 | 253 [20.95]19.70(52.5(5.7| 0.4 [ 39.7 {0.03| 29 [2133 ]| 85
Salix 24 12| 799 | 18.9 [19.75|18.42(49.7|6.1{ 0.4 | 42.6 [0.03| 37 |4058| 37
Agricultural Biomasses
Wheat
straw 103 47| 777 | 17.6 |18.94]|17.65|47.3|5.9/ 0.6 | 41.5 |0.07| 140 | 5480 | 1710
(Denmark)
Barley
straw 11.5 |59]| 76.1 | 18.0 |18.68[17.43(46.2(5.7| 0.6 | 41.5 |0.08| 333 [12188] 2737
(Finland)
Rapesced 84 29| 792 | 17.9 |19.33]18.0448.1/5.9] 0.8 | 42.1 [0.21] 166 | 5768 | 965
Flax
(whole 84 |29 78.8 | 18.3 |20.04|18.71(49.1[6.1| 1.3 | 40.5 |0.12| 133 | 5147 | 588
straw)
Flax 6.6 |1.8]| 78.6 | 19.6 [20.19|18.86(50.3|6.1| 0.6 | 41.1 [0.07| 87 |3362| 381
(shive)
Reed
canary 77 89| 735 | 17.7 [18.37]17.13[45.015.7| 1.4 | 38.9 |0.14| 154 | 3479 | 639
grass
European Biomasses
Sweet
sorghum 70 |47] 772 | 18.1 [18.91]17.65[47.3|5.8| 0.4 | 41.7 |0.09| 678 | 4614 | 2996
(Italy)
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Efari;g 7.5 3.6 794 17.0 | 18.58(17.32146.6(5.8( 1.0 | 42.8 |0.14| 517 | 7254 | 1748
l(\ftﬁlcy*;mhus 57 33| 785 | 182 |19.03]17.72|47.9(6.0] 0.6 | 41.6 [0.55| 259 | 9702 | 3266
(CI?;S/) 5.8 3.7( 779 18.4 | 18.06(16.75]|47.7(6.0[ 0.5 ] 41.9 |0.16] 183 | 9706 | 2922
?gesfr‘;‘ﬁ‘;)s 8.6 [23] 793 | 18.4 |19.43[18.13|48.6(6.0] 0.3 | 42.7 [0.08| 27 | 3027 | 1405
Minimum 24 10.08] 73.0 16.8 [18.06]16.75(45.0(5.7]0.08| 38.2 ] 0 20 480 37
Maximum 153 |89 83.1 25.3 120.95(19.70152.5(6.1| 1.4 | 42.8 |0.55 678 |12188( 3266
Average 7.3 3.1 77.8 19.1 |1 19.54(18.29149.0(5.9( 0.6 | 41.3 |0.10| 201 | 4687 | 1242
" as received
B) dry ash-free basis
C H N S Volatile | Fixed | HHV LHV
matter carbon
% % % | % % % MJ/kg | Ml/kg
Northern Woody Biomasses
Wood chips 52.1 6.1 0.3 10.01 80.5 19.5 21.0 19.7
Forest residue chips (Finland) 520 | 6.2 |04 ]0.02 80.4 19.6 20.9 19.6
Forest residue chips (Sweden) 53.2 6.0 |09 (0.04 77.2 22.8 21.4 20.1
Sawdust (pine) 51.0 6.0 | 0.10.00 83.2 16.8 19.0
Spruce bark 51.1 6.0 | 0.410.03 77.0 23.0 20.3 19.0
Pine bark 53.4 58 [0.410.03 74.3 25.7 21.3 20.0
Salix 50.3 6.2 |0.410.03 80.9 19.1 20.0 18.6
Agricultural Biomasses
Wheat straw (Denmark) 496 | 6.2 | 0.6 0.07 81.5 18.5 19.9 18.5
Barley straw (Finland) 49.1 6.1 | 0.6 0.08 80.9 19.1 19.8 18.5
Rapeseed 49.5 6.1 |0.8]0.22 81.5 18.5 19.9 18.6
Flax (whole straw) 50.6 6.3 1.3 10.12 81.2 18.8 20.6 19.3
Flax (shive) 51.2 6.2 | 0.6 [0.07 80.0 20.0 20.6 19.2
Reed canary grass 49.4 6.3 1.5 10.15 80.6 194 20.2 18.8
European Biomasses
Sweet sorghum (Italy) 49.7 | 6.1 | 0.4 [0.09 81.0 19.0 19.9 18.5
Kenaf (Italy) 48.4 6.0 | 1.0 |0.15 824 17.6 19.3 18.0
Miscanthus (Italy) 49.5 6.2 | 0.6 [0.57 81.2 18.8 19.7 18.3
Cane (Italy) 495 | 62 [05(0.17| 80.9 19.1 18.8 17.4
Miscanthus (Germany) 49.7 6.1 0.3 10.08 81.2 18.8 19.9 18.6
Minimum 48.4 5.8 [ 0.110.00 74.3 16.8 18.8 17.4
Maximum 53.4 6.3 1.5 10.57 83.2 25.7 21.4 20.1
Average 50.5 6.1 [ 0.6 ]0.11 80.3 19.7 20.2 18.9
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Determination of the heavy metal and trace element content is usually done by
dissolving the fuel sample totally and determining the elements in the solution.
SRFs containing plastics may be difficult to dissolve. The contents of heavy
metals and trace elements tend to be low in biomass, but will probably be higher
in biomass originating from polluted areas (Phyllis 2000). Woody biomass like
heartwood (or timber) contains almost none of these elements. A summary of the
trace element and heavy metal contents in timber and whole wood is presented
in Table 2. In SRF, in contrast, these elements can be abundant (Ajanko et al.
2005a, 2005b, Moilanen et al. 2005) originating from a variety of materials,
including pieces of metal, additives, pigments and wood impregnating agents.

Table 2. Trace element and heavy metal contents (mg/kg dry matter) of
timber (heartwood) collected from various parts of Finland, compared
with the contents in whole wood.

Element g‘;bg; Wood (Phyllis 2000)
lisalmi | Riihiméki| Tornio Harjavalta Min Max | Average

Cl 20 10 10 20 10 11890 590
Hg <0.1 <0.1 <0.1 <0.1 0 2 0,1
Cd <0.05 0.07 0.17 0.12 0 3 0.7
Sb <2 <2 <2 <2 0 4 0.8
As <1 <1 <1 <1 0 6.8 1.4
Co <4 <4 <4 <3 0.1 6 1.9
Cr <4 <4 <4 <3 0.4 130 24
Cu <4 <4 <4 <3 0.3 400 22
Pb <1 <1 <1 <1 0.2 340 30
Mn 102 54 97 55 7.9 840 181
Ni <4 <4 <4 <3 0.4 540 29
Zn 8,9 7.0 11 9.6 22 130 50
Tl <2 <2 <2 <1 - - -
Sn <2 <2 <2 <1 0.3 10 1.7
\% <4 <4 <4 <3 0.2 23 4.3
Fe 66 9 270 437 6 3600 227
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In both fossil and biomass fuels, aluminium is present in the form of aluminium
oxide, as in clays, but in SRF it can also be in metal form. Metallic aluminium is
highly reactive and can cause problems in high temperature processes. It can
also be harmful in the ash, since hydrogen gas may form, if the ash becomes wet
during storage (Chandler et al. 1997). Thus, it is important to know the content
of aluminium in SRF. One way to measure aluminium is to measure the
hydrogen gas formed in its reaction with base (Muhola & Moilanen 2001).

Table 1 also summarises the characteristics of biomass fuels of different origin
(Wilén et al. 1996). The selected properties, like heating value, carbon content
and hydrogen content of the organic matter (i.e., the ash-free material), varied
within a reasonably narrow range. The HHV varied between about 19 and 21
MJ/kg of dry ash-free material. Likewise, Ayhan (2004) observed in studies on
the combustion characteristics of different biomass fuels that properties of the
biomass samples such as hydrogen content, sulphur content and ignition
temperatures varied within a narrow interval.

The greatest variation is in the ash content and in ash chemical composition, as
shown also by Osman (1982). The ash content was lowest (0.08%) for sawdust
and greatest (8.9%) for reed canary grass while potassium, silicon and calcium
contents showed the greatest variability in the ash chemical composition.
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In the case of SRF, the characteristics of greatest interest have been contents of
halogens, heavy metals and trace elements (Ajanko et al. 2005a, 2005b and
Moilanen et al. 2005). High levels of impurities, unevenly distributed were
found to be typical of SRF. The uneven distribution was particularly evident in
the variation in chlorine content in sampling tests. This variation in chlorine
content for SRFs of different type measured from the samples taken every 20
minutes in SRF processing plants a, b, ¢, d and e, is shown in Table 3 and in
Figure 2. The plant d was an exception, since there the sampling was carried out
twice a day. In the plants the wastes were from different origin: plant a)
combustible household waste; plant b) 50% combustible household waste and
50% combustible wastes from the waste mixture from industry and construction
wood; plant ¢) combustible waste from industry; plant d) construction wood
waste and plant e) SRF pellet. According to the results, the largest variation in
Cl content from 0.3% to 2.3% was observed especially in the waste mixture
containing wastes both from households and from industry (plant b). The
elemental composition of selected SRFs is presented in Table 4 along with the
fuel characteristics.

When the contents of wastes were examined by manual sorting of waste
fractions to be used as fuel, it was found that the main sources of impurities were
leather, plastics and rubber (Ajanko et al. 2005b). These contained much larger
amounts of Hg and Cd than the rest of the waste. Materials and compounds
containing the impurity elements were detected by SEM-EDS (Moilanen et al.
2002, Ollila et al. 2006). The SEM-EDS results showed that impregnated wood,
metals such as aluminium, brass and copper and PVC are the most common
impurities.

Table 3. Chlorine contents in SRF (% in dry matter, see text for the
legend of the processing plants).

SRF processing Min Max Average
plant
a 0.22 0.85 0.46
b 0.16 2.3 0.59
c 0.02 0.91 0.21
d 0.02 0.05 0.14
e 0.15 1.0 0.53
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Figure 2. Chlorine content of various SRF qualities and SRF production
processes, indicated with letters a, b, ¢, d and e (Ajanko et al. 2005a,
Moilanen et al. 2005).
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2.4 Characterisation of biomass and waste fuels for
gasification

This section presents a review of methods for characterisation of biomass and
waste fuels published in the literature, especially where gasification is intended.
First, the general fuel characterisation is described, and then the reactivity and
ash sintering aspects are discussed. Previous studies on the reactivity of fuels in
small-scale reactors and the thermobalance are noted. In the case of the
thermobalance, these are mostly studies on coal rather than biomass. Various
parameters affecting the results of thermogravimetric measurements, together
with some special applications, are described. Since the gasification studies of
solid fuels in a thermobalance are often at the same time studies on char
gasification, the literature on char reactivity and related properties is also
reviewed. Brief note is made of the kinetic parameters of biomass gasification
since gasification studies of biomass often involve investigation of the kinetics.
The thermogravimetric characterisation of waste in a thermobalance is described
in a separate section. Finally, previous work on the characterisation of ash
sintering with the main focus on gasification is summarised.

2.4.1 General fuel characterisation

Characterisation of biomass for gasification and other thermochemical processes
is often based solely on determination of the general fuel characteristics (e.g.
proximate and ultimate analysis, heating values, ash fusion temperatures etc.),
the chemical composition and physical properties relevant for gasification. By
way of example, Graboski & Bain (1979), Rossi (1984) and Mattsson (1998)
identified moisture content, heating value, ash content, ash fusion temperature
and alkali content as important parameters of feedstock quality for
thermochemical conversion technologies. Also included in the list were particle
shape, particle size and size distribution, flowability and bulk density.
Characterisation is also often reported for a single biomass or a selection of
biomasses existing locally. Coovattanachai (1986) was interested in the
gasification characteristics of the main agricultural residues in Thailand and
determined the natural size, bulk density, ash content, ash melting point and
moisture content for gasification. Faaij et al. (1997b) investigated 18 different
biomasses in the Netherlands for gasification. These originated from agriculture,
organic waste, wood and sludges. Their study also examined the suitability for
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gasification in terms of the general fuel properties, such as moisture and ash
contents and nitrogen and chlorine contents. Faaij et al. (1997a) completed the
characterisation with a determination of the fuel-gas composition by laboratory-
scale fuel reactivity tests and subsequent model calculations for gasification of
clean wood, verge grass, organic domestic waste, demolition wood and a wood-
sludge mixture.

Waste-based fuels are characterised in the same way as the conventional fuels.
Schonberger et al. (1978) compared the fuel characteristics of refuse derived fuel
(RDF) from two Pennsylvania communities. In both cases, the heating value of
RDF correlated with moisture and ash content, and a great statistical significance
was calculated for ash. Glaub and Trezek (1987) regarded mixed paper waste as
an attractive energy source since it is relatively homogeneous and mostly free of
putrescibles, metals and other non-combustibles. They concluded that minimal
processing is required to convert it to fuel for gasification. When processed into
densified fuel, the heating value is close to that of wood.

2.4.2 Reactivity characterisation in small-scale reactors

The behaviour of a fuel in a process is a combination of many factors including,
in addition to the fuel characteristics, the physical properties of the feedstock,
the process parameters, fragmentation of the fuel, fuel char and type of reactor.
Thus, the fuel is often studied in small-scale reactors, which describe the fuel
behaviour in the process as a whole. Rensfelt et al. (1978) studied pyrolysis and
gasification in laboratory-scale reactors designed for experiments with biomass
and peat for fluidised bed gasification. Sipild (1988) used an atmospheric bench-
scale fluidised bed reactor to study the reactivity of wood, peat and lignite chars,
monitoring the reactivity and variation of char properties as a function of
conversion. The tests indicated the essential effect of the pore structure of
2—4 mm particles on the reaction rate at 820°C; the reaction was significantly
affected by pore diffusion at this temperature. Meister (2002) gasified almond
shell, walnut pruning, rice straw, whole tree wood chips, sludge, and non-
recyclable waste paper in a bench-scale atmospheric fluidised bed reactor. Only
a general fuel characterisation was included. The laboratory results for
proximate, ultimate, bulk density and particle size distribution analyses done
during the gasification tests were compared with predictions obtained with a
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bubbling fluidised bed model. Furthermore, for fixed bed gasification, Di Blasi
et al. (1999) used a laboratory-scale fixed bed gasifier to produce data for
process modelling and to compare the air gasification characteristics of beech
wood, nutshells, olive husks and grape residues. Williams and Goss (1979)
assessed the gasification characteristics of selected agricultural and forest
industry residues using a laboratory-scale downdraft gasifier.

2.4.3 Reactivity characterisation in the thermobalance

Combustion and gasification are frequently studied in the laboratory with a
thermobalance. A defined set of parameters, such as temperature, pressure and gas
composition, is selected for the reactor, and the weight of a sample is monitored as
a function of time. Wide-scale characterisation has been carried out on gasification
reactivity of fossil fuels like coals and lignites: one of the best known studies was
that done by Johnson (1974) who used extensively a pressurised thermobalance to
develop kinetic models of coal gasification. A thermobalance has been used to
study the kinetics of coal gasification under different conditions by Walker et al.
(1953), Pilcher et al. (1955), Jenkins et al. (1973), Hippo & Walker (1975),
Tomita et al. (1977), Mahajan et al. (1978), Schmal et al. (1982) and Saffer
(1983). Thermogravimetric method has been described as a tool for the study of
heterogeneous kinetics of char gasification by Laurendau (1978), and also by
Graboski (1979) for biomass. Steam gasification reactivity of peat was studied by
Sipild et al. (1980) in a thermobalance. Stenseng et al. (2001) investigated
different stages in combustion and gasification processes (pyrolysis, char
reactivity, ash melting behaviour) using the differential scanning calorimeter and
thermogravimetric analysis configuration. They found that this type of thermal
analysis could be used to describe the pyrolysis behaviour as well as to estimate
the heat of the reaction, and to determine the ash-melting properties of the
combustion ashes of straws. Schenk et al. (1997) investigated a wide variety of
biomasses with a package of tools developed to determine gasification
characteristics and evaluate gasification concepts. These tools consisted of models,
laboratory equipment and pilot-scale installations. The models required a series of
empirical input parameters, which were derived from standardised laboratory tests.
Standardised experimental procedures to determine these parameters were
developed, relying, for example, on a laboratory-scale fluidised bed reactor and a
thermogravimetric analyser.
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Pressure was including in some of the thermogravimetric measurements. In
addition to the above-mentioned work by Johnson (1974), also other groups have
used a pressurised thermobalance. Sears et al. (1982) designed for coal gasification
studies a pressurised thermobalance operable at high temperatures (< 1700°C).
Miihlen (1983); Miihlen and Sulimma (1987), van Heek and Miihlen (1991), Sowa
(1991) and Lowenthal (1993) studied coal and lignite gasification, including
pressure, using a thermobalance for reaction kinetic measurements with the aim of
modelling a large-scale gasification reactor. Gardner et al. (1980) as well as
Richard & Rouan (1989) constructed a new apparatus to measure the reaction
rates of wood and coal char in a high-pressure environment. In this apparatus the
entire reactor, the gas lines and the attached thermocouples are weighed during the
test. Richard & Rouan (1989) performed gasification tests with different mixtures
of oxygen and nitrogen on a wood and coal char. Serensen (1996) used a
pressurised thermobalance in his studies of air gasification reactivities of various
chars including biomass char. Espends (1994) measured steam gasification
reactivities for biomass chars of wood, straw and peat in a pressurised
thermobalance. Reaction rates ranged widely, for straw fuels, example, by a factor
of about 25, which corresponds to a temperature difference of 130°C. He also
concluded that high reactivity of the char is favoured by process conditions in
which the volatiles are rapidly removed from the char.

In the use of a thermobalance, there are instrument-specific parameters and
sample treatment factors that have to be considered when the results are to be
applied for process prediction. The instrument-specific parameters are related to
the heating rate of the fuel and the diffusion of the gas in the sample layer.
Usually, the thermobalance is used in a non-isothermal mode, i.e. the reactor is
heated slowly, a few degrees per minute, up to a certain final temperature. The
sample heats up at the same heating rate. This slow heating rate may be
irrelevant where fuel is fed to a hot reactor. When a feedstock enters the reactor,
it heats up fairly rapidly, and thus is pyrolysed fast. The conditions during
pyrolysis have an effect on the char gasification reactivity, the important factors
being heating rate, residence time and the final temperature. Sipilé et al. (1980)
and Espends (1994) have reported the effects for peat. According to their
findings, char after slow heating rate is of lower reactivity than char after fast
heating rate (see also section 2.4.4).
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Since the course and product yields of pyrolysis and gasification are influenced

by final temperature, residence time, rate of heating, gas atmosphere and

pressure, and since the thermobalance alone does not reflect the fuel behaviour
in a process, Miihlen et al. (1989) established a number of methods for the
characterisation of fuels for pyrolysis and gasification. Different instruments are

required for the characterisation, as shown in Table 5.

Table 5. Classification of heating rates

in coal conversion,

and

laboratory equipment for pyrolysis and gasification, pressure range

0.1-10 MPa (modified from Miihlen et al. 1989).

Heating rate, K/s Heating time to Technical reactor
1000°C, d;, 100 pm type
Slow <<1 >>20 min Coke oven
Fixed bed gasifier
Medium | 5-100 10 s — 4 min Lurgi/Ruhrgas — type
carbonisation
Fast 500-100 000 10ms—2s Fluidised bed
Entrained phase
Flash >10° <1 ms Plasma reactor
Thermobalance Wire-mesh reactor Curie-point or
sample holder pyroprobe
Apparatus technique

QLRRD

Cylindrical Cup

wire mesh
Sample size, mg 1000 10 5
Heating rate, K/s 0.05 200-1500 1000—10 000
Final temperature, 1000 1000 Adjustable
°C
Results Kinetics Kinetics, swelling, Kinetics,

high speed camera products
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Some researchers have modified the thermobalance to simulate more directly
the real-scale process. Stoltze et al. (1995) used a thermogravimetric analyser
(TGA) designed for sample size of 10 g to simulate and model a large-scale unit
for gasification of straw. In their large-sample TGA, data can be produced in
which heat and mass transport and diffusion phenomena are included, and
reactivity can be measured under the conditions that exist in a real gasifier. The
results will therefore be directly applicable in the modelling and dimensioning of
gasifiers. A large-sample TGA is also useful when measuring the gasification
rates of large pieces. Straw, wood chips, municipal solid waste, corncobs etc.
can be analysed without damaging the structure of the material. Olgun et al.
(2001) studied biomass and waste fuels for fixed bed gasification using a
laboratory-scale large-sample thermogravimetric analyser, with the objective of
understanding the decomposition behaviour of a range of biomass and waste
feedstocks during gasification in a downdraft gasifier. The conditions chosen
simulated the behaviour in a gasifier for diverse biomass fuels and wastes,
namely hazelnut, pistachio and peanut shells, wood chips and sewage sludge
pellets.

When a thermobalance is used for fuel characterisation, and especially for study
of kinetics, attention needs to be paid to the diffusion effects caused by the
measurement arrangements — the thickness of the sample layer, the form of the
sample holder and the location of the sample in the holder. These effects are
especially significant when reaction rates are high. Ollero et al. (2002) studied
the diffusion effects in gasification experiments carried out in a thermobalance
for kinetic determination in CO, and CO partial pressures, paying attention to
the effect of the geometry of the sample holder on the kinetics. They observed
that the internal diffusion resistance in a 3-mm-deep sample char bed was
significant because of the inhibiting effect of CO and its accumulation inside the
sample layer.

2.4.4 Characterisation of char reactivity
Characterisation of the gasification reactivity is usually focused on the reactivity
of the char residue, since the volatile matter is rapidly released from the fuel and

transferred to the gaseous environment. Several factors affect the char
properties, and thus the reactivity, as well. Zanzi et al. (1994), Chen et al. (1997)
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and Chen (1998) studied the effect of heating rate during pyrolysis on wood char
reactivity. The pyrolysis was carried out both in a free-fall tubular reactor and in a
thermobalance. The char obtained was further gasified with carbon dioxide and
steam in the thermobalance. The reaction rates of the char were observed to be
strongly affected by the time-temperature history of the char formation because of
the influence of this on the structure of the char particles. The char reactivity
decreased with the increase in the residence time during pyrolysis. Prolonged
contact time between tar and char reduced the reactivity of the char in the reaction
with steam. A rapid heating rate of the raw material in the free-fall reactor gave a
char of higher reactivity in reaction both with carbon dioxide and with steam than
did a slow heating rate in the thermobalance. Fushimi et al. (2003) used a
thermobalance to measure the effect of heating rates of 1, 10 and 100 Ks on the
steam gasification of lignin. They found that a higher heating rate substantially
increased the reaction rate of lignin char in steam gasification because porous char
was produced during devolatilisation due to the rapid evolution of volatiles. In a
study of the influence of pyrolysis conditions on the gasification reactivity of
biomass chars, Cetin et al. (2004) observed char reactivity to increase with
pyrolysis heating rate and furthermore with decreasing pyrolysis pressure. As an
explanation for the greater effect of heating rate on the reactivity in calcium
catalysed gasification, Cazorla-Amoros et al. (1993) proposed that the heating rate
affects the calcium dispersion and thereby the reactivity: the higher the heating
rate, the higher the calcium dispersion and the reactivity.

Devi & Kannan (2000) studied the effect of heat treatment temperature (HTT)
on air gasification of biomass materials (coir, wheat straw and potato pulp).
They observed that the effect was not straightforward: the gasification rate of the
chars decreased with increasing HTT up to a certain value of HTT (500, 550,
and 750 °C), but above this value it increased dramatically. This result was in
contrast to the observation of monotonic decrease in reactivity reported for coal
chars. The authors suggested that this effect was due to a change in the chemical
state of the indigenous potassium species catalysing the gasification at the HTT
inflection temperature. Kumar & Gupta (1994) found for wood (various Acacia
and Eucalyptus species) chars that the CO, reactivity was reduced when
carbonisation temperature increased from 800°C to 1200°C when the
carbonisation (char preparation) heating rate was slow (4°C/min). When the
heating rate was faster (30°C/min) the reactivity did not depend on the final
temperature.
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2.4.5 Reactivity and fuel characteristics

The dependence between the reactivity and fuel characteristics has been studied
by several researchers, especially the relationship between gasification reactivity
and inorganic material in biomass. In measurements of the reactivity, Miihlen
(1990) observed for brown coal that the gasification reaction rate as a function of
conversion and pressure followed unpredictable patterns and varied from one
brown coal grade to another. This was in accordance with Miura et al. (1989 and
1990) who, in studies on the gasification reactivity of coals, observed that
gasification reactivity correlated well with carbon content above 80% on dry
ash-free basis, while the correlation was much poorer for lower carbonised coals
(younger coals). In a comparison of the reactivity of coal chars derived from
lignites and sub-bituminous coals with that of chars derived from a range of
biomass fuels, Clemens et al. (2002) found that samples of coal chars derived
from lignites and sub-bituminous coals were significantly more reactive than
those derived from biomass. They explained that organically bound calcium in
the coals is a good catalyst of the gasification reaction. When calcium was added
to the biomass samples, char reactivity increased dramatically.

Henriksen et al. (1997) found reactivity in gasification of straw to depend on the
content of water-soluble compounds. Washing reduced the reactivity
significantly, and the original high reactivity was restored by readsorption of the
water-soluble compounds back into the sample. Water soluble compounds were
observed to have the same effect on the reactivity during the gasification, while
their presence during pyrolysis had no measurable effect on the gasification
reactivity. A linear correlation was found between the gasification reactivity and
the concentration of the water solubles.

Kannan & Richards (1990) concluded from their CO, reactivity measurements
that, owing to the catalytic effect of ash, the gasification reactivities of chars
from any type of biomass with low Si content can be predicted with reasonable
certainty from knowledge of the indigenous metal content. In the case of high
silicon content, the silicon reacts with potassium to form silicate, blocking the
catalytic effect of potassium. They also concluded that the chemical and physical
properties of biomass chars are remarkably similar, despite the wide range of
plant species and morphologies from which they are derived.
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2.4.6 Kinetic parameters

Although, study of the kinetic parameters of gasification reactions was not an
objective of this work, an overview of kinetic parameters is given in the
following. Reactivity studies published in the literature have largely focused on
determination of the kinetic parameters of gasification reactions for modelling.
Pfab (2001) carried out kinetic studies on char reactions with carbon dioxide in a
thermogravimetric apparatus for modelling of the biomass fluidised bed
gasification. The char samples were prepared by fast pyrolysis in a separate
reactor. Ollero et al. (2003) studied the CO, gasification kinetics of olive residue
using a thermobalance. Struis et al. (2001) and Risnes et al. (2001) studied
gasification reactivity of biomass chars in various ways to understand the
reaction mechanism under different conditions. Hansen et al. (1997) studied the
H,O gasification char kinetics of wheat straw, barley straw, willow and
giganteus at 1-10 bar total pressure, 0.15-1.5 bar H,O and 0-1.0 bar H, and
750-925°C in a pressurised thermogravimetric analyser and observed a
distribution in the reactivity values of about one order of magnitude from lowest
(wheat and giganteus) to highest (barley). The difference was probably due to
different contents of catalytic elements. Rathmann & Illerup (1995) investigated
the combustion and CO, gasification reactivities of pulverised wheat straw char
up to 40 bar pressure by isothermal pressurised thermogravimetric analysis, and
compared their findings with those obtained with a typical sub-bituminous coal.
The effects of temperature and partial pressure of the reactants O, and CO, were
seen, and also the inhibiting effect of CO. A distinct total pressure effect was not
observed. Barrio (2002) investigated the gasification kinetics of woody biomass
for fixed-bed gasifiers using thermogravimetry.

2.4.7 Thermogravimetric characterisation of waste

There is little information in the literature on the thermogravimetric
characterisation specifically of waste and waste-based fuels for gasification. The
thermobalance has been used by a few groups to characterise the gasification of
RDF and of wastes and individual components of the waste. For gasification the
pyrolysis stage is regarded as essential. Thus Kawaguchi et al. (2002) stressed
that it is important to investigate the pyrolysis processes of municipal solid
waste (MSW) in the same way as for any mixture containing multiple
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substances. Using thermal analysis, they measured mass changes during
pyrolysis for the typical components of MSW and found mass changes at about
350°C. According to their results, the mass change of a mixture in pyrolysis can
be predicted by using a weighted sum of the individual components. The model
turned out to be useful in experiments with RDF, and furthermore, the weight
yield (pyrolysis gas, tars, solid residues) of the mixture could be calculated by
adding together the mass balances of the separate components. Lin et al. (1999)
studied RDF by thermogravimetric analysis to obtain data on thermal
degradation kinetics. They detected at least two distinct weight loss stages
relevant to the gasification. Shoji et al. (2001) applied thermogravimetric
analysis to waste treated in an entrained-flow gasifier, using a constant heating
rate of 2 K/min. They found that common plastics were rapidly decomposed
(temperatures were reported in Kelvin scale) at 600-750 K, while PVC and
rubber were decomposed at 500800 K. Sawdust and cellulose were pyrolysed
at 550-800 K, and waste plastics and municipal solid waste at 500-800 K. The
char gasification with CO, and/or H,O was observed to depend on the char
components. They also observed that TG curves of the waste plastic and
municipal waste were well simulated by summing the reaction ratios of
individual components. Likewise Heikkinen et al. (2004) used thermogravimetric
analysis to investigate the pyrolysis of individual waste components and waste
mixtures to be able to determine the composition of an unknown waste mixture.
They concluded that the weighted sum of the individual components can provide
an indication of the total composition. Biagini et al. (2004) characterised the
devolatilisation of secondary fuels, in view of the fact that devolatilisation is the
basic step in all thermal treatments of materials. They obtained the kinetics of
devolatilisation as a function of the heating rate under a wide range of conditions
using, among others, TG, a wire mesh reactor, and an electrodynamic balance on
laboratory scale.

