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1. PROGRAM DESCRIPTION

1.1 PURPOSE
The ENFOR Program is a Research, Development and Demonstration 

initiative of the Federal Government administered by the Canadian Forestry 

Service. Its mandate is the support of Canadian efforts to achieve a 

significant reduction in the consumption of traditional fossil fuels by 
utilizing the renewable solar energy being stored in our extensive forest 
resources. Divided into two parallel sub-programs it covers the inventory, 

growth and harvesting of forest energy fibre (Production program) and 

the conversion of the energy fibre into thermal and mechanical energy, 

into solid, liquid or gaseous fuels, or into industrial chemicals 

traditionally obtained from fossil fuels (Conversion program).

1.2 OBJECTIVES
It is expected that by 1990 the contribution to Canada's primary 

energy demand supplied from biomass will be increased from the current 

level of 3.5 percent to at least 10 percent. The long term (beyond 2000) 

objective is to establish in Canada the technological base necessary for 
efficient implementation of large scale production and conversion systems 

that will enable a biomass contribution in the order of 25 percent.
The specific objectives of the Production program are: to determine

the amount of biomass in Canadian forests and to estimate its 
potential contribution to the nation's energy requirements; to develop 

and test systems for harvesting, processing and delivery of forest 

biomass; to assess the environmental impacts of intensified biomass 

production and harvesting; and to develop and test intensive 

silvicultural methods for increasing biomass production.
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The Conversion program specifically addresses process technology 

in order to promote the creation, development, demonstration and refinement 
of equipment and methodology to convert low quality, abundant, renewable 

forest fibre into thermal, mechanical or electrical energy either directly 
or by conversion to prepared fuels.

1.3 SCOPE OF APPLICATION

The scope of the conversion program has been defined as extending from 
the receipt of energy dedicated forest biomass at the mill gate to its 

conversion into various energy forms, prepared fuels, or chemical feedstocks. 
Materials considered are normally forest residuals and energy plantations 
(wood, bark, foliage), mill residues (bark, sawdust, shavings, sanderdust, 

solid trim) and also certain mill wastes (clarifier sludge, waste liquors).
Specific areas being addressed are:

I Preparation and handling of feedstocks including transportation, 

storage and reclaim, materials handling and metering, comminution 

or agglomeration, classification, moisture reduction and monitoring, 
and related instrumentation.

II Direct combustion including hog fuel boilers, fluid bed combustors, 

suspension burners, single and multiple chamber combustors and 
furnaces.

Ill Prepared fuels including conversion to solid fuels such as DBF

pellets, briquettes and firelogs; or charcoal; liquid fuels such 

as ethanol, methanol, pyrolytic oils, or proto oil; and gaseous 
fuels such as low, medium or high energy gases.

IV Industrial chemicals or chemical feedstock intermediates.
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2. CONVERSION PROGRAM ADMINISTRATION

A number of significant differences exist between the structuring of 

the conversion program and that of the production program.

2.1 COMMITTEE REPRESENTATION

In addition to federal government representation from CFS, DSS, EC,
CANMET, NRC and EMR the committee has substantial industry representation.

The viewpoint of large, multifaceted industry is provided by Domtar and 

MacMillan Bloedel; the forest products research community is represented by 
PPRIC and FCC; and the pulp and paper industry by CPPA. This diversity of 

industrial and government backgrounds provides a strong balance between the 

fundamental research outlook and present day economic reality while ensuring 
input from the various forest related activities.

2.2. TECHNICAL LIAISON SERVICES

Not having an in-house R and D program on energy from wood based fuels,

CFS decided to contract for a technical liaison service from FCC who had been 

involved as a federal entity with the ENFOR program at its inception. The 

ongoing basic and applied research program at FCC ensured the technical exper

tise required to provide liaison, inspection and management services for the 
specific ENFOR contracts.

2.3 FORMAT FOR PROJECT SELECTION

The conversion committee has selected the open solicitation route for 

the majority of projects. Only a limited number of directed studies have
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been identified by the committee specifically to cover those areas where 

proposals received have not adequately covered a perceived technology 
shortcoming. General priority aspects are identified by the committee 
prior to the request for proposals in order to encourage efforts in specific 

areas while providing full opportunity for innovative new concepts to be 

supported in all relevant subjects.
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3. TECHNOLOGY REVIEW
For the purposes of this review the ENFOR Conversion program is examined 

in four basic categories:
I. Feedstock Preparation and Handling

II. Direct Combustion

III. Prepared Fuels a) Solid
b) Gaseous
c) Liquid

IV. Industrial Chemicals

Each segment contains a brief description of actual or conceptual processes; 

a current assessment of technology status (state-of-the art); and a summary 

of ENFOR's contribution to the current technology. In addition, a tabular 
summary of the state-of-the art is presented in Appendix 5.2, a brief economic 

assessment in Section 4, and a list of relevant Canadian activities in Appendix 5.3.

3.1 FEEDSTOCK PREPARATION AND HANDLING
The significance of the role played by preparation and handling systems 

for forest based fuels cannot be over-emphasized. Unlike the petroleum 

industry where the fuel supplier undertakes responsibility for the refining 

operation to provide a uniform, standard, prepared fuel at the producer- 

consumer interface, the wood fuels interface occurs at the raw material end 

and the onus is on the user to deal with a material which in many aspects 

typifies what a fuel should not be. Such aspects as low bulk density, high 

moisture content, extreme particle size variation and high content of mechanical 

impurities must be overcome in order to utilize the "green crude" which in 

Canada is primarily available at the present time as a byproduct from the 

manufacturing operations of the forest products industry.
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The status of feedstock preparation and handling with respect to wood 

based fibre can be summarized as commercially proven traditional technology.

It has been proven economically viable in the forest products industry for 

handling relatively high value primary feedstocks such as chips for pulp, 
wafers and particles for composite boards and hog fuel for large boiler systems. 

Despite this apparent abundance of knowledge and experience, preparation and 
handling of biomass feedstocks have been major stumbling blocks to the success

ful implementation of many bioenergy systems. The apparent reasons for this

are varied and encompass at least the following:
(A) Many preparation and handling systems have been designed, constructed 

and installed by the manufacturer of the conversion system. These 
manufacturers are often from the coal, petroleum or chemical industries

and have limited knowledge of fibrous material.
(B) industries who normally deal only with petro fuels find the tremendous 

cost of a fully engineered handling system (often 1-3 times the

cost of the conversion unit) difficult to accept. This pressure 
often leads to acceptance of shortcuts not consistent with established

reliable performance.
(C) Much of the current knowledge has been gained by trial and error 

without development of the fundamental criteria to characterize 

the physical performance of fibrous wood-based feedstocks. This 

lack of theoretical data makes it difficult for designers with 
experience only in uniform non-fibrous bulk materials to relate to 

the specific problems posed by hog fuel.
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(D) A continuing push to utilize lower quality fuels means increased 

handling problems due to greater proportions of bark, foliage and 
inorganic contaminants.

(E) The proliferation of interest in wood based fuels for energy creates 
a demand greater than that which can be handled by experienced systems 
designers.

ENFOR has supported and continues to support several projects that can 
broadly be classified under this program area. The results of these studies 

contribute to increased attractiveness of wood waste as a viable alter
native to traditional fuels.

A directed proposal initiated a study (C—95) which reviews the state—of— 
the art in wood residue preparation and handling systems. The report iden

tifies major generic components of a biomass preparation and handling system 

and provides a technical assessment of the capabilities and operating limi

tations of existing systems. Size and cost specifications of available 

equipment are given including an extensive list of suppliers. Equipment 

selection charts and comments on problem areas are provided as well as indi
cations of where development of improved equipment is required.

Various aspects of hog fuel storage and reclaim have been addressed by 

ENFOR projects. A two-year study (C-130) has been examining basic design 

parameters for bins and silos. Wall friction and shear strength tests of 

biomass samples identify factors which contribute to poor flow properties.

The report on this project will include recommendations on bin and silo designs. 

Another ongoing study (C-254) is obtaining basic data on lateral forces exerted
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by hog fuel stockpiles restricted by vertical walls, in particular during 

build-up and draw-down of the pile. These data will allow design of storage 

bins on a rational basis and prevent inefficient design by using data obtained 
for materials of a very different nature.

A present study (C-220) on the fuel value of stored residues is reviewing 
available information on the effects of storage, and assessing fuel quality 

changes with time to develop guidelines on economically appropriate methods 
for storing forest biomass.

A study (C-259) is currently underway to review the technology for the 
continuous feeding of forest based biomass into atmospheric and pressurized 

reactors. An engineering evaluation of current commercial, prototype, and 
experimental feed systems will be provided relating each system to feedstock 

characteristics, and to type of reactor and process conditions. The relevance 

of feeder technology from related industries such as food, MSW, coal, plastics, 

etc. will be considered and recommendations with respect to requirements for 

research, development or demonstration made.

In view of the benefits to be gained from combusting dry rather than 
wet feedstock in boilers, hog fue1 drying has been addressed in ENFOR projects. 
A cost benefit analysis of systems using flue gas or steam for drying wood 
waste feedstock is now completed (C-96). This report discusses the 
economic viability of drying wet hog fuel using flue gas in rotary, cascade, 

or flash dryers or using steam in shell-and-tube or hot-air dryers. The 
situations of adding a dryer to a new modern boiler or retrofitting to 

an older existing boiler are examined and a sensitity analysis on
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rate of return as affected by oil price, electricity cost and hog 

fuel price is included. Generally, no significant savings can be expected 

from adding a dryer to a new modern boiler specifically designed to burn hog 

fuel with a moisture content of up to approximately 60 percent. However, 

the benefits of drying hog fuel for older, less efficient installations are 

sufficiently high to warrant serious consideration of retrofit dryer instal
lations .

A promising ENFOR study (C-214) is evaluating the drying of hog fuel 
based on the principles of vapour recompression. Initial batch tests utilized 
a small rotary dryer and a combustible, non-volatile, water-immiscible 

liquid heat transfer medium. With crude tall oil the heat transfer rates 

were 3 times greater than for no-oil direct contact drying. Energy consump
tion is expected to be equivalent to or better than for indirect-steam pulp 

dryers. Work is continuing on development of a 25 kg per h continuous pilot 
dryer.

"Study of Hog Fuel Drying Systems" was commissioned by Forintek under 

ENFOR sponsorship and originally published as part of the work being conducted 

by Saskatchewan Power Corporation for the Canadian Electrical Association. 

Considerations for evaluating dryers and detailed information on hog fuel 
drying equipment are presented for rotary, flash and hot conveyor drying 

systems. Also considered are heat sources based on hog fuel combustion in

cluding suspension burners, single and multiple chamber combustors, fluid bed 
combustors and boiler flue gas systems. The study was limited to 

commercially available North American units proven on hog fuel and gives 

a general description and technical evaluation for three size ranges. Special 

attention is given to economics of dryers and fuel preparation requirements 
for combustors.
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An earlier, completed project (C-6) evaluated the dewatering potential 

of a combination bark press employing continuous screw compression within 

a high frequency reciprocating annular plunger. A pilot plant operated at

2.3 tonnes per hour achieved a final moisture content of just under 50 

percent, a significant reduction compared to current commercial presses which 
have difficulty achieving consistent outputs of less than 60-65 percent.

With the advent of computer control of modern hog fuel boilers, it was 
recognized that the need for accurate, continuous measurement of hog fuel 

moisture content was a high priority. Four one-year contracts in this area 
have been completed and some successes are apparent (ENFOR C-110, C-124,

C-154, C-221). Using microwaves, a small-scale prototype on-line meter 

gave reproducibility of measurements within ±3 percent in the moisture 
content range of 10 to 50 percent. Infrared moisture analyzers operated 

well in both laboratory and mill trials, provided that regular recalibration 
was carried out when hog fuel characteristics changed.

