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Abstract

Biomass gasification shows a great potential to displace fossil fuels. In this
paper, the potential of bioenergy production from biomass feedstock has
been investigated, focusing on gasification technology as an environmentally
friendly alternative. The present research is principally focused on a down
draft gasifier equipment kit (GEK) unit. Biomass encompasses a wide range
of feedstocks such as agricultural residues, energy crops, forestry materials,
food waste, municipal solid waste, grains and starch crops. An efficient
gasification unit produces syngas with calorific value up to 20 MJ/kg. Syngas
predominately consists of a mixture of hydrogen and carbon monoxide. This
syngas can be used in a number of different processes including electricity
generation, steam generation, transportation fuels, hydrogen production as
well as chemical production, fertilizer manufacturing and consumer products.
Results from our research highlight the potential of biomass gasification as a
strong alternative for bioenergy production and a substitute for fossil fuels.
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1 Introduction

According to the United States Census Bureau (Total Midyear World Pop-
ulation) the world population will reach 9 billion by 2050, this increase in
human population will have a direct impact in the resources required to sustain
this population. The energy supply will become a more significant issue as
the population grows. The World Health Organization and the United Nations
development programs (UNDP), currently estimate that two billion people will
require modern energy services to meet the UNDP millennium development
goals (Mendua et al.).

1.1 Green Energy

Green energy can be considered a catalyst for energy security, sustainable
development, and social, technical, industrial and governmental innovations
in a country. Green energy loosely defined as the form and utilisation of energy
that has no or minimal negative environmental, economic and social impact,
is essential to achieve the ultimate goal of sustainability, and maybe better
achieved through energy diversity with local energy resources such as solar,
hydro, biomass, wind, geothermal and other renewable resources (Midilli
et al. 2007)

Between 80 to 90% of the world’s liquid fuel needs are met by
non-renewable sources (IRPS). Fossil fuels have been critical in the devel-
opment of our modern society; however fossil fuels use raises serious
environmental issues like global warming, acid rain and air pollution.

Renewable energy is energy that comes from resources which are continu-
ally replenished such as biomass, sunlight, wind, rain, tides, waves and geother-
mal heat.

EIA estimates that about 10% of world marketed energy consump-
tion is from renewable energy sources (hydropower, biomass, biofu-
els, wind, geothermal, and solar), with a projection of 14% by 2035
(USDE).

1.2 Biomass Feedstock

In biomass terms, feedstock is the biological source material for end products
such as biodiesel, ethanol, or methanol (Agricultuare and Agri-Food Canada).
Biomass includes a wide range of materials, including energy crops such
as switchgrass and miscanthus, agricultural sources such as corn husks,
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wood pellets, lumbering and timbering wastes, yard wastes, construction and
demolition waste, and biosolids (treated sewage sludge).

1.3 Gasification

Gasification is a thermochemical process for converting carbonaceous based
materials into gaseous products called syngas. Syngas is a combination of car-
bon monoxide (CO), hydrogen (H2) and a small amount of other hydrocarbons.
Syngas is an important feedstock for the chemical and energy industries, with
a number of hydrocarbons traditionally produced from petroleum oil, which
can also be produced from syngas (Basu). Gas composition is dependent on
feedstock composition, type of gasification reactor, gasification agents and
operating condition (USDE).

Numerous gasification configurations are available. Elliot and Linden
(Elliot and Linden) classified the different designs into various categories
depending on factors such as heat transfer, reactant contact, reactant flow,
gasifying medium and residue removal. Based on these factors, the different
options have been indicated in Table 1 (Sims):

The above gasification designs developed mainly for the gasification
of fossil fuels but they have been adopted for use in the gasification of
biomass. Currently, operating biomass gasifiers can be divided into four major
categories: (1) Updraft fixed bed, (2) Downdraft fixed bed, (3) Bubbling
fluidized bed (BFB), and (4) Circulating fluidized bed (CFB). In this paper,
more emphasis has been given to down-draft gasifying reactor. Fixed bed
gasifiers are more suitable for small scale power generation and industrial
heating applications (Abdul Salam et al.).