A few researchers have used a thermobalance to study the gasification of char
from waste. Meza-Renken (1998) examined chars and catalytic gasification from
the pyrolysis of waste materials. Copper and iron were found to have a catalytic
effect on gasification when doped to pure carbon such as carbon black or
graphite. But the increased gasification rate was not as high as the rate obtained
with the char derived from waste. Cozzani (2000) used a thermobalance to study
the gasification reactivity of RDF chars in oxygen and carbon dioxide. The chars
were produced in a fixed-bed pyrolysis reactor at low heating rates (60 °C/min)
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and at temperatures between 500 and 800 °C. The chars were found to be fairly
similar in reactivity to chars obtained from municipal solid wastes and wood.
The kinetics for gasification reaction of RDF was estimated by Ryu et al. (2003)
and on that basis the optimal gasifier—reactor size using thermogravimetry.
Henrich et al. (1999) studied the combustion and gasification kinetics of
pyrolysis chars from municipal waste, electronic scrap, wood and straw. They
measured reaction rates with oxygen and carbon dioxide using a thermobalance,
a differential flow reactor and a fluidised bed of sand. The chars from waste and
biomass, they conclude, are among the most reactive carbon materials. The
conclusion may, however, be an oversimplification, since, according to
Onischak et al. (1988) who analysed an RDF feedstock for pressurised fluidised
bed gasification in a thermobalance, RDF char carbon was not completely
converted under such conditions.

Waste fractions have been studied by Antonetti et al. (2004), who presented
experimental results relevant to the recovery of copper in scrap composite
materials from the electronic pcb (printed circuit board) industry. The process
involved thermal treatment of the scrap in a fluidised bed whose particles fix the
harmful gases emitted by gasification of the organic glue. A series of
experiments were carried out with small samples in a thermobalance coupled to
an FTIR spectrometer and GC/MS. Experiments made in a a laboratory-scale
fluidised bed coupled to FTIR and MS, at 350° confirmed the results obtained
with the thermobalance.

Small-scale reactors, as described above for biomass, have also been used in
some degree to study the gasification of waste-based fuels for characterisation
purposes. Hamel & Krumm (1998) investigated the combustion and gasification
characteristics (CO, gasification) of domestic waste, waste plastics, wood,
sewage sludge and Rhenish brown coal in a laboratory-scale bubbling
atmospheric fluidised bed. Wu & Wen (1997) investigated the gasification of
char from RDF (from Shanghai municipal solid waste) and the influence of
feedstock properties in a batch, fixed bed gasifying reactor. Their results showed
that the properties and components of RDF affect the gasification process.
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2.4.8 Characterisation of ash sintering

One of the essential aspects in utilising biomass fuels is the ash sintering
behaviour. Ash deposit formation is a well-known problem in biomass
combustion, but it is also a significant problem in gasification. Osman (1982)
reported about slag-problems in biomass gasification and Rosen et al. (1999)
observed this problem in a comparison of the gasification characteristics of olive
waste and wood. The low melting temperature of the ash from olive waste
caused depositional problems. As well, increased pressure influenced the ash
behaviour negatively.

It had been observed in earlier work that ash behaviour in the process,
particularly deposit formation and agglomeration, cannot always be predicted by
standardised ash fusion tests. Moilanen (1993) noted this for peat gasification
and Skrifvars (1994) for biomass combustion. Osman (1982) studied the
relationship between ash fusion temperature and ash chemical composition and
slag formation in biomass gasification. He found that the ash fusion temperature
is not an indicator whether the fuel slags or not.

The ash deposition and bed agglomeration are affected by a combination of the
chemical properties of the ash forming constituents in the fuel and the process
conditions. Bitowft & Bjerle (1988) studied the sintering properties of wood
char during steam gasification in a laboratory-scale fluidised bed reactor at
atmospheric pressure. The reactor was designed to promote clinker formation.
They found that clinker was formed at average bed temperatures as low as
640 °C, but consistent behaviour based on the average bed temperature was hard
to achieve. Hallgren (1996) and Nordin (1993) based their characterisation of
biomass fuels for gasification and combustion on the use of fluidised bed
reactors. Their work was mainly focused on ash sintering characterisation.

Van der Drift & Olsen (1999) developed a methodology to predict ash/bed
agglomeration and sintering problems and to identify solutions for different
types of biomass. The fuels, including verge grass, Danish wheat straw (both
stored dry and partly leached due to rainfall), sewage sludge, cacao shells and
willow, were investigated by different methods to determine the agglomeration
temperature. The methods were chemical analysis of fuel and ashes,
determination of standard ash melting temperatures, compression strength
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measurements of the ash, differential thermal and thermogravimetric analysis
(DTA/TG) of the ash, scanning electron microscopy (SEM) and combustion in
two different lab-scale bubbling fluidised bed facilities — a lab-scale bubbling
fluidised bed gasifier and a circulating fluidised bed gasifier. The lab-scale
facilities were used to test additives and bed materials that might reduce the
problem of agglomeration. According to the results, chemical analysis of the fuel
can give a first indication of an agglomeration problem during thermal
conversion. In general, high potassium content means an increased risk for
agglomeration. However, the potassium content alone is a poor indicator;
chlorine is important as well. Among the several methods, the laboratory
fluidised bed agglomeration experiments tended to give the most reliable
information about conditions and temperatures where agglomeration takes place.
The authors concluded that, in contrast to laboratory methods such as DTA and
measurement of compression strength and ash melting temperatures, in fluidised
bed experiments all processes affect the agglomeration (fuel — bed material
interactions, volatilisation and condensation, shear forces, temperature
homogeneity and accumulation). They also concluded that the design of
fluidised beds is of significance for agglomeration. Thus, in their view, the
results from lab-scale facilities can be used to compare fuels and suggest
possible solutions, but they should be used with care in attempting to draw
conclusions relevant for full-scale plants.

The ash sintering properties can be determined with special laboratory methods.
Skrifvars (1994) and Skrifvars et al. (1996) used the following methods to study
sintering with 10 different types of biomass: combined DTA-TGA for ash
thermal behaviour, compression strength sintering testing method for ash
sintering tendency, chemical analysis of the ashes and sintering tested samples,
standard fuel characterisation analyses, and reactivity analyses for the selected
biomasses. The results showed clear differences in the thermal behaviour of the
ashes: the sintering tendencies varied significantly. The chemical analyses
showed that, under both oxidising and reducing conditions, ashes rich in silicon
started to sinter at 800-900 °C, while ashes with low silicon content did not.
When CO, was present in the gas atmosphere, the ashes with low silicon content
showed an increase in sintering at approximately 700 °C and a decrease above
700 °C. Furthermore, if the gasification rate decreased as a function of the
conversion, ash sintering was hindered (see below and also section 5.2).
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Arvelakis et al. (2002) studied the effect of leaching on the ash behaviour of
olive residue during fluidised bed gasification. All gasification tests performed
with the non-leached olive residue material as feedstock resulted in a rapid
agglomeration of the reactor bed material and a rapid end of the gasification
tests. In contrast, the gasification tests with the leached olive residue material
were concluded with no agglomeration or deposition problems.

Koukios et al. (1999) and Arvelakis et al. (1999a) characterised the ash
behaviour by simple sintering tests performed in a laboratory muffle furnace and
by electron microscopy. Arvelakis et al. (1999b) applied a non-isothermal
thermoanalytical method for the examination of low-temperature ash melts and
the losses caused by the volatilisation of alkali material in biomass combustion
and gasification. They concluded that, in combination with ash elemental
analyses of the materials, the applied techniques offer valuable information for
prediction of the ash behaviour in fluidised bed reactors.

Zevenhoven-Onderwater et al. (2001) studied the ash chemistry in fluidised bed
gasification of biomass fuels and the correlation between the ash behaviour
modelling and the results of bench-scale agglomeration tests. The agglomeration
was allowed to occur without any corrective changes in the process operation.
Small-scale experiments showed clear de-fluidisation in five out of 13 cases,
while some degree of bed disturbance or agglomeration occurred in seven cases.
In nine cases, agglomerates were also found in the samples analysed by SEM. In
six out of 13 cases, the thermodynamic multi-phase multi-component
equilibrium calculations, i.e. the prediction of agglomerates, were in agreement
with the SEM analysis, while in two cases, none or only small amounts of
agglomerates were predicted and no agglomeration was found in SEM analysis.
In two cases out of 13, the modelling predicted some degree of agglomeration
and no agglomerates were detected in SEM analysis. However, agglomerates
were found in the pilot-scale experiments.

Operational problems caused by ash deposits have also been reported in large-
scale fluidised bed gasification processes. In pressurised steam — oxygen
gasification of peat, ash deposits have been formed in the upper part of the
gasifier and in the cyclones (Moilanen 1993). Furthermore, straw ash has been
found to cause both bed sintering and deposit formation in air-blown gasification
(Kurkela et al. 1996). In this last case, the gasification temperature had to be
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reduced below 800-850 °C, which resulted in poor carbon conversion and high
tar concentrations. On the other hand, co-gasification of coal and straw (up to 50
wt-% straw) was carried out with no sign of ash problems even at high operating
temperatures of 950-980 °C. One factor that was relevant to the behaviour of ash
in the gasification process was carbon conversion. (Kurkela et al. 1996,
Skrifvars et al. 1996). The completeness of fuel carbon conversion is dependent
on the reactivity of residual char and the operating conditions. If the reactivity is
high, ash is formed rapidly and, consequently, deposits are also formed rapidly.
When the carbon conversion in char was not complete, it was assumed that it
prevented the ash from sintering.

The sintering/melting temperatures determined for ash indicate the limit
temperature above which difficulties can be expected to occur. Kurkela et al. in
Pat. WOO0011115 (2000) nevertheless demonstrated a process for operating a
gasifier at higher temperature than the sintering point or melting point of ash. In
their process straw was gasified in a circulating fluidised bed containing porous
and brittle material (limestone and dolomite). Evidently, the fragments formed
by bed attrition remove the harmful potassium from the reactor.

41



3. Focus of the work

This work deals with the characterisation of reactivity and ash sintering in the
gasification of biomass and waste. Waste was included in the study for the
reason that it is often classed with biomass in the concept of bioenergy in the EU
(EC 2005a). The waste investigated was not miscellaneous waste but in the form
of SRF. On the basis of results obtained experimentally and information
available in the literature, a method was developed for the characterisation of
reactivity and ash sintering of fuels to be used in fluidised bed gasification
processes, both atmospheric and pressurised. Thermogravimetry and microscopy
are the sole tools.

The method is based on that described by Miihlen (1983), Miihlen & Sulimma
(1986 and 1987) and Miihlen et al. (1989) for coal and lignite and extended for
pressurised gasification by van Heek & Miihlen (1991) and Sowa (1991). In this
earlier work, the kinetic parameters of the gasification reactions were measured
in a thermobalance, first in the pure gases of CO, and H,0O, then in the binary
gas mixtures of CO, — CO and H,O — H,, and finally in the gas mixture
containing all the components, H,O — CO,— H,— CO.

These earlier studies were carried out for bituminous coal, and the findings were
in agreement with those reviewed by Miura et al. (1989), who concluded that the
reactivity measured in steam or CO, correlates well with the carbon content of
the fuel when this is above the value of 80% on dry ash-free basis. Below this
limit value no correlation appears, and Miihlen (1990) concluded that the
reactivity of brown coals as a function of pressure and gas composition does not
follow any regular pattern but varies from coal to coal.

When the method developed for coal was applied to peat (Paper I1I), a relatively
strong inhibition was observed, which was assumed to be due to high iron
content. In the measurements on wood (Paper 1V) the reactivity measured in
binary gas mixtures of steam and hydrogen was observed to deviate from that
measured in the binary gas mixture of CO,-CO.
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Wide scattering was also obtained in testing of the SRF samples for reactivity,
but this was reduced when the samples were extracted by cone and quartering
sample division from the large sample amount (Moilanen & Konttinen 2006).

These findings led to the conclusion that in younger fuels like biomass the
reactivity depends on many factors; in particular the catalytic factors play a large
role, and the behaviour is not easy to predict. The importance of catalytic
components was identified by Meijer et al. (1994) in their study on alkali
catalysed gasification of carbon. They used acid-washed steam-activated char
impregnated with catalysts comprising of different alkali-carbonates and they
concluded that, for a complete description of the gasification rate of coal char, at
least two factors need to be considered. These are catalyst redispersion and
concentration effects, and loss of potassium by evaporation and by reaction with
mineral matter. Their study was carried out with pure compounds, while biomass
contains a wide spectrum of various forms of inorganic compounds. More
research is needed to understand the behaviour of these inorganic compounds
during sample heating, pyrolysis and char gasification. Thus, in the present work
an effort was made to discover the measurement conditions in which all these
reactions take place simultaneously, so that the result would correspond to the
reality as closely as possibly.

In evaluating the behaviour of biomass in fluidised bed gasification, the
conditions to be taken into account are those existing in the bed and in the
freeboard of the reactor. The product gas components are important for the
freeboard, since these have been found to reduce the gasification rate of coal and
peat char significantly (Miihlen et al. 1985, van Heek & Miihlen 1991, Hiittinger
& Merdes 1992, Paper III). As an explanation of the inhibition, Meijer et al.
(1994), for example, suggested that hydrogen reduces potassium leading to loss
of active potassium. Another explanation is that hydrogen blocks the active
carbon sites. CO, in turn, inhibits reaction through the formation of chemisorbed
carbon dioxide with the result that fewer sites are available in H,O gasification.
Furthermore, the chemisorption of CO on the carbon surface reduces the number
of active sites for gasification.

The purpose of the research, as reported in the publications attached to this

thesis as appendices, was to take into account the complexity of the phenomena
rather than to find systematic correlations between the various fuel properties

43



and reactivity and ash sintering, or to determine kinetic parameters. The
observed complexity was the spur to develop a method, one that would be as
simple as possible, to characterise biomass and solid recovered fuels or wastes
intended as feedstocks for use in gasification while taking into account the
conditions of the process.

For purposes of characterisation, the temperature and pressure ranges, heating
rates and gaseous environment for the thermobalance were selected so as to be
relevant for the conditions existing in fluidised bed gasifiers, including
pressurised conditions. The temperature maximum was thus 1000 °C, and the
heating rate of the fuel sample was adjusted to that when feedstock enters the
reactor. The pressure range extended from 1 bar to 30 bars. The gaseous
environment was selected so that it would sufficiently describe that existing in a
gasifier. The characterisation was carried out with the same fuel samples as used
in conventional fuel analysis.

The method described also provides information about ash sintering. The ash is
the residue remaining in the thermobalance after the gasification reactions,
which thus represents the conditions of gasification, even pressurised
gasification. A separate ash does not need to be prepared in the laboratory.
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4. Experimental

The reactivity was determined by measuring the weight of the sample as a
function of time in a pressurised thermobalance (PTG). The thermobalance set-
up, as generally employed in the study is shown in Figure 3; it can be used at
atmospheric pressure or pressurised up to 100 bars. Another type of
thermobalance set-up, as described by Moilanen & Saviharju (1994), was used
in the study presented in Paper I. This thermobalance operated only under
atmospheric conditions.

Microbalance

______ data
acquisition
He-flushing
system
Helium-purged N2
chamber CcO2
............................................... Expansion Filter H2
............ co
’ Reactor
.... Steam
N A - [a generator
Thermocouple acquisition
Water pump

lowering of
the sample

Figure 3. Thermobalance set-up, where the enlargement shows how the
sample is lowered into the reactor to achieve a fast heating rate.

Sample holder
The sample holder in PTG was cylindrical in form, as shown in Figure 4.

Typically the sample weight of a biomass fuel was in the range of 50 to 150 mg.
The thermocouple of type K was located under the bottom of the sample holder
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at a distance of 5 mm measured at room temperature. At the measuring
temperatures, this distance decreased due to thermal expansion of the
thermocouple and the hanging wire, so that the thermocouple was as close as
possible to the sample without touching it. Thus, both the tip of the
thermocouple and the sample holder were in the constant temperature zone of
the reactor tube. The pulverised sample was placed in the annular space around
the shaft, as illustrated in Figure 4. For a fuller description, see Miihlen (1983)
and Papers III and VII. A holder of this form enables good gas — solid
interaction, which is less dependent on the diffusion effects than when a cup-
form sample holder is used. However, in the thermogravimetric measurements
of black liquor, a cup-form sample holder made of alumina was used, because of
the high alkalinity and strong corrosivity of the liquor (Paper V).

Gasification agents
The gasification agents were 100% steam and 100% carbon dioxide at 1 bar or at
higher pressure (e.g. 30 bar). To test the effect of the product gas on reactivity,

hydrogen was added to steam and carbon monoxide to carbon dioxide. Due to
the water-gas shift reaction (formula 4), CO was not added to steam.
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Figure 4. Structure of the sample holder showing the fuel sample in the
annular space formed by the wire mesh around the centre shaft. The
sample holder shown below is the one used in the black liquor tests

(Paper V).
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Measurement procedure

Measurements were carried out at constant temperature (isothermal
measurement) under fast heating to resemble the heating occurring when the fuel
is fed to a reactor. The heating took place in situ. The sample, located in the
sample holder, was weighed with an accuracy of 0.1 mg and placed in the
helium-purged chamber. After the reaction conditions in the reactor (gasification
agent, temperature, pressure) had been adjusted and stabilised, the sample holder
was lowered down to the reaction tube with an electrically driven winch system
(Figure 3). The main part of the weight loss caused by the pyrolysis took place
during this lowering period, which took from 7 to 10 seconds. Recording of the
weight started when the sample holder was at its lowest position. During the first
30 to 60 seconds, the weight signal was considered to be stabilising. Also during
this time, the heating and the pyrolysis were completed. This first part of the
monitored result was removed from the data evaluation (Figure 1 in Paper IV
and Figure 5). The heating rate of the sample was estimated to be approximately
20 °C/s when the reactor was at 850 °C.

The weight was usually monitored as a function of time to the complete burn-off
when no more weight change was observed and the rest of the mass was ash.
Measurements were taken at intervals ranging from 2 to over 60 seconds
depending on the weight loss rate; if it was fast the time interval was short. If the
reaction was so slow that the test run was not completed, the residual unreacted
mass was estimated on the basis of the ash content measured for the fuel. The
weight-time curve was plotted so that the weight of ash was presented as zero in
the resulting graph.

Data evaluation

The rate of mass change was given as an instantaneous rate of reaction
designated r”” (%/min), i.e. it was calculated by dividing the rate of mass change
of the sample by the residual ash-free mass. The conversion, expressed as per
cent, was the reacted part of the total ash-free sample. The rate r”” (%/min) was
calculated from the measured data points (Figure 5) using a spreadsheet
calculation according to the formula (5):
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mi—mi+1

r"=100x

(ti+1—ti) x (mi +1— Mash)

where

m; 1s the mass at time ¢
m;+; 1S the mass at time #;4;
Mg, 18 the mass of ash

i=1,2,3,4etc.
Fuel conversion X (%) was calculated according to the formula

X =100x =M
Mo — Mash

where

m, is the original sample mass

m is the instantaneous mass [in this work the same as m;.; in formula (5)]

Mg, 18 the mass of ash.
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Figure 5. A typical mass versus time curve obtained from the
thermobalance, and the instantaneous reaction rate (v”, %/min) versus
conversion (X, %) (lower graph).
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Ash sintering

After the reactivity measurement in the thermobalance, the residual ash was
inspected under a microscope (an ordinary stereomicroscope) to detect any
sintering of ash particles or molten phases. A molten phase is detected as distinct
spherical particles of shiny or glassy appearance. The spherical particles are also
of larger size than the powdery ash particles. The following classification criteria
were used (Figure 6, Paper VII):

— Non-sintered ash residue: ash structure resembles the original fuel
particles, easily crumbles when touched; no asterisk: designated o.

—  Partly sintered ash (different degrees in this group): particles contain
clearly fused ash; designated with 1 or 2 asterisks: *, **

—  Totally sintered ash: the residue is totally fused to larger blocks;
designated with 3 asterisks: ***,

~
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|W£&‘§“>}'(\Eﬁk
ot S %‘éj
AR A
@Eﬁ":};?/}*g’l\,,x\,:-‘

o * ** **k%*

Figure 6. The degrees of sintering as seen under a microscope (from
Paper VII).

Fluidised bed reactors

The pressurised fluidised bed gasification test rig described in Figure 1 of Paper
II, in Kurkela & Stahlberg (1992) and in Kurkela (1996), was used for
comparison of the carbon conversion in a fluidised bed gasifier. The gasification
test conditions are described in Table 4 of Paper II. In these tests, air and a small
amount of steam were used as gasification agents at 5 bar total pressure.
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The behaviour of ash in a fluidised bed gasifier was studied in VIT’s bench-
scale atmospheric fluidised-bed reactor (AFB, fuel feed rate 0.5 kg/h, bed
diameter 5 cm, freeboard diameter 10 cm, electrically heated jackets, Figure 2 in
Paper VII). In this reactor, the ash agglomeration and deposit formation could be
monitored in both bed and freeboard by collecting samples from the reactor after
the tests.
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5. Results

5.1 Reactivity of biomass and waste

This section presents the results of the thermobalance tests measuring the
reactivity of the biomass fuels and SRF. Study of the numerous factors (i.e. fuel
properties) affecting the reactivity was outside the scope of this work and their
influence on the reactivity is merely suggested in the form of calculated linear
correlations between the gasification rate and fuel properties.

5.1.1 Reactivity of biomass

The tests on various types of biomass feedstock were carried out as described in
the following. The reactivity was first measured in 1 bar steam at 850 °C. This
value was taken as the set-point in the reactivity characterisation, against which
other measurements were compared. This relatively high temperature was also
selected with a view to the possible ash sintering, since it represents the typical
temperature level in a fluidised bed gasifier. The test revealed whether the fuel
was characterised by high or low reactivity, and whether the ash residue was
sintered. Reactivity measurements were then carried out at lower or higher
temperatures as required until no sintering occurred. If the reaction rate was 50
%/min or higher the fuel was considered to be of high reactivity. The effect of
pressure was tested if the feedstock was to be used in pressurised gasification.

Variation in reactivities between biomass fuels

Figure 6 in Paper IV and Table 6 below show the reaction rate values measured
for various biomass fuels in steam and carbon dioxide gasification at 850 °C.
Table 7 shows the results of the measurements at lower temperatures of 700 °C
and 750 °C. A wide variation in the rates is evident. For instance, at 1 bar steam
and 850 °C the minimum gasification rate for the different fuels ranged from 7
to 67%/min. Figure 6 (in Paper IV) shows that also the reaction rate as a
function of conversion varied widely from one biomass to another. Tables 6 and
7 present the reactivity values as the minimum rate (r” min), the conversion at
which the rate was at minimum (X at min), and the rate at the fuel conversion of
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95% (r” at X = 95%). The rate value at 95% conversion was selected to obtain

an idea of the development of the rate as a function of fuel conversion. By

comparing to the minimum reaction rate with the corresponding fuel conversion

X at min, it can be seen whether the rate is increasing or decreasing with the

conversion. For instance, if the conversion is higher than 95%, when the rate is

at minimum, the rate profile is decreasing.

Table 6. The minimum instantaneous gasification rates (r”’, %o/min) of the
samples and the rates at the conversion value of 95% measured at
850 °C; X at min (%) is the fuel conversion at the minimum gasification

rate (Paper I1).

Sample 1 bar CO, 30 bar CO, 1 bar H,0 30 bar H,O

r”’ min. | X at r’at [r”’ min. (X at| r”at r’ X at r’at [r” min. |X at| r”at

(%! min | X=95% [(%/min)| min | X=95% | min. | min [X=95% |(%/min)| min | X=95%
min) (%) |(%/min) (%) | (%/min) | (%/ | (%) (%! (%) |(%/min)
min) min)

Pine 27 93 39 22 88 43 25 94 25 50 84 71
sawdust
Pine bark 9 88 16 7 84 13 7 91 13 44 90 71
Forest 18 92 20 12 90 39 28 94 30 47 83 81
residue
(pine)
Salix 29 91 42 23 89 50 30 84 130 60 80 225
Wheat straw| 16 98 19 25 87 42 13 97 17 46 99 58
Barley 19 90 22 29 80 53 12 99 23 44 83 96
straw
Reed canary 3 93 3 10 84 15 15 98 19 35 96 44
grass
Miscanthus 18 90 25 26 83 59 24 84 45 71 87 143
Sweet 20 91 23 26 86 51 29 84 62 89 88 110
sorghum
Kenaf 50 80 83 55 88 103 67 91 83 155 88 290
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Table 7. The minimum instantaneous gasification rates (r”, %/min) of
the samples and the rates at the conversion value of 95% measured at 750
°C and 700 °C; X at min (%) is the fuel conversion at the point of
minimum gasification rate.

750 °C 700 °C

Sample 1 bar CO, 30 bar H,O 30 bar H,0

r’min. | Xat r” at r” min. X at r” at r” min. X at r” at

(%/min) | min | X=95% | (%/min) [ min X=95% (%/min) min X=95%

(%) | (Y%/min) (%) (%/min) (%) (%/min)

Pine 2 91 3 na na na 3 88 33
sawdust
Pine bark 0.5 86 na na na na 1 87 na
Forest
residue 0.8 90 1.2 na na na na na na
(pine)
Salix 2 91 2.6 2 99 40 12 85 25.1
Wheat straw 1.8 91 1.7 5 96 6 2.4 96 2.5
Barley straw 1 98 1.2 na na na na na na
Reed canary 0.2 93 na na na na 1.5 92 na
grass
Miscanthus 2 86 35 na na na 33 85 5
Sweet 2 87 2.1 na na na 1 95 1
sorghum
Kenaf 8 90 11,6 na na na 10 99 24

na = not analysed

Influence of pressure and product gas on reactivity

Figure 7 below presents the char gasification rates of various biomasses

measured at atmospheric pressure and at 30 bar pressure, in steam and in CO,.

Gasification rates measured at atmospheric pressure were similar, but at 30 bar

pressure the reactivity in steam was clearly higher than that in CO,. For peat, as

shown in Figure 8 (and Paper III), the gasification rates were observed to

decrease at higher pressure in both steam and carbon dioxide, and the burn-off

behaviour was different in steam and carbon dioxide.
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As presented in Figure 9 below, the complexity of the biomass gasification (see
Paper IV) was evident in the dependence of the gasification rate of wood char on
pressure measured in the range of 1-15 bar CO, and H,O at temperatures of 750
and 850 °C. At both temperatures the rate of CO, gasification decreased slightly
when the pressure was raised, while the rate of H,O gasification noticeably
increased. The complexity was also seen in the effect of the product gas on the
gasification reactivity. For wood char this was studied with use of binary gas
mixtures CO, - CO and H,O - H,. The dependence of the reaction rate on the
partial pressure of the product gas components was described with Langmuir-
Hinshelwood formulas as used for coal by van Heek & Miihlen (1991).
According to the Langmuir-Hinshelwood kinetic expression, the reciprocal of
the reaction rate (here r”’) should be linearly correlated with the ratio of the
partial pressures, e.g. the ratio Pco/Pco,, where P is the partial pressure of CO
and Pco, is the partial pressure of CO,. The measurements indicated that the
reciprocal of the reaction rate in the gasification of wood char in the CO, - CO
system is in reasonably good linear dependence on the ratio of partial pressures,
while the level of dependence is dependent on the total pressure (Figure 10). The
corresponding dependencies in the H,O - H, mixtures were significantly better,
and the total pressure was of no great significance. Thus, in this work the
inhibition mechanism for CO was detected under high pressures. Barrio et al.
(2001), Barrio & Hustad (2001) and Barrio (2002) observed a different
mechanism in the gasification under atmospheric pressure.

