
^ * P d ( r

GASIFICATION 0? WOOD IN A 
COMMERCIAL-SCALE DOWNDRAFT 

GASIFIER

R.G. Graham and D.R. Huffman 
Forintek Canada Çorp.,
800 Montreal Road, 
Ottawa, Ontario 

K1G 3Z5

ABSTRACT

The gasification program at Forintek is progressing in the areas of 
research and development. A brief summary of this program is presented 
along with an abbreviated discussion of some general aspects of downdraft 
wood gasification. Results from an extensive commercial-scale research 
study conducted in a IMJ/hr ( ^ 1 million BTU/hr) gasifier are presented, 
and include the effect of the following parameters on gas quantity, 
quality, and yield:

- species
- moisture content
- size and quality of feedstock
- grate rotation speed

Complete mass balance, thermal efficiency, conversion efficiency, and 
gas composition are summarized.
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INTRODUCTION

Forintek Canada Corp is a non-profit forest products research 
institute involved in fundamental and applied research which is directed 
towards the commercial development of wood gasification. The gasification 
program objectives can be summarized as follows:

Research Objectives:

- simplification of gasification technology through a better 
understanding of fundamentals (reaction kinetics, catalysis, 
variables affecting gas yield and composition).

- application of fluidization techniques to the air and 
steam gasification of wood.

- exploration of novel conversion technologies including 
plasma arc pyrolytic gasification, molten solids pyrolytic 
gasification, and hot solids flash pyrolysis.

Development Objectives:

- demonstration of gasification as a reliable technology to 
industry and government. This includes demonstration of 
actual gasification hardware and its applications to an 
industrial load.

- evaluation and assessment of developing and commercial 
gasification technologies.

- promotion of energy self-sufficiency in the Canadian 
forest products industry by technology transfer and 
industrial education.

GASIFICATION THEORY

The chemical reactions of the gasification process are summarized 
in figure 1. These reactions reflect a process whereby complex organic 
biomass such as wood, is reduced to simple non-cor.censible gases by the 
action of heat. The heat is supplied by partial combustion of the 
biomass which is accomplished the addition of air to the reactor in a 
quantity which is insufficient for complete combustion.

The first reaction is pyrolytic, and involves the primary and 
secondary cracking of wood and wood tars to form c-rocn and light j.ree 
radicals. The second reaction is the combustion reaction which supplies 
the process heat. The last reaction is known as tr.e water-gas "shirt” 
reaction and involves the production of carbon cioxice and hydrogen from 
carbon monoxide and water. This reaction is reversible and plays a 
significant role in determining the composition or the final gas product. 
The remaining reactions are those of solid carbon witr. gaseous inter
mediates forming the final non-condensible gaseous prsducts.

There are four basic reactor types employed for the gasification



of biomass. Three of these are fixed bed, and are termed crossdiaft, 
updraft or downdraft according to the direction of flow of the combustion 
air. The fourth type is known as a fluidized bed.

The downdraft gasifier, pictured schematically in figure 2, is 
unique in that air enters above the grate and travels down through the 
reactor in the same direction (i.e. concurrently) as the biomass fuel. 
There are several advantages and disadvantages which are associated with 
the downdraft design:

Advantages :

- simple to construct and operate
- tar-free fuel gas (theoretically)
- no liquid effluent
- technology is readily available

Disadvantages :

- feed moisture content is limited
- feed particle size and configuration are limited
- non—isothermal process (temperature gradient exists 

in reactor bed).
- lower throughput per unit area of grate (vs. fluidized bed)

COMMERCIAL-SCALE GASIFIER

The gasifier utilized for the experimental work was manufactured 
by the Biomass Corporation, Yuba city California. It is a fixed bed 
downdraft unit mounted on a mobile trailer, and has a nominally rated 
thermal output of 840 MJ/hr (-v 8 00,000 BTU/hr). The maximum thermal 
ouput achieved during operation at Forintek was 1500 MJ/hr (1.4 mm BTU/hr). 
The unit is depicted schematically in figure 3, and consists of a fuel 
metering bin, reactor, ash conveyor and bin, hot cyclone, after burner, 
flare, and control panel. Support systems include a blower for combust
ion air, a compressor for pneumatics, an electric neating rod for start
up, temperature recorders, and pressure indicators.

The reactor is detailed in Figure 4, which illustrates the direction 
of air, wood, ash and gas flow. Air is preheated in the annular space 
prior to entry into the reactor at the tuyeres. The upper half of the 
reactor is essentially a hopper for wood storage.