Table 1 Classification of gasifiers configuration

Classification Based Gasifier Configuration
Heat transfer Internal heating — Authothermic or direct
External heating — Heat exchange or direct
Reactant contact Fixed bed
Fluidized bed
Suspension of solid fuel in reaction medium
Reactant flow Updraft (Co-current)
Downdraft (Counter-current)
Gasifying medium Steam with oxygen
Oxygen enriched air
Air and hydrogen
Residue removal Dry ash

Slagging
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Figure 1 Capacity of two different types of fixe bed gasification units. Units in oven dried
ton (odt) per day input.

1.4 Biomass Gasification

Biomass gasification has been the focused of research in recent years to
estimate efficiency and performance of the gasification process using various
types of biomass (Brar et al.). Co-gasification of coal and biomass has some
synergy (Sjostrom et al.). The process not only produces a low carbon
footprint on the environment, but also improves the Ho/CO ratio in the
produced gas which is required for liquid fuel synthesis (Kumabe et al.).
In addition, inorganic matter present in biomass catalyzes the gasification of
coal. However, co-gasification processes require custom fittings and optimized
processes for the coal and region-specific wood residues (Brar et al.). Biomass
is very nonhomogeneous in its natural state and possesses a heating value lower
than that of coal. The non-homogeneous character of most biomass resources
(e.g. cornhusks, switchgrass, straw) poses difficulties in maintaining constant
feed rates to gasification units. High oxygen and moisture content results in a
low heating value for the product syngas, typically less than 2.5 MJ m 3. This
syngas poses problems for downstream combustors that are typically designed
for a consistent medium-to-high heating value fuel (Ciferno and Marano).

2 Materials and Methods

2.1 Biomass Analysis

The feedstock biomass, typically analysed before processing, has a direct
impact on the energy produced (Chiang et al., Nhuchhen and Abdul Salam,
Yin). The characteristics of the feedstock can be obtained by performing
proximate analysis such as moisture content, fixed carbon, ash content and
volatile matter based on the referenced American Society for Testing and
Materials (ASTM) methods. There are three types of samples depending on
the moment in which they are collected (Yin):
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1. Asreceived (AR): meaning that the sample was taken at the moment the
feedstock was received or harvest.

2. Dry basis (Dry): refers to the composition of the biomass excluding all
water content by heating.

3. Dry, ash free (DAF): refers to the composition of biomass excluding all
water and ash content.

Elemental analysis reports the composition of the biomass in mass per-
centage of carbon, hydrogen and oxygen (the major components) as well as
sulfur and nitrogen.

2.2 Gasification Process

Using a down-draft gasifier, different feedstocks are converted into syngas.
The feedstock is partial oxidized during the process and a gas medium is
required to maintain the process. The medium can be air, pure oxygen, steam or
a mixture of these gases. Biomass feedstocks and gasification reactants travel
in the same direction and move down the gasifier and result in a syngas which
isremoved from the bottom of the reactor. A grate is located at the bottom of the
unit holding the feedstock from falling to the bottom. The gasification process
begins with the feedstock feeding and pouring liquid fuel which accelerates
ignition of the feedstock materials. Once ignition occurs four different stages
begins to develop within the reactor of the gasifier unit (Figure 2).

2.2.1 Drying

High moisture content reduces the temperature achieved in the oxidation and
reduction stages, thus resulting in incomplete gasification. Forest residues and
wood has a fiber saturation point at 30 to 31% moisture content (dry basis),
and other biomass can have high moisture content with fresh cut biomass as
high at 90% moisture content (Pakdel and Roy). McKendry recommended that
biomass moisture content should be less than 10-15% prior to gasification.
Although drying happens automatically in a gasifier reactor, due to the high
temperature generated at the oxidation stage, the moisture content of the
feedstock should be reduced using pre-treatment operations like torrefaction,
in order to meet gasifier specification (Brar et al.).

2.2.2 Pyrolysis

Pyrolysis is the decomposition of the biomass feedstock by heat. This step,
also known as devolatilization, is endothermic and produces 75 to 90% volatile
materials in the form of gaseous and liquid hydrocarbons. The remaining
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Figure2 (a) Aschematic of down draft gasifier and different stages happen during the process
(b) A pilot-scale GEK gasification reactor (Foley and Barnard)

non-volatile material, containing high carbon content, is referred to as char
(Ciferno and Marano, Bridgwater and Evans).