The reason for the differences observed is assumed to relate to the behaviour of
ash-forming substances during gasification. The behaviour of ash-forming
substances during gasification is often very complex, as indicated by Meijer et
al. (1994) in their study of alkali catalysed carbon gasification. Ash-forming
substances may also react with each other or with the gas phase, and new
compounds, different in their catalytic effect may be formed (Meijer et al. 1991).
Ash composition can be regarded as an essential factor in the wide variation of
the gasification reactivity since it varies significantly from one biomass to the
next (Wilén et al. 1996). However, it is not well known how these ash forming
substances react during gasification.
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Figure 10. The effect of CO in CO; gasification (left) and H; in steam
gasification (right), from Paper IV (see text).

In view of the complex behaviour of wood char, several other biomasses were tested
for both hydrogen and carbon monoxide inhibition. Variable reaction behaviour was
evident in the presence of hydrogen, as seen in the results for several biomasses
presented in Figure 11. For willow (Salix), for instance, the product gas H, had
almost no effect, whereas for reed canary grass it caused the rate to collapse almost
to zero. The explanation of this behaviour could be the reduction of alkali metal
compounds and the loss of the alkali metals (Meijer et al. 1994).
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Figure 11. Effect of product gas on reactivity: hydrogen in steam (Paper IV).
Influence of fuel properties on reactivity

It is well known that the gasification rate of chars depends on the catalytically
active components in biomass. Kannan & Richards (1990) reported that the CO,
gasification rate depends on the silicon content in the fuel, and, when the silicon
content is low, also on the sum of K and Ca contents. Henriksen et al. (1997)
found a linear correlation between the gasification reactivity and the
concentration of the water solubles in straw. Table 8 shows the basic fuel
characteristics, including ash chemical composition, for the biomasses of the
study. The dependence of the gasification rate on the silicon content was evident
also in this work, as presented in Figure 12 (and Paper II). The dependence
between the gasification rate and the concentration of the water solubles was not
studied and could be a topic for a systematic research in the future.
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The correlations between the gasification rate and fuel characteristics were also
studied by incorporating the data from a recent publication by Kurkela et al.
(2006) which included a larger selection of biomass fuels (some from India).
The correlations between the fuel characteristics and the instantaneous reaction
rate r”” measured in 1 bar steam at 850 °C were determined with the Correlation
Tool of Data Analysis in Microsoft Excel 2003. The results are shown in Table
9. According to the results there was some correlation between rate and fuel
characteristic — e.g. the silica content in ash (as noted earlier, correlation
coefficient r = -0.54) and the sum of alkali metal oxides and calcium oxide in
ash (r = -0.67). The correlations nevertheless appeared to be fairly vague
indicating that there are several factors affecting the rate.
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Table 9. Correlation between fuel characteristics and the instantaneous
reaction rate at 95% fuel conversion and in 1 bar steam (values combined
with those from Paper Il and from Kurkela et al. 2006).
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Biomass fuel ratX= Fuel characteristics Correlation
95% (%/min) coefficient for
r” at X=95%
(%/min)
Pine sawdust 25 | Ash, % d. -0.022
Pine bark 13 | Volatile matter, % d. 0.070
Spruce bark 135 | Fixed carbon, % d. -0.065
Forest residue (pine) 30 | C,%d. -0.021
Salix 130 | H, % d. 0.051
Willow 100 | N, % d. 0.249
Wheat straw 17 | Odiff, % d. 0.008
Wheat straw -95 100 | S, % d. -0.102
Wheat straw -97 60 | Na, ppm, d. 0.084
Barley straw 23 | K, ppm, d. 0.243
Reed canary grass 19 | CI, ppm, d. -0.006
Miscanthus 45 | Na+K, ppm, d. 0.251
Sweet sorghum 62 in ash, %
Kenaf 83 | Si0o, -0.544
Alpeorujo (Spain) 220 | Al,O3 -0.152
Alfalfa 370 | Fe,04 -0.073
Indian biomass fuels Cao 0.514
Palm oil dry sticks 120 | MgO 0.453
Coconut fibre 80 | K,O 0.430
Coconut twigs 200 | Na,O 0.185
Palm oil fibre 35| TiO, -0.073
Dry palm oil fruit 55 | SO; 0.346
Jute waste 200 | P,Os 0.305
Varnamo biomass fuels Na,O+K,0 0.447
Forest residues 140 | Na,0+K,0+CaO 0.669
Bark pellets 100 | Na,0+K,0+CaO+MgO 0.666
Willow pellets 160 | CaO+K,0 0.658
Wheat straw 20 | (Na,O+K,0)/SiO, 0.171
Italian biomass fuels (Na,0+K,0+Ca0)/SiO, 0.187
Olive tree 400 | SiO,+Al,04 -0.550
Wine tree 400
Robinia 320

d. = dry matter




The role of silicon is theorised in the following: Biomass fuels contain very
variable amounts of silicon, as shown in Table 1 and also reported by Osman
(1982) and Kurkela et al. (2006). Silicon occurs in plants dominantly as
amorphous silica hydrate SiO,-nH,O or as polymerised silicic acid (Mengel &
Kirkby 1982), and silicon distribution is highly dependent on the plant species.
Silicon flocculates in cell structures protecting and supporting the plant (like
straw). Silicon may also migrate to biomass fuels from extraneous sources like
clays and sand e.g. during harvesting. In fuel use, silicon may suppress the
reactivity. The suppressing effect of silicon has been observed in the gasification
of rice husks as a reduction in carbon conversion (Ganesh et al. 1992). Kannan
& Richards (1990) discovered the reactivity-reducing effect of silicon when they
added fine quartz powder to well-gasifiable biomass and the gasification
reactivity collapsed. In the present work, the amount of water-soluble potassium
of straw was observed to decrease above the conversion level of 50% (Figure 2
in Paper VIII). Since straws contain high content of silicon (Table 8 as well as
Tables 2 and 4 in Paper VIII), we can assume that potassium reacts with silicon
to potassium silicate and loses its catalytic activity. In support of this
assumption, the total amount of potassium decreased slightly with the increase in
conversion (Figure 2 in Paper VIII).

In fuels with low silicon content, Kannan & Richards (1990) observed a
correlation between reaction rate and the K + Ca content. A similar correlation
was found in the material published by Kurkela et al. (2006): the correlation
coefficient r of 0.79 was calculated between the potassium content (measured
directly in fuel) and the gasification rate (presented in Table 9) in biomass fuels
with less than 10% silica in ash. The correlation coefficient was a little higher,
0.83, when calcium was added to potassium (calcium was not analysed directly,
but calculated from the chemical composition of ash).
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Influence of heat treatment on reactivity

The significance of pyrolysis in situ on reactivity was reported in Paper VI and
shown in Figure 13. As can be seen, in gasification reactivity experiments with
birch wood the heat treatment with slow heating rate and high char preparation
temperature (higher than the gasification temperature) lowered the char
reactivity. The SHT (slow heat treatment) char was prepared, in a similar way to
that reported by Barrio et al. 2001 and Barrio 2002, by heating birch wood
sawdust in an inert gas phase of nitrogen (N,) at a heating rate of 24 °C/min to
600 °C and keeping it at this temperature for 30 minutes. Thereafter the sample
was held at 200 °C for 10 min, and then heated at 24 °C/min to 1000 °C where it
was kept for 30 minutes. This char was compared with a char produced by with
the volatile matter (VM) method and in situ method. In the VM method, the
sample was put in a crucible, which was used in measurement of the volatile
matter content. The crucible was inserted into a furnace heated to 850°C, where
it was kept for two holding times: 1-2 minutes and 3 minutes.

Fuel conversion (in situchar), %
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Figure 13. Effect of high char preparation temperature on char
gasification reactivity. SHT = slow heat treatment, VM = volatile matter
method (see text, Paper VI).
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CO gas can be used to ensure oxygen-free conditions in the gas atmosphere
during pyrolysis when char samples are produced for the reactivity
measurement. In a test of the effect of CO gas with black liquor char (Paper V),
a char prepared with CO treatment was found to be much less reactive under
pressure in CO, gasification than a char prepared without CO treatment.
However this result was not obtained in pressurised steam gasification nor in
atmospheric gasification of CO, and steam.

Evaluation of the achievable conversion

The rate versus conversion, i.e., the rate profile, can qualitatively be used to
evaluate the achievable conversion of carbon in a gasification process. If the
instantaneous reaction rate does not increase with the conversion, it iS more
difficult to achieve 100% conversion than when the rate increases (Figure 16
below). Also, the profile was observed to be of significance in ash sintering. If
the rate decreased as a function of the conversion, ash sintering was hindered.
This observation was made when a wheat straw was gasified in a fluidised bed
that did not have ash agglomeration problems (Skrifvars et al. 1996, Kurkela et
al. 1996). The straw had a decreasing reactivity profile, as depicted in Figure 25,
indicating that the residual char prevented the ash particles from fusing together.

The rate at other temperatures can be estimated on the basis of the activation
energy, which was found to be mainly 190-230 kJ/mol for char gasification of
various fuels (Figure 15). Literature values for the activation energy lie between
180 and 270 kJ/mol, as reported by Barrio et al. 2001 and Barrio 2002 in a
summary of the results for diverse biomasses reported by several authors. The
effect of mass transfer on the reactivity measurements can be seen in Figure 15
(Paper 1) as a deviation from the linear relationship of the logarithm of the
reaction rate and reciprocal temperature. The effect was taken into account by a
mathematical expression, as presented in Paper 1. For the mathematical
calculations, it was necessary to give a single value for the reactivity, and the
reciprocal value of the time needed to achieve 50% char ash-free conversion was
selected. Thus, R in Paper | is 1/time, where time is in minutes.

In measurements of kinetic parameters such as activation energy, it is necessary

to know when the chemical reaction is controlling the rate. The diffusion effect
can be seen as a deviation from the linear Arrhenius relationship between
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logarithm r and 1/T (temperature in kelvins), as shown schematically in Figure
14. In the calculations of the activation energy, the diffusion effects were taken
into account by using a resistance model, as described in Paper I. The model was
solved by finding the best fit according to least squares method.
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2.59 1

0 L] LJ L] L
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Figure 14.  Control regimes in In r vs. 1/T diagram in solid gas reaction
as measured in a thermobalance (arbitrary data points). Roman numerals
indicate the approximate controlling regimes expressed as linear
regression lines: I = chemical reaction control, Il = pore diffusion
control, Il = film diffusion control.
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According to Kurkela (1996) the conversion in a gasifier can be calculated in
two ways:

e On the basis of gas evolution: i.e., mass flow rate of carbon in product
gas and tars divided by the mass flow rate of carbon in fuel

e On the basis of unreacted carbon: i.e., mass flow rate of carbon in output
solid products divided by the mass flow rate of carbon in fuel

Conversion can be estimated from the thermogravimetric data as follows: The
instantaneous reaction rate can be expressed as

L P
ri=—-(1-X) (7

as is generally presented in the literature, e.g. by Johnson (1974), van Heek and
Miihlen (1991) and Sowa (1991). This, after integration, gives the conversion as
a function of time:

X=l-¢"" (8)

Note. In the formulas (7) and (8) the terms r” and X are fractional instead of per cent;
thus, r’ is 1/min and X is fractional conversion; t is time.

Figure 16 shows how the conversion varies as a function of time for different
instantaneous reaction rates calculated with formula (8). It can be seen that when
the instantaneous reaction rate is 100 %/min expressed as an average value, total
conversion is achieved in about five minutes. This is the case, when the rate is
constant as a function of conversion. If the rate were to increase with conversion
the time would be shorter, and if it were to decrease the time would be longer.
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Figure 16. Conversion (fractional) vs. time at different instantaneous
reaction rates. Note: here zero conversion corresponds to the value of
fuel conversion (from 80% to 90%) immediately after the pyrolysis.

Comparison of the results of the thermobalance measurements with the results of
fluidised bed gasification was based on the reaction rate measured in TG and on
calculations of the carbon conversions from the material balances of the
fluidised bed reactor tests (Paper II). The differences in the gasification
behaviour of the various feedstocks used in the fluidised bed measurements can
be seen in the data presented in Figure 17. The two bituminous coals behaved
similarly, while for the other fuels there were clear correlations between carbon
conversion and the temperature. The low reactivity, as for the coals, was seen in
the several hours that it took for steady-state char inventory to be achieved in the
bed, freeboard and recycling loop of the reactor.
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Figure 17. Carbon conversions achieved in a fluidised bed gasifier as a
function of the freeboard temperature (BC = brown coal, Paper II).

Each of the biomass fuels exhibited distinct gasification behaviour. In the
gasification of pine wood, high carbon conversions were achieved at relatively
low temperatures. The complete gasification of bark and straw was more
difficult. In the case of straw gasification, high conversion efficiencies were
achieved above 850°C, but sintering of the ash caused severe operational
problems. Ash sintering was not a problem with the pine bark, but its reactivity
was clearly lower than that of wood or straw. Obtaining high conversion
efficiencies with pine bark thus requires high gasification temperatures and
efficient recycling of elutriated fines. The brown coal is an excellent feedstock
for fluidised-bed gasification; over 95% carbon conversion was reached at about
900°C. This fuel also exhibited a high reactivity when measured in the
thermobalance (Paper I and Figure 15). Table 10 shows the reactivity measured
in the thermobalance compared with the achieved conversion in the fluidised bed
gasification of the respective fuel.
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Table 10. Comparison of the char reactivity values measured in a
thermobalance (TG) and the achieved carbon conversion in the fluidised
bed gasification (FB) presented in Figure 17. The reactivities are for steam

at 1 bar and 850 °C.

Fuel TG r” min. (%/min) FB %
Pine sawdust 25 95
Pine bark 7 82
Wheat straw 13 92
Brown coal 24° 92
Bituminous coal 0.05" 557

calculated using Ea value of 197 kJ/mol (Figure 15) from the value of
60%/min measured in steam at 1 bar at 900°C by Miihlen (1990)

* Konttinen et al. (2006b)
" extrapolated from the data of Figure 17

The results obtained from the thermobalance can be considered to represent the
primary reactivity of a fuel, but the conversion in the gasifier is affected by
many factors, including the partial pressure of the gasification agent, product gas
inhibition, fragmentation and feedstock particle size distribution. Modelling is
required, if all these parameters are to be included. Modelling has recently been
introduced for biomass and waste-based fuels in the building of a predictor by
Konttinen et al. (2003, 2006a and 2006b) and Moilanen & Konttinen (2006).

5.1.2 Reactivity of SRF

The gasification reactivity of SRFs was found to be similar to that of paper and
higher than that of wood (Figure 18, Moilanen & Konttinen 2006, Cozzani
2000). Also here, as noted above for chlorine analysis (Figure 2), the test results
showed broad scattering before the samples were extracted by sample division
(Figure 19).

Figures 20-22 present the gasification rates in steam and CO,. The inhibiting
effects of H, and CO are included. As can be seen, there was a difference in the

72



reactivity behaviour of the various SRF qualities. Also the inhibition effect was

fairly strong for both H, and CO.
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Figure 19. The gasification reactivity test results for three SRF samples
taken by sample division (measured in 1 bar CO; at 800°C).
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EWA) and the inhibition effect of CO at 800 °C.

5.2 Ash sintering of biomass fuels

The results of the ash sintering measured for a selection of biomasses in the
thermobalance are presented in Table 11.
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Table 11. Conditions in the thermobalance and degree of sintering of ash
residue determined by microscopy (Paper VII).

Temperature and gasification agent

Biomass 850 °C 750 °C
H,O CO, H,0
lbar | 30bar | 1 bar 1 bar | 30 bar

Pine bark 0 0 na. na. na.
Pine sawdust (ash amount small) | *** kol o o 0
Spruce bark 0 Hokk * na. Hokk
Forest residue B, total 0 0 na. 0 na.
Forest residue B:
— bark na. oA na. na. HAx
—needles 0 * na. na. 0
— stem 0 0 na. na. na.
Finnish willow o ok oA o ok
Swedish willow 0 HA* ok 0 o
Finnish wheat straw Ak ok *x @ oAk
Danish wheat straw A (-93) HoAk HAx na. na. ok
Danish wheat straw B (-93) Hokk HA* * * *
Danish wheat straw —95 oAk ok * *EF) na.
Alfalfa k3k skokok % skskosk

o no sintering; * slightly sintered; ** moderately sintered; *** completely sintered; @ not
totally gasified; na.: not analysed

For some of the biomasses, ash sintering was much stronger under pressurised
conditions than at atmospheric pressure. This effect of pressure has also been
reported by Rosen et al. (1999). Willows (Finnish and Swedish), spruce bark and
alfalfa all exhibited sensitivity to pressure. Under 30 bar steam the ash residues
were sintered completely when willow and spruce bark samples were gasified at
850 °C, and the same result was obtained at 750°C. This was despite the
standardised ash fusion tests which for willow had suggested there should be no
problems. According to the tests, the melting temperatures were much above
1000 °C and so above the operating temperature of the gasifier (Wilén et al.
1996). With alfalfa, the ash residue was completely sintered at 700 °C and lower
(Figure 1 in Paper VIII). In contrast to this no sintering was detected for willow
or spruce at 850 °C and atmospheric pressure and the sintering for alfalfa was
clearly weaker. This intense melting behaviour under pressure could be related
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to the carbonates that form at high pressure. The reasons for sintering were not
explored in this work.

Sintering behaviour in gasification in CO, was clearly different from that in
steam. At 850 °C and 1 bar pressure CO,, the ash residue of willow was strongly
sintered, but the ash of spruce bark and alfalfa only slightly The reason for the
only slight sintering was assumed to be the lack of silicon in these ashes, while
calcium and potassium contents were relatively high. The carbonate chemistry
involved in the ash under pressure may be relevant, as noted above and
discussed in Paper VIII. Phase diagrams presented in the literature show that a
mixture of calcium and potassium carbonates forms a eutectic at about 750 °C
(Levin et al. 1985). Carbonates can form in the ash during gasification, and they
decompose slowly, especially at higher CO, partial pressures.

As presented in Paper VIII, the behaviour of alfalfa was such as to suggest that
chemical compounds other than carbonates were involved in sintering. One
explanation may be in the chlorine chemistry. The chlorine content of Danish
straw ashes prepared at 550 °C in a laboratory furnace may be as high as 10% as
reported in Table 4 of Paper VIII, and mixtures of compounds CaCl, and KClI,
and also KCI and K,CQO;, are possible. The former mixture has a eutectic of
595 °C and the latter a eutectic of 640 °C (Levin et al. 1985).

The ash of pine bark differed from that of spruce bark. Although pine and spruce
barks are fairly similar with respect to the chemical composition of their ash, and
both are low in silica (Table 2 in Paper VIII), no sintering was observed for pine
bark, while strong sintering took place in spruce bark under pressure. Similar
behaviour to that of pine bark was observed for willow bark, as presented in
Figure 23. This observation for pine bark was consistent with the results of tests
in the fluidised-bed gasifier, where it showed no ash problems. In the fluidised-
bed gasification tests of the spruce-based forest residues at VTT, ash deposits
were formed in the cyclone tube of the reactor. To discover the reason for this,
the feedstock was separated into needles, bark and stem. The results in
pressurised gasification suggested that the spruce bark was the most critical
component of the forest residue feedstock. The bark ash (forest residue B in
Table 11) showed strong sintering under pressure, while the ash from needles
appeared to have only a weak sintering tendency, and stem ash showed no signs
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of sintering. Similarly, no sintering was found for willow bark or heart wood, as
displayed in Figure 23.
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Figure 23. Steam gasification reactivity of willow bark and heartwood
measured at 750°C, ash sintering indicated in the graphs.

Wheat straw ash typically showed strong agglomeration in the fluidised bed
gasification tests performed earlier at VTT, but this behaviour also varied with
the quality of the straw used as feedstock (Kurkela et al. 1996). The wheat straw
ashes sintered strongly when gasified at 850 °C under steam at both 1 bar and 30
bar. Strong sintering was observed in certain samples even at 750 °C (Tables 2
and 4 in Paper VIII).

The relationship between the chemical composition, ash sintering and
gasification reactivity of wheat straw was studied more closely in Paper VII. The
reactivity showed that the gasification rate may increase or decrease as a
function of conversion, depending on the quality of the straw. The difference
seems to be associated with the ratio of potassium to silicon in the ash.
Potassium is a strong catalyst in gasification reactions, and the formation of
potassium silicate could decrease its activity (Kannan & Richards 1990).
Gasification reactivity behaviour has been observed to affect the sintering of ash
in such a way that slower gasification rate prolongs the achievement of the total
conversion and, as a consequence, ash is formed more slowly and the carbon
material prevents ash particles from agglomerating. This finding suggests that
control of the carbon conversion may help to slow ash sintering in gasifiers.
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Figure 24 (from Paper VII) shows that the time required to achieve ash
conversion of 100% was more than four times as long for Straw A, which
showed a decreasing trend in the gasification rate, than for Straw B, which
displayed an upwards trend. However, when straw A was gasified completely,
the resulting ash residue was totally sintered (see Table 2 of Paper VII). The
effect of potassium content on the reactivity was studied by washing the straw
samples with distilled water. When Straw B was washed with water, it behaved
similarly to Straw A (Figure 25). The decrease in gasification reactivity through
leaching of potassium from straw has also been reported by Henriksen et al.
(1997).
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Figure 24. Development of the Figure 25. Gasification reactivity

gasification rate of straw A and
straw B and conversion as a

of unwashed and washed straws
measured at 1 bar H>O and

function of time measured at 1 bar 850 °C (Paper VII).
H,0 and 850 °C (Paper VII).

The behaviour of potassium with silicon during straw gasification was studied
more closely in a thermobalance (Paper VIII) by measuring the relationship
between water-soluble potassium and insoluble potassium (the insoluble
potassium was assumed to represent potassium silicate). The gasification was
stopped at certain conversion levels in the thermobalance, and the samples were
leached with water to determine the water-soluble potassium and the total
potassium. The results (Figure 2 in Paper VIII) showed that the amount of
soluble potassium was relatively constant to the conversion level of 50%, after
which it decreased to about 15% of the original value.
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Biomass fuels with silica-rich ash (like wheat straw) tend to produce a viscous
potassium silicate slag with a low melting point. Risnes et al. (2003) showed that
abundant enrichment of the calcium of inorganic straw ash in general leads to
increased formation of calcium silicates and reduced sintering tendency. The
same result was obtained in our thermobalance tests.

Ash sintering in the fluidised bed reactor

The laboratory findings, i.e. the thermobalance tests investigating the ash
sintering behaviour, were further explored with different straws in an
atmospheric fluidised bed (Papers VII and VIII). The laboratory findings for ash
sintering appeared in various ways in real scale since several factors were
affecting the ash depositing in the reactor. Van der Drift & Olsen (1999)
likewise observed that there are several factors affecting the ash deposit
formation in the process. Each time sintering (even weak) was detected in the
ash residue of the TG tests, agglomerates or deposits were found in the reactor.
The strongest ash sintering was observed for wheat straw, both in the
thermobalance and in the reactor. In the fluidised bed tests carried out for wheat
straw, the bed agglomeration was also influenced by the bed material: against
expectation, the agglomeration tended to be stronger in the alumina bed material
than in the limestone or dolomite bed. Agglomeration in limestone and dolomite
beds was observed to depend on the calcination of these materials. According to
the phase diagrams, a partial melting could also take place in limestone and
dolomite, but the surfaces of these particles were not smooth (unlike those of
corundum, the alumina grade used in the tests). In addition, the surfaces eroded
easily. This erosion was assumed to be the reason for the removal of alkalis from
the reactor when lime bed material was used (Paper VIII and Kurkela et al.
2006). At the same time, the potassium, and also chlorine, were concentrated in
the cyclone and particularly the filter dusts. One reason for the concentration in
the filter dust may have been that the surfaces of the limestone particles
containing potassium were fragmented by attrition and thus escaped from the
bed. Use of limestone together with the advanced feeding enabled trouble-free
straw gasification in the circulating fluidised bed (Pat. WOO0011115 2000).
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6. Summary and conclusions

The results of the studies on reactivity and ash sintering of biomass and waste-
based fuels, as presented above and in the appended papers, are summarised in
the following.

6.1 Reactivity

In testing the reactivity, the temperature and pressure ranges, heating rates and
gaseous environment for the thermobalance should be selected so as to be
relevant for the conditions existing in fluidised bed gasifiers, i.e. fast heating rate
for the fuel and no heat treatment of the char. In this work, the sample was
pyrolysed in the thermobalance in situ to ensure a fast heating rate during the
pyrolysis. The pyrolysis took place while the the sample was being lowered into
the thermobalance reactor. The time was approximately 7 to 10 seconds. From
the weight-time curve the reactivity can be expressed as instantaneous reaction
rate versus conversion; and thus the rate versus conversion, i.e., the rate profile,
can be seen.

Gasification reactivity is easily limited by mass transfer in a thermobalance and
the result will be misleading if only a few points are measured. In Paper I, the
limiting mechanism was studied by light microscopy and by fitting curves to the
experimental data, taking into account the mass transfer. Average activation
energy of 230 kJ/mol was measured for several solid fuels, ranging from 196 for
wood to 265 for peat char. The activation energy for black liquor, which is an
extremely reactive fuel, was close to 226 kJ/mol. The activation energy for
sawdust was 217 kJ/mol in steam and 229 kJ/mol in CO, (see also Paper 1V).
These results are in agreement with literature values, although much lower
activation energies have also been presented. The results of this work also
showed that gasification reactivity of biomasses varies widely. But comparison
of results obtained in a PTG and a pressurised fluidised bed gasifier (PFB)
showed that the gasification rates measured in a PTG are of the same order as
the reactivities in a PFB based on achieved carbon conversion calculations
(Paper II).
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The complexity of gasification behaviour was demonstrated with peat (Paper
IIT). At about 50% char conversion the steam gasification rate of peat char was
slightly higher than the CO, gasification rate, but at higher conversion the order
was reversed. Demineralisation of peat decreased the reactivity, and also
eliminated the negative burn-off behaviour observed in steam gasification. The
presence of product gases H, and CO slowed the gasification rate of peat char
almost to zero. In peat, the catalytic behaviour of iron which was present in high
content in the ash (54% as Fe,03,), was assumed to be the reason for the result.

The most significant conclusion in regard to the reactivity of biomass fuels
(Paper IV) was that the determination of characteristics that describe gasification
reactivity (in particular, in gas containing product gas) of biomass fuels requires
detailed knowledge of fuel structure and chemistry. The deviations found, such
as reduction of reaction rate at increased pressure and differences in the
gasification behaviour of CO, - CO and H,O - H, mixtures, are due to the
behaviour of ash-forming substances in gasification.

The study on black liquor (Paper V) focused on how to achieve good
gasification data. Obtaining good data depends on a uniform and constant
temperature of the sample, which, in turn, requires that the sample be kept in an
inert atmosphere for a certain period of time, e.g. 400 s, before introduction to
the gasifying atmosphere. CO can also be added to stabilise the sample.
However, the addition of carbon monoxide to the "inert" atmosphere clearly
retarded the pressurised CO, gasification rate though not the rate for steam.

Heating rate during the pyrolysis stage was studied with wood (Paper VI) by
simulating the situation when feedstock enters a gasifier. High temperature
(1000 °C) treatment with slow pyrolysis produced char that was significantly
less reactive at low conversion than chars produced in fast pyrolysis i.e.
pyrolysis in situ. Exceptionally, in the fast pyrolysis of large wood pieces, the
char was of lower reactivity, perhaps due to a different structure of char formed
from large pieces. Similarly, large pieces of char reacted more slowly than small,
here perhaps due to the inhibiting effect of the product gases formed inside the
pieces. In both cases there was a correlation between the reaction rate and the
dimension and the outer surface area of the original wood piece.
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The gasification reactivity of solid recovered fuels was found to be similar to
that of paper and higher than that of wood. Test results showed broad scattering
before the samples were extracted by the method of sample division. Thus, for
waste-based fuels, proper sampling is essential if the results are to be reliable.

6.2 Ash sintering

After the gasification is complete, the ash residue is inspected under a
microscope to detect possible molten phases and sintering. A separate ash does
not need to be prepared in the laboratory. The ash residue can be classified as
non-sintered ash residue, partly sintered ash and totally sintered or fused ash.
Whenever sintering (even weak) is detected in the ash residue of TG tests,
agglomerates or deposits will likely be found somewhere in the reactor. If the
reaction rate decreases with conversion, the ash sintering will be hindered so that
agglomeration takes place slower than with fuels having a rising rate profile.

As reported in Papers VII and VIII characteristic data on ash behaviour can be
obtained by thermobalance tests and can be used for planning run conditions for
tests with pilot or PDU (process development unit) equipment. Ash sintering
was sometimes much stronger in pressurised conditions than under atmospheric
pressure. This finding appears to be related to the silicon content in ash: when
the silicon content is low the ash sintering is stronger in pressurised than in
atmospheric conditions. However, the chemistry needs to be studied in more
detail to understand the behaviour. The water-soluble constituents of straw
(potassium, calcium) affect the relationship between ash sintering and reactivity.