3.2 DIRECT COMBUSTION

The direct combustion of wood in an excess of air is the traditional, 

reliable method for recovering the energy in wood. Systems vary in size and 
complexity from manually fueled domestic furnaces to computer controlled 

industrial hog fuel power boilers. At the industrial level wood residue burners 
with energy recovery can be divided into two broad classes; large scale systems 

integrally associated with high pressure steam boilers and smaller systems wherein 

products of combustion can be used directly for heating and drying purposes or 

can be close coupled to factory assembled boilers for steam production.
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The major portion of biomass derived energy in Canada is supplied by the 

largo scale hog fuel power boilers of pulp mills. These units, typically i

constructed on site, perform the function of mill waste incineration plus 

yielding high pressure steam for mill electrical and thermal loads. Recent 
years have seen installations of major power boilers capable of producing over

135,000 kg of steam per hour burning hog fuel up to 57 percent moisture content 

on a travelling grate in a conventional furnace, and 180,000 kg per hour 
burning hog fuel up to 62 percent moisture content on a travelling grate in a well 

defined primary combustion zone. :
Generally, supplementary fossil fuels are required for maintaining steam I

generation at desired levels for several reasons, a few of which are; interruptions 

in delivery of hog fuel to the combustor, implications of varying moisture in 

the hog fuel, and constraints on hog fuel firing imposed by stack emission levels.
The first two of these problem areas are addressed in part at least by ENFOR 
projects described under Feedstock Preparation and Handling. The third is 

embodied within a major new project (C-235) supported by ENFOR, to 
investigate efficiency and emission characteristics of a number of major wood 
burning boilers in commercial use with a view to updating equipment specifications 

and design criteria. It is expected that with the application of information 

gained in this study, operating costs, fossil fuel consumption, and the discharge 

of pollutants to the atmosphere could all decrease. Specific environmental 

implications of direct wood combustion are also being addressed by a qualitative 

chemical analysis of hydrocarbon emissions for both small and large scale 

boilers (C-143).
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The objective of reducing natural gas and oil as auxiliary fuel for hog 
fuel boilers is being addressed by an ENFOR project (C-149) involving both 

combustion and feedstock preparation parameters. The work includes evaluation of 

the impact of hog fuel drying on boiler performance, and the development of size 

segregation and secondary drying systems. This project is somewhat unique in that 

it is being undertaken at the location of a relatively large hog fuel boiler.

Direct combustion systems are commercially proven and economically viable 

often providing payback periods of less than two years. The capital costs are 

relatively high, with extensive fuel handling and storage systems often costing 
considerably in excess of the combustor itself. Applications are very site 

specific and require knowledgeable, experienced engineering for assured success. 
Details of many proven systems are provided in an ENFOR report that describes 

the 1980 state-of-the art in wood waste energy conversion systems available to 

the forest products industry (C-lll). Basic principles of operation and specific 

details of construction are provided for suspension burners, fluid bed combustors, 

multiple and single chamber combustors, package boilers, gasification systems and 

pyrolysis systems. Discussion of wood densification equipment and processes is 
also included. The systems are evaluated with respect to state of development, 

available sizes, MC and size of suitable fuels, control systems, form of energy 

produced, capital costs, operating labour and maintenance requirements and 
electrical power required.

Several relatively new direct combustion systems have achieved successful 

commercial application. Fluidized-bed units in which low quality fuels are 

combusted in an air-suspended bed of hot inert sand particles within a refractory 

lined chamber offer high throughput, great thermal stability and the capability
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to handle a wide range of particle sizes, moisture contents and contaminant 

loadings. Multiple chamber combustors typically utilize a low temperature 

primary furnace with less than stoichiometric air where fuels are largely 
gasified, with combustion then completed in an adjacent high temperature chamber 

supplied with, often preheated, secondary air. These units provide high 

combustion efficiency with relatively low particulate loadings and can handle 

low quality, high moisture fuels. Energy transfer to process is accomplished 
by direct flow of blended combustion products or by heat exchangers utilizing 

thermal oil, hot water or steam.
Smaller scale combustion systems include the traditional pile burning Dutch 

oven and HRT boiler, various suspension burners for dry, finely divided wood 

particles and single chamber combustors such as the Axon furnace.
The efficiency of wood combustion systems depends on a number of factors, 

the principal one being moisture content of the fuel. Modern boilers designed 

for operation on wet hog fuel (50 percent MC) can achieve 65-70 percent 
combustion efficiency. If dry fuel of about 30 percent MC is available efficiency 

can increase to 75-80 percent while a new comminution-drying technique used 

in some Scandinavian mills results in a combustion efficiency of over 90 percent. 

For this system the fuel must be pulverized to 1-3 mm and dried to a MC of 

10-15 percent.
A major ENFOR effort in direct combustion is being devoted to the displacement 

of fossil fuel usage in lime kilns, one of the last energy demands in pulp mills 

not currently being supplied from wood residue fuels. A full scale commercial 
demonstration involves the application of existing proven combustion technology 

(a Lamb wet cell burner) to a novel end use, namely the substitution of up to
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50 percent of fossil fuel usage in » lime kiln (C-14,. A second project 
underway is evaluating the in situ cognation of wood residue fuels in a PDU 

scale limé kiln ,0-123). »  both projects the guality of lime produced is an

important consideration.
*«, current ENFOR projects are examining options for electricity generation 

from wood waste. One is examining the feasibility of adapting currently 
available steam engine technology to develop a reliable electricity generating 

package system (0178). The commercial application here would be to use su 

a system based on locally available wood and wood waste in remote locations to 

replace diesel oil generator sets. The other study ,0178, will present a 
state-of-the art review of systems for the production of electrical energy from 

wood residues, generally in sixes of less than 5 megawatts and with specific 
reference to location in forest products industries. critical technical and 

economic assessment will be provided for co-ercial systems covering steam 
cycles, hot gas turbines and wood gasifier-engine/turbine sets. In addition 

information will be presented on new technologies such as heat engines, organic 

cycles and fuel cells and on specific criteria for system selection.

3.3 prepared fuels
3.3.1 Solid Prepared Fuels

3.3.1.1 Charcoal
Charcoal is mankinds oldest prepared fuel and still supplies a maDor 

proportion of domestic thermal requirements in many countries of the third world. 

It is normally produced via the low temperature, low rate, thermal decomoos 

Of wood in a deficiency of oxygen until a fixed carbon content in the order «

80 percent is achieved. An excellent, clean burning fuel with a HHV of
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charcoal suffers from a very low density. However, by compaction into pellets, 

a usable energy density of about 17 GJ/m3 can be achieved. This is similar to 

that of sub-bituminous coal and represents about 40 percent of the energy density 

of #2 oil; in comparison raw wood based residues represent only 10 percent 

of the energy density of oil.
Charcoal production can be classified into one of three basic processes.

A) Kilns
The traditional method of charcoal production employs air-dried
solid wood in small scale batch systems utilizing masonry or steel kilns.

A portion of the wood is combusted to provide the necessary heat for 
pyrolysis and the only product is charcoal, any gas or liquids produced 
being discharged as wastes. Capital costs are low and labour requirements 

high; pollution is a serious problem, and charcoal yields average only 

25-30 percent on a weight basis.

B) Retorts
Production of charcoal on a large scale from particulate feedstocks is 

carried out in continuous retorts, commonly of either the multiple 
hearth or rotating drum type. The volatile products (gases and uncondensed 

hydrocarbons) are burned to supply process heat for the pyrolysis reaction 

or to provide a thermal energy by-product. Capital cost is high but units 

are fully automated and the labour requirement is low. Pollution can be 

adequately controlled and an energy byproduct is usually available 

although yield is similar to kiln systems.

C) Pyrolyzers
Entrained, fluid, and fixed-bed pyrolysis reactors are used for the 
production of char from wood feedstocks. Gaseous and heavy oil byproducts 

are also produced with either, all, or a portion of both being combusted to
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provide the reaction energy.
The production of charcoal in traditional kilns or retorts is a 
commercially proven technology with long established Canadian operations. 

However, production of charcoal as an industrial fuel has not yet been 

proven economically viable. Except for minor uses in special cases 

such as tobacco drying, Canadian charcoal is sold for the domestic 
barbecue market in either lump or briquette form or for the production 

of activated carbon. These uses provide a wholesale value representing 

12 to 18 dollars per GJ of energy content, much higher than current

petroleum fuel costs.
A number of pyrolysis systems have been operated as pilot plants with 
commercial demonstrations conducted in the U.S. on fixed-bed, fluid-bed 

and entrained systems. Although commercially available these units have 

not yet been proven economically viable in Canada.
The Thermex pyrolysis system of Alberta Industrial Development Ltd. is 
a fluidized bed unit which could be utilized for production of either

gases or charcoal. The first commercial-scale plant was designed, 
fabricated, and evaluated at a sawmill site in Edmonton. The 2.1 metre 

id reactor was dismantled and shipped to Wisconsin where a new system 

was constructed and operated for more than 6000 hours between 1976 and 
1979. The unit was designed to process 2.7 tonnes (30% moisture content) 

of wood per hour. A system rated at 2.7 dry tonnes per hour was delivered 

to a company in williamston, H. Carolina, in August. 1980. Plans are 
currently underway to construct a 3.74 dry tonnes per hour Thermex unit

near Nanaimo, B.C.
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Cancarbon Industries Inc. in Saskatchewan is developing waste grain 

processing technology to produce solid carbon fuel, activated carbon, 

and loose-fill insulation. Due to the proprietary nature .of the 

technology, information regarding the process is limited. The carbon 

products are produced in a patented kiln following special pre-treatment 

of the feedstock. The pilot plant has a rated capacity of 227 kg/h of 

starchy and cellulosic grain waste materials. The technology may have 
applications in wood waste conversion.

Pyrosol (Pyrolysis Services Ltd.) of Calgary has designed and is testing 

a commercial scale pyrolysis (indirect heating) system in Lethbridge, 
Alberta. The plant is rated nominally at 100 tonnes wood (35 percent 

moisture) per day (~ 54 GJ/h input). It is estimated that 23 percent of 

the wood energy is required to maintain the reactor temperature and 
evaporate wood moisture. An energy output of 42 GJ/h can be expected on 
the Lethbridge unit, distributed as follows:

Gas: 47%

Oils: 5%
Char: 48%

The process heat is currently supplied by natural gas which is combusted 

in radiator tubes within the reactor although the system can be modified 

to burn wood gas. The wood feed is carried along the 30m reactor length 

on an INCONEL conveyor. Indirect heating from the tubes gives a constant 

reactor temperature of 650°C and prevents dilution of the product,
oresulting in a gas energy content of 7.9 to 11.8 MJ/m (HHV).
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On the assumption that low yields and high non-fuel values do 

not allow traditional charcoal production to be competitive as 

a Canadian industrial fuel ENFOR has not yet supported work in 

this area.

3.3.1.2 DBF (Densified Biomass Fuel)

As received forest derived particulate fuels are economically and 

environmentally attractive but are difficult to store, handle and transport, 
have a very low energy density and are subject to relatively low combustion 

efficiency. Densification of this material, typically into pellets, briquettes, 
cubes or firelogs eliminates most of these fundamental problems and produces 

a uniform, clean, stable fuel with excellent combustion properties and a high 

energy density.

Pelleting systems currently show greatest potential for large scale 
production of industrial DBF and utilize proven equipment which has been available 

for many years. The process starts with removal of rocks and tramp metal from 

the feedstock before passing to a hammermill which reduces the particle size to 
pass a 1 cm screen. A drying system, often using a portion of the dried product 

for fuel, reduces the MC to 17-20 percent. Densification is performed by a 

pellet mill in which a rotating die containing numerous holes combines with 

internal rollers to press the feedstock into filaments which are cut to the 

required length by fixed blades operating on the dies exterior surface. During 

densification pressures exceed 69 MPa and temperatures are in the order of 160 C. 

This combination of temperature and pressure causes softening of the lignin plus 

some relocation of resinuous or waxy extractives in the wood to create self
bonding forces which preserve the pelletized shape. The hot, damp pellets are 

then cooled and dried to harden them for handling and storage.

18



The pellet product is not a new substance, the wood fibres and extractives 

have merely been physically rearranged and crushed and the major portion of the 

water removed. Pellets are 0.3 to 1.3 cm in diameter and up to about 2.5 cm in 

length although a common size is about 0.6 by 1.3 cm. The specific gravity of
3an individual pellet is about 1.3 while the bulk density is 480 - 640 kg per m . 

The higher heating value is similar to that of the material from which the pellets 

were made, in the order of 19-21 MJ per kg for wood. The final MC is 5-10 
percent and the ash content generally 1—3 percent depending on the feedstock. 