2.2.3 Oxidization

The oxidation zone is called the combustion zone. The combustible substance
from a solid fuel is usually composed of elemental carbon, hydrogen and
oxygen. During complete combustion, carbon dioxide is obtained from the
carbon in the fuel and water is produced from the hydrogen and oxygen,
resulting in steam. The combustion reaction is exothermic and yields a
theoretical oxidation temperature of 1450 °C (Rajvanshi).

2.2.4 Reduction

The reduction zone is the final stage in the gasification process which
reduces the combustion products. In the reduction zone, the products from
the oxidation zone (i.e. CO2 and H»O) are reduced to carbon monoxide (CO)
and hydrogen (Hs) resulting in the syngas components. At the end of this
stage, the produced gas is typically cooled and is removed from the reactor
for further downstream processing.
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2.3 Syngas Conditioning

The produced syngas from the reactor immediately enters a cyclone filtering
system to remove water, particulates or any other impurities. There are other
types of filtering systems that can be used including water scrubbing followed
by a venture scrubber, or charcoal filtering system where the charcoal from
the filter be used as a feedstock in the gasifier.

For the filtration section, the syngas product contains some contaminants
and impurities which need to be treated before usage in turbines and other
utilization systems. Tars are mostly polynuclear hydrocarbons (such as pyrene
and anthracene) that can clog engine valves, cause deposition on turbine
blades or fouling of a turbine system leading to decreased performance
and increased maintenance (Ciferno and Marano). Conventional scrubbing
systems are generally the technology of choice for tar removal from the
product syngas. Removal of the tars by catalytically cracking of the larger
hydrocarbons reduces or eliminates this waste stream, eliminates the cooling
inefficiency of scrubbing, and enhances the product gas quality and quantity.
A cyclone can provide primary particulate control, but is not adequate to meet
gas turbine specifications (Ciferno and Marano). Water scrubbing can remove
up to 50% of the tar in the product gas, and is followed by a venturi scrubber,
with the potential to remove the remaining tars to 97% (Paisley and Anson).

2.4 Gasifier Equipment Kit (GEK)

The process of gasification is investigated in Biomass Production Lab at
McGill University, using a pilot-scale downdraft gasifier (GEK Level 4, Model
V3.1.0) provided by All Power Labs Company (Berkley, California, USA).
The nominal thermal input of the unit is 10 KW. The gasification unit is made
up of three major parts: (1) Feeding; (2) Main reactor; and (3) Filtering.

Feeding consists of a cylindrical stainless steel drum (feeding capacity of
141,342 cm?) followed by a drying bucket (volume of 39,100 cm?). It was
initially assembled for batch but has been improved for continuous operation
using a screw biomass conveyor connected to a motor. The feedstock in
the drying bucket is dried using a cyclone column connected at the bottom of
the bucket. The drum can hold enough feedstock to support many hours of
continuous operation.

The main reactor is a cylinder-shaped vessel (height of 39.4 cm and
diameter of 35.5 cm) equipped with air nozzle supports to provide the reactant
as well as gas lines to transport the produced gas into the filtering system. The
bottom of the reactor is filled with wood charcoal up to about 4 inches below



108 E. Madadian et al.

the Reactor Lid. The charcoal is required in order to provide fuel for the
ignition of the system. The remainder of the vessel is filled with feedstock
materials placing on the charcoal. There is a reticular grate at the bottom
of the reactor to hold the feedstock and only allow the ash pass through.
Furthermore, a monometer is connected to the reactor frame for measuring
the pressure inside the reactor using testing.

A charcoal filtering system removes any possible water, tar and particulates
from the syngas. The system is a cylindrical drum filled with charcoal media.
Based on GEK operation instruction, the first 5 cm (~2 in) of space is filled
with 2.5 cm (~1 in) diameter charcoal and the remainder of the volume is
filled with charcoal size of 1.2 cm to 0.15 cm (0.5 in to 0.06 in). A perforated
disk is placed on the charcoal and two filter foams are placed on top of the
disk. Figures 3 show an assembled GEK unit.