6.3 The method in brief

A method has been described for obtaining specific information about biomass
and waste-based fuels intended for use as feedstock in atmospheric and
pressurised gasification. Information is produced about the gasification reactivity
related to the achievable conversion of carbon in the process, as well as about
the ash sintering and deposition that may hamper the process operation.
Although the gasification reactivity and ash sintering of the fuels are highly
complex phenomena, the method is simply based on thermogravimetry, and the
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reactivity and sintering behaviour are determined in a single thermobalance test.
The pre-treatment steps, like heating during pyrolysis and stabilisation by hot
treatment, are of significance for the result. Total pressure must be included as a
parameter.

A special advantage of the method is that if a gasifier is tuned for a certain
biomass feedstock and another biomass or waste-based fuel is then introduced,
the reactivity and sintering behaviour of the new fuel can be estimated in relation
to the reactivity and ash sintering of the first.

The following recommendations are made for the characterisation of gasification
reactivity and ash sintering by the new method:

o Use a fast heating rate, i.e. pyrolysis in situ.
o Carry out first test at 850 °C in 1 bar steam.

« If ash is sintered, carry out a measurement at a lower temperature, e.g. at
750 °C; if ash is not sintered and the reactivity is low, use a higher
temperature (an instantaneous reaction rate greater than 50%/min
(average) is suggested to represent high reactivity).

« Inthe case of pressurised gasification, also do a test at higher pressure.

« Note the reactivity profile and the effect of the product gas components.

With the method, the reactivity and ash sintering of biomass and waste based
fuels that are candidates for a feedstock to a gasifier can be characterised. Thus it
offers a basis for the selection of a feedstock. If it is desirable to model the
behaviour of the selected feedstock (either a single biomass or a mixture of
various biomasses) in the gasifier, the kinetic parameters needed in the
modelling can be determined with careful measurements in a thermobalance
taking account of the pre-treatment, diffusion effects, and all other factors
affecting the results.
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ABSTRACT

Steam gasification rates of various fuel chars were determined to produce basic
data for modelling fluid-bed gasification. The gasification rates were measured in
a thermobalance, and microscopy was used to study changes due to gasification
reactions in char structure. The fuels studied were wood, black liquor, cellulosic
fibres, peat, brown coal and two types of bituminous coal. The gasification rates
were determined in different gaseous environments under atmospheric pressure at
~temperatures below 1 000 °C. Reactant gases and their concentrations, pyrolysis
temperature, heating rate during pyrolysis and particle sizes were also varied. The
results show that gasification rates of the chars - except for peat char - showed an
increasing trend as a function of char conversion. With peat char, a decreasing
trend was observed, respectively. According to microscopic examination, this may
be due to carbon deposition on reaction surfaces inside particles. The measured
activation energies were as follows: wood based fuels: 195 kdJ/mol for wood char,
230 kd/mol for black liquor char and 265 kJ/mol for peat char; 200 kJ/mol for
brown coal char and 165 - 230 kJ/mol for bituminous coal chars. These results -
~except for black liquor char - are given as examples of fuel samples pyrolyzed in
the thermobalance at a heating rate of 20 °C/min to 950 °C. The black liquor
samples were pyrolyzed, prior to thermogravimetric analysis, in a wire mesh
pyrolyzer at a heating rate of 300 - 400 °C/s to 600 °C. The gasification rate was
decreased at a high final pyrolysis temperature in the thermobalance, while it was
increased by a higher pyrolysis rate. The microscopic structure of the partially
gasified chars taken from the thermobalance was compared to corresponding chars
obtained from a fluidized bed reactor.

INTRODUCTION
Fuel reactivity and the description of the flow field are the most difficult processes
when modelling fluidized beds. An economic development of pressurized fluidized-

bed combustion and gasification processes involves a better understanding of

/1



combustion and gasification phenomena, and correct input values for models are
obtained from laboratory experiments.

In the projects going on in our laboratory, the reactivity of solid fuels is
studied with a special focus on gasification reactivity, which depends mainly on 1)
the amount and 2) the properties of char formed in pyrolysis, and on 3) fragmenta-
tion of char in the bed Hence, the concept of reactivity is approached via the
following research stages:

1)  Effect of pyrolysis on the properties of char particles

2)  Attrition in fluidized bed

3) Oxidation-diffusion processes and chemical kinetics of char particles
4)  Properties describing the reactivity of fuels.

Fragmentation of fuel due to attrition, essentially involved in fluidized-bed
conditions, was studied in hot drum equipment developed in particular for the
study [1].

The reactivity of the solid particle is controlled by steps well-known in a
solid-gas reaction system: 1) film diffusion of oxidizing gas, 2) diffusion through
the ash layer and the particle, 3) adsorption onto the reaction surface, 4) chemical
reaction, 5) desorption of product gas from the surface, 6) diffusion of product gas
through the particle and the ash layer, 7) film diffusion back into the ambient gas.
Depending on temperature, particle size, etc., each stage may control the reacti- f‘
vity. The stages can be described by a resistance net in which individual resist-
ances are parallel or in series (Figure 1). The size of each resistance is dependent
on reaction conditions. At low temperatures the resistance due to the chemical
reaction (step 4) is higher than the resistances due to mass transfer, and at high
temperatures the chemical reaction proceeds fast, and the mass transfer resistance f
becomes significant.

This study is a continuation for studies in an actual fluidized-bed gasifier [2].
The work has been carried out in a thermobalance bearing in mind the reaction
conditions typical of a fluidized-bed reactor, i.e. the maximum reaction tempera-
tures ranged from 950 to 1 000 °C and the size of the fuel particles was a few
millimeters. In reactivity measurements, the crucial point is to find the controlling
mechanism for the reactivity. Therefore, an essential part of the research has been
the monitoring of changes in the microscopic structure of the gasified char particle f;
(3, 4].
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Figure 1. The resistance net describing reaction stages inside a char particle.

EXPERIMENTAL

The reactivity measurements have been made in the thermobalance; the experi-
 mental arrangements have been presented in detail in [4]. The fuel sample was
introduced as a monoparticle layer on the sample holder. Through varying the
particle and sample size, and the carrier gas the possible mass transfer limitation
in the reactivity was checked. Finally it was subtracted from the results with
curve fitting. Before isothermal gasification, the sample was pyrolyzed in the
thermobalance using a heating rate of 20 °C/min. The sample was kept at the
pyrolysis temperature (which was the same or higher than the gasification
temperature) for 10 minutes before bringing it to the gasification temperature,
where the sample was kept for 15 minutes before introducing the oxygen carrier.
The gasification experiments were mainlj; performed in an atmosphere, which
consisted of 15 % steam as an oxygen carrier in nitrogen. Steam was produced via
bubbling nitrogen through water, which had the desired temperature to produce
the required vapour pressure. After gasification the ash content of the residual
char was determined by introducing air into the reactor.
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The aim of the research work was to verify the existing data, which include
great variations, and hence, fuels with different reactivities were studied. The
fuels used in this research were wood, peat, brown coal, two types of bituminous
coal and black liquor, all having a particle size between 2 and 4 mm. Black liquor,
which is a "liquid” fuel, was pyrolysed before the experiment separately, and only
char was introduced into the reactor. This was done because black liquor has a low
ash melting point. The basic characteristics of the fuels are given in Table 1.

TABLE 1

Basic characteristics of the fuels used in the reactivity measurements
Dry fuel prior  Austra- Polish Brown Peat Black Wood
to pyrolysis*  lian coal coal coal*** liquor char
Ash % 15.0 21.0 5.5 7.8 b 0.2
Volatiles % 249 26.8 49.8 65.9 - 83.0
C % 70.2 66.2 64.4 55.4 39.9%+* 50.2
H % 41 4.0 0.9 2.0 1.5 6.1
N % 1.5 1.2 4.6 5.8 0 0.1
0 % - - . - 33.0%* -
S % 0.80 2.0 - - - 0.0
Na Y% - - - - 24 .4%* -
K % - - - - 0.1 -
Cl % - - - - 0.2 -

*  Except for black liquor char
** (C032 = 34.9%, S042- = 1.3 %,S032 = 0.7 %, Nat = 24.4 % in the sample
*** game as in [2]

RESULTS

Reactivities of different chars are expressed as Arrhenius plots, where 1/time (time
expressed here as the time needed to achieve 50 % ash-free char conversion) is
expressed as a function of 1/T, as can be seen from Figures 2 and 3.

The kinetic parameters in Arrhenius plot are calculated here with a simple
model in which mass transfer and chemical kinetics are described only by two
resistances, resulting in the following expression for the total reaction rate R:

dW dinW A-kp-kc

—_ = . = — (1)

1
W dt dt kp+kc

R = -

where
k,, = quantity comparable to mass transfer rate = a - Tm
k. = quantity comparable to chemical reactionrate = b - exp (-T,/T)
m = 0.5 ... 1 for diffusion
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= time
T = reaction temperature, K
Tq = activation temperature = E /R, where E, = acivation energy and

o~

R = gas constant
W = char mass (ash-free)
A, a, b = constants

For the diffusion the apparent activation energy E4 = m - T. Now formula (1) may
be rewritten to give:

dInR Eqg-kp+Eq ke
= - (2)

d(1/T) kp+ke

The constants A, a, b, m and T, have been solved from the experimental data
through finding the best fit according to the least square, each constant as a
variable.

In Figure 2, the reactivities of various fuel chars are compared, which had
the same final temperature i.e. 950 °C in pyrolysis. The activation energy values -
obtained with the model for the chars are 196 kJ/mol for wood, 267 kJ/mol for peat, |
197 kJ/mol for brown coal, 168 for Australian coal, 230 kJ/mol for Polish coal and
226 for black liquor. In Figure 3, the effect of the final pyrolysis temperature on
the reactivity for peat and lignite is studied. The activation energies as a function f
of the final pyrolysis temperature are shown in Table 2,

In addition to the Arrhenius plots, the dependence of gasification rate on char
conversion was determined. The momentary gasification rate R at time ¢ (ex-
pressed as %/min) was calculated from the weight-change curve, i.e. mass vs. time,
according to formula (1). The rates were plotted against char conversion, as
presented in Figure 4. It shows these plots at 900 °C and 800 °C. '

TABLE 2
The activation energy as a function of the pyrolysis temperature
Final pyrolysis temperature, °C  Peat, kJ/mol Brown coal, kd/mol
950 267 197
820 194 215
Average 231 206
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Figure 4. The reaction rate of the char as a function of char conversion
at 800 °C and 900 °C.

DISCUSSION

Gasification reactivity has been studied extensively, but the full” picture is still
far from clear. Reviews concerning steam gasification are available, e.g., in [5, 6].
Most of the work has been concentrated on coal. Some data is available on biomass
(7)., which are characterized by a high volatile content and often by a high
moisture content.

In this work different high-volatile fuels close to wood have been gasified
with steam in a thermobalance. As a reference, two different bituminous coals and
cellulosic fibre have been tested. The reactivities of the chars at 700 - 800 °C and
15 % steam differ from each other by three orders of magnitude, but differences in
the activation energies are only moderate except for Australian coal. In the latter
case the number of measuring points and the difference between the minimum and
the maximum temperature are small which may lead to error in E,. The very high
reactivity of black liquor, which is a by-product from pulping, is due to a high Na
content, 20 % of dry solids, and to very strong swelling during pyrolysis (the char

|/7



may have a 10 - 40-fold volume compared to that of the original fuel). Although the
fuel is high in NagCOj3 and thus their catalytic effect should be strong the
activation energy is 226 kJ/mol.

The activation energies measured in this work are given in Table 3 (see also

Figure 2).
TABLE 3

The activation energy, E,, kd/mol for different feeds

Fuel Austra-  Polishcoal Brown Peat Black
. . Wood
lian coal coal liquor char

Pyrolysis at
950 °C 168 230 197 267 226* 196
820 °C 215 194 215
Average 231

*  Pyrolyzed 300 - 400 °C/s to 600 °C.

The values of activation energies are comparable with those in the literature,
where lower values also exist. One explanation in these low values is that in many
measurements the mass transfer limitation has influenced the results. 'k

The comparison of reaction rates plotted against char conversion indicates
that in general, the momentary gasification rate increases when char conversion
increases which may depend on
1)  the catalyst to carbon ratio is increased with conversion
2)  the porosity is increasing with conversion up to the maximum and decreasing

again, which results in a maximum in the rate curve |
3)  the amount of active sites is increasing with conversion.
The increase in the reaction rate when the catalyst to carbon ratio is increasing
with conversion is very clear with black liquor. However, in contrast to others, the
gasification rate of peat char decreased while the conversion increased. The
microscopic study [4] showed that the gasification shifts towards the particle
surface when carbon conversion achieves >40 % (Figure 5). The reason for the
retardation in reaction rate could be carbon deposition on reaction surfaces inside
the char particle blocking the pore structure. Other possibilities are mass transfer
limitation due to an ash layer on the particle surface or the inhomogeneity of peat.
The chars with various conversions from the thermobalance and from a fluidized
bed look different. The microscopic analysis shows that in the thermobalance the
reaction zone propagates from the edge towards the core except at the beginning of
gasification, while no similar zone was observed in the samples taken from the
fluidized bed [3]. This indicates that the surface zone of the char, partially reacted
in the fluidized bed, is escaping from the bed due to attrition.
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The pyrolysis temperature has a great effect on gasification rate: the high
pyrolysis temperature resulted with peatin a reaction rate, which was one order of
magnitude smaller than the reaction rate measured for chars pyrolyzed at 820 °C.
With brown coal, respectively, the ratio was about 4:1 (Figure 3).

CONCLUSIONS

Gasification reactivity is easily limited by mass transfer in a thermobalance,
especially if only a few points are measured. The limiting mechanism may be
studied by light microscopy and fitting the experimental data with curves, taking
into account also mass transfer. The authors measured for several solid fuels an
activation energy of 230 kd/mol, ranging from 196 for wood to 265 for peat char,
The activation energy for black liquor, which is an extremely reactive fuel, is close
to 226 kJ/mol.

The results presented in this work are in agreement with the literature,

although data with much lower activation energies have also been presented.
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GASIFICATION REACTIVITIES OF SOLID BIOMASS FUELS

Antero Moilanen, Esa Kurkela
VTT Energy, P.O.Box 1601, FIN-02044 FINLAND

Keywords: Biomass, gasification, reactivity

INTRODUCTION

The design and operation of the biomass based gasification processes
require knowledge about the biomass feedstocks characteristics and
their typical gasification behaviour in the process. In this study,
the gasification reactivities of various biomasses were investigated
in laboratory scale Pressurised Thermogravimetric apparatus (PTG)
and in fthe PDU-scale (Process Development Unit) Pressurised
Fluidised-Bed (PFB) gasification test facility of VTT (Figure 1).

EXPERIMENTAL

In PTG, the effects of individual process parameters (relevant to
pressurized fluidised bed gasification) on gasification rate were
studied using following parameter ranges: gasification agent (CO,,
H,0), temperature (700 - 1 000°C), pressure (1-30 bar). With some
samples, also the effect of product gas on gasification rate was
tested.

The characteristics of the samples are presented in Table 1. The
selected samples are part of a biomass sample collection analysed in
the EU-project (European Union) belonging JOULE II Program /1/.

The gasification rate measurements were carried out in the pressur-
ised thermobalance (PTG), which is presented schematically in Figure
1. A more detailed description of its operation has been presented
in /2/. The tests were carried out isothermally by lowering down the
sample of about 50 mg in size to the reactor with the winch system
equipped in the PTG. During this time, the sample was pyrolysed when
it heated up to the reaction temperature at an estimated rate of
above 10K/s. The weight change, which was recorded during this ap-
proximately 60 seconds period, was due to, mainly, the pyrolysis of
the sample and the buoyancy phenomena. After this period, the weight
change due to the gasification (and eventual postpyrolysis) was
monitored.

In the fluidized-bed gasification tests, air and a small amount of
steam were used as gasification agents. The feedstock and dolomite
were fed into the lower part of the bed and part of the fines
elutriated from the fluidized-bed were separated in the primary
cyclone and recycled back to the bed. The fines separated by the
secondary cyclone and the ceramic filter unit were collected,
weighed and sampled. The main variable in the tests was the gasifi-
cation temperature, which was controlled by changing the air-to-fuel
ratio.

The carbon conversion data for three biomass fuels are presented
together with data for two bituminous coals and Rhenish brown coal.
The feedstock analyses are shown in Table 2. Examples of the opera-
tion conditions and process data for the different fuels are pre-
sented in Table 4.

RESULTS

The gasification rates obtained from the PTG measurements are shown
in Table 3 as a function of CO, and H,0 pressure measured at 850°C.
The gasification rate denoted as r'" is indicated as an instantaneous
gasification rate, i.e. mass change rate divided by residual ash-
free mass (%/min). The conversion used indicates the burn-off of the
whole fuel including the mass loss due moisture and pyrolysis re-
lease. In Figure 2, the conversion behaviour, i.e. r" vs. conver-
sion, is given for the fuels which were gasified also in the PFB.

The PTG tests show that there are great differences in gasification
rates between various fuels. The preliminary correlations between

gasification rates and ash composition indicated that, especially,
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the rates at higher fuel conversions seemed to decrease with in-
creasing silica content in the fuel. This indicates that catalyti-
cally active ash components can loose their activity due to
reactions with silica, or due to sintering behaviour. Also, adding a
product gas component to the gasification gas decreased radically
the gasification rate. For example, the gasification rate (r") of
wheat straw decreased from 27 %/min to 10%/min when CO was added 10%
to CO, at 30 bar pressure.

The carbon conversions of the PFB tests shown in Table 4 are calcu-
lated from the material balances. The great differences between the
gasification behavior of the five feedstocks used in PFB measure-
ments can be clearly seen by comparing the data shown in Figure 3.
Only the two bituminous coals seemed to behave more or less simi-
larly and a strong and clear correlation was found between carbon
conversion and equivalence ratio (or temperature). With these fuels
it took several hours to reach steady state char inventory in the
bed and also in the freeboard and in the recycling loop.

The three different biomass fuels had also clearly different gasifi-
cation behavior. In gasification of pine sawdust, very high carbon
conversions could be achieved already at relatively low tempera-
tures, while bark and straw were more difficult to be completely
gasified. In the case of straw gasification high conversion effi-
ciencies could be achieved at above 850°C, but unfortunately sinter-
ing of the straw ash caused severe operational problems. Pine bark
did not have problematic ash sintering behavior, but has a clearly
lower reactivity than wood or straw. Consequently high gasification
temperatures and efficient recycling of elutriated fines are re-
quired with pine bark to reach high conversion efficiencies.

Rhenish brown coal is an excellent feedstock for fluidized-bed gasi-
fication and over 95 % carbon conversion could be reached already at
about 900 °C temperature. This fuel has also a high reactivity meas-
ured in PTG /3/.

The results of this study shows that gasification reactivities of
the biomasses can differ greatly from each other. The comparison of
the results between PTG and PFB shows that the gasification rates
measured in PTG have the same order as the reactivities in PFB based
on achieved carbon conversion calculations.

REFERENCES

1. Wilén, C. et al. The feasibility of electricity production from
biomass by gasification systems - Fuel analyses. EU-Joule II Program
Contract No. JOU2-CT92-0226, ENEL, VTT, IVO, DMT, Final report. To
be published 1995,

2. Saviharju, K, Moilanen, A., van Heiningen, A.R.P., New High Pres-
sure Gasification Rate Data on Fast Pyrolysis of Black Liquor Char.
Preprints 1995 International Chemical Recovery Conference TAPPI,
April 24-27, 1995, Toronto, Canada, pp. A237-243.

3. Mihlen, H.-J., Sowa, F., van Heek, K.H., Comparison of the gasi-

fication behaviour of a West and East German brown coal. Fuel Proc.
Tech., 36(1993), pp. 185-191,.

689



Table la. The characteristics of the feedstock samples, wt%, dry
basis
Sample V.M. |F.Cc.|Aash,]| c, H, | N, [Oue..| S,
£ | 8" % % % % % %
Pine saw dust 83.1]16.8/ 0.1] 51.0f 6.0/ 0.1} 42.8/ nil
Pine bark 73.1125.3| 1.7} 52.5} 5.7| 0.4] 39.7| 0.03
Forest residue (pine) | 79.3}19.4| 1.3] 51.3] 5.8 0.4} 40.9/0.02
Salix 79.9;18.9{ 1.2/ 49.7{ 6.1] 0.4/42.6/0.03
Wheat straw 77.7117.6; 4.7 47.5] 5.9 0.6/41.5/0.07
Barley straw 76.118.0; 5.9| 46.2} 5.7/ 0.6/41.5/0.08
Reed canary grass 73.5{17.6{ 8.9 45.0{ 5.7/ 1.4/{38.9{0.14
Miscanthus 78.54 18.2] 3.3| 47.9| 6.0| 0.6 41.6] 0.6
Sweet sorghum 77.2,18.1) 4.7 47.3] 5.8) 0.4/41.7 0.1
Kenaf 79.4)17.0] 3.6] 46.6/ 5.8 1.0| 42.8 0.1
V.M.: Volatile Matter Content, F.C.: Fixed Carbon
Table 1b. The ash compositions of the samples.
Ash composition, %
Sample $i0,| A1,0, | Fe,0, | CaO | MgO | K,0 |Na,0| TiO,| SO, | PO,
Pine saw dust 8.3 4.0 3.7] 41.8{11.8{24.6| 0.5/0.12] 1.9|10.5
Pine bark 1.3/ 10.6 0.6/ 40.6/ 4.5{15.2| 1.0{0.12| 2.0| 9.6
Forest residue (pine) |38.5 9.4 7.4/ 15.4/4.0 |16.6/ 0.7 0.5 1.6] 6.4
Salix 0.4 0.6 0.4} 30.8/ 5.1/53.0] 0.5/0.02| 3.0/22.9
Wheat straw 59.9/ 1.6] 1.1} 7.3| 1.8[33.7| 0.9/0.04] 1.1| 4.5
Barley straw 62.0 0.4 0.3| 4.5 2.2{38.5( 1.0/0.02] 1.4| 5.0
Reed canary grass 89.8| 2.8, 2.3 3.5/ 1.5/ 6.3 0.3/0.05] 1.1 8.2
Miscanthus 42.8 1.0 0.8 7.6/ 4.8/50.6] 1.3{0.03] 2.1/10.5
Sweet sorghum 57.8 1.3 1.1i9.0 2.7]16.4; 3.0{0.05] 3.0/ 6.0
Kenaf 6.6 3.6 2.4;30.8) 6.0/26.5] 2.5/0.08] 5.7} 5.5
Table 2. The analyses of the feedstock materials used in the flui-

dised bed tests.

Polish | Colom- Rhenish Wheat Pine Pine
coal bian |brown coal| straw |sawdust bark
coal i
Moisture content, (3.6-6.7 7.6 (11.5-12.2] 6.1 6.1-16 |5.6-6.7
wt-%
Proximate analysis,
wt-% d.b. 31.8 34.7 53.0 75.8 83.1 71.8
Volatile matter 59.9 53.2 42,7 18.2 16.8 26.7
Fixed carbon 8.34 12.1 4.3 6.1 0.08 1.6
Ash
Ultimate analysis,
wt-% d.b.
[od 75.5 71.9 63.8 46.1 51.0 53.9
H 4.7 4.9 4.6 5.6 6.0 5.8
N 1.3 1.5 0.8 0.52 0.08 0.35
S 0.7 1.0 0.3 0.08 |< 0.01 0.03
O (diff.) 9.5 8.6 26.2 41.6 42.8 38.4
Ash 8.3 12.1 4.3 6.1 0.08 1.6
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Table 3. The instantaneous gasification rates of the samples at the
minimum and at the conversion value of 95% measured at 850°C.

1 bar CO, | 30 bar CO, | 1 bar H,0 30 bar H,0

r" |r" at| r" |r" at| r" |r" at r" r" at

Sample min. | X=95% | min. | X=95% |min. | X=95% | min. | X=95%
Pine saw dust | 27 39 22 43 25 25 50 71
Pine bark 9 ié 7 i3 7 13 44 71
Forest residue is 20 na na na na na na

(pine) : i

Salix 29 42 23 50 30 130 60 225
Wheat straw i6 io 25 42 13 17 46 58
Barley straw i9 22 na na na na na na
Reed canary g. | 3 3 10 15 15 19 na | na
Miscanthus 18 25 26 59 24 45 na na
Sweet sorgh. 20 23 26 51 29 62 na na
Kenaf 50 83 55 103 67 83 na na

Table 4. Operational data on typical set points with different
fuels.

Polish {ColombianiRhenish| Wheat Pine Pine
Coal coal brown | straw |sawdust| bark
coal
Equivalence ratio 0.47 0.49 0.44 0.3 0.39 0.34
Fuel feed rate, g/s| 5.33 5.49 11.50 | 13.30 | 10.67 | 11.45
g/s-daf | 4.70 4.50 9.70 11.70 9.00 10.40

Air feed rate, g/s | 23.67 23.66 35.03 21.2 21.15 | 23.56

kg/kg-fuel (daf)| 5.04 5.26 3.61 1.81 2.35 2.27
Steam feed rate, g/s| 4.06 4.50 1.90 3.6 1,77 1.23
kg/kg-fuel (daf)| 0.86 1.00 0.20 0.31 | 0.20 0.12
Purge N, feed rate, 3.3 3.4 1.2 4.6 2.1 2.6
g/s
Dolomite feed, g/s | 0.45 0.45 0 o] 0.7 0.39
Pressure, MPa 0.5 0.5 0.5 0.5 0.5 0.5
Bed temperature, °C | 1 001 980 824 772 831 871
Freeboard tempera-
ture, °C 1023 1014 910 848 968 978
Carbon conversion,

wt%
to gas (Cl)| 85,0 86.2 95.9 83.4 94.6 87.7

to gasttars (C2)) g5, 3 86.7 96.2 | 93.9 | 100.3 | 90.0
incl.dolomite input|

(€3] g4.2 85.5 96.2 | 93.9 | 98.6 | 89.3
Carbon losses, wt-%

of input, Bottom ash| 0.5 0.2 0.1 0 0.1 0
Cyf:lone dust; 2 .3 3.4 2.4 2.1 0 2.5
Filter dusti 33 0 11.1 1.1 2.5 0.8 8.3

Carbon balance clo-
sure output, wt % of | 100.0 100.2 99.8 98.5 99.5 100.1

input
Gas composition,vol%
Ccol 8.7 6.9 16.4 9.0 8.8 i2.0
CO,| 10.6 10.8 10.0 i1.5 13.8 12.8
HJ| 8.4 8.1 i2.0 4.0 7.8 9.0
CH| 0.7 0.9 1.1 3.6 3.8 3.1
C, hydrocarbons| 0.00 0.00 0.02 0.78 0.15 0.20
H,O 15.6 18.3 7.3 23.9 17.2 12.6

NH, 0.12 0.14 0.19 0.15 | 0.026 | 0.13
H,S | 0.039 0.058 0.017 | 0.014 | 0.005 | 0.009
N, (+Ar)| 55.8 54.8 53.0 47.1 48.4 50.2
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The characteristic effects of the main operating parameters in pressurized fluidized bed gasification, such as
pressure and product gas composition, and of inorganic material on peat char gasification reactivity were
studied. The measurements were carried out isothermally in a pressurized thermobalance at temperatures
between 1023 and 1233 K and pressures up to 1.5 MPa. Steam and carbon dioxide, both pure and mixed
with the product gases H, and CO, were used as reaction agents. The reactivity was expressed in the form of
instantaneous gasification rate vs. char burnoff. The steam gasification rate of peat char was only slightly
higher than the CO, gasification rate, and the gasification rates decreased at increasing pressure in both
steam and carbon dioxide. The steam gasification rate of the peat char increased to a maximum before
decreasing with increasing char burnoff. In carbon dioxide, the main trend was that the gasification rate
slightly increased with the burnoff. Demineralization of the peat decreased the reactivity and also removed
the negative burnoff behaviour observed in steam gasification. The presence of the product gases H, and CO

inhibited the gasification of the peat char almost entirely. Copyright © 1996 Elsevier Science Ltd.

(Keywords: peat char; gasification reactivity; demineralization)

The total carbon conversion achieved in fluidized bed
gasification (at temperatures <1273 K) depends on the
reactivity of the fuel and especially of the fuel char.
Besides gasification taking place in the bed, the dust
phase above the fluidized bed plays an important role in
achieving a good carbon conversion. The carbonaceous
material of the dust phase comprises residual char
particles that are recycled to the bed. Their gasification
takes place in the presence of product gases. To improve
the quality of the product gas, the freeboard temperature
is increased in some gasifiers. Therefore the dust phase
can also partly react at temperatures higher than that in
the fluidized bed.