EXPERIMENTAL RESEARCH PLAN

The overall experimental plan for research on the commercial-scale 
unit was designed with the following objectives in mind:

i) to evaluate the gasifier performance as a function of
several experimental variables in terms of gas yield, gas 
composition, and mass balance while operating a 
"control" wood chip fuel.

ii) to determine the proportion of sawdust, shavings, and
bark residue that can be included with the wood chip fuel 
while yet maintaining stable operation.

Gasifier performance is evaluated on a comparative basis in
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terms of gas analysis and mass balance. From these values, the energy 
content of the gas can be calculated along with the process thermal and 
conversion efficiencies. A computer program was written to evaluate 
and monitor process variables and reaction conditions. The gases v/ere 
anal'.'zed in a Carle gas chromatograph which was calibrated to detect the 
following components.

- hydrogen (H2 )
- carbon monoxide (CO)
- methane (CH4 )
- acetylene (C2H2 )
- ethylene (C2H4 )
- ethane (C2H6 )
- propane (CgHg)
- carbon dioxide (CO2 )
- oxygen (O2 )
- nitrogen (N2 )

Mass balance determination is accomplished by gravimetry (i.e. 
weighing the wood, ash and char, and tarry condensate), orifice plate 
calibration (for air flow), flow meter calibration (for gas flow), and 
condensation of product vapors (tars and acids) in a series of acetone/ 
dry ice cold straps.

Six experimental variables v/ere under consideration in this 
research plan and are classified as follows:

Feedstock Variables:

- moisture content (dry vs. wet)
- chip size (small vs. large)
- species (hardwood vs. softwood)
- mixed fuel (proportion of sawdust and bark)

Gasifier Operating Variables:

- grate rotation speed
- combustion air flow
- fuel bed weight

Only those experimental results which relate to the variations of 
moisture content, chip size, species, and mixed fuel have been presented 
in this paper.

OPERATING PROCEDURE

Details of the normal gasifier operating procedures are readily 
available in a previous publication (1). A summary of sequencial steps 
is given as follows:

Fuel Preparation :

- acquisition
- moisture content
- wood, chip sizing (sieving)



Start-up:

- electrical hook-up
- metering bin and reactor charging
- electric fire-rod ignition
- afterburner/flare ignition

Experimental Run:

- set operating experimental parameters
- data acquisition (record variables)

A typical experimental test period includes approximately tv/o hours 
of stable, steady state operation. During this interval, the following 
data are recorded:

Input :

The 
moisture 
relative 
mass) is 
plate.

chip fuel is weighed and representative samples are taken for 
content and calorific value determinations. Air temperature and 
humidity are recorded, and the air flow rate (volumetric and 
determined from the pressure drop across a calibrated orifice

Output:

The ash and char residue is weighed and sampled for moisture content 
and calorific value determinations.

A continuous sample of output gas is drawn bp a vacuum pump from 
the main gas line through the condensing train. The condensate is then 
extracted from the cold traps, and the particulate, tar, and aqueous 
fractions are weighed. The volumetric flow of the clean dry gas is 
measured in a calibrated flow meter. Samples of she gas are collected 
at 20 (twenty) minute intervals for gas chromatograph analysis.

The total gas output of the gasifier is calculated by means of a 
nitrogen balance. The volume of nitrogen enterinr tne reactor in the 
air is known, and is equal to the volume of nitrogen leaving the reactor. 
This assumes that nitrogen does not react with the fuel in the gasifier, 
and that the fuel does not contribute nitrogen to she product gas. 
Therefore, the total volume of product gas is calculated by a comparison 
of the percent yield of each of the various constrecent product gases 
with that of nitrogen.

Mass Balance and Efficiency:

The total mass input including dry fuel, z 
air moisture is determined and compared to tota 
mass output includes clean dry gas, aqueous cor. 
tarry condensate, dry char ana dry flyash.

The conversion efficiency is defined as th 
the total input mass which is converted to a cr 
efficiency is defined as the fraction or percer. 
(HHV) which is converted to the heat of combusu 
product gas.

.oisture, dry air and 
s output. The total 
te, dry particulate

ction or percent of 
ry gas. The thermal 
energy in the wood 
:f the clean dry



EXPERIMENTAL RESULTS

The experimental results showing the effects zz wood moisture 
content, wood species, chip size, and fuel mixtures ere presented in 
tabular form in Tables 1 through 12.