During processing a direct energy input of 12-15 percent is required for drying 

plus 3-5 percent for densification and handling for a total reduction of 15-20 
percent of the materials energy content; due to increased combustion efficiency 

a considerable portion is recovered leaving a net direct energy loss of 7-10 
percent compared to direct combustion of the raw residues, transportation gains 

not considered.
A second common system employs a screw or plunger extruder to force the dried, 

particulate feedstock through a single or multiple die. The product has similar 

properties to the pellets but is usually in the form of firelogs of 6 to 10 cm 

diameter or briquettes of 2.5 to 5 cm diameter. Roller briquette presses 

may be used with incorporation of a suitable low cost binder but are generally 

applied to charcoal rather than wood feedstocks.
The technology and equipment for production of DBF from wood based feedstocks 

is commercially proven and has recently been demonstrated economically viable in 

Canada. A pellet plant in B.C. is currently operating on a limited production 

basis and a plant in Ontario has reached full operating capacity supplying 

industrial fuel to a pulp mill boiler with a second plant presently under 

construction.
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Other than the traditional hog fuel combustors a DBF industry offers 

the nearest term large scale utilization of forest biomass for energy 
the capability of attending use of bioenergy to non-forest related industries

and the urban domestic and institutional heating field.
At present underfeed stoker heating systems are being operated on DBF 

pellets in 24 P.E.I. homes. A 9-11 tonne basement storage area is filled once 
per year from trucks fitted with a pneumatic delivery system. Early indicates

are that these systems are competitive with ho. 2 fuel oil heating.
A new densification process developed at bavai University is being commercialized 

by a firm in Quebec. By using a Lignosol binder the pressure and temperature 
required for densification are substantially lowered enabling use of relatively 

inexpensive locally constructed briguettors. Initial marketing of the DBF, 

which is not water resistant, will be as a barbegue fuel with later efforts

directed to sales as industrial fuel.
A commercial demonstration of complete utilisation of hardwood sawmill

residues for energy has been supported by ENFOR (C-5). Bark and sawdust 
residues plus excess chips are being used to generate total mill thermal and 

electrical energy requirements and as feedstock for a densifreason system 

producing briquettes or firelogs, primarily for the domestic market. Rated 
output has been achieved on both the DBF and packaged boiler-turbogenerator 

systems which are presently being monitored to supply information on shipment 

performance, economics, and operating procedures to serve as a model for typical

small scale Eastern Canadian plants.
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A major technology gap, DBF disintegration from exposure to moisture, 
was identified by the conversion committee in 1979 as a priority item in 

solid prepared fuels research. A project to develop a moisture resistant 
DBF was outlined and a contractor selected by tender in the 80/81 program 

(C-97). Water stable self-bonded pellets were produced from the wood and 

bark of several species with a critical density established as about 1300 

kg/m3 for wood and 1250 kg/m3 for bark. Of several processes tested best 

results were obtained by heating moist feedstock under pressure, releasing the 

pressure to flash off most of the water present, reapplying pressure and cooling 

under pressure. Several approaches to develop a commercial system have been 

suggested.

An ENFOR sponsored project on the vapour recompression drying of hog 

fuel also involves aspects of a prepared solid fuel (C-214). Direct contact 

heat transfer by oil, such as tall oil or low grade petroleum oils significantly 

improves the drying rate of hog fuel but leaves a residual oil content of 

approximately 30 percent. A screw press can reduce this to about 15 percent 

for direct firing or alternatively the material can be put through a pellet 
mill to yield a high density, water resistant DBF having an oil content of 

less than 5 percent.

3.3.2 GASEOUS PREPARED FUELS
Gaseous fuels produced from wood via thermochemical conversion may be 

classified according to energy content as follows:

LOW ENERGY GAS (LEG); typically H2,C0, CO?, CH4, CxHy, N2 C02:
less than 10 MJ/N*m

MEDIUM ENERGY GAS (MEG); typically CH4, H2, CO, C02, traces of définies:
10 to 20 MJ/Nm3

HIGH ENERGY GAS (HEG); typically CH4, olefins: greater than 20 MJ/Nm3

* Normal cubic metre (0°C and 101.325 KPa)
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LEG is produced by air gasification processes, where a portion of the 

input wood (approximately 20 percent)is combusted with air to supply process 

heat. Reactor temperatures of greater than 700°C are normally required to 
generate adequate yields of non-condensible LEG. LEG can be used to displace 
fossil fuels by retrofitting boilers, kilns, dryers, and space heaters. In 

addition, it can be cooled and cleaned for use in internal combustion engines 
to generate electricity and/or shaft power.

Due to the low energy content, economics dictate that the gas be used 
immediately (close-coupled applications). Commercial gasifiers have net 

process thermal efficiencies ranging from 0.60 to 0.80 (ratio of cool dry gas 

energy output to total wood energy input including process energy requirements 
and losses) and normally converts greater than 90 percent of the wood mass 
to a non-condensible gas.

MEG enjoys the same applications as LEG but with the advantage of sufficient 

energy density for short-term storage and moderate distance transport (estimated 

at 50 to 80 km). It can also be used as a feedstock for the manufacture of 

ammonia, methanol, methane (SNG) or gasoline. MEG can be produced in oxygen, 
steam or pyrolytic gasification systems. Some biomass technologies have 
incorporated a combination of steam and oxygen to produce MEG.

Oxygen gasification functions on a similar principle to that of air 

gasification with the exception that the nitrogen has been removed from the 

air before entering the reactor. Therefore no dilution of the products by 

nitrogen occurs and greater reactor throughput is possible. The best available 

data for commercial-scale oxygen gasification indicates that a net process 
thermal efficiency of 0.65 can be expected. This includes the oxygen plant 

requirements. In excess of 95 percent of the wood is converted to a non
condensible gas.
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Unlike oxygen/air gasification which employs an internal combustion heat 

source, pyrolytic gasifiers employ either an internal non-combustion heat 

transfer process (hot solids, molten solids, hot inert gases, plasma-arc), or an 

external heat source (combustion, electrical resistance). Where an external 
heat source is used, heat is transferred to the biomass through the reactor wall 

and/or radiative internals.
Pyrolytic gasifiers are currently undergoing considerable research and 

development throughout North America and Europe. However, no consistent 

thermal efficiency, yield, or cost data is yet available for commercial-scale 
production of gas. A number of pilot plant and commercial—scale units will 

commence operations during 1982 and 1983.
Steam gasification is similar to pyrolytic gasification in that no combustion 

of the biomass occurs in the reactor to provide process heat. However, this process 

can not be classified as truly pyrolytic since the steam is not inert, and 

participates directly in the complex array of chemical reactions (i.e. steam, 

cracking, carbon-steam, and shift reactions).
No combustion products are present in the gas produced by steam or 

pyrolytic gasification processes. Therefore, the energy content per unit standard 

volume is higher than for that of air/oxygen processes. In addition, the net 

process thermal efficiency may be higher, depending on the heat source and 
method of heat transfer to the biomass. Several American reports have estimated 

that the unit cost per GJ of energy product will be lower for steam and pyrolytic 

gasification processes than for that of oxygen processes when the hardware 

becomes available.
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HEG occurs in nature as natural gas but may also be produced by hydrogen 
gasification or "hydrogasification". Hydrogasification combines hydrogen and 

wood at high temperature, pressure and heating rate, for direct methane/light 

hydrocarbon production. No HEG from wood research is currently being done

in Canada.
A brief indication of current status for the production of gaseous prepared 

fuels is provided in Table 1. Technologies are classified as bench scale, 
process development unit, pilot plant, commercial demonstration, commercially 

available, or commercially proven. It is important to note that the systems 
may be commercially available but not yet commercially proven or even successfully

demonstrated as reliable technology.
The following statements are not evident from Table I but are relevant

to a state-of-the art assessment.
- although generation of LEG has been successfully demonstrated on a 

pilot and commercial scale, its application to a variable industrial 
load is only presently being undertaken

- research and development of updraft and crossdraft reactors are 
fading in favour of the cleaner, more efficient downdraft and 
fluidized-bed gasifiers- on the research level, the concept of a single stage process to 
generate one product stream is giving way to a multistage process 
where a single, relatively homogeneous product is extracted at each 
stage (i.e. physical separation of combustion, pyrolysis, gasification,
reforming, shift, etc)

The ERROR program has permitted Canadian technology to assume a leadership 

role in gasification research and development. Wiile the American and Swedish 

federal agencies (SERI and SRIT) have placed a priority on the development 

and demonstration of continuous air and oxygen fluidized-bed gasifiers over 
the next five years. Canada has already accomplished this supported by ERROR 

involvement (C-12, C-39, C-68, C-103).
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Table 1. State-of-the Art: Gasification

ro

Technology Intermediate
____________  Product

1. Air Gasification LEG

Updraft 
Downdraft 
Crossdraft 
Fluidized- bed

2. Oxygen Gasification MEG
Updraft
Downdraft
Fluidized-bed

3. Pyrolytic Gasification MEG

External heat source 
Hot Solid 
Molten Solid 
Plasma Arc

4. Steam Gasification MEG

5. Hydrogasification HEG

Final
Product

Status Commercially
Available

steam, heat, shaft 
power

CP Yes
CP Yes
CD Yes
CD Yes

- same as LEG

- fuel and chemical PP No
synthesis PDU Yes

PP Yes
- same as above

CD Yes
PDU No
PDU No
PDU Yes

- same as above PP Yes
- same as MEG PDU No
direct natural 
gas substitute

SYMBOLS: See definitions in Appendix 5.1.2 pages 58-60.
LEG - low energy gas 
MEG - medium enérgy gas 
HEG - high energy gas

CP - commercially proven
CD - commercially demonstrated
PP - pilot plant
PDU - process development unit



An 85 GJ/h air-blown gasifier operating at a forest industry complex 

in Hearst, Ontario presently holds a world leadership position with respect 

to the commercial implementation of fluidized-bed gasification of wood based 

feedstocks. A joint-venture Canadian effort has established a major project 

in Quebec for the design and construction of an oxygen-blown, pressurized, 

fluidized-bed gasifier to convert 250 tonnes/day of wood residues into 

syngas for the near term demonstration of methanol production.
Although research and development of conventional pyrolysis and air/oxygen 

gasification have been supported throughout North America and Europe, novel 

pyrolytic gasification research has been lacking. This includes "fast" or 
"ultra-flash" pyrolysis which should allow maximum yields of olefins and other 

valuable hydrocarbons by exploiting rapid heat transfer rates and short 

residence times. Molten solid, plasma arc, ablation, and hot solids heat 

transfer are promising mechanisms for fast pyrolysis. ENFOR has acknowledged 

the need and provided support for this type of innovative research (C-18, C-33, 

C-147).
Recent bench-scale steam gasification studies have shown that the extremely 

rapid gas phase steam cracking reactions dominated the chemistry of biomass 

gasification. If applied to a commercial scale, medium energy gas could 
be effectively produced without resorting to partial oxidation with pure oxygen. 

In practice, however, it has been found that there is considerable difficulty in 

maintaining desired reaction zone temperatures in continuous developmental 

steam gasification units. This results in considerable tar production as the 

reactor cools down below design temperatures. ENFOR has not funded steam 

gasification research to date.
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A number of Canadian research groups have been integrated into a pyrolyis/ 

gasification community working on the fundamental chemistry of gasification.

This includes studies of mechanisms, rates, catalysis, and heat transfer.
ENFOR projects (C-53, C-172, C-240) have dealt specifically with the analysis 
of gasification products including sampling techniques and equipment as well 

as characterization of liquid and solid byproducts.
Canadians have been active in the testing and demonstration of "traditional" 

technology fixed-bed gasifiers both for boiler retrofit and for generation of 
electricity via internal combustion engines. Units assessed include: Mellenger>
Duvantr Imbert, B.C. Research (C-8(l), C-29), Biomass Corporation 

(C-2, C-92), Forest Fuels (C-4), Inproheat (C-150) and Westwood Polygas.

Although several systems have been operated successfully, considerable 

difficulty has been experienced in achieving continuous, reliable operation 

under standard industrial conditions. Greater than anticipated operator 
attention and more rigorous control of fuel specifications have been required.

3.3.3 LIQUID PREPARED FUELS

Liquid fuels produced from biomass thermochemical conversion processes 
include proto-oil, pyrolytic oil, methanol and gasoline. Ethanol is a liquid 

fuel which may be produced from biomass by biological conversion processes.

3.3.3.1 PROTO-OIL

This liquid fuel is produced from cellulosic material such as wood, by a 

process known as hydrogenation or catalytic liquefaction. This process involves 

a series of reactions in which wood is converted by the action of a reducing 
gas to an oxygenated oil at elevated pressures (10-30 MPa) and temperatures
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(300-400°c) in the presence of a suitable catalyst such as Raney nickel or 
an alkali carbonate. The reducing gas is carbon monoxide and/or hydrogen, 
and the oil product contains up to 25 percent oxygen (normally 20 percent).

Reaction products include the proto-oil, a solid fraction containing ash and
unreacted feedstock, and a gaseous fraction composed mainly of CO , H and2 2
CO. The oil yield ranges from 35 to 45 percent of the dry wood input and has 
an energy content of 30 to 37 MJ/kg. The net process thermal efficiency is 
estimated to be 0.60 to 0.65.

Although many researchers are currently producing proto-oil in bench-scale 

batch and semi-continuous units, the current state-of-the art is represented 

by the 320 £ per day pilot plant constructed at the U.S. Bureau of Mines 

Metallurgical Research Center in Albany, Oregon. Originally designed in 1974, 

the plant was commissioned in 1977 and has since suffered considerable technical 

malfunction. Approximately 8000 £ of proto-oil were produced from 1977 until 
the plant was put on standby late in 1980.