The gasification rate of the char formed in pyrolysis, as
well as char structure and the catalytic effect of the ash-
forming material, is affected by both pressure and the
presence of product gases'. The product gas compo-
nents, H, and CO, can retard the gasiﬁcation rate of
carbonaceous materials significantly' . The rate is also
affected by the product gas formation in the pore
structure, especially in larger char particles. These
factors have been considered by Léwenthal er al.*° in
modelling the gasification of larger char particles, taking
into account the gas transport inside the particle by pore
diffusion and convective flow. Furthermore, the effect of
pressure and gas atmosphere on the gasification beha-
viour of fuel char is often unforeseen, as Miihlen®
observed in his studies of lignite and coal gasification,
which showed that the gasification behaviour of char,

11/1

which is catalysed by mineral matter as a function of
pressure, cannot be predicted from the measurements
made at atmospheric pressure. One reason for this poor
predictability is the behaviour of the catalytically active
substances of the fuel minerals as a function of pressure,
gas atmosphere and temperature. These parameters can
affect the catalytic components by deactivating them
during gasification, e.g. by clustering or agglomerating
the catalyst, or by forming new mineral phases. Hence
the behaviour and activity of gasification catalysts
contained in the mineral matter as well as in other ash-
forming constituents should be considered when deter-
mining gasification rates.

Peat is a significant fuel used in Finland for combus-
tion, and it can also be used as gasification feedstock’.
The background for this study was obtained from the
gasification research carried out on coal. Takarada et al®
and Miura e al”'® summarized factors affecting the
gasification reactivity of various types of coal and
correlations between coal properties and gasification
reactivity. Peat gasification reactivity has been studied
less extensively. Sipild et al. ' studied the factors affecting
the gasification reactivity of peat char for producing
activated carbon from peat. The gasification behaviour
of peat (including also biomass) was studied > > under
conditions relevant to atmospheric fluidized bed gasifica-
tion. In these studies, the effects of various factors, such
as pyrolysis conditions and pretreatment forms of peat
feedstock, on the gasification reactivity of peat char were
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Figure 1 Flow scheme of the pressurized thermobalance

included, as well as changes in char structure as a
function of burnoff, The effect of pressure has also been
studied by Espenis'®.

The purpose of the work described in this paper was to
characterize first how the addition of the product gas
components H, and CO affects the gasification reactivity

Table 1 Analysis of peat sample

Proximate analysis (wt% db) Ash composition (wt%)

Ash 7.8 SiO, 18

Volatile matter 65.9 ALO; 12

Ultimate analysis (wt% db) Fe, 04 54
C 55.4 CaO 9.6
H 2.0 MgO 1.6
N 5.8 Na,O 0.5
Ogier 29 K,O 0.6
TiO, 0.4
P,0;5 33

of peat under pressurized conditions, and second how
the inorganic material in peat affects the gasification
behaviour.

EXPERIMENTAL

The gasification tests were carried out in a pressurized
thermobalance system (PTG)'? (Figure I). The sample
was placed in a cylindrical sample holder having a central
shaft and walls made of high-temperature alloy wire
mesh. The measurements were carried out isothermally
at temperatures between 1023 and 1223 K and pressures
up to 1.5 MPa. Isothermal test conditions were achieved

5 35
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o
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Figure 2 Steam gasification rate of peat char vs. char burnoff at different temperatures and pressures:
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by lowering the sample holder into the reactor, into
the reaction conditions directly, using a winch fixed in
the sample lock of the PTG. During this procedure, the
sample was heated up in ~30s to the reaction
temperature. This period was excluded from the begin-
ning of the weight change curve.

The peat sam}zale used in this study was sod peat as
used previously'?, which was pulverized to an average
particle size of 0.1 mm. The main properties and the ash
composition of the sample are given in Table 1.
Reactivities were measured for peat char, which was
produced by pyrolysing the peat precursor at 1223 K in
an atmospheric drop tube reactor (DTR), where the
residence time was 2 s and the heating rate was estimated
to be 10*Ks™!. Steam and carbon dioxide, both pure
and mixed with the product gas—H, and CO respec-
tively—were used as reaction agents.

RESULTS AND DISCUSSION

The reactivities were expressed in form of instantaneous
gasification rate, 7/, which was calculated from the
experimental weight—time curve obtained from the PTG
using the following formula:

o 1dv
=W

(1)

40

60 80 100

Burn-off (wt%)

111/3

,01MPa; — — — — — s

where dw/dt is the weight change rate and w is the
instantaneous ash-free weight. This expression was
chosen to determine the dependence of the reaction
rate on char burnoff, which can vary widely depending
on fuel and on reaction conditions.

The effect of steam and carbon dioxide pressure (up to
1.5 MPa) on char gasification was investigated with peat
char produced in the DTR. The results are shown in
Figures 2 and 3. Two main features can be observed: the
gasification rates decreased at increasing pressure in both
steam and carbon dioxide, and the burnoff behaviour
was different in steam and carbon dioxide.

The steam gasification rate of peat char at 0.1 MPa
and 1023 K was only 1.1 times the CO, gasification rate
(the average ratio between char conversions of 20 and
80 wt%). At 20 wt% char burnoff, the ratio was 1.8, and
the minimum ratio was 0.2 at 80 wt% char burnoff. With
pressure increase, the mean ratio did not differ signifi-
cantly from that at 0.1 MPa pressure, but the slope of the
rate from lower to higher burnoff was sharper. With
temperature increase, the mean ratio did not change
from 1.1, but the burnoff behaviour was different
between low and high conversions. The mean steam
gasification rate in the burnoff range from 20 to 80 wt%
at 0.1 MPa was 1.6 times that at 0.5 MPa pressure at both
1023 and 1123 K, and 1.3 times that at 1223 K. The ratios
between 0.1 and 1.5 MPa were 1.7, 1.8 and 1.6 at 1023,
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1123 and 1223 K respectively. In CO, gasification, the
ratios for the same temperatures were practically similar:
between 0.1 and 0.5 MPa, 1.4, 1.3 and 1.2, and between
0.1 and 1.5MPa, 1.7, 1.5 and 1.4. These ratios in both
steam and CO, gasification appeared to decrease slightly
with increasing temperature.

In steam at 1023K (Figure 2a), the reaction rate
decreased while the burnoff increased. When the
temperature was raised to 1123 K (Figure 2b) the rate
of steam gasification increased and passed through a
maximum. At 1223 K (Figure 2c), the rate increased up to
~ 95wt% burnoff. In carbon dioxide, the main trend
was that the rate increased slightly with burnoff (Figure
3a, b, ¢). However, at 1023 K and at low burnoff, as seen
in Figure 3a for CO, gasification, some decrease in the
rate was observed.

Espeniis'® also observed a similar burnoff behaviour
for peat char in steam gasification. This type of burnoff
behaviour in steam is unexpected, as the reaction rate
related to the instantaneous mass (#’) usually increases
solely due to the development of pore structure. In
addition, this effect should be enhanced by the
catalytically active material among the ash-forming
constituents, as its amount remains constant during
burnoff, leading to an increase in the catalyst/carbon
ratio.

To study this negative burnoff behaviour of steam
gasification more closely, the rates were plotted against
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time. Figure 4 shows that the maximum rate occurred at
a reaction time below <100s in all cases. At 1023 K the
maxima were at 60-70s (after the initial decreasing
stage) at all pressures. At 1123 K the maximum rate was
at 70s at 0.1 MPa, and 40 s at both 0.5 and 1.5 MPa. At
1223 K the maximum was at 60s at 0.1 MPa and 90s at
1.5MPa. This observed behaviour leads to the assump-
tion that, practically, the deactivation reaction depends
only on time, and not so much on temperature and
pressure. The faster the gasification, the greater the
amount of catalyst still active. At high conversions the
catalyst seems to lose its contact with carbon and
consequently its activity.

To investigate the role of the catalytically active
substances in the burnoff behaviour of peat char, the
inorganic material was extracted by acid treatments
(HCI, HF), both from the peat char prepared in the DTR
and from the original peat. The ash content was thus
reduced by ~ 50% in both cases. In this case, the
demineralized peat was pyrolysed in the PTG at 1223 K.
Therefore the absolute values of reaction rate cannot be
compared with those shown in Figures 2—4, as the
pyrolysis was carried out under different conditions. The
burnoff dependence of the reaction rate in steam and
carbon dioxide gasification was determined.

The results for the demineralized char showed that the
reaction rates were significantly lower than those of the
original char in both steam and carbon dioxide (Figure 5).
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In steam gasification, the reaction rate of the deminer-
alized char still showed a negative burnoff behaviour, i.e.
the rate still decreased as a function of burnoff. The char
of the demineralized peat however showed a different
behaviour: the gasification rate increased while the
burnoff increased, as shown in Figure 6. The observation
made after the extraction of the char leads to the
conclusion that inorganic material has 51gn1ﬁcance in
catalysing the gasification of peat char. Espends 16 also
found similar reductions in the steam gasification
reactivity of peat char after demineralization. In addi-
tion, the observation made after the extraction of the
parent peat shows that the inorganic material also has an
influence on the burnoff behaviour in the steam
gasification of peat char. The fact that after char
extraction the negative burnoff behaviour was not
affected could result from a difference in or selectivity
of the extraction procedure.

The observed behaviour in steam gasification can be
explained on the basis of the results obtained in earlier
studies with coal, which imply that the catalytically

1H1/5

active substances contained in the fuel are deactivated
with increasing burnoff. Miihlen® reported on deactiva-
tion in lignite gasification, in which the catalytically
active substances, e.g. calcium, can react and lose activity
during gasification. This deactivation can result from
e.g. sintering and agglomeration of catalytically active
substances. Other possible reasons for the deactivation
could be the formation of new mineral phases or
reactions with the gasifying agent, as suggested by the
difference in burnoff behaviour between steam and
carbon dioxide gasification of peat char. In addition to
calcium, iron could also play a role in peat gasification.
The peat used in the test exhibits an exceptionally high
iron content (Table 1). The i iron present in Finnish peat
can be in finely divided form'®. This catalytically active
iron can lose its activity, for instance, due to the effects
discussed by Ohtsuka and Asami'®, who concluded that
the catalytic activity of iron correlates with the disper-
sion of Fe;O, particles in char and that the agglomera-
tion of this highly dispersed iron catalyst during
gasification reduces the gasification rate. This role of

Fuel 1996 Volume 75 Number 11 1283
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iron (as well as other inorganic material) needs further
investigation to be proved valid for this peat sample.

To determine how the product gas components H, and
CO affect the gasification rate and the burnoff behaviour,
the reactivity of the peat char was also determined in the
presence of these gases. In these tests, the binary gas
mixtures H,O-H, and CO,~CO% were used. The peat
char sample used was that prepared in the DTR. The
results shown in Figure 7 indicate that the addition of
both product gases H, and CO to the pure gasification
agents leads to a considerable reduction in the reaction
rate of peat char. The decrease in the rate depended on
the partial pressure of the component added. In steam
gasification, the negative burnoff behaviour intensified
when H, was added to steam. The addition of CO to CO,
also caused a strong negative burnoff behaviour.

When the partial pressure of hydrogen was 20 kPa and
the total pressure 0.5 MPa, the rate decreased from the
initial value of 16 wt% min~! to almost zero at a burnoff
>T70wt% at 1023 K (Figure 7, upper). The decrease was
even sharper when the partial pressure of H, was
0.23MPa and the total pressure 1.5MPa: the rate
decreased from 10wt% min~! to almost zero beyond
40wt% char burnoff. When CO was added to CO,
(Figure 7, lower), the decrease was not as sharp as that
after hydrogen addition at the lower partial pressure;
when the CO pressure was 20 kPa, the rate decreased
from 11 to Iwt%min~' (at 90wt% burnoff). At
0.23 MPa CO pressure however, the decrease seemed to
be sharper than that at the corresponding pressure of H,:
the rate decreased sharply from ~ 9wt% min~! to
almost zero beyond 40 wt% char burnoff.

CONCLUSIONS

The following conclusions can be drawn:

1284 Fuel 1996 Volume 75 Number 11

(1) the steam gasification rate of peat char is only
slightly higher than the CO, gasification rate;

(2) gasification rates decrease with increasing pressure in
both steam and carbon dioxide;

(3) the steam gasification rate of peat char decreases
from a maximum as char burnoff increases;

(4) demineralization of peat decreases the reactivity, and
also eliminates the negative burnoff behaviour
observed in steam gasification;

(5) the presence of the product gases H, and CO inhibits
the gasification of peat char almost entirely.
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GASIFICATION REACTIVITIES OF BIOMASS FUELS IN PRESSURISED
CONDITIONS AND PRODUCT GAS MIXTURES

A. MOILANEN and K. SAVIHARJU'
VTT Energy, P.O.Box 1601, FIN-02044 VTT, Espoo, Finland

Abstract

Measuring data required for describing the reactivity of biomass-based fuels for pres-
surised gasification, like various straws (wheat, barley, reed canary grass) and wood-
based feedstock (pine, willow, forest residues, miscanthus, sweet sorghum, kenaf), are
discussed. The measurements were carried out isothermally in a pressurised thermo-
balance by determining the gasification rates of char. The main variables were tem-
perature and partial pressures of H,0 and H,, and CO, and CO. The reaction rates were
determined in binary gas mixtures H,O-H,, and CO,-CO as well as in product gas
mixtures H,0-H,-CO,-CO. The total pressure range was 1-30 bar and the temperature
range 650-950 °C. The char samples were produced by pyrolysing the samples in a
thermobalance in the gasification conditions by placing the sample in the reactor in the
reaction conditions adjusted.

In the paper, the characteristic gasification behaviour of the samples in the presence
of product gases is discussed. For wood kinetic parameters were determined using the
Langmuir-Hinshelwood kinetics, which takes into account the effect of the product
gases on the reaction rate. The results indicated that the H,O-H, system was well in
conformity with this kinetics, while the reaction rates measured for the CO,-CO system
required the description of the catalytic effects of the ash-forming material. In the gasi-
fication of wood as well as of other biomasses, the behaviour of catalytically active ash
components is more complex during char gasification.

Keywords: biomass, gasification, reactivity, pressure, product gas

1 Introduction

The basis of this study was in the need of adding knowledge of the behaviour of various
biomass-based fuels, especially, for the development work on pressurised gasification
processes based on fluidised-bed technique. In coal gasification, a lot of fundamental
research has been carried out to create the scientific background required for the com-
mercialisation of new and quite complex power production systems such as pressurised
IGCC technique. Characteristics of various biomasses have been studied much less.

* Present address: Ahlstrom Machinery Corporation, P.O. Box 5, FIN-00441 Helsinki, Finland
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In the present study, the gasification behaviour of biomass feedstocks was character-
ised for pressurised fluidised-bed gasification. The testing conditions chosen were typi-
cal of a pressurised fluidised-bed gasification process, i.e. temperature range max.
1000°C and pressure max. 30 bar. The aim was to produce measuring data for the as-
sessment of carbon conversion in pressurised gasification of solid fuels. The factor af-
fecting the carbon conversion is the reactivity of the char residue after the feedstock
material is pyrolysed in the reactor. There are fairly many articles in literature on the
characteristics of biomass gasification reactivity and the role of the inorganic material
in catalysing it, e.g., [1, 2, 3].

To evaluate the behaviour of biomass in the fluidised-bed gasification, the condi-
tions involved in the reactivity of char material are those existing in the bed and in the
freeboard. In this context, particularly the presence of the product gas components must
be taken into account, especially for the char material circulating in the freeboard. The
product gas components have been found to significantly reduce the gasification rate
for coal and peat [4, 5, 6, 7]. The biomass-derived fuels differ from coal, i.e., with re-
gard to the high content of volatile substances (i.e. small amount of residual char) and
other type of ash-forming material, which can catalyze the char gasification reactions.

Gasification rates of residual char formed in pyrolysis in the presence of the product
gas of gasification were determined on a pressurised thermobalance (PTG) for pine
sawdust.. The most significant variables were temperature, pressure and H,O - H, and
CO, - CO ratios. The measurements were carried out for these gas mixtures as a func-
tion of partial pressures of the components and of temperature. Kinetic parameters were
determined on the basis of the reaction rate values obtained with the aid of Langmuir-
Hinshelwood formulas. Gasification reactivities of other biomass types determined in
the PTG were compared to the results obtained for pine sawdust.

2 Experimental

The measurements were carried out in the pressurised thermobalance system. The
principle of the testing method has been presented previously [7]. The tests were carried
out in the temperature range of 700-900 °C and in the pressure range of 1-30 bar (abs.).
Pine sawdust was mainly used as sample, the average particle size being 0.1 mm. For
characterising the gasification behaviour of different biomasses the samples presented
in Table 1 were used [8].

The sample was pyrolysed by lowering it by the winch of the thermobalance direct
into the reactor, into gasification conditions. The aim was to get rapid pyrolysis that to
some extent corresponds to process conditions. The average heating rate of the sample
obtained in this way was some 10 °C/s. The conditions for measuring the char gasifica-
tion were stabilised after 60 seconds from the input of the sample, including the pyro-
lysis stage. This part of the weight-time signal recorded by the thermobalance system
was removed in the data evaluation. The results obtained for mass change and for the
rate of mass change with this treatment are shown in Fig. 1. The rate of mass change
due to char gasifying and pyrolysis was given as a so-called instantaneous rate of reac-
tion r" (%/min). It was calculated by dividing the rate of mass change of the sample by
the residual ash-free mass. X (%) is the conversion of the total ash-free sample.
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Table 1. The characteristics of the feedstock samples, wt%, dry basis

Sample Volatile  Fixed Ash C H N Ogir S
matter, % carbon, % % % % % % %
Pine saw dust 83.1 16.8 0.1 51.0 6.0 0.1 42.8 nil
Pine bark 73.1 253 1.7 525 5.7 0.4 39.7 0.03
Forest residue (pine) 79.3 194 1.3 513 5.8 0.4 409 0.02
Salix 79.9 18.9 1.2 49.7 6.1 0.4 42.6 0.03
Wheat straw 77.7 17.6 47 47,5 5.9 0.6 41.5 0.07
Barley straw 76.1 18.0 59 46.2 5.7 0.6 415 0.08
Reed canary grass 73.5 17.6 8.9 45.0 5.7 1.4 389 0.14
Miscanthus 78.5 18.2 33 479 6.0 0.6 41.6 0.6
Sweet sorghum 772 18.1 47 473 58 0.4 41.7 0.1
Kenaf 79.4 17.0 36 466 5.8 1.0 42.8 0.1

Ash chemical composition, wt%
SlO2 A1203 F6203 CaO MgO Kzo Na20 T102 SO3 P205

Pine saw dust 83 20 1.8 418 118 123 03 012 19 52
Pine bark 13 53 03 406 45 76 05 012 20 438
Forest residue (pine) 385 47 3.7 154 40 83 04 05 1.6 32
Salix 04 03 02 308 51 25 03 002 3.0 115
Wheat straw 599 08 05 73 18 169 05 004 1.1 23
Barley straw 620 02 02 45 22 193 05 002 14 25
Reed canary grass 89.8 14 1.1 35 15 31 0.1 005 1.1 4.1
Miscanthus 428 05 04 76 48 253 07 003 2.1 53
Sweet sorghum 578 07 05 90 27 82 15 005 30 3.0
Kenaf 66 1.8 1.2 308 6.0 133 1.3 008 57 27

The kinetic parameters were calculated on the basis of the minimum reaction rates of
the gasification rate vs. fuel conversion curve, see point A in Fig. 1.

3 Results

Fig. 2 shows the dependence of the reaction rate of wood residual char on temperature,
measured in 1 bar pressure of CO, and H,0. The activation energy was 217 kJ/mol for
steam gasification and 229 kJ/mol for CO, gasification. These values are of the same
magnitude range as those measured earlier [9].

The dependence of gasification of wood char on pressure can be seen from Fig. 3,
measured in the pressure range of 1-15 bar CO, and H,O at temperatures of 750 and
850 °C. When the pressure was raised in the range under study, the rate of CO, gasifi-
cation was reduced slightly at both temperatures, while the rate of H,O gasification in-
creased clearly.

The effect of the product gas on the gasification reactivity of wood residual char was
studied using binary gas mixtures CO,- O and H,0-H,. The dependence of reaction rate
on the partial pressure of product gas components were described with Langmuir-
Hinshelwood formulas as used for coal [5].
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Fig. 1. Fuel conversion (X, %), and gasification rate (1, %/min), as a function of time
(upper graph) and r” as a function of fuel conversion (X, %) (lower graph). Point A
shows the minimum gasification rate.

According to the Langmuir-Hinshelwood kinetic expression, the reciprocal of the
reaction rate should have a linear correlation with the ratio of the partial pressures, €.g.,
Pco/Pcoz- The measurements indicated that the reciprocal of the reaction rate in the
gasification of wood residual char in the CO,-CO system was dependent linearly fairly
well on the ratio of partial pressures, while the level of dependence was dependent on

the total pressure (Fig. 4).
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Fig. 2. Dependence of the gasification rate of wood char on temperature at 1 bar CO,
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Fig. 3. Dependence of the gasification rate of wood char on CO, and H,O pressure at
750 and 850 °C.

In the H,O-H, mixtures the corresponding dependencies were significantly better
and the total pressure was of no great significance, as can be seen from Fig. 5.
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Figure 5. Dependence of the gasification rate of wood char and the H,/H,O ratio at 750
and 850 °C in the pressure range of 1-15 bar.

The reason for the differences observed seems to be the complexity of pressure de-
pendence, which is possibly due to the behaviour of ash-forming substances during
gasification. The catalytic effect of the ash-forming substances on the gasification reac-
tivity of solid fuels is well-known, e.g., for lignites [10], and the gasification reactivity
behaviour of low-rank coals is dependent on the behaviour of these substances [11, 12,
13] . Metals contained in biomasses have also been found to have a significant effect on
their gasification reactivity [1-3, 7]. Thus, the behaviour of these substances during
gasification can affect also the reactivity behaviour.
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The behaviour of ash-forming substances during gasification can be very compli-
cated. Possible effective behaviour models are an increase in diffusion resistance
caused by ash or a decrease in catalytic activity of the ash-forming substances. In fuels
with a low silicon content, the reaction rate correlates with the K + Ca content [2].
Biomasses, however, can contain very variable, even high, amounts of silicon [14], as
shown in Table 1. Silicon occurs in plants dominantly as amorphous silicahydrate
SiO,nH,0 or as polymerised silicic acid [15]. Silicon distribution is highly dependent
on the plant species. Silicon flocculates in cell structures protecting and supporting the
plant. In fuel use, silicon can affect the reactivity by reducing it. The effect of silicon
has been observed in the gasification of rice husk as a reduction in carbon conversion
[3]. Research on silicate formation in gasification indicates an increase in diffusion re-
sistance as the gasification reactions progress, when silicate ash sinters with alkali
metals and carbon is encapsulated inside it. Kannan et al. [2] found out the reactivity-
reducing effect of silicon by adding fine quartz powder to well-gasifiable biomass,
when its gasification reactivity collapsed. Ash-forming substances may also react with
each other or with the gas phase, when new compounds, different in catalytic effect can
form [16].

The reactivity results obtained with other biomasses indicate great scattering com-
pared to the results obtained with wood. As can be seen from Fig. 6, the pressure de-
pendence between various biomasses in steam and CO, gasification can be rather dif-
ferent and unpredictable. As an example, the effect of the presence of 3 bar hydrogen in
steam on the gasification rate was determined at 30 bar total pressure. The results show
that the presence of hydrogen reduces the gasification rate, and differently for different

biomass types.

4 Conclusions

The most significant conclusion from this study is that the determination of
characteristics that describe gasification requires detailed knowledge of fuel structure
and ash chemistry. A hypothesis is that the deviations found out in this study, such as
the reduction of reaction rate at increasing pressure and differences in the gasification
behaviour of CO,-CO and HZO-Hz mixtures are due to the behaviour of ash-forming

substances in gasification.
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New High-Pressure Gasification Rate Data
for Fast Pyrolysis of Black Liquor Char

K. SAVIHARJU, A. MOILANEN and A.R.P. VAN HEININGEN

It has been customary, when measur-
ing the gasification rate of black liquor char,
to add CO during the preceding temperature
equilibration period in order to suppress the
loss of sodium by the char before gasifica-
tion is started. The present study shows that
this hot treatment before gasification leads
to a reduction in the pressurized CO; gasifi-
cation rate data. It is proposed that a thin
layer of soot, deposited during the hot pre-
treatment, reduces the catalytic activity of
sodium sites for carbon gasification by CO».
Surprisingly, the pressurized hot treatment
has no effect on the pressurized H20 gasifi-
cation rate. Atmospheric hot treatment has
also no effect on the gasification rate. New
high-pressure CO2 gasification rate data
are presented for fast pyrolysis black liquor
char which has not been subjected to the hot
treatment.

INTRODUCTION

Modern pulp mills produce steam
and power for their own use. The heat in
fuels — bark, sludges and black liquor —
can be converted into power in a condensing
steam turbine. The steam pressure and the
temperature of the turbine are limited by the
requirement to keep the corrosion rates in
the recovery boiler at an acceptable level.

A more efficient way to utilize the
fuel heating value is to apply combined-cy-
cle technology which requires pressurized
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gasification of fuels [1--3]. Since black lig-
uor is the dominant fuel in pulp mills, its
pressurized gasification is of key impor-
tance for the introduction of combined-cycle
technology [4]. A gasifier can in principle
operate either below or above the melting
point of the salts. The temperature window
where operation would be difficult due to
plugging problems [5] is somewhere be-
tween 700 and 850°C.

One of the key issues affecting gasi-
fier design in the low temperature regime is
char reactivity, i.e. how quickly the pyro-
lyzed char can be gasified. The cheapest
gasifying agent is air which reacts quickly
with volatiles of black liquor, producing an
atmosphere where N,, H,0, H,, CO, and
CO are the main components, with some
hydrocarbons and sulphur compounds. The
char is subsequently gasified in this atmos-
phere. The gasification reaction is a rate-
limiting step for the carbon conversion. The
gasification rate of char under pressurized
conditions is thus a very important parame-
ter for implementation of the combined-cy-
cle technology. However, this rate is very
difficult to determine experimentally, since
the production of the char and its actual
gasification can only be done at conditions
which approach those expected in industrial
practice. Pioneering work on pressurized
CO, and H,O gasification of black liquor
char has been carried out at Abo Akademi,
Finland [6-9] using a thermobalance set-up.

In order to obtain good gasification
data, a uniform and constant temperature of
the sample is required. This is obtained if the
sample is kept in an inert atmosphere for a
certain time, e.g. 400 s, before introducing
the gasifying atmosphere. This has been the
procedure in previous studies of pressurized
gasification of black liquor as well as of
atmospheric gasification [10-14].

To prevent the carbothermic decom-
position of sodium carbonate through the
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proposed reactions (1) and (2) [18],
Na,CO; +2C € 2Na+3CO €))

Na,CO3+C @ 2Na+CO+CO;  (2)

carbon monoxide has been added to the “in-
ert” atmosphere during temperature equili-
bration [15-17]. However, since this
particular pretreatment may affect the char
reactivity, the present study addresses the
question of what the effect is of time and
atmosphere (in particular the pressure of
CO) of the pretreatment on the carbon gasi-
fication rate.

EXPERIMENTAL

Black liquor was obtained from labo-
ratory-scale digestion of Pinus sylvestris.
The liquor was spray dried and particles
larger than 105 pm were removed by screen-
ing. The composition of the dried black lig-
uor is presented in Table L.

This liquor was pyrolyzed in a pres-
surized heated-grid unit shown in Fig. 1.
The equipment is described in detail by
McKeough [19]. The temperature history of
the char during pyrolysis is shown in Fig. 2.
The pyrolysis pressure was 100 kPa (abso-
lute Ny), the temperature 675 or 710°C
(standard deviation 10°C), and holding time
10 s for all the chars produced. The compo-
sition of the resulting char is presented in
Table II. The numbers in brackets show that
35% of the sulphur and a negligible amount
(5%) of sodium is released during pyrolysis.

The gasification reactivity measure-
ments were carried out in a pressurized ther-
mobalance (PTG) which is of the same make
(DMT) as that used at Abo Akademi. The
schematic diagram is shown in Fig. 1. A
more detailed description of its operation
has been presented by Miihlen [20]. The
flow of the reaction gases to the PTG are
controlled with mass flow controllers. The
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G TABLEL
COMP ,smorq OF DRIED BL ACK Liou’ R

PRESSURIZED HEATED GRID
PYROLYSIS EQUIPMENT

Sample 0-100 g
Pressure 0-4 MPa

hotder

Expansion

valve

i condenser

CURRENT
PRESSURIZED
Microbalance ggsnu Jsion THERMOBALANCE
,,,,,,,, * | Pmax = 10 MPa, Tmax = 1100 °C

CONTROL UNIT

He-flushing

Sample
tock <t CO?

Reactor

data Water
Themocouple  acquisition pump
L T

Steam
generator

ment.