Tables 1,2 and 3 illustrate the effect of woof moisture content on 
gas energy content, gas composition and the mass balance respectively.
As the moisture content increases from 13% (wet basis) to 34%, the gas 
energy content decreases from 6.7 2 MJ/Nm3 (191 BTLVacf) to 4.68 MJ/Nm3 
(133 BTU/scf). The conversion efficiency drops from S7 to 76 percent, 
and the termal efficiency drops from 74 to 55 percent over this same 
wood moisture content interval. The proportion of combustible gases in 
the product gas (i.e. H2 , CO, hydrocarbons) generally decreases with 
increasing moisture content, and the proportion of non-combustible gases 
(i.e. N2 , CO2 ) increases. It is evident from the mass balance data that 
a greater yield of non-condensible product gas occurs at the expense of 
liquid products during operation on the dryer chips.

It is important to note that the mass output cats listed in Tables 
3,6,9 and 12 are expressed as a percent of the total input mass. This 
is due to the fact that the input mass determination is reliable and 
relatively accurate. However, the output mass is relatively innaccurate 
due to problems associated with the determination cf tar and aqueous 
mass production rates. Although the tar and aqueous fractions are 
experimentally measured, they are assumed by difference in the data 
which is presented in the tables. All other mass input and output 
components (i.e. wood, air, water, gas and solid) are presented as 
measured, and are considered to be reliable accurate measurements.

The effects of wood species on gas energy content, gas composition 
and mass balance are presented in Tables 4,5 and 6 . Pine and poplar chips 
of similar moisture content were gasified under similar reactor operating 
conditions. Four separate runs for each species were conducted and the 
averages are presented in the tables. It is evident that there are no 
significant differences in gas energy content, process efficiencies and 
product distribution. However, the poplar chips appear to produce a 
lower proportion of hydrogen and a greater proportion of hydrocarbons in 
the product gas. An elemental analysis of the pooler revealed a slightly 
higher fraction of oxygen than the analysis of pine. Perhaps this 
excess oxygen combines with some of the hydrogen prrcuced during poplar 
gasification accounting for the slightly greater production of aqueous 
liquids which is evident in the mass balance tab_e.

The effect of wood chip size on the gasification process is 
summarized in Tables 7, 8 and 9. The use of sma_±er snips resulted in 
a droo in gasifier performance. Gas energy contenu decreased from 6.39 
MJ/Mtr* (182 BTU/scf) to 6.18 MJ/Nm3 (175 BTU/scf). Thermal efficiency 
dropped from 80 to 55 percent, and conversion efficiency dropped from 
92 to 78 percent. The lower air/wood ratio evident iron, the mass balance 
data for smaller chips indicated that less oxygen vos being consumed and 
the gasification rate was lower. This phenomena succorts the theory that 
downdraft gasification requires a relatively porous :ec (i.e. larger chip- 
size) for maximum process efficiency since primary products must fiow 
freely down through the bed for complete gasificacim and "cracking1 to 
occur. In fact a significant pressure drop across she bed occurred 'when 
utilizing the relatively non-porous small chip size, ana a "throttling



of the process seemed to take place. At a slower gasification rate wood 
char would be removed from the grate area by the ash removal dows prior 
to complete gasification.

The effect of mixing "as is" wood residue fuels with wood chips is 
illustrated in tables 10,11 and 12. This data can also be related to 
fuel size variation, since sawdust, bark and shavings represent smaller 
particles than the base wood chips.

It is evident from the tables that general gasifier performance 
slightly deteriorates as the various wood résidues are mixed with the 
wood chips. Gas energy content and process efficiency are higher when 
operating on 100% wood chip fuel. Part of this reduction in performance 
can be attributed to the factors associated with the reduction in fuel 
particle size which were discussed earlier in this paper.

SUMMARY

In response to a broad range of operating conditions and wood 
feed characteristics, the gasifier produced a product gas which varied 
from a low energy content of 4.68 MJ/Nm^ (132 BTU/scf) to a high of 
6.84 MJ/Nm^ (195 BTU/scf). Conversion and thermal efficiencies varied 
from 73 to 92 percent for the former, and from 49 to 80 percent for the 
latter.

Fuel moisture content and size are the key factors which determine 
the performance of a downdraft gasifier. Best performance was achieved 
while utilizing the larger, dryer wood chips.