All current biomass liquefaction research in Canada is funded by the federal 

government (primarily ENFOR). Fundamental research programs initiated at the 
Universities of Toronto (C-24, C-44, C-98) Saskatchewan (C-48), and Sherbrooke 

have established an excellent core of liquefaction expertise. ENFOR has actively 

encouraged a mutual exchange of knowledge between these groups and also 

international researchers by arranging several workshops in Canada and by 

active participation in an International Energy Agency biomass liquefaction 
program.
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A comprehensive biomass liquefaction report was commissioned by ENFOR 
(C-69, C-118) to review the current technology, and to design both a pilot and 

industrial scale wood liquefaction plant. The report was written by the SNC 

group and was published in March, 1980.

Although the SNC study provided a conceptual design for a 320 Z per day pilot 

plant and an industrial scale plant, the technology review which was included 

with the design confirmed the consensus of the Canadian liquefaction community 
that a Canadian pilot plant is premature at this time. In particular, detailed 

information on the characteristics of the oil product is required and semi- 

continuous steady state operation must be demonstrated.
Until very recently, there was no unified effort to establish the potential 

for up-grading proto-oil, or to provide a sound basis for comparison with 
pyrolytic oils and traditional petroleum derivatives. In 1981 ENFOR took the 
initiative and provided funding for a project (C-256) designed to deal with these

problems.
The engineering data supplied by a continuous (or semi-continuous) steady- 

state process development unit and required for successful scale-up, was clearly 
lacking. Accordingly, ENFOR encouraged the batch bench-scale work at 

Saskatchewan and Toronto. Semi-continuous units have been designed, constructed 

and are currently being commissioned.
Recent program changes in the United States, the innovative research of solvent 

extraction liquefaction (C-51) and various wood pretreatement techniques (C-222) 

and the commissioning of semi-continuous steady state hardware have clearly 

established the Canadian biomass work as world leadership research.
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3.3.3.2 PYROLYTIC OIL ! '
Pyrolytic oil is produced from the thermal decomposition of wood 

in an inert or oxygen-deficient atmosphere at temperatures ranging from 

300°C to 600°C, and at pressures which are normally atmospheric. During 

this process, oil, charcoal, aqueous liquids, and a non-condensible 
gas are produced, with the emphasis placed on maximum oil yields. This 
relatively slow reaction differs from high temperature fast ("ultraflash") 
pyrolysis at temperatures exceeding 600°C, which is a pyrolytic gasification 

process and emphasizes the production of a medium-energy non-condensible

gas.
Commercial scale pyrolysis units which produce primarily char and 

oil, commonly operate between 400°C and 600°C (one unit is known to operate 

in the 650°C to 700°C range). They yield approximately 25 percent oil 

by mass, 30 percent charcoal, 13 percent aqueous, and 32 percent non
condensible gas. The pyrolytic oil is known to be heavily oxygenated and 

acidic, polymerises rapidly, and has an energy content of 23 to 30 
The average net process thermal efficiency is 33 percent when only the 
oil product is considered, and 74 percent when the oil and char products

are considered.
Several "commercial" systems are offered by manufacturers but have 

not yet been commercially proven. Although several ill-conceived pilot 

plants have proven to be disastrous, a 50 tonne/day demonstration project 

at Cordele was technically successful and represents the current state-of- 

the art. However, the economics of oil/char production and the market 

applications were not favourable, and therefore no commercial plants

were sold.
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It must be noted that most commercial systems under development are 
optimized for oil and char production. Several ENFOR projects (C-28, C-33, C-223) 
have shown that oil yields of 60 to 65 percent are possible when suitable 

pressures, temperatures and heating rates are selected. Realization of these 

yields in a commercial process and the development of suitable product 

applications would obviously allow more favorable economics.

The ENFOR program has not funded traditional oil/char pyrolysis 

technology. It has, however, funded several projects whose prime objectives 

are to maximize the production of oil at the expense of char and gaseous 

products. Catalysis, fluidized-bed reactors, and sub-atmospheric pressures 

are techniques being employed to accomplish this objective. All projects are 
laboratory-scale batch and continuous processes.

Under the direction of ENFOR, several groups working on the fundamental 
chemistry of pyrolysis have met regularly to transfer knowledge and establish 
a community of expertise. From these discussions, it became apparent that 
a standard analytical procedure for the determination of mass/energy balances 

and the characterization of pyrolytic oil is required to allow adequate 

comparison of the product with other pryolytic oils, proto-oil, and petroleum 
oils. As previously mentioned several ENFOR projects deals with various aspects 

of these problems.

3.3.3.3 METHANOL

Several technologies can be theoretically considered for the generation of 

synthesis gas (H2/CO) which is suitable for conversion to methanol. Prior 

to a discussion of the actual conversion processes the following general 

comments must be noted:
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(!) a h  processes are thermochemical. They depend on the Action 
of high temperatures to chemically degrade wood. Biological 

processes would ultimately yield ethanol or methane.
(II, Methanol from wood by thermochemical conversion involves two 

stages. The first stage is gasification to produce synthesis 

gas. The second stage is the actual synthesis step which 

converts syngas to methanol.
(III, synthesis of methanol from syngas is a proven, commercially available 

process. Therefore, it is the gasification step which has required 

considerable research and development and must be demonstrated 

prior to commercialization.
wood conversion technologies currently under consideration for methanol 

production can be divided into three broad categories; oxygen, steam and 

pyrolytic gasifiers. Oxygen gasifiers allow combustion of a fraction 
ucod feedstock to provide the process heat. The use of okygen reduces capital 

costs by increasing reactor throughput, and eliminates the problem of nitrogen 

dilution of the gas product (this problem arises from the use of air,. It is 

more economical to separate nitrogen from air ,to produce oxygen, prior to 
gasification, than to separate nitrogen from the gaseous products after 
gasification. Oxygen processes may be carried out in any of the following:

* ^  a fixed bed where wood flow is counter-current(I) Updraft reactor - a tixea oeu
to the oxygen flow.

(II) Downdraft reactor - a fixed bed where wood flow 
with the oxygen flow.

(III> wood^1 and"resembles°a V



Steam and pyrolytic gasifiers employ an internal non-combustion or external 

heat source to drive the process. Since there are no combustion products 

(especially CO^), the yields of synthesis gas and methanol are theoretically 

higher. A variety of reactor configurations are possible.

Oxygen Gasification - an updraft oxygen gasifier has been demonstrated 

as the Purox process. Many technical problems were encountered, the gas 
product was dirty and tarry, and the anticipated methanol yield was unacceptably 
low. This system is apparently no longer being considered for

commercial scale methanol production from wood.
An updraft system is currently being offered commercially by Davy McKee 

International of Houston, Texas. They are presently constructing a 5.5 m 
diameter reactor for operation in Brazil on Eucalyptus logs. This unit 

represents a substantial scale-up and is not yet considered as commercially 

demonstrated.

Considering the short term Canadian potential for generating commercial 

methanol from wood, fluidized-bed oxygen gasification appears to be the 
most promising pathway. First generation oxygen, fluidized.-bed gasification 

has been demonstrated at atmospheric pressure and is ready for commercial 

demonstration with some degree of risk.

These units produce a raw syngas product (CO^r ^0, C0, H2' w*1*-0*1
must be compressed, reformed (to eliminate hydrocarbons) shifted (to adjust 

the CO/H2 ratio), and purified of carbon dioxide and water prior to methanol 

synthesis.

33



At the maximum theoretical yield based on 100 percent conversion of wood 

energy to methanol energy and no conversion energy input, 0.9 kg of dry wood 

would be required for 1 litre of methanol. Most feasibility studies have been 

based on the low yield Purox process, where a net process thermal efficiency of 

0.38 results in a requirement of 2.37 kg of dry wood per litre (if one 
neglects process energy requirements, 1.80 kg of wood is required to produce 

1 litre of methanol). Recent estimates based on oxygen fluidized-bed 
gasification project a net process thermal efficiency of 0.50 for a wood 
requirement of 1.80 kg per litre (ignoring process energy requirements, one 

litre of methanol would be produced from 1.90 kg of dry wood).
As outlined in the section on gaseous prepared fuels, ENFOR projects have 

taken Canadian expertise and technology to the forefront of research and 

development in fluidized-bed, oxygen gasification of wood.
Since methanol synthesis requires that the gasification product be 

processed at elevated pressures, optimization and demonstration of high 

pressure (1.0 to 1.5 MPa) oxygen, fluidized-bed gasification is required.
This is turn requires development and demonstration of a system for continuous 

reliable feeding of comminuted wood into a high pressure reactor. A pilot
plant or commercial demonstration would then link this gasification process 
to the traditional methanol synthesis technology, and develop the data required

for commercial implementation.
Gasification; The majority of pyrolytic processes developed to 

date have been optimized for the production of oil and char products rather 
than for gas. An exception is plasma-.ro pyrolytic gasification which uses 

electrical energy to convert solid feedstocks to a gaseous product. Pilot and 
commercial units for coal have been developed by TASC in the O.S. and a pilot 

plant has been constructed in Ottawa by Resorption Canada Ltd. Product
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yield and quality are expected to be excellent but electrical consumption 

is high (> 2 kwh/kg dry wood) and commercial implementation would require 
use of surplus off-peak power.

Pyrolysis Services Ltd. (Pyrosol) of Calgary has been developing a wood 

pyrolytic gasifier where process heat is radiated from tubes in the reaction 

zone. Natural gas and/or pyrolysis product gases are combusted in the 
tubes. The pilot plant in Lethbridge is rated at 50 tonnes/day.

Insufficent data on wood conversion is available for economic estimates 

and yields at this time.
Steam gasification - Very few Canadian or European researchers have 

proposed to use steam gasification for the production of methanol from biomass.

A review of the American methanol-from-biomass literature has shown a trend to 

move from the development of a pure steam gasifier to a combined steam/oxygen 

gasifier. As a result, the vast majority of American feasibility studies, 

economic analyses, and research programs which explore the potential for the 

production of methanol from biomass, advocate the use of steam/oxygen processes 

(in fluidized-bed reactors).
Overall process thermal efficiencies in the range of 0.48 to 0.50 have been 

estimated. This estimate is calculated as the ratio of the HHV of the methanol 
product to the HHV of the total biomass consumed, and assumes that all process 

energy requirements are supplied by the wood. The unit volume yield of methanol 
from total wood input mass can be expressed as 1.8 to 1.9 kg dry wood consumed 

to produce one litre of methanol. The manufacturing cost estimates of methanol 
production from steam processes are practically identical to the costs associated 

with oxygen processes (Table 2, page 54).
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3.3.3.4 GASOLINE
Three processes are currently under consideration and are theoretically 

available for the production of gasoline from wood or wood gas. These are the 
Mobil methanol-to-gasoline process, the China Lake process, and the Fischer-Tropsch

synthesis.
The Mobil process is basically a three step technology which first converts 

wood to a syngas (H/CO) by oxygen or pyrolytic gasification, then converts 

the syngas to methanol, and finally employs a zeolite catalytic process which 
can effect the direct conversion of methanol to a hydrocarbon product comparable 

to gasoline (the hydrocarbon product is 85% gasoline and 15% LPG/light fuel

gas).
Although the literature has predicted yields of 270 m 3 of gasoline and 

60 m 3 of LPG per day from a 1000 dry tonne/day plant, it is more likely 
that this same wood throughput would produce 220 m 3 of gasoline and 51 m 3 of 
LPG per day. One litre of gasoline would be derived from 4.57 dry kg of wood 

and a net process thermal efficiency of 0.45 would be realized (the process 

thermal efficiencies of wood to methanol and methanol to gasoline/LPG, are 0.50

and 0.90 respectively).
Mobil has a continuous process development unit in operation using natural 

,as as the feedstock. A commercial plant is being constructed in New Zealand 

and will use natural gas to produce approximately 2000 m3 product per day.
There are no research or demonstration wood units in operation. In other 

words, a wood gasifier which produces a syngas product suitable for 
methanol synthesis has yet to be coupled with the Mobil process technology.

ENFOR has not been involved with methanol-to-gasoline synthesis research.
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The China Lake process is a non-catalytic selective pyrolysis process 
which consists of wood preparation, steam pyrolysis, gas purification, 
compression, and polymerization.

Wood preparation consists of fluidized bed drying and grinding to a 

wood flour with an average particle size of 250 pm. "Flash" pyrolysis is 

carried out in the presence of superheated steam at pressures of 3 MPa and a 

temperature of 800°C. The product stream consists of ethylene, other olefins, 
char, heavy tars and steam. The steam, tars and char are removed in the 

gas purification step. Prior to polymerization which yields a hydrocarbon product 
with 90% gasoline, the olefins are compressed to 5 MPa.

The net process thermal efficiency is 0.22. A 1000 dry tonne wood/day 
plant would yield 115 m 3 of gasoline and 11 m 3 of light oil (comparable to 
#2). In effect 8.8 kg of dry wood would produce 1 litre of gasoline.

A process unit was operating on wood at the China Lake facility.

However, the principal research scientists have moved to SERI (Golden Colorado) 

and have scaled up the process which is now known as "ablative fast pyrolysis".