Figure 3 Gasifier equipment kit (GEK) assembled in Biomass Production Lab at McGill
University
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A GEK gasifier control unit (GCU) is used to monitor and control tem-
perature and pressure during the operation. For this purpose, 9 thermocouples
and 3 pressure indicator have been installed within the unit.

Before starting the system, cold tests are required to be performed in order
to check for any possible air leaks in the gasification unit. The cold tests
are performed by connecting the compressor to the unit and increasing the
air pressure to 5 inches of HoO. Once the cold tests is over the unit starts
by injecting liquid fuels into the ignition port and igniting the fluids using a
propane torch. During the process, the syngas gas exits the reactor from the
bottom and enters the cyclone and charcoal filtering chamber and is combusted
in the flare burner. During the operation, biomass material is gasified and
generates waste ash which passed through the grate. At the end of the cycle,
the generated ash is collected from the bottom of the reactor using a rotary
handgrip.

3 Discussion

Based on the proximate and ultimate analysis of the feedstock, each biomass
material has different properties that can be used in the gasifier. Table 2
demonstrates the potential of biomass gasifier feedstocks.

The coals have the highest amount of heating value at 24.6 and 27 MJ kg ~*
for subbituminous and bituminous types, respectively. However, comparing
the biomass feedstock, sawdust has the maximum potential of producing
calorific value at 19.3 MJ kg~—!. An interesting difference between coal and
biomass lies in the composition of their organic matter: woody biomass
contains typically around 50 % carbon and 45 % oxygen (by mass), whereas
coal contains (depending on coal rank) 60-85 % carbon and 5-20 % oxygen.
The high oxygen content of biomass is beneficial because less oxygen needs
to be added for gasification; however biomass has a lower calorific value
compared to coal and other fossil fuels (Milne et al.).

The type of reactant used in the process can determine the heating value
of the syngas, air-based gasifiers typically produce a syngas, containing a
relatively high concentration of nitrogen, with a heating value between 4 and
6 MJ m~3. Oxygen and steam-based gasifiers produce a syngas containing
a relatively high concentration of hydrogen and CO with a heating value
between 10 and 20 MJ m~2 (Ciferno and Marano). When air (instead of
oxygen) is used, the gaseous product is usually called producer gas while it is
termed synthesis gas (syngas) when oxygen or steam is used. Under typical
gasification conditions, oxygen levels (including oxygen in the feedstock) are
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restricted to less than 30% of that required for complete combustion to take
place (Abdul Salam et al., Stultz and Kitto).

The potential market for syngas is based on the assumption that syngas
could replace fossil fuel in some regions where it is used. Approximately
30% of the world primary energy consumption is for the transportation fuels
and chemical industry (IEA, Boerrigter and Rauch). Figure 3 presents current
and perspective of syngas market in 2040 around the world.
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Figure 4 World syngas market (a) Present; and (b) 2040 (predicted) (IEA)
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4 Conclusion

Renewable energy from biomass using a gasification system is an environ-
mentally friendly method and helps to reduce our dependence on fossil fuels.
Biomass gasification offers advantages over the direct burning of biomass.
Unlike, power generation with direct burning of biomass in a boiler, gasifica-
tion can be used for very small scale decentralized power generation projects
up to 20 kW. A gasifier system is a simple device consisting of a cylindrical
container with space for fuel, air inlet, gas exit and grate. It can be made of fire
bricks, steel or concrete and oil barrels. Since syngas is produced before final
combustion, some of the problematic and poisonous chemical compounds can
be cleaned and filtered before it is burned (USEPA). A complete gasification
unit consists of pre and post treatment steps and gas conditioning components
that can significantly decrease some of the harmful gases normally produced
through other combustion systems. Compared to other options of renewable
energies, biomass gasification is a promising alternative to produce high
quality energy from different available feedstock. In parallel, gasification is
showing a lot of promise both in research and commercial applications (Dion
et al., Basu, Devi et al.).
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