Fig. 1. (A) Heated grip pyrolysis and (B) thermobalance equip-

gases are preheated to the reaction tempera-
ture in the jacket around the reactor tube
before entering the reaction chamber. He-
lium is purged from the top of the reactor to
prevent air from entering the microbalance
compartment. The sample is placed in the
helium-purged sample lock at ambient tem-
perature while the reaction conditions are
established. ' When the adjustments have
been completed, the sample is lowered into
the reaction chamber with a winch system.
The gasification temperature and weight of
the sample are monitored continuously with
a computer. In our experiments, the gasifica-
tion temperature is measured as well as con-
trolled by a thermocouple placed beneath
the sample holder.

A char sample of approximately 10
mg was weighed in a laboratory balance and
put into the sample holder made of alumina
(Fig. 1). After the gasification test, the sam-
ple holder was removed and the residue was
again weighed immediately with a labora-
tory balance. If the residue had a greyish or
black colour, or the weight curve still
showed a decreasing trend, the ash content
of the residue was determined by burning it
in air in the thermobalance at 675°C (the
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temperature of the
sample was not
mea-sured, but it un- r
doubtedly was '
higher than the tem- 1
perature of the ther- AN
mobalance). The :
amount of gasifiable Y

7
MAXIMUM PYROLYSIS TEMPERATUREZ

INATURAL COOLING

char was then ob- 0
tained as the differ-
ence between the

Time, t (s)

initial char sample

weight and the
weight of the resid-
ual ash.

When the sample is lowered into the
reactor, it heats up to the reaction tempera-
ture at an estimated rate of more than
10°K/s. The weight change recorded during
this period of approximately 60 s is due to
several effects including buoyancy and gasi-
fication. Due to the uncertainty in the saniple
mass during these first 60 s, the initial char
weight was obtained by extrapolation of the
subsequent linear portion of the weight-loss
curve (Fig. 3), for all the mass-time graphs.
The initial char weight is needed in order to
calculate the conversion of the total gasifi-

Fig. 2. Pyrolysis heating profile (heating rate 750 K/s).

able material. The extrapolated part of the
weight-loss curve was not used for the cal-
culation of the gasification rate, so that the
rates at 0-20% char conversion are omitted
in the subsequent graphs.

In order to compare the above-men-
tioned procedure with those used in previous
studies, a hot treatment period was added
prior to the gasification in a number of ex-
periments. During this period of typically
400 s, the sample was kept at the gasification
temnperature and a certain gas atmosphere.
The atmosphere was N, with or without CO.
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TABLE ili
HOT TREATMENT AND GASIFICATION CONDITIONS

Sample Hot treatment (400 s) Gasification
A N, Pco Frot T Prot T £ CO2 Fco A H,0 R H, PN2
Run no mg kPa kPa kPa °C kPa °C kPa kPa kPa kPa kPa
329 9.9 no hot treatment 100 675 20 4 0 0 76
330 10.6 90 10 100 675 100 675 20 4 0 0 76
331 10.6 no hot treatment” 2000 675 400 80 0 0 1520
334 9.7 1800 200 2000 675 2000 675 400 80 0 0 1520
345 10.2 1800 200 2000 735 2000 735 400 80 0 0 1520
346 10.4 no hot treatment 2000 735 400 80 0 0 1520
392 10.0 no hot treatment 2000 735 0 0 400 80 1520
393 10.1 1800 200 2000 735 2000 735 0 0 400 80 1520
5
8 -
o
E —
b o
z E
W AF g
.B (2]
= i
N =
O I 1 1 1 .
0 400 800 0 I I l I
Time, t (s) 0 4000 8000 12000 16000
Time, t (s)
Figure 3 Figure 4
Fig. 3. Determination of initial char weight (A). Fig. 4. Typical weight-time curves for gasification at 675°C. For
legend, see Table Il
&
4 S 4
= ol 329
g g
S 330
2 345 s 2T
i 2
o
= 346 e 1+ 330
! i 3 329
0 O 0 |
0 1000 2000 3000 0 0.4 0.8
Time, t (s) Char Conversion, X (-)
Figure 5 Figure 6

Fig. 5. Typical weight-time curves for gasification at 735°C. For

legend, see Table lil.

After the hot treatment, the sample was
lifted up into the sample lock. After adjust-
ment of the gasification atmosphere, the
gasification procedure described above was
again followed.

RESULTS

The weight-time (m-t) CO, gasifica-
tion curves of the char with or without Aot
treatment are shown in Figs. 4 and 5 at,
respectively, 675 and 735°C. Table III gives

the different conditions for hot treatment
and for gasification. It can be seen from
these two figures that the kot treatment un-
der a CO pressure of 10% retards the pres-
surized CO, gasification rate of the black
liquor char, especially at the beginning.
However, Fig. 4 also shows that the “hot
treatment” has an insignificant effect on at-
mosphere gasification by 20% CO,,.

In order to better compare the char
reactivities, the gasification rate, r, was de-
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Fig. 6. Effect of hot treatment at atmospheric pressure on atmos-
pheric gasification at 675°C. For legend, see Table Ili.

termined as

dmc/
r=- mco
dt ’

3)

is the measured weight-loss rate (mg/s), and
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Fig. 7. Effect of pressurized hot treatment on pressurized gasifi-
cation with CO2 at 675°C. For legend, see Table Iil.
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Fig. 8. Effect of pressurized hot treatment on pressurized gasi-
fication with CO2 at 735°C. For legend, see Table iil.
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Fig. 10. SEM photomicrographs showing the effect of the hot
treatment on char morphology. (A) Char after pyrolysis. (B) hot
treatmentat 100 kPa (Pco= 10 kPa, Pn, = 90 kPa); (C) hot treatment
at 2000 kPa (Pco = 200 kPa, Pn, = 1800 kPa).

Fig. 9. Effect of hot treatment on the H,0 gasification rate at
735°C. For legend, see Table ili.
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m, , is the total gasi-
fiable amount of
char defined earlier.
The gasification rate
calculated for the ex-
periments shown in
Figs. 4 and 5 are
plotted vs char con-
version X(= 1 -
m/m, ,) in Figs. 6-8.
The results in Fig. 6
confirm that the Aot
treatment has no ef-
fect on the char gasi-

fication rate at atmospheric conditions and
675°C. It can also be seen that the gasifica-
tion rate is independent of char conversion
up to X = 0.45. This behaviour has been
noticed earlier for catalyzed gasification of
quickly pyrolyzed black liquor char at at-
mospheric pressure [14]. Huhn [21,22] has
concluded from coal gasification studies that
the zero-order reaction is a sign of catalyst
mobility in the char.

The effect of hot treatment on the
r— X behaviour of pressurized (2000 kPa)
gasification by 400 kPa CO, and 80 kPa CO
(the balance being N,) at 675 and 735°C is
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Fig. 11. Effect of total pressure on CO; gasification rate at 675°C.

shown in Figs. 7 and 8, respectively. These
results quantify the decrease in the gasifica-
tion rate due to kot treatment as 40 = 60%
for conversions up to about 0.6. It is interest-
ing to note that at 735°C the pressurized
gasification of hot-treated char does not fol-
low the zero order in char kinetic behaviour.
The behaviour whereby the rate r first in-
creases and then decreases has been reported
previously as typical of pressurized gasifica-
tion of black liquor char with CO, [9]. In our
experiments, this type of behaviour is ob-
tained at 735°C but not at 675°C.

When gasification is performed with
H,0, the effect of pressurized kot treatment
under a CO atmosphere (10% CO, rest N,)
on the gasification rate is almost negligible,
as can be seen in Fig. 9. At atmospheric
pressure, the effect is also found to be negli-
gible. Finally, kot treatment (400 s) without
CO prior to gasification had only a minor
effect on the gasification rate behaviour,
both under atmospheric and at 2000 kPa
total pressure for CO, and H,O gasification.

EXPLANATION OF THE EFFECT
OF HOT TREATMENT

It was found that the sample weight
increased during hot treatiment in the pres-
ence of CO. This was also the case with an
empty sample holder, which became cov-
ered with soot. This behaviour can be ex-
plained by the reverse of the Boudouard
reaction :

C+CO, € 2C0 C))

which produces CO, and carbon from CO.
The weight increase rate observed with the
empty sample holder is shown in Table TV

TABLE IV
SOO0T FORMATION RATE WITH EMPTY
SAMPLE HOLDER
Deposition rate,
T.°C 104, mg/s
675 0
735 1.2

Fig. 12. Effect of CO partial pressure on CO: gasification rate at

675°C when P, =400 kPa.

(Pco = 200 kPa,

Py, = 1800 kPa). It
can be inferred from
Table IV that the
amount of soot de-
posited at 735°C is
significant,  while
that at 675°C is not.

Subsequent
gasification of the
soot deposited on

Ln(-rx 10%

o

| |

the hangdown wire
and empty sample
pan with 100% CO,
at 2000 kPa and
735°C gave a gasifi-

cation rate of 1.3 x Fionre 13

1.02 1.04
1000 /T, (1/K)

1.06

104 (s™1), which is
an order or magni-
tude smaller than
that for kraft black
liquor char (see Fig. 8) considering the dif-
ference in CO, partial pressure (respectively
2000 and 400 kPa). Therefore, we propose
that a thin layer of soot is deposited on the
catalytically active sodium sites in black lig-
uor char during pressurized hot treatment,
which protects the char (rom gasification
when CO, is subsequently introduced. In
other words, the pressurized gasification
rates at 735°C shown in Fig. 8 after hot
treatment are significantly biased until the
soot layer is removed by gasification. This
also explains why the gasification rate, 7, in
Fig. 8 first increases with increasing conver-
sion, X. The absence of this behaviour in Fig.
7 for pressurized gasification at 675°C is
most likely due to the fact that the soot
formation is much smatler at this lower tem-
perature (see Table III). Microscopic evi-
dence of soot deposition during hot
treatment is presented in Fig. 10. It shows
the char surface before and after hot rrear-
ment, the latter both at atmospheric and
2000 kPa total pressure. Mercury
porosimetry showed that the soot deposition
did not change the size distribution and vol-
ume of pores with a diameter less than 1 pm,
indicating that the internal pore structure
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Fig. 13. Arrhenius plot of CO2 gasification rate for P,
Pco=80 kPaand Ry = 1520 kPa, 2

=400 kPa,

was unaffected by the soot formation,

It is important to notice that kot treat-
ment at atmospheric total pressure has no
significant effect on the (pressurized) gasiti-
cation rate. This means that the atmospheric
gasification rate data reported for fast pyro-
lysis char following atmospheric hot treat-
ment [11] are not affected by the hot
treatment. Finally, it is surprising that the
pressurized hot treatment has no effect on
the subsequent pressurized steam gasifica-
tion rate (see Fig. 9). This would suggest that
the deposited soot does not form a barrier tor
H,0, while it does for CO,.

Gasification Kinetics

Because the previously reported pres-
surized gasification rate data are affected by
the soot formation during hot treatment, a
series of pressurized gasification experi-
ments were performed without the kot treat-
ment to determine the unbiased CO,
gasification kinetics. These gasification rate
data obtained at 675°C are shown in Figs. 11
and 12. In Fig. 11, the composition of the
gasification gas is kept constant (P, = 4%,
Feo, = 20%, balance N,) while the total
pressure is varied from 100 to 3000 kPa. It
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can be seen that the unbiased rate data show
a dramatic decrcase with increasing pres-
sure, just as was shown earlier by Frederick
et al. [9]. Actually, the data of Frederick et
al. [9] are comparable to the present, pre-
sumably because in the latter study the
maximum gasification rate was reported. In
Fig. 12, the CO partial pressure is varied
while the CO, partial pressure is kept con-
stant at 400 kPa. The data in this figure
clearly show thie strong inhibiting effect of
CO on the CO, gasification rate. The effect
of temperature on the gasification rate is
shown in Fig. 13. From this Arrhenius plot
an activation energy of 368 kJ/mol is ob-
tained, which is much higher than the value
of 205 klJ/mol measured by Frederick and
Hupa [7} for their high-pressure data. It is
also much larger than the activation energy
of 250 kJ/mol obtained by Li and van Hein-
ingen [11] for atmospheric CO, gasification
of kraft black liquor. Further work is needed
to explain why the activation energy in the
present investigation is different from these
earlier studies.
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ABSTRACT: The development of the reliable kinetic model for the development and
design of fluidised bed gasifiers (FBG) requires knowledge about the char oxidation
relevant to the gasifier. The biomass feedstock can have a large particle size
distribution (maximum 50 — 100 mm). Char oxidation depends mainly on char porosity
and catalytic material in char, which again depend on fuel reactions in pyrolysis. The
pyrolysis conditions are therefore essential when gasification reactivity of solid fuels is
determined. The behaviour of fuel in pyrolysis depends on the heating rate of fuel
particles, which is dependent on the particle size. In large pieces, the centre heats up
slower than the surface, which forms a layer of char after a fast reaction in the
surrounding heat. In this work, the effect of particle size on gasification reactivity was
studied in two ways: 1) the reactivity of char material formed when large wood pieces
were pyrolysed, and 2) large pieces were gasified directly. Birch wood was used as
sample material and particle/piece sizes varied below 0.5 mm to 10 mm. The reactivity
tests were carried out isothermally in a thermobalance, in steam and at temperatures
from 750 °C to 850-°C. The chars formed from the pyrolysis of the large wood pieces
were crushed and their reactivity was measured normally. The other procedure was to
insert the wood pieces in the gasification reactor and gasify it directly (in situ
pyrolysis). According to the results, in both cases the gasification rate of chars showed
a declining tendency with the increasing size of the wood pieces (maximum dimension
or outer surface area of the wood piece).

INTRODUCTION

The development of the reliable kinetic model for the development and design of
fluidised bed gasifiers (FBG) requires knowledge about the char oxidation relevant to
the gasifier'”. Char oxidation depends on char porosity, catalytic material (i.e. ash
forming material) in char, which again depends on pyrolysis conditions. The behaviour
of fuel in pyrolysis depends on the heating rate of the fuel particle, which is dependent
on the particle size. The gasifier feedstock can have a large particle size distribution
(maximum 50—100 mm). In larger particles the centre of the particle heats up slower
than the surface, which forms a layer of char after a fast reaction in the surrounding
heat. This layer is also subjected to attrition in the fluidised bed. Therefore, the effect
of pyrolysis conditions is essential to know when gasification of solid fuels is
modelled.

For coal, a lot of research is carried out on this subject, but less for biomass®. Zanzi*
studied the effect of biomass particle size on gasification reactivity, but he used a
smaller particle size range (less than 1 mm) than in this work. He observed that the
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char yield increased with particle size. In general, the temperature has a major role in
pyrolysis as high temperature decreases char reactivity though affecting positively the
heating rate in pyrolysis. Development and quality of internal surfaces of a particle are
influenced by the reactor temperature and residence time of a fuel particle in the
reactor. With large particles and pieces, the heating rate is different on the surface and
inside the particle. Chen et al.’ have compared the gasification reactivities of chars
from free-fall reactor with fast heating rate and thermobalance with slow heating rate,
and they concluded that the former had higher reactivity. According to Cazorla-
Amords et al., the heating rate used in the pyrolysis treatment produces different initial
dispersions for calcium®, which act as catalyst in char gasification reactions’: higher
pyrolysis heating rate produces higher dispersion for calcium, and thus higher
reactivity. Calcium is an abundant element in biomass ashes, especially in woody
biomasses (Table 1)%.

At high temperatures exceeding 1000 °C, also the char structure becomes more
ordered and hence results in a lower reactivity’. Zolin ef al. have studied the effect of
thermal deactivation of various solid fuel chars on oxidation reactivity'®. They
compared the deactivation-leached straw to a.0. coals and observed that the straw char
deactivated with the increasing heat treatment temperature (temperatures 973-1673 K)
but it had a higher reactivity than coal chars.

Inside large char particles and pieces, gas atmosphere containing product gas
components (H,, CO) is formed, which inhibit gasification reactions and thus should
be taken into account in the modelling '

The objective of this work was to study, how gasification reactivity is affected by
large piece sizes, which are relevant in the biomass feedstock material used in fluidised
bed gasifiers. The results are applicable for wastes, too, since they contain a significant
part of biomass'?. The effect was studied in two principles: how large biomass
feedstock pieces affect the char quality related to the gasification reactivity, and how
fast the char with large piece sizes is gasified.

EXPERIMENTAL

The sample material used in the study was birch wood, which was the same as used by
Barrio'®. Table 1 presents the fuel characteristics of the birch wood.
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Table 1 Properties of birch wood ',

Proximate analysis %, dry matter

Moisture 11.1
Volatile matter” 78.7
Fixed carbon 20.9
Ash 0.37

Ultimate analysis %, dry matter

C 48.7
H 6.4
N 0.078
O (by diff.) 445
Ash analysis % in ash
Si 0.03
Al 0.01
Fe 0.17
Ca 30
Mg 4.8

K 28
Na 0.08
Ti 0.007
S 0.64
P 3.4

" Pyrolysis conditions: heating at 24 °C/min until 600 °C, held for 30 min and natural cooling

Different piece sizes of birch wood were used as the sample material as presented in
Fig. 1. The sizes used were sawdust (particle size below 0.5 mm) and wood pieces with
several dimensions as presented with the results in Tables 2 and 3. Also symmetrical
cubic pieces and round spheres were used in some test runs. The tests were carried out
in the same thermobalance as used previously'”. Gasification tests were mainly
conducted isothermally in 1 bar steam pressure at temperatures from 750 °C to 850 °C.
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Fig. 1 Birch wood pieces used in the gasification tests.

To compare the results with the studies carried out by Barrio'® with the sample
material, the birch wood was subjected to heat treatments prior to the gasification tests.
The treatments were divided into slow and fast heat treatments. It is common that the
slow heat treatment is used when char gasification is characterised in a thermobalance.
Barrio has used this slow heat treatment (SHT) in their research, which was simulated
in this study according to the following: a sample of birch wood sawdust was heated in
an inert gas phase of nitrogen (N,) at a heating rate of 24 °C/min to 600 °C and kept in
this temperature for 30 minutes. After that, the sample was held at 200 °C for 10 min,
after which it was heated at a heating rate of 24 °C/min to 1000 °C and kept there for
30 minutes™.

The heat treatments to simulate fast pyrolysis were carried out in a furnace as it
takes place in fluidised bed gasification when the fuel enters the reactor. This was
carried out with two methods a) VM method and b) in situ pyrolysis. The VM method
was used to test the effect of the particle size on char quality. Accordingly, birch wood
of different piece sizes was put in a crucible, which is used in the measurement of the
volatile matter content'®. The crucible was introduced at the temperature of 850°C, at
which the sample was kept two holding times; 1-2 minutes and 3 minutes. The weight
loss was about 86—87%. The large char pieces formed in this way were crushed and
sieved to the particle size of 0.25-1 mm for the gasification measurements in the
thermobalance. In the in situ method, the pyrolysis of large pieces took place by
subjecting large pieces directly to the gasification surroundings in the thermobalance.
The reactivity of char formed was measured directly thereafter. In these experiments, a
sample holder of a cup form was used. The effect of the sample holder form on
reactivity was tested and compared with the cylindrical sample holder, which is usually
used in the reactivity tests'>. With the cup, it was observed that the reaction rate was
too fast for the cup holder at the temperature of 850 °C compared to that measured in
the wire mesh sample holder. Therefore, the lower temperature of 800 °C was selected
for the reactivity tests with the cup.

RESULTS AND DISCUSSION

The reactivities in the figures of this study are expressed in a form of instantaneous
reaction rate, r” (%/min) vs. conversion, similarly as presented in reference'’. In Tables
2 and 3, the reaction rate r” is presented as an average value covering the conversion
range from about 10% to 80% for chars, and from 90% to 98% for fuels. In the fuel
conversion values, the conversion caused by pyrolysis was included.

The heat treatment applied by Barrio gave similar result in our study, too, as shown
in Fig. 2. Accordingly, the heat treatment affects the char so that it becomes
significantly less reactive, and furthermore unsuitable for predicting fuel behaviour in
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FBG. In the figure, it can be seen that the char produced in situ and in VM method
have higher starting reaction rates than the SHT char. The prolongation of the holding
time from 1 minute to 3 minutes of the VM chars had a negligible effect on char
quality, as shown in Fig. 2. The gasification reactivity of char produced in situ was also
similar to these chars.

Fig. 3 depicts the reaction rates of the VM chars that were subjected to the 1-minute
heat treatment (compare Fig. 7). Tables 2 and 3 present the sizes of the sample pieces
and the resulted gasification rates of the chars prepared with VM method and in situ,
respectively.

Fuel conversion (in situ char), %

30 92 94 9 98 100 SHT

100 - + 100 £ =S==\/M, 3min
£ 90 90 “00: e—e=\/M, 1min
1 80 +80 @ | e=Teminsitu
c o |
S 70 - 70 £
[5) 3 o g
8 c 60 ;- + 60 *g 2
©E 50 150 o5

o
2 40 40 45
2 a0 30 82
S ; 2
c 20 - 20 §
@ 10 10 &
- 0 . . ‘ ; ~0 2
0 20 40 60 80 100

Conversion, %

Fig. 2 Gasification reactivity of birch chars (particle size less than 0.5 mm) measured
in 1 bar steam and at 850 °C. (Note: the conversion axis of the in situ char is scaled to
correspond the SHT char).
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Fig. 3 Gasification reactivities of chars made from birch wood pieces of different sizes;
chars were prepared with VM method, and the holding time was 1 min; gasification
was carried out in 1 bar steam and at 850 °C.

According to the results, it is evident that pyrolysis of large pieces produced less
reactive char as shown in Fig. 4, which presents the dependency of the gasification
reactivity with the maximum dimension of the wood pieces. The reason for this can be
connected with transportation of pyrolysis products (tars) formed during the pyrolysis
of the large pieces. During the pyrolysis of large wood pieces, Chan et al. and
Grenli'"'® measured a significant temperature gradient from the hot surface to the
cooler inner parts of the piece, and also the capillary tubes of wood were observed to
affect the temperature profile. Thus, the volatile products released at the surface and
transported to the cooler inner part could be condensated and form char, which can be
assumed to have different properties than the rest of the char: This char material has
lost contact with the char catalysing ash material, thus leading to a lower reactivity.
However, this assumption would need to be studied further.
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Table 2 The sizes of the birch wood pieces and the holding times used in the VM
method; the gasification rates of the resulting chars; gasification was carried out in 1
bar steam and at 850 °C.

Dimension, mm
Min. Middle Max. Holding  r" (10%-80%),
time, min  %/min

saw dust <0.5 3 46
3 6 7 3 36
6 6 15 3 38
7 10 15 3 40
10 15 20 3 30
saw dust <0.5 1 57
2 6 8 1 45
7 7 20 1 31
7 7 20 1 33
6 14 15 1 40
6 14 15 1 41
14 14 16 1 31
6 14 14 1 41
11 11 11 1 45
9 9 9 1 38
60
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Fig. 4 The dependence of the gasification rate of the VM chars (holding time 1 min) on
the maximum dimension of the wood piece; gasification was carried out in 1 bar steam
and at 850 °C.
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The pyrolysis of symmetrical pieces seem to produce little more reactive chars than the
elongated, but this result was not very distinct, as presented in Fig. 5.

c

g 100 —e—Rectangular 7 x 7|
a\"_ 90 x 20 mm

2 80

@ 70 =—&—Rectangular 6 x
c

% 60 - 14 x 15 mm

S ;

& 50 ~—— Symmetrical

w 407 cubic 11 x11 x 11
§ 30 ; mm

& 20 ; —&— Symmetrical

I 10 cubic9x9x9

b7 0 mm

£

0 20 40 60 80 100
Conversion, %

Fig. 5 Gasification reactivities of chars made from symmetrical and elongated birch
wood pieces of different sizes; chars were prepared with VM method, and the holding
time was 1 min. Gasification was carried out in 1 bar steam at 850 °C.

According to Fig. 6, the reactivity of birch char was comparable to those chars
prepared from chipboards and cardboards (these components exist in wastes). The
chars were made with VM method from birch wood of the size 10 x 15 x 20 mm, from
chipboard of the size 20 x 12 x 8 mm and from the cardboard of the size 20 x 18 x 2
mm.
The results of the in situ chars are presented in Table 3 and in Figures 7-9. Here the
sizes are given for different birch wood pieces, not for chars. It has to be noted that
significant shrinkage takes place in the pyrolysis of wood pieces'®. Accordingly, the
gasification rates of these chars had the best dependency on the outer surface area of
the original wood pieces as shown in Fig. 8: the higher the area, the lower the
gasification rate. This result seems to correspond with the results obtained for
modelling of char particle gasification by Konttinen et al*, which showed a decreasing
reactivity trend with the increasing piece dimension.
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Fig. 6 Comparison of the gasification reactivities of the chars made from birch wood
and pieces of wood waste; chars were prepared with VM method and the holding time
was 1 min. Gasification was carried out in 1 bar steam at 850 °C.

Table 3 The gasification reactivities of the in situ chars measured in 1 bar steam at 750
and 800 °C.

Dimensions, mm
Min. Middle Max. Max/Min Area, T, t” (90%—98%),
3

mm °C  %/min
sawdust <0.5 800 26
sphere 105 10.5 10.5 1 346 800 17
cuboid 6 7 9 1.5 318 800 14
cuboid 3 4 5 1.7 94 800 35
crumbs 0.5 2 3 6 17 800 33
sticks 1 1 7 7 30 800 39
chips 1 6 9 9 138 800 20
sawdust <0.5 750 10
cuboid 6 7 9 1.5 318 750 4.4
cuboid 6 7 10 1.7 344 750 4.0

VI/9



£ 100
£
S 9 —c< 0.5mm
g 80
©
x 70 —8—2 x 3 x0.5 mm
& 60
B
3 50 —&—7x1x1mm
x40
N
3 30
% 20 ! —A—8Xx7x9mm
£ B
§ 10
2 o . ; ‘ ; ,
88 90 92 94 96 a8 100

Conversion, %

Fig. 7 Gasification reactivities of chars of different sizes made from birch wood
pieces, respectively, with the in situ method; gasification was carried out in 1 bar steam
at 800 °C (Note: the conversion presented on x-axis is the conversion of the whole fuel
including pyrolysis).
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Fig. 8 The dependence of the gasification rate of the in situ chars on the outer surface
area of the wood pieces; measured at 800 °C in 1 bar steam.

The effect of piece form was also tested. As it can be seen in Fig. 9, the form does not
seem to be of importance at least when it comes to roundness. However, elongation
seems to be a significant factor, as it can be seen in Fig. 7 from the result obtained with
a7 x 1 x 1 mm piece. The gasification rate of the char produced from the wood piece
of this size was 1.5 times than that of sawdust. The reason for this might be related to
the direction of the capillary tubes in the piece, but however, it needs further study.
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Fig. 9 Comparison of the gasification reactivity of a spherical and a rectangular birch
piece measured in 1 bar steam at 800 °C, in sity pyrolysis.

CONCLUSIONS

In the study, gasification reactivity of biomass chars was measured in a thermobalance
as a function of piece size and heat treatment. The study aimed at a support for the
modelling of char gasification, which was needed in addition to the chemical
kinetics'?. The heat treatments were carried out in a furnace to simulate fast pyrolysis
as it takes place in fluidised bed gasification. Firstly, it was tested how feedstock piece
size affects char quality related to the reactivity, and secondly, how fast the chars
prepared with in situ pyrolysis in the thermobalance reacted as a function of their size.
Also, the effect of a high temperature heat treatment with slow pyrolysis rate on the
reactivity was verified.

According to the results, high temperature (1000 °C) treatment with slow pyrolysis
produced char, which was significantly less reactive at low conversion. In the pyrolysis
of large wood pieces, char with slower reactivity was developed. The large char pieces
reacted also slower with the increasing dimension, which is understandable due to the
inhibiting effect of the product gases formed inside the pieces. In both cases,
correlations between the dimension and the outer surface area of the original wood
pieces and the gasification rate were found.

ACKNOWLEDGEMENTS
The financial support by the National Technology Agency of Finland (research project

PERUSKAASU), Carbona Oy, Condens Oy, Fortum Oyj, Foster Wheeler Energia Oy,
Pohjolan Voima Oy, and Vapo Oy are gratefully acknowledged.

VI/11



REFERENCES

1 Konttinen, J.; Moilanen, A.; Vepsilidinen, J.; Kallio, S.; Hupa, M.; Kurkela, E.
(2003) Modelling and experimental testing of gasification of biomass char particles.
In: Proceedings of the European Combustion Meeting 2003 “ECM 2003”, Orleans,
France, October 26 —29, 2003 (Eds. Chauveau, C. & Vovelle, C.), The French
Section of the Combustion Institute. Paper 47, p. 6.

2 XKonttinen, J.; Hupa, M.; Moilanen, A.; Kurkela, E. (2003) Carbon conversion
predictor for fluidized bed gasification of biomass fuels. Abstract submitted to
STCBC 30.8-2.9.2004.