The term "ablative" refers here to the erosion or recession of a solid surface 
by a heat transfer process.

The ENFOR program has not yet funded a direct wood-to-gasoline project.

However, a contract was awarded in 1980 to the University of Western Ontario 

(C~147) in order to explore the production of olefins and syngas from wood. The 
ethylene product would be suitable for polyermization.

The Fischer-Tropsch synthesis from wood consists of an oxygen or 

pyrolytic gasification step to produce wood syngas (H2/C0) followed by the actual 

Fischer-Tropsch synthesis step. The synthesis consists of a complex reaction 

pathway catalyzed by promoted iron. It has received less consideration 

recently due to the rapid development of the China Lake and Mobil processes. The 

two latter processes are less complex, require a smaller physical plant size,
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and are less capital intensive than the Fischer-Tropsch synthesis. The 

net process thermal efficiency lies between 0.35 and 0.45; no cost estimates 

are yet available for a wood-based process.* *
This synthesis technology is commercially available and proven for coal 

in two large South African facilities. It is not commercially viable in North 

America and Europe. No wood-based research or demonstration unit exists, 
nor is being considered due to the physical and chemical complexity.

3.3.3.5 ETHANOL
The production of ethanol from wood feedstocks can be divided into five 

separate component processes:

I) physical pretreatment

II) component separation

III) hydrolysis
IV) fermentation

V) concentration (distillation)
Due to the "component" nature of the ethanol technology it is possible 

to research and optimize each process independently before integration into 
a commercial technology. Prior to a brief discussion of each process, it 
is important to note that ethanol production routes are differentiated primarily 

on the nature of the hydrolysis step; either chemical (acid) hydrolysis or 

biological (enzymatic) hydrolysis can be utilized.
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I) Physical Pretreatment

A broad variety of wood residues have been suggested as feedstocks 

for ethanol production. These residues vary with respect to size, moisture, 
purity and chemical composition (bark vs. wood). A physical pretreatment 

step is therefore necessary to ensure that the feedstock is in a form 

which allows ease of handling, storage and hydrolysis. Grinding, chipping 

and moisture reduction are included in this step.

II) Component Separation

A second step is required to allow separation and extraction of the 

three major wood components : lignin, cellulose and hemicellulose. This
can be accomplished chemically, by a mild acid pre-hydrolysis or metal 
caustic solvent treatment, or physically, by hydrothermal decompression 

(steam explosion). The latter method appears to show more promise and is 
currently being developed in Canada by IOTECH and STAKE Technology.

Once the components are isolated, the cellulose remains as the substrate 

in the ethanol production pathway and the hemicellulose and lignin are 

considered as potentially valuable by-product "credits". Hemicellulose 

can be used as an animal feedstock or to make furfural. Research is 

under way to study the potential of enzymatic/biological conversion 

of hemicellulose to ethanol. Lignin can be used as a binder in particleboard 

construction and as a substrate for several other valuable chemical derivatives.

Development of a novel pretreatment process is currently being funded 

by ENFOR (C-222). Biomass materials are liquefied and the cellulosic 
components depolyermized into sugars by gamma irradiation-enhanced alkali 

hydrolysis at room temperature. The product is then suitable for various 

direct bioconversion processes.
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The hydrolysis step results in the conversion of cellulose to a ferment

able glucose sugar. It can be carried out either by chemical (aûid) or 

biological (enzymatic) methods.
A good historic review of acid hydrolysis is presented in a recent 

report on ethanol by John Stone and Associates. It concludes that a 
considerable quantity of kinetic data, research on effects of process 
variables, and practical operating experience has been accumulated. Two 

acid processes have been used for the hydrolysis of wood; one utilizing 

concentrated acid and the other utilizing dilute acid. The use of 
concentrated acids produces good glucose yields but has an economic 
drawback associated with high capital costs. Dilute acid hydrolysis is 

relatively simple and inexpensive but produces lower glucose yields 

and requires longer contact time.
In general, acid hydrolysis has the advantages over enzyme hydrolysis 

of speed, simplicity and insensitivity to the nature of biomass feedstock. 
Disadvantages include the high cost of acid recovery, corrosion, incomplete 

recovery of glucose from cellulose, the loss of sugars from the hemicellulose 

fraction, and the "deactivation" of lignin which can then only be used as 

a fuel.
In spite of continued research to solve these problems, it is unlikely 

that any new developments will occur in the immediate future to alleviate

their severity.
Enzymatic hydrolysis utilizes the enzyme cellulase to convert cellulose 

to glucose. The microbes which produce cellulase are sensitive to the 

nature of the biomass substrate; phenolics from residual lignin are 
particularly inhibitory. Nevertheless, research into enzymatic hydrolysis
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being pursued for the following reasons:

Cellulase is highly specific and glucose yields can approach 

the theoretical maximum.
- The process can occur at low temperatures and does not require 

corrosion-resistant pressure vessels.
- The step following enzymatic hydrolysis is fermentation, which is 
also a biological step. It is therefore probable that the hydrolysis/ 
fermentation steps could be combined to give a single simultaneous process.

- Lignin and hemicellulose are preserved in an activated form and are 

suitable for use as by-product chemical feedstocks.

IV) Fermentation
Once glucose has been obtained it must be fermented to produce 

ethanol. Sufficient glucose must be present to yield a concentration of 

ethanol which is suitable for economical distillation. An arbitrary 
figure of 5 percent alcohol has been set for this to be achieved. Therefore, 

glucose concentrations of about 9.0-10.0 percent must be present before 

a 5 percent ethanol concentration can be obtained. Fermentation technology 

is similar to acid hydrolysis in that it has been studied for many years.

The method used by virtually all groups is to ferment glucose using the 
beer yeast Saccharomyces cerivisae. A limit of 12 percent can be reached 

using this yeast after approximately 3 days growth. Groups in Australia 
and at the Western Research Centre have been working with Zymomonas mobilis 

which can also convert glucose to approximately 12 percent ethanol taking 

only 1-2 days to reach this level. ENFOR is supporting research in this 

area (C-187) with studies on fermentation of pentose sugars; however 

further work is required due to the lack of research data available. There 

is however, little chance of achieving higher than 18 percent ethanol
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levels in the near future.

V) Concentration
Distillation is a provan technology. Appropriately, existing _ 

ethanol research units and conceptual commercial-scale plants assume the 

use of conventional distillation equipment to concentrate the final 
ethanol product. Other concentration methods under study include semi- 

permeable membranes, solvent extraction and dessicants.

Yield data for ethanol via acid hydrolysis is conflicting in the 

literature. The maximum theoretical mass yield ratio is 0.33 (ethanol/
„ood). This translates to a yield of 1 litre of ethanol from 2.38 kg of

dry wood. The thermal efficiency for this yield is 50 percent.- unlike the 

overall process efficiencies given for other conversion technologies in 
this review, those given for ethanol do not include the energy input required 
by the process. There is considerable debate on the amount of energy required 

by the process and whether there is a net positive yield in available energy.

The commonly accepted average mass yield ratio is 0.20 (ethanol/wood, 

or 1 litre of ethanol from 3.95 kg of wood. This corresponds to a thermal 

efficiency of 30 percent. A very recent report by Stone and Marshall suggests 
that a mass yield and thermal efficiency of 0.23 and 35 percent, respectively, 

can be realistically obtained. This corresponds to a yield of 1 lrtre of 

ethanol from 3.43 kg of dry wood.
until recently the large majority of research has concentrated on one or 

two of the components of the ethanol-from-wood production pathway without 
integrating the steps into a continuous process. The st,te-of-the art. however, 

is represented by a handful of process development units located primarrly in
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the U.S., New Zealand, and Switzerland. The Swiss operation is based on 
a commercial acid hydrolysis plant which operated on wood from 1941 to 

1946. Swiss experience has indicated that by-product "credits'1 (lignin, 

hemicellulose) must be realized before the production of ethanol from wood 

is economical.

During the last twelve months work on ethanol production in North America 

has advanced to the level where several lignocellulosic conversion processes 

are entering their final testing period. Five of these processes have been 

widely publicized. Three use an acid hydrolysis step while the other two 
use enzymatic saccharification. The three continuous acid hydrolysis 

processes are all ready to move to demonstration plant scale-ups and are 

all privately financed ventures. Two of these technologies - one developed at 
American Can's Princeton Research Center and the other designed by researchers 

at New York University (New York, NY) have already been tested in 1-tonne a 

day pilot operations and are designed to handle a variety of lignocellulosic 

feedstocks. The American Can process seeks to minimize cost through use of 
mild operating conditions and simplicity of design. Glucose yields with this 

process are reported to be about 40 percent of the theoretical values with 

feedstocks such as sawdust or newspaper. The twin-ram pump, plug-flow reactor 

uses a chopped and slurried feedstock with a solids content of 30-60 percent 

and hydrolysis conditions of 1.5 percent sulphuric acid at 205°C, 1.72 MPa 

and a residence time of 4.5 minutes.
The NYU process is reported to give glucose yields of between 50 and 60 

percent using a twin-screw extruder under typcial conditions of 1 to 4 percent 

sulphuric acid, 450°C, 3.45 MPa and a residence time of under 30 sec. No 

feedstock preparation is necessary and solids content of 10 to 95 percent are 

reported to have been successfully processed. The extruder is modular in
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design and was originally designed by Werner and Pfleiderer for use in 

plastics manufacture.
The third acid hydrolysis process is a joint ventre between Vulcan 

Cincinnati (Ohio engineering firm) and Stake Technology (Canadian process 

development company) using the Stake technology steam-explosion, autohydrolysis 

process for pretreatment and the Vulcan fermentation and distillation 
technologies to produce the ethanol from the lignocellulosic derived sugars.

A demonstration scale plant of this process is yet to be built although the 

Stake steam-explosion reactors are presently used in commercial operations 
that convert wood chips and wastes to cattle feed. One of these reactors 
was tested earlier in 1981 by researchers at Georgia Institute of Technology 

as part of an ethanol production study for Nuclear Assurance Corp. (Atlanta,

GA) but no results from this study were available.
One of the conversion systems which proposes to use enzymatic hydrolysis 

is that of United Bio-Fuel (Richmond, VA). They plan to build a demonstration 

plant which will convert municipal solid waste and wood chips to ethanol 

via the Gulf/University of Arkansas enzymatic hydrolysis process. They 
propose to do this in two phases with phase 1 construction scheduled for March 

1982. Phase 1 will be a 3000 tonne/day resource recovery plant designed by 

Teledyne National, and a 35 to 65 megawatt cogeneration facility designed by 

Foster Wheeler Synfuel Corp. Phase 2, scheduled for construction in early 
1984 will be a 225,000 m 3/year ethanol plant. Successful completion of the entire 

project depends on prior construction and operation of a 50 tonne/day 

demonstration plant.
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The other process which proposes to use enzymatic hydrolysis is a joint 

venture betwen Iotech Corporation (Ottawa, Canada) and Mohawk Oil (Minnedosa, 

Canada). The agreement, to be signed in January 1982, calls for Iotech to 

put up a 50 tonne/day wood-chip-fed demonstration plant >to supply the Mohawk 

plant with hexose syrup for ethanol production. The demonstration plant 

is scheduled to be in operation in one year and if the results are promising 
it is proposed to scale the demonstration plant up to a full-size commercial 
operation using 250 tonnes/day of wood chips. The Iotech process starts with 
aspen wood chips which are then pretreated by steam explosion using a modified 
masonite gun. The pretreated wood is then enzymatically hydrolyzed using 
celiulase preparations from mutant strains of the fungi Trichoderma reesei.

The Iotech process, along with most of the other processes described, 
incorporates a great deal of product flexibility which is important 
as the product markets in question i.e. lignin, ethanol, mixed sugar 

syrups and pentose syrups are in a period of rapid flux.

Numerous research groups continue to work on different areas which will 

affect the overall economics of converting lignocellulosics to ethanol.
Component separation after pretreatment is being studied by several 

university and research groups as well as by private companies such as STAKE 

and IOTECH. Conditions of acid addition, pressure, temperature and retention 

time are varied depending on the substrate used and the end product desired. 

Once the components are isolated the cellulose is used as the main substrate 

in the ethanol production pathway while the hemicellulose and lignin are 

considered as potentially valuable by-product credits. This is another 

area which has expanded in the last year with potential markets for lignin as 
an adhesive and chemical source being examined by several groups. Numerous
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groups are working on utilizing the pentose sugars derived from the hemi- 

cellulose fraction of the pretreated lignocellulosic substrate. The recent 

discovery that several yeasts can directly ferment xylose to ethanol could 
greatly affect the economics of producing ethanol from wood. The major 

groups working in this area are at the National Research Council of Canada 
and Purdue University using Pachysolen tannophilus while the latter group and 
USDA Forest Products Laboratory (Madison, WI) are also studying a variety of 
Candida species. These microorganisms produce ethanol only under very specific 
microaerobic conditions and so far only limited amounts of ethanol in the 
range of 1 percent w/v have been obtained.