The comparison of a representative hardwood (poplar) and softwood 
(pine) indicates that species has very little effect on gasifier 
performance. The absolute elemental composition of any wood feedstock 
is more significant (i.e. the C,H,0 composition).

Although gasifier performance suffers somewhat, it is significant 
to note that steady, sustained gasifier operation is possible while 
operating on wood fuels containing up to 40 percent of "as is" wood 
residues (i.e. bark, shavings, sawdust).

The data represented in this paper are currently undergoing a 
statistical analysis. Therefore a conclusive assessment of gasifier 
performance as a function of operational and feedstock variables 
cannot be made until the numerical analysis is completed.
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TABLE 1. Effect of Wood Chip Moisture Content on Gas Energy Content
and Process Efficiency.

POPLAR CHI? MOISTURE CONTENT 
(Wet Basis)

13% 24% 34%

Energy Content 
(MJ/Nm3 ) 1

6.72 5.93 4.68

Conversion Efficiency 
(cool dry gas/dry wood)

87% 82% 76%

Thermal Efficiency 
(cool gas energy/dry wood

 ̂ 1 BTU/scf @ 60°F = 
or 1 MJ/N-m3 @ 0°C =

74%
energy)

.0352 MJ/N-m3 @ 0°C 
28.41 BTU/scf 0 60°F

6 8% 55%

TABLE 2. Effect of Wood Chip Moisture Content on Gas Compsotiion.

POPLAR CHIP MOISTURE 
(Wet Basis)

CONTENT

13% 24% 34%

H2 (hydrogen) 17.5 16.7 15.1

CO (carbon monoxide) 19.7 16.0 11.9

CH4 (methane) 3.5 3.2 2 . 1

C2H2 (acetylene) 0.3 0 0 . 1

C2H4 (ethylene) 1.5 1.4 1 . 1

C2H5 (ethane) 0 . 1 0 . 2 0 . 1

C3H3 (propane) 0 . 2 0.3 0 . 2

C02 (carbon dioxide) 12.7 15.8 17.7

O2 (oxygen) 1.9 0.9 0.9

N’ 2 (nitrogen) 42.7 45.5 50.9

(gases are represented as percent by volume)



TABLE 3. Effect of Wood Chip Moisture Content on Mass Balance.

POPLAR CHIP l 
13%

10ISTURE CONTENT 
24%

(Wet Basis) 
34%

INPUT (kg/h) 116.6 1 2 2 . 0 1 2 2 . 6

Dry Wood 40% 36% 31%

Dry Air 54% 52% 53%

Water 6% 1 2 % 16%

OUTPUT (kg/h) 142.6 125.7 123.7

Dry Gas ■ 87% 82% 76%

Solid 5% 3% 3%
Tar 3% 6% 7%
Aqueous 5% 9% 14%

(Values are expressed as percent of. INPUT mass. Although 
measured, the tar and aqueous fraction are assumed by 
difference in the mass ratio which they appeared in the 
analysis).

TABLE 4. Effect of Wood Species on Gas Energy Content and Process 
Ef f iciency.

POPLAR PINE

Energy Content 
(MJ/Nm3)

6.79 6.84

Conversion Efficiency 
(cool dry gas/dry v/ood)

90% 91%

Thermal Efficiency
(cool gas energy/dry v/ood energy)

75% 77%

Wood Moisture Content 
(Wet basis)

5.2% 6.4%

(exoerimental values are averages taken from 4 runs)
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TABLE 5. Effect of Wood Species on Gas Composition.

POPLAR PINE

h 2 14.3 17.5
CO 24.7 25.5
CH4 3.2 2.7

c 2h 2 0.5 0.4
c 2h 4 1.4 1 . 2

c 2h 5 0.05 0 . 0 2

c3h8 0 . 2 0 . 1

C02 10.3 9.1

° 2 1.5 0.9

» 2 45.5 42.7

Wood Moisture Content 5.2% 6.4%
(Wet Basis)

(gases are represented as percent by volume for 
an average of 4 runs)

TABLE 6 . Effect of Wood Species on Mass Balance

POPLAR PINE

INPUT (kg/h) 122.3 135.1
Dry Wood 42% 41%
Dry Air 56% 56%
Water 2% 3%

OUTPUT (kg/h) 144.8 138.9
Dry gas 90% 91%
Solid 2% 3%

Tar 1 % 1 %
Aqueous 7% 5%

Wood Moisture Content 5.2% 6.4%
(Wet basis)



TABLE 7. Effect of Wood Chip Size on Gas Energy Content and Process
Efficiency.