3 Van Heek K. H. & Miihlen H. J. (1991) Chemical Kinetics of Carbon and Char
Gasification. Fundamental Issues in Control of Carbon Gasification Reactivity 1—
34, pp. 1-30.

4 Zanzi, R. (2001) Pyrolysis of biomass: Rapid pyrolysis at high temperature. Slow
pyrolysis for active carbon preparation, Dissertation, TRITA-KET R 144, 113 p.
Royal Institute of Technology, Stockholm.

5 Chen, G.; Yu, Q.; Sjostrom, K. (1997) Reactivity of char from pyrolysis of birch
wood. J. Analytical and Applied Pyrolysis, 40-41, 491-499.

6 Cazorla-Amords, D.; Linares-Solano, A.; Salinas-Martinez de Lecea, C.;
Yamashita, H.; Kyotani, T., Tomita, A.; Nomura, M. (1993) XAFS and
Thermogravimetry Study of the Sintering of Calcium Supported.on Carbon, Energy
& Fuels, 7, 139-145.

7 Linares-Solano, A.; Salinas-Martinez de Lecea, C.; Cazorla-Amoros, D.; Joly, J. P,;
Charcosset, H. (1990) Nature and Structure of Calcium Dispersed on Carbon.
Energy & Fuels, 4, 467—474.

8 Wilen, C.; Moilanen, A.; Kurkela, E. (1996) Biomass feedstock analyses, 25 p. +
app. 8. VTT Publications, VTT, Espoo.

9 Feng, B.; Bhatia, S. K.; Barry, J. C. (2002) Structural ordering of coal char during
heat treatment and its impact on reactivity. Carbon, 40, 481-496.

10 Zolin, A.; Jensen, A. D.; Jensen, P. A.; Dam-Johansen, K. (2002) Experimental
study of char thermal deactivation. Fuel, 81, 1065-1075.

11 Léwenthal, G. (1993) Makrokinetisches Modell zur Beschreibung von Gas-
Feststoff-Reaktionen angewendet auf die Wasserdampfvergasung grosser
Kohlekérner. PhD-Thesis, Universitit-GHS-Essen.

12 Wilen, C.; Juvonen, J.; Ajanko, S.; Moilanen, A. (2003) Quality of solid recovered
fuels produced from source separated household waste. In: Proceedings of
Bioenergy2003, International Nordic Bioenergy Conference, 2.-5.9.2003,
Jyviskyld, pp. 510-512. Finbio, Jyviskyli.

13 Barrio M. (2002) Experimental investigation of small-scale gasification of woody
biomass. Doctoral thesis, NTNU Norges teknisk-naturvitenskapelige universitet,
Institutt dor termisk energi og vannkraft.

14 Barrio M.; Ggbel, B.; Risnes, H.; Henriksen, U.; Hustad, J. E.; Serensen, L. H.
(2001) Steam gasification of wood char and the effect of hydrogen inhibition on the
chemical kinetics. In: Progress in Thermochemical Biomass Conversion, Vol. 1,
(Ed. by Bridgewater, A. V.), pp. 32—46. Blackwell Science Ltd, Oxford.

15 Moilanen, A.; Kurkela, E.; Laatikainen-Luntama, J. (1999) Ash behaviour in
biomass fluidised-bed gasification. In: Impact of mineral impurities in solid fuel
cembustion (Eds. Gupta et al.), pp. 555-567. Kluwer Academic / Plenum
Publishers, New York.

16 Bestimmung des Gehaltes an Fliichtigen Bestandteilen (Testing of solid fuels -
Determination of volatile matter content). DIN51720. 2001. 8 p.

VY12



17 Chan, W.-C.R.; Kelbon, M.; Krieger, B.B. (1985) Product formation in the
pyrolysis of large wood particles. In: Fundamentals of Thermochemical Biomass
Conversion (Eds. Overend, R.P., Milne, T.A., Mudge, L.K.), pp. 219-236. Elsevier
Applied Science Publishers Ltd, London.

18 Grenli, M. (1996) A theoretical and experimental study of the thermal degradation
of biomass. Ph.D.thesis. Norwegian University of Science and Technology, NTNU.

19 Davidsson, K.O. & Pettersson, J. B. C. (2002) Birch wood particle shrinkage
during rapid pyrolysis. Fuel, 81, 263-270.

VI/13


inftla
Text Box

inftla
Text Box


PAPER VII

Ash behaviour in biomass fluidised-
bed gasification

In: Gupta, R. P., Wall, T. F. & Baxter, L. (eds.). Impact
of Mineral Impurities in Solid Fuel Combustion.
New York: Kluwer Academic/Plenum Publishers.

Pp. 555-567.
Reprinted with permission from the publisher.
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GASIFICATION
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1. INTRODUCTION

In biomass combustion, ash deposit formation is a common problem and has been
studied by a number of researchers [Miles ef al., 1995; Baxter and DeSollar, 1995; Nordin
et al., 1995; Bryers, 1996; Miles et al., 1996; Moilanen et al., 1996]. There are also some
observations about operational problems in fluidised-bed gasification processes, caused
by ash. In pressurised steam-oxygen gasification of peat, ash deposits have been formed
in the upper part of the gasifier and in the cyclones [Moilanen, 1993]. Furthermore, straw
ash has been found to cause both bed sintering and -deposit formation in air-blown
gasification [Kurkela ez al, 1996]. These problems were difficult to overcome in straw-
alone gasification. In fact, the gasification temperature had to be reduced to below
800850 °C, which resulted in poor carbon conversion and high tar concentrations. On
the other hand, co-gasification of coal and straw (up to 50wt% straw) could be carried
out without any signs of ash problems in spite of high operation temperatures of the
order of 950-980°C [Kurkela er al., 1996].

One variable of significance that was observed to prevent the detrimental behav-
iour of ash in the gasification process was carbon conversion and measures to achieve
this [Kurkela er al, 1996; Skrifvars et al., 1995]. The completeness of fuel carbon con-
version is dependent on the reactivity of residual char and the operating conditions. If
the reactivity is high, ash is formed rapidly and, consequently, deposits are also formed
rapidly. The gasification reactivity of the biomasses has been observed to vary within
wide limits [Moilanen and Kurkela, 1995; Moilanen and Saviharju, 1997]. Ash and its
composition can be regarded essential in this respect and they vary significantly in
different biomasses [Wilén ez al., 1996]. The ash components, mainly alkaline metal,
contribute catalytically to the rate of gasification, which may increase or decrease as a
function of conversion depending of the behaviour of catalytically active substances.
However, it is rather unknown, in detail, how these substances react durlng the
gasification of biomass chars.

Impact of Mineral Impurities in Solid Fuel Combustion, edited by Gupta et al.
Kluwer Academic / Plenum Publishers, New York, 1999. 555
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The aim of this study was to obtain data on the detrimental ash behaviour of dif-
ferent biomass types in fluidised-bed gasification, and on the basis of these data to deter-
mine the process conditions and measures of preventing this kind of behaviour. Different
types of biomass fuel relevant to energy production, such as straw and woody biomasses
were used.

2. MATERIALS AND METHODS

Two different experimental methods were used in this study: laboratory ther-
mobalance studies and bench-scale fluidised-bed gasification.

2.1. Laboratory Studies

Different woody biomasses and straws were used as sample materials in this study.
The samples are listed in Table 2. Analytical data on these biomasses have been published
previously by Wilén et al. [1996] and Kurkela ef al. [1996]. The most detailed studies were
carried out with willow, wheat straw and alfalfa. The ash compositions of these feed-
stocks are presented in Table 1.

A pressurised thermobalance (PTG, Fig. 1) was used to study the characteristic
reaction behaviour of the fuel and its ash. Elevated pressure was applied, as the eleva-
tion of pressure has been proven to contribute to ash sintering at lower temperatures than
in ambient pressure [Moilanen and Kurkela, 1997]. In the present tests, the effect of tem-
perature and pressure as well as the gasification agent on gasification reactivity and ash
sintering were determined using the following reaction conditions: temperature 850°C
(isothermal measurement), pressure 1 or 30 bar, steam as gasification agent. If needed
tests were also carried out at lower temperature of 750°C. With some feedstocks also
CO, was used as gasification agent.

For a test, the fuel sample (particle size below 0.2 mm, sample amount 100-200mg)
was placed in the cylindrical sample holder having the wall made of wire mesh. In an
isothermal test, after the adjustments were completed (i.e. temperature, pressure, gas com-
position), the sample was lowered into the reactor with the winch system (Fig. 1). During

Table 1. Ash chemical composition of the wheat straw —95,
willow and alfalfa ash.

Oxide Danish wheat straw —95 Willow Alfalfa
SiO, 34.2 7.5 3.0
ALO, 0.3 1.6 0.3
Fe, 05 0.2 1.1 0.7
CaO 8.4 35.0 224
MgO 2.16 35 9.0
K,O 30.1 9.6 27.7
Na,O <0.5 0.8 1.9
TiO, 0.02 0.1 0.02
SO, 32 1.9 3.0
P,0s 39 7.8 8.0
Carbonate (as CO;) — 21 16
Sum 83 90 92
Ash content, % d. 4.8 1.3 6.9
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the measurement, the gasification temperature and weight of the sample were monitored.
The weight change recorded during the first 60 second period was due to several effects
including buoyancy and gasification, and this part of the weight-time curve was removed
in the evaluation process of the results. The sintering degree of ash residue after the reac-
tion was inspected under microscope.

2.2. Fluidised-bed Reactor Studies

The behaviour of ash in fluidised-bed gasification was studied in the bench-scale
atmospheric fluidised-bed reactor (AFB, fuel feed rate 0.5kg/h, bed diameter 5cm, free-
board diameter 10cm, electrically heated jackets, Fig. 2). In this reactor, ash agglomera-
tion and deposit formation was monitored both in the bed and freeboard by collecting
samples from the reactor after the tests. The operation parameters of the reactor were
selected to obtain differences in the ash agglomeration behaviour both in the bed zone
as well as in the freeboard. The main operational parameters comprised temperature,
bed material and the use of steam. The gasification agent was introduced only as the
primary fluidization gas and no secondary or tertiary air was used. The selected
operation conditions were in many respects similar to those of real large-scale gasifiers.
Temperatures varied from 750 to 840°C, and aluminium oxide, limestone, dolomite and
coal coke were used as bed materials. Most of the tests were carried out with Danish
wheat straw —95.

3. RESULTS AND DISCUSSION

3.1. Thermobalance Tests

The ash residues from the thermobalance experiments were studied by microscopy
using the following classification criteria (Fig. 3, Table 2):

1. Non-sintered ash residue: ash structure resembling the original fuel particles,
easily crumbling when touched (no asterisk: o)
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ATMOSPHERIC FLUIDISED-BED REACTOR
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Figure 2. Bench-scale fluidised-
bed reactor (AFB).

2. Partly sintered ash (different degrees in this group): particles contained clearly

fused ash (1 or 2 asterisks: *, **);

3. Totally sintered ash: the residue was totally fused to larger blocks (3 asterisks:

The thermobalance tests carried out in high pressure steam showed that under pres-
sure ash sintering with some of the feedstocks was much stronger than in atmospheric
pressure. Willows (Finnish and Swedish), spruce bark and alfalfa had this type of behav-
iour. The ash residues were totally sintered when willow and spruce bark samples were
gasified under 30 bar steam and at 850°C, and the same result was obtained even at
750°C. With alfalfa, the ash residue was completely sintered even at 700 °C. On the other
hand in atmospheric pressure, no sintering was observed at 850 °C with willow and spruce

and clearly weaker sintering with alfalfa.
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Figure 3. Classification of the ash residues with increasing sintering.

*k*


inftla
Text Box

inftla
Text Box


Ash Behaviour in Biomass Fluidised-Bed Gasification 559

Table 2. Conditions in the thermobalance and the sintering degree of ash residue
determined by microscopy.

Temperature and gasification agent

850°C 750°C

H,0 o, _  HO
Biomass 1 bar 30 bar 1 bar 1 bar 30 bar
Pine bark o o . na. na. na.
Pine saw dust (ash amount small) *xx *okx ) ) o
Spruce bark o rkk * na. Hokk
Forest residue B, total 0 0 na. 0 na.
Forest residue B:
— bark na. *okx na. na. *kx
— needles ) * na. na. 0
— stem 0o o na. na. na.
Finnish willow 0 b *xk [ Horx
Swedish willow ) ek *x [ *k
Finnish wheat straw Hokk ook b @ bk
Danish wheat straw A *kx ok na. na. b
Danish wheat straw B *okx *okx * * *
Danish wheat straw —-95 bl ok * *¥E(E). na.
Alfalfa *k Aok ok * * *kk

o no sintering; *slightly sintered; **moderately sintered; ***completely sintered; @not totally gasified; na.: not analysed.

When gasifying in CO, at 850°C, a different sintering behaviour was observed: the
ash residues of the willow were strongly sintered, but the ash of spruce bark sintered less
in these conditions. The sintering of alfalfa was also weaker under CO, than in steam
gasification. The reason for this behaviour is assumed to be connected with the lack of
silicon in these ashes (see Table 1).

The ash of pine bark differed from that of spruce bark in having no sintering ten-
dency in these tests. This observation is in consistence with the tests in the fluid-bed
gasifier in which pine bark has shown no ash problems. The other biomasses, like pine
saw dust indicated strong sintering after gasification in the thermobalance. This was
somewhat surprising, because the saw dust ash had not shown any deposition or agglom-
cration problems in the fluidised bed gasification. The reason for this can be that the ash
content of saw dust is very small, and hence, ash problems are avoided due to the dilu-
tion of ash in the process.

In earlier fluidised-bed gasification tests of forest residues at VIT (mainly spruce
based), ash deposits were formed in the cyclones of the gasifier. To find out the reason
for this behaviour, this feedstock was characterised by separating different parts: needles,
bark and stem. According to the results, the bark seemed to be the most critical com-
ponent of forest residue feedstock. The bark ash of forest residue B in Table 2 showed
strong sintering under pressure, similarly as measured with the separately studied spruce
bark sample. The ash from needles seemed to have only a weak sintering tendency in
pressurised gasification, and stem ash indicated no signs of sintering.

The wheat straw ash generally showed strong agglomeration in gasification tests
performed earlier at VTT, but this behaviour seemed to be dependent on the quality of
the straw used as feedstock [Kurkela ez al., 1996]. In the thermobalance tests of this study,
the wheat straw ashes sintered strongly when gasified at 850 °C both under 1 bar and also
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under 30 bar steam. Even at 750°C strong sintering was observed in some samples. The
use of CO, as gasification agent resulted in less sintering.

To find out the reason for the differences observed in the ash behaviour of wheat
straws, the relationship between the chemical composition, sintering and gasification
reactivity of ash was studied in further detail for this biomass. Table 1 presents the chem-
ical composition of the ash of Danish wheat straw (= 95), willow and alfalfa. Accord-
ingly, the potassium content of this straw ash was very high; 30.1% of K,O in ash. The
wheat straw samples previously used in the gasification tests (indicated as Danish wheat
straws A and B) had a K,O content of 8.1 and 18.1% in ash, respectively [Kurkela et al.
1996]. Their gasification reactivity behaviour, i.e., gasification rate vs. conversion, is
shown in Figs. 4 and 5. The reactivity is expressed in form of instantaneous gasification
reaction rate, %/min (i.e. mass change rate divided by residual ash-free mass), and
the conversion (given as fuel conversion, % ash-free) is the reacted part of the whole
biomass including pyrolysis. The reactivity behaviour of wheat straws showed that the
gasification rate can be increasing or decreasing as a function of conversion, depending
on the quality of wheat straws B and = 95 showed an increasing trend and straw A a
decreasing trend. This difference seems to be associated with the potassium and silicon
ratio in the ash. Potassium is known to be a strong catalyst in gasification reactions, and
the potassium silicate formation could decrease its activity, as indicated e.g. by Kannan
and Richards [1990].

The gasification reactivity behaviour has been shown to affect the sintering of ash in
such a way that the retarding gasification rate prolongs the achievement of the total con-
version and, as a consequence, ash is also formed slower and the carbon material prevents
ash particles from agglomerating. This phenomenon indicates that the control of carbon
conversion may contribute to ash sintering in gasifiers [Moilanen and Kurkela 1995;
Kurkela et al., 1996]. Figure 4 shows that for wheat straw A, which had a retarding trend
of gasification rate, the time required for achieving the ash conversion of 100% was more
than four times longer than for straw B (which had the trend upwards). But, when straw
A was gasified totally the resulting ash residue was also totally sintered (Table 2).

The effect of potassium content on the reactivity behaviour was studied more
closely by washing the straw samples with water. The theory behind this was that rain

1 bar H20, 850°C

100 - 200
o Wheat Straw B
150 Wheat Straw A

——r— 100

[
3

Fuel conversion X, %
< =4 o T
o N

50

Inst. reaction rate r", %/min

=Y

10 15 20 25 30
time, min

(-]
o

Figure 4. Development of the gasification rate of straw A and straw B and conversion as a function of time
measured at I bar H,O and 850°C.
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Figure 5. Gasification reactivity of unwashed and washed straws measured at 1 bar H,0 and 850°C.

had probably influenced straw A by leaching out potassium. Henriksen et al. [1997] have
also reported decreasing gasification reactivity after washing straw. Thus, straw B was
washed with distilled water, and a result similar to straw A was obtained (Fig. 5). The
effect of the intensity of water leaching was also tested: the washing procedure was
carried out with two methods (indicated as I and I in Fig. 5). Sample I was washed with
water at ambient temperature and sample II with boiling water. The potassium content
after washing was not determined, but the ash content was reduced from 4% to 3% in
sample I and to 2.2% in sample I (the amount of ash was taken from the thermobalance
tests). The reactivity reduced clearly to the same level as that of straw A after washing
independent of washing intensity.

3.2. Results of the Fluidised-bed Reactor Tests

In the bench-scale fluidised-bed reactor (AFB), nine gasification tests were carried
out. Danish wheat straw =95 was used as the fuel in tests AFB1-8, while test AFB9 was
carried out with spruce bark. A mixture of air and steam was used as the gasification
agent in all tests except test AFB2, which was carried out without air. The air to fuel
ratio was selected so that it corresponded to 31-33% of the air to fuel ratio of stoichio-
metric combustion. Approximately 45 vol% of the fluidising gas was steam in all exper-
iments. The use of relatively high air ratio and high steam feed was necessary to achieve
high enough carbon conversion (typical to real-scale gasifiers) without recycling the
cyclone fines. The test conditions and the main results are presented in Table 3.

The total test time used for the steady state gasification set point is given in Table
3. The time when the first changes in process parameters (i.e. sudden variations in the
bed temperature and/or a pressure rise in the reactor) during the test indicated that
agglomeration took place is also given.

Attention was paid to deposit formation in the freeboard and in the bed. The size
and strength of agglomerates were different in every test depending on the operating con-
ditions. Some test runs had to be interrupted, because so large agglomerates were
deposited in the bed that fluidising was no more possible. Examples of such agglomer-
ates are shown in Fig. 6. The agglomerates were mainly large and irregular, except for
one test, in which they were quite regular in size (AFB6).
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Figure 6. Examples of two types of bed agglomerate: large agglomerates (left, set point AFB2) and regular-
size agglomerates (right, set point AFB6). Scale: the long side of the figure about 15cm.

In every test, some agglomerates or deposits were found either in the bed or on the
freeboard walls (or both). The material deposited on the freeboard wall was not strongly
sticked in any of the tests, and it was easy to brush off from the wall (Fig. 7). The amount
of freeboard deposit was determined after each test. The amounts are given as milligrams
against gram of fed feedstock in Table 3. In test AFB2, the amount was highest and in
tests AFB4, 5, 8 and 9 the amounts were very small, in fact almost negligible.

The microscopic study of the deposits indicated that in all cases the deposits con-
sisted of particles containing molten ash particles, fine bed material particles sticked to
this ash, and also unreacted char particles were present in different amounts. An example
of this type of molten ash particle (cross section) is shown in Fig. 7.

At test runs AFB1 and 2, the effect of gasification agent with alumina bed mater-
ial was tested. The use of steam prevents peak temperatures which can lead to ash
melting. In the test runs AFB3-5, limestone bed material was tested at various tempera-
tures, and in tests AFB6-8, different bed materials were compared. In AFB9 spruce was
used as feedstock.

In both tests carried out with alumina bed, AFBI1-2, large agglomerates were
collected from the bed. The agglomerates were less porous in test AFBI, where air
was used. Freeboard deposits also occurred in large amounts in these tests. When
limestone bed material was tested (AFB3-5) at various temperatures, bed agglomerates
were formed at temperatures of 800°C and above. No agglomeration was detected at

Figure 7. An example of a freeboard deposit in the upper zone of the AFB reactor (left, the reactor i.d.
102mm) and a cross-section of molten structures contained in the deposit (right, the long side of the figure
about 5mm).

VII/9



564 A. Moilanen ef al.

750°C, although particles containing molten ash were seen in the fairly thin freeboard
deposit. In the limestone test series, most severe bed agglomeration occurred at about
800°C (AFB4). The freeboard deposits in these tests were clearly thinner than in the
previous runs.

Tests AFB6 and 7 were carried out at the same temperature level as the tests AFB1-
3. In test AFB6, performed with precalcinated limestone at 830°C, round agglomerates
of regular size were obtained, the size of which was growing to such an extent that fluidis-
ing was no more possible (Fig. 6). In test AFB7 dolomite was used as bed material and
only a few small agglomerates were formed. The temperature level was the same as in the
previous test. When using coal coke (AFBS) large bed agglomerates were obtained. These
phenomena indicate that the interaction of ash and bed material in the fluidised bed con-
tributes significantly to the agglomeration. No bed agglomerates were detected in the
gasification test with spruce bark (AFB9). However, some particles containing fused ash
were also seen in the fairly thin freeboard deposit.

3.3. Discussion of AFB Results

The tests with alumina bed material resulted in strong agglomeration in the bed.
In the first test (AFB1), applying a mixture of air and steam, it was difficult to maintain
the temperature steady at 830°C and large variations were observed in the bed temper-
ature. This was a sign of starting fluidising malfunctions due to agglomeration (in about
1 hour after start). However, fluidisation did not collapse totally until after four hours,
when there were already large agglomerates in the bed. The second test (AFB2) assured
that no temperature peaks occurred, and therefore the air feed was excluded (heating only
with electric resistances) and only steam was used as gasification agent. Gasification con-
tinued for a longer time, but large agglomerates were detected also in this test. However,
these agglomerates were porous and very permeable by gas, which probably was the
reason for that no dramatic changes in the process parameters were detected during the
test run. The contact between straw ash and alumina bed particles forming agglomerates
was studied more closely with microscopy. An example of bed agglomerate formed when
gasifying straw in the aluminium oxide bed is shown in Fig. 8. In the agglomerate, the
bed material particles were glued relatively strongly to each other by molten ash. SEM
analyses taken from the bed material moving from the bed material grain towards the
sticking ash material indicate the composition at different locations. Point 3 (Fig. 8) pre-
sents an analysis of the gluing zone and indicates that it consisted mainly of potassium
and silicon, and some calcium. According to the chemical composition of ash (Table 1)
potassium and silicon are the major CO components in this wheat straw ash. According
to the phase diagrams the K,0-SiO, binary system has the lowest melting temperature
of 740°C (with the composition of 33wt% K,O and 68 wt% SiO,) [Levin et al, 1985].

In the next test, alumina was changed to limestone bed material. In AFB3, the tem-
perature level was the same as in the previous two runs. Also in this test, large agglom-
erates were formed in the bed already within 2 hours after the start. Despite the fact that
agglomeration took place also in the limestone bed, the contact between ash and bed
material differed from that in alumina bed. The agglomerates in the limestone bed were
more brittle due to the friable structure of limestone particles (but firm enough to resist
bed attrition). In test AFB4 (limestone bed material), bed agglomeration was even more
intense than in AFB3 although the test temperature was lower (795°C). An explanation
for this could be the formation of fused carbonate between uncalcined limestone and
straw ash, which can be connected with the slower rate of calcination in this run. The
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eutectic temperature of the mixture of potassium carbonate and calcium carbonate is
about 750°C [Levin et al, 1985]. However, this theory of carbonates need to be investi-
gated in further detail with bed materials and ashes. When pre-calcined limestone was
used (AFB6), a large amount of round ash agglomerates of fairly regular size was formed
in the bed (Fig. 6). The agglomerates were formed by molten ash, which encapsulated
bed material particles inside. In this run, there was an increase in the amount of free-
board deposit due to easy attrition on calcined limestone. The deposit contained, in addi-
tion to molten ash particles, relatively high amounts of limestone particles sticked to
them. When dolomite was used (AFB7) only slight agglomeration was observed in the
bed. This was probably due to the calcination of MgCO; forming MgO, and therefore
affecting the structure of bed particles.

The coke bed material was selected as the co-gasification of coal and straw
had earlier been successful [Kurkela et al, 1996]. The preventive mechanism in this test
was supposed to be due to that ash melt could be absorbed by the porous coke. However,
this was not the case in this test. This can be understood on the basis of the measure-
ments by Raask [1985], who observed that ash melt does not wet carbon surfaces.
Possible reasons for the difference in the agglomeration behaviour may lay in differences
in the operational conditions of these gasification tests. The co-gasification test
was carried out under pressure and at higher temperature (around 1,000°C). At this
temperature the gasification reactivity of coal char is significantly higher than at the
temperature used in this study (abt 800°C). This low reactivity was also seen in the bed
material (removed after the test), which consisted mainly of unreacted coke. In the
co-gasification test, however, the coal reacted totally, so that coal ash was able to become
mixed with straw ash. Furthermore, the fluidisation and bed agitation conditions
were more intense in the pressurised PDU gasifier, which may have inhibited agglomerate
formation.

4. CONCLUSIONS

Characteristic data on ash behaviour can be obtained by laboratory tests and can
be used for planning, for example, run conditions for tests with pilot or PDU equipment.
Ash sintering can be much stronger in pressurised conditions than under atmospheric
pressure. This phenomenon seems to be related to the silicate content in ashes: when the
silicon content was low the ash sintering was stronger in pressurised conditions than in
atmospheric conditions. However, the chemistry need to be studied more in detail to
understand the behaviour observed. The water-soluble constituents of straw (potassium,
calcium) affect the relationship of ash sintering and reactivity.

Both bed agglomeration and deposit formation in the freeboard occurred in the
tests carried out using straw with problematic ash. The intensity of agglomeration was
dependent on operational parameters. It was possible to affect the formation rate of
agglomerates and deposits by the choice of gasification conditions and bed material.

The agglomeration of bed particles is a combination of the chemical characteris-
tics and the particle sizes of bed material and ash. The strength of the agglomerates
seems to be dependent on the friability of the bed material particles. The alumina
bed material particles were firm enough to form strong agglomerates resisting
fluidisation, while the limestone particles (depending on the quality and the calcination
degree) were friable leading to brittle agglomerates or large regular size particles in the
fluidising bed.
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ABSTRACT Tendencies for ash agglomeration and deposit formation in biomass
gasification were studied in two atmospheric-pressure fluidising bed reactors together
with reactivity tests carried out using a thermobalance. Various herbaceous and woody
biomasses of different origin and a selection of Danish straws were tested. The
measurements were carried out as a function of temperature, and H,O and CO, were
used as gasification agents. The reaction gas pressure was varied between 1 and 30 bar,
and the temperature range was 650 - 950 °C. The appearance of the ash residues after
the gasification reaction was examined by microscopy. Bed agglomeration and
freeboard deposit formation were monitored by collecting samples after test runs.
Samples were analysed by using a computer-controlled scanning electron microscopy
(CCSEM) technique developed for ash deposit analyses. The thermobalance measure-
ments gave results comparable to the ash behaviour in the fluidised-bed reactor. The
strongest ash sintering was observed for wheat straw both in the thermobalance and in
the fluidised-bed reactor. The effect of additives to prevent agglomeration formation
was included in the study.

INTRODUCTION

Many potential biomass feedstocks, such as straw, have a problematic ash composition,
which causes sintering and fouling problems in combustors. In biomass combustion, ash
deposit formation is a common problem and has been studied by a number of research-
ers [1 - 5]. There are also some previous observations about operational problems in
fluidised-bed gasification processes, caused by ash. In pressurised steam-oxygen gasi-
fication of peat, ash deposits have been formed in the upper part of the gasifier and in
the cyclones [6]. Furthermore, straw ash has been found to cause both bed sintering and
deposit formation in pressurised air-blown bubbling fluidised-bed gasification [7].
These problems were difficult to overcome in straw-alone gasification. In fact, the
gasification temperature had to be reduced to below 800 - 850 °C, which resulted in
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poor carbon conversion and high tar concentrations. On the other hand, co-gasification
of coal and straw (up to 50 wi% straw) was carried out without any signs of ash
problems in spite of high operation temperatures of the order of 950 - 980 °C.