Other workers are attempting to use the pentose sugars derived from the 
hemicellulose as a substrate for producing a range of "power solvents" i.e. 
butanol, acetone, butanediol, etc. Research at M.I.T., McGill University, 

Forintek and the Kansas energy office, on the production of butanol by anaerobic 

microorganisms has been reported but workers have not yet been able to solve 
the problem of low butanol production (of about 1 percent) which is due to the 

toxicity of this solvent to the microorganisms. Other workers at University 

of California, Berkley and at other research labs in North America and Europe 

are using a variety of different bacteria and fungi to produce butanediol and 

acetone from the hemicellulose derived hexoses and pentoses. Most of this 

work is still in the research stage with ENFOR supporting the production of 
power solvents through project C-187.

Enzymatic and acid hydrolysis of the cellulose is being studied at 

numerous laboratories and by other groups such as the previously mentioned 
private industries. There appears to be no major developments in the acid 

hydrolysis technology with the disadvantages of high cost of acid recovery, 

corrosion, incomplete recovery of glucose from cellulose, loss of hemicellulose
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sugars and deactivation of lignin still outweighing the advantages over the 

enzyme hydrolysis of speed, simplicity and insensitivty to the feedstock. 

Progress continues to be made in the enzymatic hydrolysis of cellulose in 

two areas in particular. One of these areas is in strain selection and 

optimization. Numerous groups are working on mutation of various cellulolytic 

fungi attempting to increase the amounts of cellulase enzymes produced and 

thus increasing the conversion of the cellulose to its component sugars. 

Although significant advances have been made in this work the major drawback 

that remains is the relatively low specific activity of the cellulase enzymes 
for the cellulosic substrates. The other area where rapid advances have been 
made is in the immobilization of cellulolytic microorganisms and cellulase 

enzymes. Although there are problems in processing an insoluble substrate 
significant increases have been made by using immobilized £-glucosidase to 

alleviate the rate limiting step of converting cellobiose to glucose. ENFOR 

supported research (C-181) is examining a two-stage process, consisting of 
cellulase production and enzymatic hydrolysis.

Immobilization techniques are also being used in the fermentation step 

where various fermentative yeasts (i.e. Saccharomyces) arid bacteria (Zymomonas) 

have been successfully immobilized and used for the continuous production 

of ethanol. This work is being carried out by numerous labs in North America, 

Europe and Australia and significant increases have been made in process 

designs incorporating this technique.
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A variety of different methods are being studied which combine the 

enzymatic hydrolysis of the cellulose with the fermentation of the liberated 

sugars. The process nearest commercial realization is the GulfUniversity 
of Arkansas process which carries out a simultaneous saccharification 

fermentation of cellulosic substrates using whole cells of cellulolytic 
fungi in combination with fermentative yeasts. Although this process has 

been described in several articles, conditions such as retention times, 

incubation temperature of saccharification and fermentation, etc., were not 

available. Workers at the Lawrence Berkeley Lab in California have developed 
a vacuum fermentation method (flash-ferm) where ethanol concentration is boiled 
away to eliminate ethanol inhibition. This work however is still at the 
research stage.

A noval approach by workers at M.I.T., Forintek and several French 
laboratories using anaerobic cellulolytic bacteria has made progress during 
the last year. Several strains of Clostridium thermocellum have been 

developed with increased tolerance to ethanol. This organism is capable of 

hydrolysing a wide range of cellulosic substrates and producing ethanol, 

although the best values obtained until recently were about 1 percent ethanol. 

Workers at M.I.T. however have recently claimed to have raised this value to 

3-5 percent and this work is now being funded by the Genetic Engineering firm 
"Biogen".

kittle progress has been made in any of the concentration technologies 

for increasing the ethanol concentration. New methods such as semi—permeable 
membranes, solvent extraction, dessicants, etc. are still in the experimental 
stage and distillation remains the conventional step to use.
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During the last year many countries have committed more money and 

expertise to producing ethanol from lignocellulosics. Brazil now has an 

active research program in this area looking at alternative substrates to 
the sugar presently used. Both France and Britain have initiated government 

financed biotechnology firms which have minor involvements with ethanol from 

lignocellulosics technology. The Australian government CSIRO laboratories 
have established a division of cellulose research with specific groups working 

on ethanol production in the "industrial biotechnology" and "utilization of 
lignocellulosic materials as a source of chemicals and energy" groups. The 
amount of ethanol from lignocellulosics research funded by the U.S. government 

has dropped dramatically since the Reagan administration took office. Some 

of this work is now being funded by private industry, universities and 
other government laboratories other than the Dept, of Energy, Office of 

Alcohol Fuels which has had its budget cut substantially.
Canada is now looked on as an active competitor in this field with an 

expertise in pretreatment, a commitment at the research level through 

funding from various government departments in areas such as, enzymtic 
hydrolysis, fermentation of cellulose derived sugars, utilization of pentose 

sugars for alcohol production, power solvent (butanol, acetone, butanediol, 

etc) production, genetic engineering of cellulase enzymes, immobilization 

of different enzymes and microorganisms and various reactor designs. This 
active research program together with a commitment, through "Canertech", to 

bring this research to a practical industrial application shows Canada to 
be among the most productive and organized countries in realizing the ethanol

from lignocellulosic goal.
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3.4 INDUSTRIAL CHEMICALS

Recent concern over the future availability of petrochemicals is 

focussing more attention on trees as a renewable source of chemicals.

There are four major compônents of forest biomass: cellulose, lignin,
hemicellulose and extractives. The contributions that each of these are 

making as petrochemical replacement are as follows:

Cellulose is the single most important chemical derived from wood.
About 4 percent of Canadian chemical pulp is intended for conversion into 

rayon, cellulose acetate (fibres and plastics), and cellulose nitrate 
traditionally used in plastics, lacquers and explosives. These products have 

competed effectively against petrochemicals over the years. Industry is 

showing great interest in the acid catalyzed conversion of cellulose to glucose. 

The cellulose is either in situ in the wood or in the form of waste paper.

The product glucose is then fermented to ethanol and this is a petrochemical 

itself. Ethanol is used as a fuel replacement and it can also be dehydrated 

to ethylene for use in the plastics industry.

Lignin is generated by either the kraft or sulphite pulping processes. 

However, large amounts of kraft lignin are used as fuel in the mill. They 
are the energy source for the pulp mills and therefore replace petrochemical 

fuel oil. Considerable research effort has been devoted to uses for sulphite 

lignin, such as the production of adhesives from these products as a 

partial replacement for phenolic resins used in the composite board industry. 

Commercial use for this inudstry will begin in the near future. Other products 
from sulphite lignin such as resins and binders are well-established large- 

volume proprietary chemicals which have already replaced their petrochemical- 

derived competitors.
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Several pre-treatment processes connected with the production of 

ethanol from cellulosic feedstocks yield reactive lignin byproducts.

ENFOR supported research (C—209) is examining the potential for production 

of waferboard and plywood adhesives based on several types of lignin 

byproduct from the IOTECH steam-explosion process.
Hemicelluloses are not isolated as such but many products are potentially 

available via acid-catalyzed hydrolysis. Prehydrolysis liquors from 
hardboard manufacture and some pulping processes have been used for synthesis 

of mannose, xylitol and furfural but not yet on a commercial scale. The 
volatile liquids formed during wood pyrolysis used to be a valuable byproduct 

of charcoal production. This fraction known as pyroligneous acid contains 

acetic acid, methanol, acetone and furfural. Little if any pyroligneous 
acid is upgraded today. Also, the hydrolysis liquors are fermented to ethanol, 

which was previously discussed as a petrochemical replacement.
A variety of in situ chemicals can be extracted from wood, bark and 

foliage. Various solvents, waxes and resins are produced from these extractives 

on a commercial basis. There are hundreds of chemicals which have been 

isolated from forest biomass but many occur only in small quantities and 

frequently are specific to a single tree species. For this reason they are 

mainly of academic interest and unlikely to become commercially important 

with respect to large scale displacement of petroleum feedstocks.

ENFOR is currently funding two projects related to chemicals from 

wood. These are on high intensity pyrolysis of wood to produce ethylene 

and reactive chemical intermediates (C-147), and on supercritical gas 

extraction of chemicals from wood (C-51). An hypothesis common to both is 
that initially formed pyrolytic products can be isolated without decomposition.
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Rapid cooling (in the first proposal) and a protective blanket of 
supercritical fluid (in the second) should prevent undesirable secondary 

reactions from occurring. While the pyrolysis work is just commencing, 
preliminary results from supercritical gas extraction show better than 

70 percent weight yields of liquid products from dry wood.
Many chemicals can be produced from petroleum or coal at lower cost 

than from wood and this situation will probably continue until fossil fuel 
resources are more expensive. A major contribution would be the development 

of a high yield process for conversion of biomass to a chemical feedstock 
such as ethylene. Meanwhile, cellulose and lignin from biomass remain in 

place as major commercial products, impregnable from the competition by 

petrochemicals.
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4. ECONOMIC ASSESSMENT

A brief summary of current estimates concerning the economics of 

wood derived energy products is presented in Table 2. The manufacturing 

cost is given in Canadian dollars per Gigajoule ($/GJ) of product, based 

on the higher heating value of the product without consideration of efficiency 

for converting to the final energy form required. This manufacturing cost 

assumes zero value for the input wood feedstock. A second column provides 
the value in $/GJ which must be added to the manufacturing cost for each 
$10/dry tonne increment of feedstock cost (e.g. wood costs of $35/tonne 

would require that 3.5 times the incremental cost be added to the 
manufacturing cost). A list of economic assumptions and a sample calculation 

are included in Appendix 5.3.
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Table 2. Manufacturing Costs of Wood Derived Energy Products

Product
Manufacturing 
Cost ($/GJ)

2Incremental Cost 
($/GJ)

Solid

Char 7.00 - 11.00 1.10
DBF 1.45 - 2.00 0.60 - 0.70

Gaseous

LEG 0.55 - 0.65 0.70
MEG 0.65 - 0.90 0.85
HEG - -

Liquid

Proto-oil 4.95 - 6.05 0.81
Pyrolytic oil

- no char credit 6.60 - 7.70 1.50

- char credit ($26/t) 4.40 - 5.50 0.80

Methanol 7.70 - 8.25 1.10

Ethanol 38.75 - *15.00 1.45 - 1.69
Gasoline
- Mobil 14.30 - 20.90 1.12

- China Lake 19.80 - 22.00 2.30

1 Does not include wood feedstock cost nor profit
2 The increment cost is added to the manufacturing cost for each $10/tonne 
dry wood increment cost.

3 This value is calculated from a consensus of average values
* This value is calculated from an optimistic but reasonable optimum from 
the Stone and Marshall data.
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5.1 GLOSSARY

5.1.1 ABBREVIATIONS
BSR bench scale research
CANMET Canada Centre for Mineral and Energy Technology
CD commercially demonstrated
CFS Canadian Forestry Service
CP commercially proven
CPPA Canadian Pulp and Paper Association
CSIRO Commonwealth Scientific and Industrial Research Organization
DBF densified biomass fuel
DSS Supply and Services Canada
EC Environment Canada
EMR Energy, Mines and Resources Canada
ENFOR Energy from the Forest
FCÇ Forintek Canada Corp.
HEG high energy gas
HHV higher heating value
HRT horizontal return tube
id internal diameter
ITC Industry, Trade and Commerce
LEG low energy gas
LPG liquified petroleum gases
MC moisture content (wet basis)
MEG medium energy gas

MIT Massachusetts Institute of Technology
MSW municipal solid waste
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NRC

NTP

NYU

PDU

PEV

PP

PPRIC
SERI

SNG
SRIT

TASC

USDA

w/v

National Research Council Canada

normal temperature and pressure (0°C and 0.1 MPa) 
New York University

process development unit 

proven economically viable 

pilot plant

Pulp and Paper Research Institute of Canada 
Solar Energy Research Institute 

synthetic natural gas 

Swedish Royal Institute of Technology 

Technology Application Services Corporation 

United States Department of Agriculture 

weight per volume
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Bench Scale Research
- process operational on a very small scale in a research laboratory; 

throughput usually grams per hour

- operated by researchers
- can be batch or continuous operation
- equipment is either standard or modified laboratory or prototype

Process Development Unit
- process operational on a small scale in a research laboratory; 

throughput usually kilograms per hour
- operated by researchers/development engineers
- continuous steady state operation; usually run length in terms of hours

- equipment is prototype; usually first level scale up from bench 

scale research.