SMALL CHIPS 
(0.5 - 1.3cm)

LARGE CHIPS 
(1.3 - 2.5cm)

Energy Content 
(MJ/Nm3)

6.18 6.39

Conversion Efficiency 
(cool dry gas/dry wood)

78% 92%

Thermal Efficiency
(cool gas energy/wood energy)

55% 80%

Wood Moisture Content 
(Wet basis)

6.3% 5.1%

(all values are averages taken from 4 runs)

TABLE 8 . Effect of Wood Chip Size on Gas Composition.

SMALL CHIPS 
(0.5 - 1.3cm)

LARGE CHIPS 
(1.3 - 2.5cm)

E2 13.9 18.0
CO 23.9 26.3
CH4 3.1 2 . 8

C2 H2 0 . 6 0.3
C2H4 1.4 1 . 2

C2h6 0.06 . 0 1

C3K8 0 . 2 .05
C02 1 0 . 2 9.2
o2 1 . 6 a8

'•’2 45.2 41.5

Wood Moisture Content 6.3% 5.1%
(Wet basis)

(gases are expressed as percent volume fo 
an average of 4 runs)



SMALL CHIPS LARGE CHIPS
(0.5 - 1.3cm) (0.5 - 1.3cm)

TABLE 9. Effect of Wood Chip Size on Mass Balance.

INPUT (kg/h) 141.6 128.9
Dry Wood 47% 41%
Dry Air 50% 57%
Water 3% 2%

OUTPUT (kg/h) 161.1 144.8
Dry Gas 78% 92%
Solid 4% 3%
Tar 4% 1 %
Aqueous 14% 4%

Wood Moisture Content 6.3% 5.1%
(Wet basis)

TABLE 10. Effect of Mixed Fuel on Gas Energy Content and Process 
Efficiency.

CONTROL 
(100% Ch ips)

SAWDUST
Mixture

SHAVINGS
Mixture

BARK
Mixture

Energy Content 
(MJ/Nm3)

6 . 0 2 4.89 5.77 5.84

Conversion Efficiency 
(cool dry gas/dry wood)

82% 73% 73% 75%

Thermal Efficiency
(cool gas energy/wood energy)

6 8% 49% 55% 52%

Wood Moisture Content 
(Wet basis)

24% 30% 28% 2 2%

(all mixtures consist of 60% 
remainder consists of the spe

wood chips 
cified res

; the 
idue)



TABUC 11. Effect of Mixed Fuel on Gas Composition.

CONTROL SAWDUST SHAVINGS BARK
(100% Chips) Mixture Mixture Mixture

H2 16.7 8.9 1 2 . 1 10.4

CO 16.0 14.8 15.3 2 1 . 1

c h 4 3.2 2.5 3.1 2 . 9

c 2h 2 0 0.7 0.7 0.7

c 2H4 1.4 1.3 1.5 1.3
c 2h 6 0.1 0.05 0.1 0.04

c 3 h8 0.3 0 . 2 0.3 0.1

co2 15.8 14.3 15.2 1 1 . 8

° 2 0.9 2.4 1.5 2.4

n 2 45.5 54.7 50.2 42.3

Wood Moisture Content 24% 30% 28% 2 2%
(Wet basis)

(gas values are exprès;sed as percent by volume)

TABLE 12. Effect of Mixed Fuel on Mass Balance.

CONTROL SAWDUST SHAVINGS BARK
(100% Chips) Mixture Mixture Mixture

INPUT (kg/h) 1 2 2 . 1 118.0 126.5 138.0

Dry Wood 36% 33% 36% 42%

Dry Air 52% 52% 50% 46%

Water 1 2 % 15% 14% 1 2 %

OUTPUT (kg/h) 125.8 98.3 103.5 1 2 2 . 8

Dry gas 82% 73% 73% 75%

Solid 3% 3% 3% 6%

Tar 6% 4% 5% 4%

Aqueous 9% 2 0% 19% 15%

Wood Moisture Content 24% 30% 23% 2 2%
(Wet basis)



FIGURE 1.

PRINCIPAL GASIFICATION REACTIONS
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TYPICAL DOWNDRAFT GAS1TILR



SMALL-SCALE COMMERCIAL BIOMASS GASIFICATION SYSTEM



FIGURE

FIXED-BED