Char reactivity and ash behaviour are factors limiting possible operation conditions
in all gasification processes when planning the use of new fuels. Thus, the purpose of
this work was to create data that can also be used in the development projects of gasi-
fication of various biomass feedstocks. The ash sintering behaviour was characterised
using a thermobalance, and larger-scale tests were performed in two atmospheric-
pressure fluidised-bed reactors, a bubbling bed reactor (AFB) and a circulating
fluidising bed reactor (CFB). Bed agglomeration and deposit formation in the freeboard
were monitored by collecting samples after test runs. These samples were analysed by
computer-controlled scanning electron microscopy (CCSEM). The effect of additives to
prevent agglomeration was also included in the study. The sintering part of the study
was a continuation for a work reported previously [8].

LABORATORY STUDIES

The samples used in the study comprised various biomasses and a selection of Danish
straws. The analyses of the fuels used in the study are presented in Tables 1 and 3, and
the chemical composition of ash, together with a summary of the thermobalance
sintering tests, in Tables 2 and 4. The Danish wheat straw qualities were selected on the
basis of growth site, fertilising and weathering conditions [9].

ASH SINTERING

The ash sintering behaviour was determined in a thermobalance according to the
method described in [8]. The ash residues from the thermobalance experiments were
studied by microscopy using the following classification criteria:

1. Non-sintered ash residue: ash structure resembling the original fuel particles, easily
crumbling when touched (no asterisk: o)

2. Partly sintered ash (different degrees in this group): particles contained clearly fused
ash (1 or 2 asterisks: *, **);

3. Totally sintered ash: the residue was totally fused to larger blocks (3 asterisks: ***).

The results are given in Tables 2 and 4 completed with the data of ash chemical
composition [8]. Accordingly, the results showed that ash sintering was dependent on
the pressure of steam. For spruce bark, willows and alfalfa, as shown in Table 2, ash
sintered stronger in pressurised conditions than at atmospheric pressure.

When the ash composition data of Table 2 are compared to the observed degree of
sintering, it seems to be evident that in the samples (i.e. spruce bark, willow and
alfalfa), having a higher sintering tendency under pressure than at atmospheric pressure,
the silica content was very low (<10%) and calcium as well as potassium contents were
relatively high. Pine bark and spruce bark are very similar with respect to ash chemical
composition. No sintering was observed in pine bark, but very strong sintering took
place in spruce bark under pressure. We should suggest that this be due to the high
alumina content (or the ratio alumina/potassium) in pine bark ash.

The behaviour observed under pressure can be due to the carbonate chemistry
involved in the ash. According to phase diagrams presented in literature [11], the
mixture of calcium and potassium carbonate forms a eutectic at about 750 °C. This
behaviour provides, of course, that carbonates are formed in the ash. During gasifica-
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tion, carbonates can be formed, and they decompose slowly, especially at higher CO,
partial pressures. To confirm this, gasification tests were also carried out at 1 bar CO,,
which is above the CO, equilibrium pressure at 850 °C [8]. For willow and spruce bark
samples, the sintering was pronounced when measured at 1 bar CO, while in 1 bar
steam there was no sintering at 850 °C. However, alfalfa had not the same behaviour
and indicated only weak sintering at 1 bar in CO,, while it strongly sintered under
pressure in steam even at the temperature of 600 °C (Figure 1).

To see the effect of temperature on the melting of carbonates, additional tests were
carried out for spruce bark and willow in 30 bar steam and at 700 °C, which was clearly
below the eutectic. The results showed that the spruce bark had no ash sintering but the
willow ash was clearly sintered. This observation and the behaviour of alfalfa indicate
that chemical compounds other than carbonates are also involved in ash sintering. One
explanation could be found in the chlorine chemistry: Below 700 °C the major part of
chlorine remains in ash. The chlorine content of Danish straw ashes, which were
prepared at 550 °C in a laboratory furnace, is shown in Table 4. Mixtures of compounds
CaCl and KCl, and also KCl and K,CO; are possible. The former mixture has the
eutectic of 595 °C and the latter 640 °C [11].

In the major part of the Danish straw samples, the sintering behaviour was fairly
similar, between ** and ***, as shown in Table 4. In straws #4, #9 and #11, the degree
of sintering was less severe, from * to o. This behaviour is related to the ratio of the
potassium and silicon contents in the sample. Very low SiO,/K,0 ratios cause a high
reactivity and a low inherent sintering tendency, while very high SiO,/K,O ratios cause
a low reactivity and also a low agglomeration tendency. Medium-value SiO,/K,0 ratios
cause a medium reactivity and a high inherent sintering tendency [9].

Table 1 Analyses of various biomass feedstocks (dry basis).

Sample Ash Volatile: Fixed : LHV*: C H N O(iff) S Cl
% matter % carbon%: MJkg % % % % % ppm
Pine bark 1.7 73.0 25.3 19.7 152.5/57 04 400 ' 0.03 85

Pine saw dust | 0.08 83.1 16.8 19.0 {51.0:6.0:0.1 428 :0 <50

Spruce bark 23 752 22.5 185 1499 .59 04 414 003 279

Needles** 36 753 21.0 nd. {nd. ndind nd nd  nd

Fimnishwillow' 1) 709 189 nd. 497 61 04 426 003 nd.

Swedish 13 805 182 nd. 494 6 05 427 003 130
willow

Danish wheat

A (o3 |49 TI4 177 177 (473 58 05 414 007 1770
Danish wheat

srawB (93 | 45 769 185 175 [471 59 0.6 419 007 3190
Danish wheat 4 ¢ 761 194 174 475 59 07 412 0.16 5200
straw -95 ;

Danish wheat !

st 07 61 758 | 181 173 465 57 14 401 0.12 4360

Alfalfa 50 75.8 19.2 184 1458:.54 22 415 0.1 3920

* Low Heating Value, MJ/kg, n.d.: not determined, **half pine half spruce
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Table 2 Ash chemical composition of the various biomass feedstock, and ash sintering
test results (Sint;s, = sintering degree at 750°C, Sintgs, = sintering degree at 850°C).

Sample ‘Ash Ash chemical composition, % in ash . Sintgsy, | Sintyse
% Si0,Al,0,Fe,0;CaOMgOK,0Na,CTi0,S05 P,O 1bar 30bar | 1bar 30bar

I : f : s H,0 H,0 HO HO

Pinebark 1.7 1.3 53 03 40.6 45 7.6 0.5 0.1 2.1 48 o 0 nd. nd

Pine saw 0.0 83 2 1.8 41.811.812.3 0.3 0.1 1.9 5.2 Hwk kkk 0 o

dust 8 o :

Sprucebark :23 1.5 1.1 0.1 39251 .76 04 0 1041 o *okok n.d. ook

Needles  3.634.2 0.5 02 238332 77010021550 o *  nd o

Finnish 12 04 03 0.2 3085126503 0 3.011.5 o  *** 0 ook

willow S g v

Swedish 1375 16 11 35 :35:96 08 01:19 7.8 o *kk 0 **

willow N 2 S

Finnish 7.4 68.4 0.85.0.45 43 2 13.20.25:0.04 0.9 2 kxk kkk | glgyw ek

wheat straw D o -

Danish 49727 07 05 :73 16 8.1 04 0 nd nd *x Rk n.d. *k

wheat straw E f o

A (:93) o ;

Danish 45492 04 1 9.7 2218103 0 nd.n.d. *xx ek * *

wheat straw : ' ’

B (-93) ¢ .

Danish 48342 03 02 84 22 30.1<0.50.023.2 39 *k%  wkk  kk¥)  pd

wheat straw - ' . :

BT SN S 5 b I N

Danish 6.129.9 0.8 1.3 10.6 5.6 27.7 1.5 0.075510.8 ** nd. ***) nd

wheat straw - ! ' :

97 ! : : . :

Alfalfa 50 3.0 03 0.7 224 9.0 27.7 1.9 0.023.0 8.0 **k: *xk * *okx

o no sintering; * slightly sintered; ** moderately sintered; *** completely sintered;
n.d.: not measured; slow: low reactivity

Alfalfa
20 bar, H20

£ 200 I
S
> 150 5 '
& -~ |
£ 100 R
o *
.'3 ,4"" / ,l
8 s0 =ae e ;/_}"
= —~ ———T . - WWW

75 80 85 90 95

Fuel conversion, %

600°C 650°C 675°C 700°C 750°C

*k **(*) *hk dkk ik

100

Fig. 1 The gasification reactivity and ash sintering behaviour of alfalfa in 20 bar steam

at different temperatures.
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Table 3 Proximate and ultimate analysis of Danish straws (dry basis).

Sample Ash Volatile Fixed LHV, C H N (¢ S
% matter carbon Mlkg % % % % %
% %
#1 Wheat 54 765 18.1 17.27 469 5.8 0.8 409 0.18
#2 Wheat 54 711 17.5 1736 464 59 06 416 0.13
#3 Wheat 53 762 18.5 17.13 469 58 0.7 412 0.13
#4 Wheat 35 782 18.3 1753 472 59 0.5 415 013
#5 Barley (W) 57 76.2 18.1 17.16 464 5.7 07 414 0.13
#6 Grass 52 759 18.9 16.89 467 5.9 1.0 41.1 0.15

#7 Barley (S) 55 762 18.3 17.07 46.5 5.7 0.5 417 0.12
#9 Wheat98/rib 155 68.0 16.5 15.76 421 5.2 1.2 359 0.14.
#11 Wheat/rib+ 8.0 753 16.7 17.13 46.1 5.5 09 394 0.10

Table 4 Ash chemical composition (wt% dry), and ash sintering test results (Sintzso =
sintering degree at 750 °C, 1 bar of steam, Sintgso = sintering degree at 850 °C, 1 bar of
steam).

Sample SlOzAleg F6203 CaOMgOK20N32CT102 SOg on Cl Smt75 Sil’lt35
5 J J
7T Wheat 385 02 03 9.1 3.8 27.7 0.4 0.03 62 4.6 10**(u) **(u)

#2 Wheat 299 02 0.2 104 4.1 325 0.5 0.03 6.0 3.9 11**  ***
#3 Wheat 27.8 03 0.4 104 4.5 349 0.4 0.03 5.2 3.7 12*¥(¥) **x
#4 Wheat 163 02 0.6 154 4.1 41.00.4 0.0375 1.8 12* *

#5 Barley (W) 342 0.6 05 12.7 3.2 30.1 2.4 0.05 5.0 5.0 6. **(*) *okok
3

#6 Grass 299 0.1 0.2 83 3.8 36.1 03 0.035.0 5.7 11**(u) ***

#7 Barley (S) 32.1 02 03 11.9 2.7 30.1 2.4 0.03 47 3.4 13**u) oKk

#9 Wheat98/rib59.9 1.8 1.1 7.7 2.5 145 0.5 0.173.2 39 4.nd.  *(®
1

#11 706 03 03 81 33 90 05 00327 46 0.nd. (0)

Wheat/rib+ 4

n.d.: not determined, u: unburned carbon present

BEHAVIOUR OF POTASSIUM IN GASIFICATION

The behaviour of the most abundant alkaline metal in straw, i.e. potassium was studied
during gasification in the thermobalance. Another abundant element is silicon.
Potassium and silicon react easily to form potassium silicate (glass), which is water-
insoluble. The objective of this task was to detect the relationship between water-
soluble potassium and insoluble potassium, and also possible evaporation of potassium
during gasification. In the tests, the gasification was stopped at certain conversion levels
in the thermobalance. Afterwards, the samples were extracted by water to analyse the
water-soluble potassium and the total potassium (the total alkaline metal analysis was
carried out by neutron activation analysis INAA). Steam, CO, and their mixture were
used as gasification agents in these tests. The difference between the total potassium
content and water-soluble potassium described the amount of insoluble potassium,
which is in form of potassium silicate.

The results of this study are summarised in Figure 2. The results were calculated so
that the amount of potassium was normalised to one either in the char (immediately
after pyrolysis, i.e. at 0% char conversion), or in the original straw. Hence, the water-
soluble potassium and the total potassium were compared, as shown in Figure 2.
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Danish Wheat straw 95

soluble potassium, potassium in char after pyrolysis =1
gasificationin TG at 800°C

é < H20
1 'ﬁ—\_\_\* *
. 0.8 & H20(§peat)
- a8 a C02+H20
NO6 *
E H20, total K (INAA)
204 —
-
02 | %
0
0 20 40 60 80 100
Char Conversion
Danish Wheat straw 95
soluble potassium, potassium in straw =1
gasification in TG at 800°C
1 H20
*
—— H20 (repeat)
-
, ) CO2+H20
@ *
H20, total K (INAA)
0.2
0 n .
0 20 40 60 80 100

Char Conversion

Fig. 2 The amount of potassium in straw char as a function of char conversion. Symbols
without line: amount of water-soluble potassium (normalised values); sym-bols with the
solid line: amount of total potassium. In the upper graph, potassium is de-noted as 1 in
char after pyrolysis; in the lower graph in straw dry matter, respectively.

Accordingly, it shows that the repeatability of the determinations was acceptable,
and no dependence on the gasification agent was observed. The amount of soluble
potassium was relatively constant to the conversion level of 50%, after which it
decreased to the value of about 15% of the origin. The total potassium content
decreased by about 10% as a function of char conversion The results indicated that the
major part of potassium had reacted to the water-insoluble form, i.e. potassium silicate,
and this reaction started after the char conversion of 50%.

In addition, the total potassium level apparently was reduced during pyrolysis: at the
char conversion of 0%, the total potassium content was 10% and the soluble potassium
content 20% lower than that in straw, respectively. This indicated that during pyrolysis,
a part of potassium would have been reacted to insoluble potassium, and moreover a
part was evaporated during pyrolysis. However, due to the relatively large scatter of the
measuring points, 4 more detailed study is needed to verify this observation.

VII/6


inftla
Text Box


BENCH-SCALE FLUIDISED-BED GASIFICATION TESTS

The behaviour of straw ash was studied further in a bench-scale atmospheric-pressure
fluidised-bed reactor (AFB). This study completed the test series reported in [8]. The
Danish wheat straw -95 (Tables 1 and 2) was used as the fuel in the 7 set points
AFB/B24-31 (Tables 5 and 6). In these test series, the effect of bed material mixtures,
a different limestone grade, freeboard cooling and fuel additives were tested. A
selection of Danish wheat straws was also tested (set points 98/1 - 98/5, Table 7). Each
test was carried out in one day.

TESTING OF DIFFERENT BED MATERIALS AND ADDITIVES

Previously [8], different bed materials (AL,O3, dolomite and coke) were tested, and this
work was continued by carrying out four additional tests, in which another limestone
and a dolomite as well as mixtures of limestone and sand were used. Data for these tests
are given in Table 4.

The bed material mixtures were tested at two set points: AFB/B24-25. Two
mixtures (50/50 wt% basis) were used: a) sand and limestone Parfil, b) sand and
dolomite Myanit. The test temperature at these set points was 800 °C. As soon as the
temperature signal deviated from the steady state indicating poor fluidisation, the test
was stopped. The test periods are given in Table 5. However, in these tests no large
agglomerates were found in the sampled bed material. Still the bed contained agglom-
erates having diameters of a few millimetres, which were too large to be fluidised. This
caused temperature gradients in the bed. The amount of freeboard deposits was also
somewhat higher in these tests than at the following set points. The visual inspection
showed that the deposits contained agglomerates formed by molten ash, similarly to the
previous test series [8].

Table 5 AFB test runs with straw -95 carried out with different bed materials.

Set point _ TAFBB24 AFB/B2S AFB/B26

Feedstock Straw Straw Straw

Bed material o ~ Limestone + sand Dolomite+ sand Limestone (Orsa)

T(bed, average), °C 800 800 800

T(freeboard), °C 800 800 800

C-conversion to dry gas, wt%  80.7 80.0 751

mg freeboard deposits/ 1.7 1.4 1.9

g feedstock in the freeboard some molten ash some molten ash some molten ash
particles present particles present particles present

Total test time, min 125 170 252

Initiation of bed sintering, min (115) 160 252

In order to compare the effect of limestone type, one test (AFB 26) was carried out
with Orsa limestone, which is of somewhat harder grade than Parfil. This test resulted
in a similar sintering behaviour as at set points AFB/24-25. The aim of the test series
summarised in Table 6 was to study whether the ash sintering problems of straw
gasification could be prevented by using special additives. Two additives were selected:
kaolin and magnesium oxide (MgO). The reason for using these materials was that they
are known to affect the ash melting behaviour favourably. Rather high
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Table 6 AFB test runs with straw -95 carried out to study the effects of additives.

Set point AFB/B28 AFB/B29 AFB/B30 AFB/B31

Feedstock Straw + kaolin Straw + MgO Straw + Straw +
pelletised pelletised kaolin MgO

Bed material Dolomite Dolomite Dolomite  Dolomite
T(bed, average), °C 830 830 830 830
T(freeboard), °C 830 830 830 830
C-conversion to dry gas, wt% 84.9 89.2 86.1 87.5
mg freeboard deposits/
g fed feedstock 0.7 <05 0.6 0.6
Total amount of feedstock, g 3025 3055 3070 3215
used bed material, g 420 420 420 420

Total test time, min 240 240 240 240
Initiation of bed sintering, min -- - - -

amounts of additives were used in these preliminary tests, which were not yet focused
on optimising the use of additive.

The additives were added as fine powder to ensure good mixing with the fuel. They
were mixed with the straw feedstock in two ways: First, they were added among the
powder fuel and the mixture was pelletised. Another way was to add them directly into
the feeding tank among the crushed feedstock. The particle sizes of the additives were <
20 pm for kaolin and < 70 pm for MgO. The amount of additive used was the same as
the ash content in the straw (4.8 g in 100 g fuel). However, during the pelletising and
crushing procedures, material losses took place to that extent that the final amount of
kaolin was 55% of the amount added, and 70% of MgO, respectively. When the
additives were mixed in the feeding tank, there were no losses.

In total four set points were carried out in AFB/28-31. The temperature in these
tests was higher, i.e. 830 °C, than in the previous set points of straw gasification. Both
additives (kaolin and MgO) proved to be effective: all tests were finalised without any
signs of sintering in the bed or without deposits in the freeboard. Only small amounts of
loose ash were collected from the reactor wall. The mixing procedure seemed to have
no influence on sintering. A difference was observed, when the MgO additive was
mixed during pelletising: the ash material collected from the freeboard contained
significantly less carbon compared to addition into the tank. Probably, this additive
catalysed the reactivity of carbon when mixed intimately with the biomass material.

The degree of agglomeration of the bed samples was determined by sieving the
samples. The results are shown in Figure 3. Accordingly, when compared to the original
bed material the intensity of agglomeration can be seen as an increase in the particle
size. At the first two set-points B24 and B25 the original bed material was a mixture of
sand with a particle size of 0.60 - 0.71 mm and dolomite or limestone of 0.71 -1.00 mm
in size. At all other set points, only dolomite or limestone of 0.71 - 1.00 mm was used
as the initial bed material. The bed agglomeration was clearly measurable at set points
AFB/B25 and AFB/B26, while at AFB/B27 the amount of larger particles was only a
few percents. At the other set points no measurable amounts of bed agglomerates of >1
mm in size were observed. In all tests, the bed particle size decreased significantly. This
is due to the easy attrition of limestone and dolomite.
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Fig. 3 Particle size distribution of bed materials and bed samples after the AFB set-
points.

GASIFICATION OF DIFFERENT DANISH STRAWS

The gasification behaviour of different straws was also studied in AFB. The aim of
these tests was: a) to confirm laboratory findings (thermobalance tests) concerning the
ash sintering behaviour, which sets limits to the maximum gasification temperature) and
b) to assess the gasification behaviour and ash sintering/deposition tendency in a full-
scale fluidised-bed reactor. .

Myanit dolomite was used as the bed material at all set points of this test series.
Particle size of the bed material (0.71 - 1.00 mm) and the superficial velocity was
selected so that good fluidisation was maintained.

The operation conditions and the main results of the gasification tests are presented
in Table 7. The firstset point AFB98/1 was carried out with wheat straw JB 2-3 at
about 800 °C. The test run was successful and no signs of ash-related problems were
met during the operation: bed temperature was constant and no signs of pressure drop
fluctuation were seen. The bed material after the test contained only small agglomer-
ates, and the freeboard and the gas outlet pipe were practically clean. Only some dust
was deposited on the freeboard wall, which contained some small agglomerates
consisting of fines from bed and ash glued by molten ash. Since there were no problems
at the first set point, the second set point AFB98/2 was carried out with the same straw
at higher temperature, at 830 °C. This test was as successful as the first one. No signs of
ash-related problems were met during the operation. The same type of small size
agglomeration was observed in the bed, as in the first set point. The freeboard deposit
was also similar to the above. ~

Set point AFB98/3 was carried out with straw #7 (Barley JB6) at 800 °C. This test
run was not as successful, as the pressure of the reactor started to rise after one hour
operation and consequently, the operation had to be stopped earlier than planned. The
removed bed material was fairly clean, as were also the freeboard and the gas outlet
pipe. The blockage that caused the increase in reactor pressure was detected in the gas
line after the cyclone.
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Table 7 summary of operation conditions in the AFB tests with different straws

Set point 98/1 98/2 98/3 98/4 98/5
Feedstock #4,JB 2-3, #4, JB 2-3, #7, IB6 Barley Danish Danish

o Wheat Wheat Wheat s.-97  Wheat s.-97
T(bed), °C 800 830 800 800 770
T(freeboard), °C 805 830 805 805 770
Tars, g/m’n 5.5 5.7 4.6 75 9.4
amount of freeboard

deposits, mg/g of 0.7 1.0 5.8 1.3 <0.5

fed feed-stock
outlook of deposits small porous small porous small porous agglomerates, char particles
agglomerates® agglomerates’ agglomerates® char particles

Total test time, min 240 240 93? 252 240

Initiation sign of - - - 252 -

bed sintering, min

Bed sinters after  no large no large no large very large larger char

the test agglo.merates®, agglomerates, agglomerates, agglomerates agglomerates
small agglo- small agglo- small agglo-  *** and small
merates of the merates of the merates of the molten ash
same size as  same size as  same size as particles (only
bed particles* bed particles bed particles a few small

agglomerates)

% Test run was stopped as the pressure of the reactor was increasing due to a blockage in
the gas outlet pipe. > Agglomerates comprise bed and ash particles glued by molten ash.

Set point AFB98/4 was carried out with Danish wheat straw-97 at 800 °C. No signs
of fluidisation loss were met during the operation (bed temperatures and pressure drop
remained stable). However, after the test there were very large agglomerates in the bed,
but the freeboard and gas outlet pipe were practically clean. The freeboard dust con-
tained small ash agglomerates. The bed agglomerates were quite porous and probably
located at the enlargement section of the bed so that they did not affect fluidisation.

Because the temperature of 800 °C resulted in ash-related problems for Danish
wheat straw -97, the next test run AFB98/5 was carried at a lower temperature of about
770 °C. This test was more successful. The freeboard and the gas outlet pipe were
practically clean. The bed contained some large agglomerates consisting of char
particles adhered together. In addition, in the bed sample there were some single glassy
particles, which seemed to be formed solely by molten ash. A few agglomerates
containing bed particles were also observed in the bed.

CFB GASIFICATION TESTS WITH STRAW

Gasification tests were carried out with the atmospheric-pressure Circulating Fluidised-
Bed (CFB) gasification Process Development Unit (PDU) of VTT Energy [10]. Two
wheat straw feedstocks were also used in the test runs, i.e., Danish wheat straws -95 and
-97. The composition of these two straws were fairly close to each other, both having
very high potassium and chlorine contents, which can be considered typical of dry
harvesting seasons (Tables 1 and 2). Both straws had also a rather high reactivity, but
the ash sintered strongly already at below 800 °C in the laboratory tests.
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RESULTS

The straw gasification trials had two main goals: a) to find such gasification conditions,
at which wheat straw could be gasified without ash-related problems, and b) to study
the removal of potassium and chlorine derived from straw. According to the experi-
ences from a CFB gasifier it is also possible to use such a biomass fuel that on the basis
of laboratory characterisation seem to be very problematic. Under optimum conditions
a carbon conversion efficiency of 95% was reached without any signs of ash-related
problems. The tar content was also clearly lower in straw gasification than in wood
gasification at the same temperatures. However, the achievement of the optimum con-
ditions requires controlled operation of the gasifier, otherwise sintering and agglomera-
tion problems are met, and moreover, carbon conversion is clearly lower [10, 12].

CHARACTERISATION OF ASH SAMPLES FROM THE CFB TESTS

Samples were collected from bottom ash, cyclone ash and hot filter dust in some of the
CFB test runs carried out with straw. The samples were analysed by light microscopy
and electron microscopy. With the first method, an overall inspection was carried out in
order to monitor agglomerates and their form. Afterwards, cross-sections were prepared
for the electron microscopic analysis (SEM), in which the CCSEM (computer
controlled electron microscopy) technique was applied. These analyses were carried out
at VIT Manufacturing Technology. In this analysis, sample particles were analysed for
their size and chemical composition.

In almost all CFB gasification tests, some relatively small (1 - 3 mm) agglomerates
were formed in the bed, comprising bed material particles glued by molten ash, the type
and form being dependent on the process conditions. These agglomerates were removed
from the gasifier together with bottom ash.

From the ash samples, cross-sections were prepared and analysed by SEM. In the
analysis, particle sizes and their chemical composition were determined. In the analysis
of chemical composition, the following elements were measured: Si, Al, Fe, Ca, Mg, K,
Na, Ti, P, S, Cl, (Mn). The summary results of this SEM analysis are shown in Figure 4.
The composition measured for particles was compared with the chemical composition
of ash of the feedstock straw (also indicated in Figure 4). According to the results, the
most abundant substance in bottom ash was silicon, the amount of which was locally
much higher than that of straw ash. The potassium content was quite equal from particle
to particle.

The dust particles collected from the 2™ cyclone contained less silicon than the
bottom ash while the potassium and calcium contents were clearly higher. The chlorine
content was also higher than in bottom ash. The particle sizes ranged 1.5 - 11
micrometers in the 2™ cyclone ash as measured in SEM. In the dust collected from the
hot filter, the particle sizes ranged 0.2 - 4 micrometers, respectively (particle sizes were
not measured for bottom ash due to their large sizes). In these particles, potassium,
calcium and chlorine were clearly concentrated, and there seemed to be no dependence
between particle size and composition. When potassium was plotted against chlorine, a
linear correlation was found for potassium and chlorine, indicating the presence of
potassium chloride in the particles (Figure 5). This observation was in accordance with
bulk analysis carried out for potassium and chlorine in the 2nd cyclone and in the hot
filter dust (Figure 6 [10]). The amount of water-insoluble alkaline metals also decreases
from bottom ash to the 2nd cyclone ash and hot filter dust, as indicated in Figure 6. In
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bottom ash 100% is in form of insoluble alkaline metal, in 2™ cyclone ash about 50%
and in hot filter dust 30%.
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Fig. 4 The composition measured for particles of bottom, 2nd cyclone ash and hot
filter dust samples taken from a CFB test run of wheat straw. For comparison, the
chemical composition of ash of feedstock straw is shown as red bars at the right ends of
the diagrams (note: for better visualisation, the array of the graphs in bottom ash
diagram deviates from that of the other diagrams).
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Fig. 5 Correlations between chlorine and potassium in the particles of bottom ash, 2nd
cyclone ash and hot filter dust (CFB).
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Fig. 6. Deviation of alkaline metals in CFB gasification of wheat straw (average K, Na
content indicates the bulk analysis of ash samples); two CFB tests 40 & 49, the bars
indicate the fraction of water insoluble K and Na (i.e. silicates).

CONCLUSIONS

The following conclusions were drawn from the results:

1. Characteristic data on ash behaviour can be obtained by laboratory tests and used
for planning, e.g., run conditions for tests with pilot or PDU (process development
unit) equipment.

2. With certain fuels (such as alfalfa and willow), ash sintering can be much stronger
under pressurised conditions than under atmospheric pressure. This phenomenon
seems to be related to the silicate content of ash: when the silicon content was low
ash sintering was stronger under pressurised conditions than under atmospheric
conditions.

3. The major part of potassium reacted to a water-insoluble form, i.e. potassium
silicate, after the char conversion of 50%.

4. The use of kaolin or magnesium oxide additives had a great preventive effect on bed
agglomeration and freeboard deposit formation in the bench-scale bubbling fluid-
ised-bed gasification tests carried out with straw.

5. The differences between Danish wheat straw qualities were relatively small: almost
all tested straws had a rather problematic ash sintering behaviour.

6. The Circulating Fluidised-Bed gasification process was not as sensitive to ash
sintering as the small-scale bubbling fluidised-bed reactor. The amount of potassium
chloride increased from bottom ash to hot filter dust.
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