Pilot Plant
- process operational on a small industrial scale but usually not a 

part of a commércial process; throughput can be kilograms or tonnes 

per hour
- continuous steady state operation; usually run length in terms of 

days or weeks
- equipment is usually small sized

5.1.2 DEFINITION OF TERMS
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Commercial Demonstration

- process operational on an industrial scale as part of a commercial 

process; throughput usually tonnes per hour
- operated by plant personnel with minor researcher/engineer 

supervision

- continuous steady state operation with startup and shutdown governed 

by industrial demands; usually run length in terms of months or years

- equipment conforms to commercial specifications for full sized anticipated 
applications

Commercially Available
- process is offered for sale to industrial customers; equipment 

usually has standard specifications

- process and equipment have not necessarily been commercially 

demonstrated or proven
- a reasonable expectation of equipment delivery but guarantee of 

successful operation may not be made

Commercially Proven
- process has been successfully operated as part of a commercial 

process for an extended period of time, usually in terms of years

- process and equipment have met the accepted industrial standards

for reliability and performance when operated by industry staff without 

research/engineering supervision
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- process may not necessarily be economically viable at a given 

point in time

Proven Economically Viable
- process is commercially proven and operating on a continuous basis

- operation provides adequate return on investment without 

subsidization to enable a commercial operation to succeed financially 

based on private capital input

Thermal efficiency

HHV of product (s)_______ ______
HHV of wood used for conversion

Net process thermal efficiency

HHV of product(s)___________
HHV of [.wood feedstock + wood required to 
produce total process energy requirementsj
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Plant size -»■ 1000 dry tonne wood/day (input) 

Plant life 15 years
Included in manufacturing cost estimate:

-*■ capital costs 
-> non-wood raw materials 
-*■ operation and maintenance 

utility financing

Not included in manufacturing cost estimate:

-*■ profit 
-*■ wood cost

5.1.3 ECONOMIC ASSUMPTIONS

Sample calculation for wood cost increment:

(a) Wood HHV =  19.76 MJ/kg
(b) If, wood cost =  $10/dry tonne
(c) Then, wood energy cost =  $10 x 1 tonne x 1 kg___ x 10J

tonne 1000 kg 19.76 MJ GJ

=  $.506/GJ

(d) If process thermal efficiency is "n"
Then, the product cost is incremented by .506

n

Example:
leg Manufacturing cost is $.6 0/GJ 
(This assumes zero wood cost)

-*■ Wood cost is $30/tonne
Process efficiency is 70% (n=. 7)
Therefore, the manufacturing cost which includes the wood 
feedstock is:

’ $.60| j. '(3) (.506)
_ G J j (*7)
=  .60 + 2.17 =  $2.77/GJ
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5.2 STATE OF THE ART SUMMARY

Direct Combustion 
Thermal

Electrical

Feedstock Preparation 
and Handling
Prepared Fuel

Solid Charcoal

DBF

Liquid Proto-oil

Pyrolytic Oil 

Gasoline

Methanol
a) Gasification

b) Synthesis

c) Total System

Ethanol
a) Acid

b) Enzyme

Gaseous LEG 

MEG

HEG

Chemicals
Silvichemicals

Thermochemical



Symbols
__________ _ world (not incl. Canada)

Canada

BSR — Bench Scale Research
PDU - Process Development Unit
PP - Pilot Plant
CD - Commercial Demonstration
CA - Commercially Available
CP - Commercially Proven
PEV - Proven Economically Viable

(see definitions in glossary)
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5.3 BIOMASS/ENERGY ACTIVITY IN CANADA

A brie f l i s t  o f  Canadian a c t iv i t ie s  in the conversion of  

ce llu lo s ic  feedstocks to energy products i s  presented covering 

p yro ly s is /ga s if ic a t io n ,  liquefaction, densification  and ethanol 

processes. Information i s  based on ENFOR project and Forintek 

contacts and obviously cannot cover a l l  a c t iv i ty ,  part icu la r ly  

in the private sector.
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Agency Address Project Description Contact

PYROLYSIS/GASIFICATION

Alberta Industrial 
Developments Ltd.

704 Cambridge Building 
Edmonton, Alta 
T5Z 1R9

Air ga s if ica t ion /pyro ly s is  reaction 
Fluidized-bed (Thermex reactor) 
commercially demonstrated

R. Assaly

B.C. Research 3650 Wesbrook Mall 
Vancouver, B.C.
V6S 2L2

Air ga s if ica t ion  - fluidized-bed  
process development unit

D. Duncan

ECO - Research/CIL 45 Sheppard Ave. E. 
Toronto, Ontario

Air ga s if ica t ion  - fluidized-bed  
p i lo t  plant

F.T. Garey

Energie Biomasse Conversion 40 ave. Elmwood 
Outremont, Québec 
H2V 2E4

Air ga s if ica t ion  - commercial sales 
for DUVANT fixed-bed downdraft units

B. Labelle

Forintek Canada Corp. 800 Montreal Rd. 
Ottawa, Ont.
Kl G 3Z5

a. Pyrolysis - fixed and flu id ized-  
bed, batch process

b. A ir  gas if ica t ion  - fluidized-bed 
process development unit

c. A ir gas if ica t ion  - fixed-bed 
p i lo t  plant (Biomass Corp. unit)

H. Tarki 

R. Graham 

D. Huffman

Inco Metals Co. F ir s t  Canadian Place 
Toronto, Ont.

Oxygen gas if ica t ion  - fluidized-bed  
process development unit

T. Burnett

Inproheat Industries 
Ltd.

680 Raymur Ave. 
Vancouver, B.C. 
V6A 2R1

Air gas if ica t ion  - fixed-bed 
process development unit

D. Fromson

I NT EG 1155 West Pender St. 
Vancouver, B.C.
V6E 2P4

Air gas if ica t ion  - fixed-bed 
commercially demonstrated (Westwood 
Polygas)

G. Cooper

IREQ ( Inst,  de recherche 
d 1Hydro-Québec)

1800 Montée Ste-Julie  
Varennes, Qué.
JOL 2P0

Air ga s if ica t ion  - fixed-bed batch 
unit

A. Chamberlai



Agency Address

Lakehead University School of Forestry
Thunder Bay, Ont. 
P7B 5E1

Dept, of Chemistry 
Thunder Bay 
P7B 5E1

Mellenger Gasif ie r  Systems

Nova Scotia Technical 
College

Omnifuel Gasif ication  
Systems Ltd.

cn

Ontario Research 
Foundation

University of 
Ottawa

PPRIC (Pulp & Paper 
Research In st itu te  of 
Canada)

Prince Edward Island  
Energy Corp.

108 Carmarthen St.
Saint John, N.B.

Chemical Engineering Dept. 
P.0. Box 1000 
Halifax, N.S.
B3J 2X4

3284 Yonge Street 
Toronto, Ont.
M4N 3M7

Sheridan Park 
Research Community 
Mississauga, Ont.
L5K 1B3

Chemical Engineering Dept. 
Ottawa, Ont.
KIN 9B4

570 St. John's Blvd.
Pointe C la ire, Que.
H9R 3J9

P.0. Box 2000 
Charlottetown, PEI 
CIA 1A4

Project Description Contact

Air ga s if ica t ion  - fixed-bed p i lo t  
plant

Bench-scale pyro ly s is /ga s if ica t ion

A ir ga s if ica t ion  - commercial sales 
for fixed-bed updraft units

Air ga s if ica t ion  - fixed-bed process 
development unit

Air ga s if ica t ion  - fluidized-bed  
commercially proven

Pyrolysis - entrained-flow process 
development unit

pyrolysis - fixed-bed batch unit

Pyrolysis - process development 
unit

A ir ga s if ica t ion  - fixed-bed com
mercially demonstrated (Forest Fuels 
and Duvant units)

........ .... '"M  ... t »» »
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E.J. David

R.A. Ross

E.R. Mellenger 

K. Watts

J. Black 

R. Laughlin

R. S. Mann

S. Prahacs 

A. Hiscock
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Agency Address Project Description Contact

Pyrolysis  
Services Ltd.

711-71 Avenue S.W. 
Calgary, Alberta

Pyrolysis - moving-bed commercially 
demonstrated

W. G r if f ith

Queen's University Dept, of Chemical Engineering 
Kingston, Ontario 
K7L 3N6

Air gas if ication  - fixed and 
fl uidized-bed, computer modelling

D. Bacon

Resorption Canada Ltd. 2465 Stevenage Drive 
Ottawa, Ontario

Pyrolysis - plasma-arc process 
development unit

T. Grinnell

Saskatchewan Power 
Corporation

2025 V ictoria Avenue 
Regina, Saskatchewan 
S4P 0S1

Air gas if ication  - semi-fluidized- 
bed p ilo t plant and fixed-bed 
commercially demonstrated 
(Imbert unit)

S. Van der Heijden

Snowshoe Industries Fort Providence 
NWT

Air gas if ication  - fixed bed 
commercially demonstrated 
(Imbert unit)

S. Philpp

Université de 
Sherbrooke

Sherbrooke, Québec 
J1K 2R1

Pyrolysis - vacuum fixed-bed 
process development unit

E. Chornet, 
C. Roy

University o f Waterloo Dept, of Chemical Eng. 
Waterloo, Ontario 
N2L 3G1 ’

Pyrolysis - fluidized-bed process 
development unit

D.S. Scott

University of Western 
Ontario

Faculty of Engineering 
Science
London, Ontario 
N6A 5B9

Fast pyrolysis - entrained-flow  
process development unit

M.A. Bergougnou
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Agency Address Project Description Contact

LIQUEFACTION

B.C. Research 3650 Wesbrook Mall 
Vancouver, B.C.
V6S 2L2

Solvent extraction J. Howard

SNC Inc. 1 Complexe Desjardins 
P.0. Box 10 
Montréal, Québec 
H5B 1C8

Technology review, p ilo t  
plant and industrial plant 
design

1 Im i "

J. Moffat

I : : 'v* - • ■

University of 
Saskatchewan

Dept, o f  Chemistry and 
Chemical Engineering 
Saskatoon, Sask.
S7H 3A9

Catalytic hydrogenation- 
process development unit

R. Eager

r

Université de Sherbrooke
cr>

Sherbrooke, Québec 
J1K 2R1

Catalytic hydrogenation- 
batch unit

■
E. Chornet

■

00
University of Toronto Dept, o f  Chemical Eng. 

and Applied Chemistry 
Toronto, Ontario 
M5S 1A4

Catalytic hydrogenation- 
process development unit

D. Boocock !

University of Toronto In st itu te  .for Aerospace 
Studies

Flash hydropyrolysis-batch 
unit

P. Stangeby
j |. : • ' . ■. i

4925 Dufferin Street 
Downsview, Ontario 
M3H 5T6



Agency Address

DENSI FIED BIOMASS FUELS (DBF)

B.C. Research 3650 Wesbrook Mall 
Vancouver, B.C.
V6S 2L2

B.H. Levelton and Assoc. 8805 Osier Street 
Vancouver, B.C. 
V6P 4G1

BioShell Inc. 6070 Sherbrooke St. E 
Suite 204 
Montréal, Québec 
HI N IC I

CRIQ (Centre de Recherche 
Industr ie lle  du Québec)

333, rue Franquet 
C.P. 9038 
Ste-Foy,' Québec 
G1V 4C7

Les Combustibles Forénac 
Ltée.

C.P. 328 
St.-Ephrem 
Beauce Sud, Québec 
G0M 1R0

Forintek Canada Corp. 800 Montreal Road 
Ottawa, Ontario 
Kl G 3Z5

In st itu te  of Man and 
Resources

P.0. Box 2008 
50 Water Street 
Charlottetown, P.E.I.  
CIA 1 A4

MacMillan Bloedel Ltd. Pres-to-Log Division  
P.O. Box 340 
Vancouver, B.C.
V6C 2N1

Project Description Contact

Development of extrusion- 
type densifier to produce water- 
resistant fuel u t i l iz in g  wet 
residues without addition of  
binder

Development o f water-resistant 
pellet, batch process

Commercial manufacture o f Woodex 
DBF pellets, plant in Hearst, Ont.

Bench-scale and process develop
ment research; development of  
Forénac process

Manufacture of briquette for 
domestic use; with lignosol binder, 
equipment supplier

Evaluation o f  low-pressure 
processes for moisture-resistant  
DBF; bench-scale and commercial 
presses

Evaluation and demonstration of the 
u ti l iza t ion  of commercially produced 
DBF

Manufacture o f Pres-to-Log fireplace  
log (machine currently not in ope
ration)

J.E. Breeze

W. Edwards

G. Bel 1 efeui 11

F. Blanchard

M. Rodrigue

D. Huffman

K, Brown
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Agency Address Project Description Contact

PPRIC 570 St.John's Blvd. 
Pointe-Claire, Québec 
H9R 3J9

Bench-scale DBF research conducted 
as a result o f ta l l  o i l  drying 
studies

N.N. Sayegh

Stott Timber P.0. Box 1205 
285 Wei ton 
Sidney, N.S. 
BIP 6J9

Manufacture o f DBF briquettes 
using commercial SPM process

R. Leblanc

Université Laval Département de Génie 
Chimique 
Ste-Foy, Québec 
G1K 7P4

Bench-scale and process development 
research; development o f Forénac 
process

: ' I j
P. Moreau

i i

j

i
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Agency Address Project Description Contact

ETHANOL

B.C. Research 3650 Wesbrook Mall Cellulose to methane and liqu id J.C. Muellon
Vancouver, B.C. fuel s
V6S 2L2

Canertech Inc. 1003-213 Notre Dame Avenue Coordinating p ilo t  plant cellulose H. Duckworth
Winnipeg, Manitoba 
R3B 1N3

to ethanol

Forintek Canada Corp. 800 Montreal Road a) Steam explosion and chemical H.H. Brownell
Ottawa, Ontario pretreatment
K1G 3Z5

b) Acid and enzymatic hydrolysis J.N. Saddler

c) Butanol, acetone, butanediol 
and ethanol production from 
5 and 6 carbon sugars

J.N. Saddler

d) Small fermentation f a c i l i t ie s J.N. Saddler

e) Lignin adhesives and chemistry H.H. Brownell,
J.A. Shields

Iotech Corp. Suite 705 ' Steam explosion pretreatment P. Foody
220 Laurier Avenue W. 
Ottawa, Ontario 
KIP 5Z9

McGill University Dept, o f  Biochemical Eng. 
Montréal, Québec 
H3A 2A7

Reactor design and butanol 
production

B. Volesky

National Research Council 
of Canada

100 Sussex Drive 
Ottawa, Ontario

a) Anaerobic enzymatic hydrolysis S.M. Martin

K1A 0R6 b) Ethanol production from 5 and 
6 carbon sugars

H. Shneider

c) Large fermentation f a c i l i t ie s  
for anaerobic growth

S.M. Martin



Agency Address Project Description Contact

Ontario Research Foundation Sheridan Park 
Research Community 
Mississauga, Ontario 
L5K 1B3

Pretreatment and acid hydrolysis D.K. Smith

PPRIC 570 St.John's Blvd. 
Pointe Claire, Québec 
H9R 3J9

Biopulping and cellulose conversion L. Jurasek

Queen's University Depto o f Chemical Eng. 
Kingston, Ontario 
K7L 3N5

Reactor design and fermentation A.J. Daugulis

Stake Technology Ltd. 220 Wyecroft Road 
Oakville, Ontario 
L6K 3V1

Screw extruder pretreatment
1 ■ ' ! 1

D. Brown

J 1
Université Laval

"vJro
Département de Génie 
Chimique 
Ste-Foy, Québec 
G1K 7P4

Fermentation and feedstocks

i : j • '! !
A. Le Duy

■ :

University o f B r it ish  
Columbia

Dept, of Microbiology 
Vancouver, B.C.
V6T 1W5 •

Cellulase molecular genetics

! • !

; 11 i,
R. M i l le r

1 - v ’ !:' i :
University of Waterloo Dept, o f  Chemical Eng. 

Waterloo, Ontario 
N2L 3G1

Reactor design and single  cell 
protein from 1ignoce llu losics

M. Moo-Young

' ‘ M  - : -i- -
Weston Research 1047 Yonge Street 

Toronto, Ontario 
M4W 2L3

a) Acid hydrolysis of 1ignocellu- 
lo s ic s

R. Lawford

b) Building p ilo t  plant for 
cellulose to glucose

R. Lawford

, ' '**



5.4 ENFOR CONVERSION PROJECT LIST

Project No. Title and Contractor

Feedstock Preparation, Handling, and Storage
C-6 Design, Construction, and Testing of a Bark 

Dewatering Device
- Stake Technology Ltd., Ottawa, Ont.

C-95 Wood Waste Fuels Preparation and Handling 
- B.H. Levelton and Assoc. Ltd., Vancouver, B.C.

C-96 Cost Benefit Analysis of Gas Drying System for 
Wood Waste Feedstocks
- Sandwell and Company Ltd., Vancouver, B.C.

C-110 Development and Small-Scale Demonstration of a 
Reliable on-line Monitor for the Continuous 
Measurement of Feedstock Moisture Content 
- W & Y Consultants Kingston Ltd., Kingston, Ont.

C-124 Evaluation of Infrared Moisture Analysers for 
Hog Fuel
- Pulp and Paper Research Institute of Canada, 
Pointe Claire, Quebec

C-130 Bin and Silo Design for Biomass Materials 
- B.C. Research, Vancouver, B.C.

C-144 Production of Finely Divided Wood Particles 
for In-Feed to Suspension Burners and Gasifiers 
- John Stone and Assoc. Ltd., Aylmer, Que.

C-149 Advanced Feedstock Preparation System for Large- 
Scale Hog Fuel Boilers
- Industrial Process Heat Engineering Ltd., 
Vancouver, B.C.

C-154 RF Transmission Line Method for Feedstock Moisture 
Content Determination 
- Carleton University, Ottawa, Ont.

C-214 Hog-Fuel Drying Using Vapour Recompression 
- Pulp and Paper Research Institute of Canada, 
Pointe Claire, Que.

C-220 Fuel Value of Stored Forest/Mill Residue 
- Forintek Canada Corp., Ottawa, Ont.
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Project No. Title and Contractor

C-221 RF Transmission Line Methods for Feedstock 
Moisture Content Determination (Phase II)
- Av te ch Electrosystems_ Ltd., Ottawa, Ont.

C-253 The Development of Machinery for the Recovery 
and Preparation of Biomass Feedstocks for 
Conversion Systems at a Central Full Tree 
Processing Complex
- Logging Development Corp., Montreal, Que.

C-254 A Study of Forces Exerted by Hog Fuel Piles on 
Restraining Structures
- B.H. Levelton and Assoc. Ltd., Vancouver, B.C.

C-259 Status of Biomass Feeder Technology 
- B.H. Levelton and Assoc. Ltd., Vancouver, B.C.

Direct Combustion
C-3 Feasibility of a Wood-Fueled Boiler System at Great 

Lakes Forest Research Centre 
- Sandwell & Co. Ltd., Vancouver, B.C.

C-14 Wet-Cell Wood Burner Using Wood Waste for Firing 
a Pulp Mill Lime Kiln
- Lamb-Cargate Industries Ltd., Vancouver, B.C.

C-lll Evaluation of Wood Waste Energy Conversion Systems, 
1980 Edition
- B.H. Levelton & Assoc., Vancouver, B.C.

C-123 Wood Residues as Fuel Source for Lime Kilns 
- Pulp and Paper Research Institute of Canada, 
Pointe Clare, Que.

C-143 Identification of Hydrocarbon Emissions from 
Industrial Combustion
- Research and Productivity Council, Fredericton, N.B.

C-178 Electricity Generation by Wood-Fired Steam Engines 
for Remote Communities 
- SNC Inc., Montreal, Que.

C-235 Test Program on Boilers Burning Wood Refuse 
- Canadian Boiler Society, Toronto, Ont.

C-257 Effect of Particle Size on Gross Heat of Combustion 
- Forintek Canada Corp., Ottawa, Ont.
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Project No. Title and Contractor

Prepared Fuels and Industrial Chemicals 
Solid

0  5 Energy Self-Sufficiency through Total Residue 
Utilization by Conversion to Energy and Production of 
Marketable Fuel
- Stott Timber Corp., Sydney, N.S.

097 Development of a Moisture Resistant Densified Solid 
Fuel from Forest Biomass
- B.H. Levelton & Assoc. Ltd., Vancouver, B.C.

0209 Development of Lignin Adhesives 
- Forintek Canada Corp., Ottawa, Ont

Liquid

0 2 4 Rapid Devolatilization/Hydrogenation of Biomass 
Material
- University of Toronto, Toronto, Ont.

0 2 8 Flash Pyrolysis of Wood Waste in a Fluidized-Bed 
- University of Waterloo, Waterloo, Ont.

0 4 4 Development of a Process for Conversion of Wood into 
Liquid Fuel
- University of Toronto, Toronto, Ont.

0 4 8 Liquid Fuels and Chemicals from Ligno-cellulosic 
(Aspen) Materials
- University of Saskatchewan, Saskatoon, Sask.

0 5 1 Supercritical Gas Extraction of Chemicals from 
Forest Products
- B.C. Research, Vancouver, B.C.

0 6 9 Biomass Liquefaction Process Development Unit 
- SNC Inc., Montreal, Que.

0  98 A Study on the Rapid Devolatilization/Hydrogenation 
of Biomass Material, Phase II 
- University of Toronto, Toronto, Ont.

0118 Design and Optimization of Biomass Liquefaction 
Process Demonstration Unit - Phase II 
- SNC Inc., Montreal, Que.
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Project No. Title and Contractor
C-181 Conversion of Cellulose to Ethanol Using a Two- 

Stage Process
- Forintek Canada Corp., Ottawa, Ont.

C-187 Liquid Fuel Production from Hemicellulose 
~ Forintek Canada Corp., Ottawa, Ont.

C-191 Forest Product Based Sacrificial Agents for 
Enhanced Oil Recovery 
— B.C. Research, Vancouver, B.C.

C-222 Pretreatment Preparation of Forest Biomass as 
Feedstock for Bioconversion Processes 
- University of Waterloo, Waterloo, Ont.

C-223 Continuous Flash Pyrolysis of Wood 
- University of Waterloo, Waterloo, Ont.

C-256 Development of a Method for Characterizing 
Pyrolytic Oils
University of Sherbrooke, Sherbrooke,-Que.

Gaseous
C-2 Assessment, Selection, and Supervision of a Pilot- 

Scale Research Wood Gasifier
- B.H. Levelton and Assoc. Ltd., Vancouver, B.C.

C-4 Performance and Thermal Efficiency of a Wood-Gas 
Heating System
- ADI Limited, Fredericton, N.B.

C-8 (1) Evaluation of Wood Gasifier at Hudson Bay, Sask. 
- Saskatchewan Power Corp., Regina, Saskatchewan

C-12 Application of Fluid-Bed Technology to the 
Gasification of Waste Wood 
- Inco Metals Co., Toronto, Ont.

C-18 Alternative Methods for the Rapid Gasification of Wood
- Ontario Research Foundation, Mississauga, Ont.

C-2 9 Pilot Plant Investigation of a Wood Gasifier for 
Generation of Electricity 
- Saskatchewan Power Corp., Regina, Sask.

C-33 Catalytic Pyrolysis and Gasification of Ligno-cellulosic 
Materials
- University of Sherbrooke, Sherbrooke, Que.
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Project No. Title and Contractor
C-39 Technical Basis for Assessing Gasifier Design and 

Operation
- Queen’s University, Kingston, Ont.

C-53 Characterization of Tar Produced during Gasification 
of Wood
- B.C.. Research, Vancouver, B.C.

C-68 Application of a Fluidized-Bed to the Conversion of 
Forest Biomass into Energy 
- ECO-Research Ltd., Willowdale, Ont.

C-92 Evaluation of Fuels for Operation of a Fixed-Bed 
Downdraft Commercial Gasifier 
- Combustion Engineering Superheater Ltd.,
Ottawa, Ont.

Ç-103 A Kinetic and Catalytic Study for the Optimization 
of the Fluidized-Bed Gasification Process 
- Forintek Canada Corp., Ottawa, Ont.

C-147 High Intensity (high temperature, ultra-short 
contact time) Pyrolysis of Wood and Biomass to 
Produce Ethylene, Reactive Chemical Intermediates, 
and Synthesis Gas of Low Coke Makes 
- University of Western Ontario, London, Ont.

C-150 Development and Demonstration of a Small-Scale Gasifier 
for Wood Waste
- Industrial Process Heat Engineering Ltd.,
Vancouver, B.C.

C-172 Development of Analytical Methodology for Biomass 
Gasification Products
- Techwest Enterprises Ltd., Vancouver, B.C.

C-197 Technical Assessment of Downdraft Wood Gasifiers 
- Queen's University, Kingston, Ont.

C-240 Comparative Study of Laser Spectroscopic Techniques 
for Analysis of Biomass Gasifier Products 
- MPB Technologies Inc., Ste. Anne de Bellevue, Que.
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.Title-and c m ^ ya^ , r

C—8 (2)

C-87

C-166

C-185

South Coastal^one1^  10 British Columbia
Reed, Collins, and Assoc t+-̂  „"SSOC. Ltd., Vancouver, B.C.

Tdy onPower Generation all-Scale Electric
Saskatchewan Power Com d<-orp., Regma, Sask.

S0S aiofïïu°rt̂n of waste “«■»»
- « 4 »

Gasifiers ater p°Hution from Wood
- 445872 Ontario Inc., Markham, Ont.

Industry the FoEest
- ».H. Levelton ,„a *Loc.

Energy ConversionSpîôcesîes°rSSt Bi°”ass for
- Sraons Resource Consultent, Vancouver, B.C.

C-258


