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ABSTRACT

The demand for sustainable and renewable energy sources has prompted signi cant re-
search and development e orts in the eld of biomass gasi cation. Biomass gasi cation
technology holds signi cant promise for sustainable energy production, o ering a renew-
able alternative to fossil fuels while mitigating environmental impact. This thesis presents
a detailed study on the design, development, and implementation of a Plug-Flow Reactor
Biomass Gasi er integrated with an Automated Auger Jam Detection System and a Blower
Algorithm to maintain constant reactor pressure by varying blower speed with respect to
changes in reactor pressure. The system is based on indirectly- heated pyrolytic gasi cation
technology and is developed using Simulink

The proposed gasi cation system use the principles of pyrolysis and gasi cation to con-
vert biomass feedstock into syngas e ciently. An innovative plug- ow reactor con guration
ensures uniform heat distribution and residence time, optimizing gasi cation performance
and product quality. Additionally, the system incorporates an automated auger jam de-
tection system, which utilizes sensor data to detect and mitigate auger jams in real-time,
thereby enhancing operational reliability and e ciency. By monitoring these parameters,
the system detects deviations from normal operating conditions indicative of auger jams and
initiates corrective actions automatically. The detection algorithm is trained using test cases
and validated through detailed testing to ensure accurate and reliable performance.

The MATLAB —-based implementation o ers exibility, scalability, and ease of integra-
tion with existing gasi er control systems. The graphical user interface (GUI) provides oper-
ators with real-time monitoring and visualization of system status, auger performance, and
detected jam events. Additionally, the system generates alerts and noti cations to inform
operators of detected jams, enabling timely intervention and preventive maintenance.

To maintain consistent gasi cation conditions, a blower algorithm is developed to regu-
late air ow and maintain constant reactor pressure within the gasi er. The blower algorithm
dynamically adjusts blower speed based on feedback from di erential pressure sensors, en-
suring optimal gasi cation performance under varying operating conditions. The integration

of the blower algorithm into the gasi cation system contributes to stable syngas production

15



and improved process control. The development of the Plug-Flow Reactor Biomass Gasi er,
Automated Auger Jam Detection System, and Blower Algorithm is accompanied by rigorous
simulation studies and experimental validation.

Overall, this thesis contributes to the advancement of biomass gasi cation technology by
presenting a detailed study on a plug ow reactor biomass gasi er with indirectly- heated py-
rolytic gasi cation technology with an Automated Auger Jam Detection System and Blower
Algorithm. The ndings o er valuable insights for researchers, engineers, policymakers, and
industry stakeholders supporting the transition towards cleaner and more renewable energy

systems.
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1. INTRODUCTION

1.1 Renewable Energy

Renewable energy is the term used to describe a group of energy technologies derived
from sources that do not deplete or replenish within a human's lifetime. The most common
renewable energy sources are solar energy, wind energy, hydropower, and biomass energy.
Solar energy harnesses the sun for energy. Wind energy utilizes the motion of wind to
generate electricity. Hydropower which uses moving water to generate power. Biomass
energy refers to large groups of technologies that use agricultural residues and other waste

materials to create energy]. The di erent types of renewable energy are shown in Figure

1.1

Figure 1.1. Renewable Energy]

Renewable energy uses energy sources that are continually replenished by nature the sun,
the wind, water, the Earths heat, and plants. Renewable energy technologies turn these fuels
into usable forms of energy most often electricity, but also heat, chemicals, or mechanical
power. Today we primarily use fossil fuels to heat and power our homes and fuel our cars.

It is convenient to use coal, oil, and natural gas for meeting our energy needs, but we have
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a limited supply of these fuels on the Eartlff]. We are using them much more rapidly than

they are being created. Even if we had an unlimited supply of fossil fuels, using renewable
energy is better for the environment. We often call renewable energy technologies clean or
green because they cause less harmful greenhouse gas emissions like carbon dioxide when

compared to fossil fuelg]].

1.2 Common Types of Renewable Energy

1.2.1 Solar Energy

The solar energy is the most used renewable energy. A solar cell, also called a photovoltaic
cell is an electrical device that converts the energy of light directly into electricity by the
photovoltaic e ect. Photovoltaic cell, when exposed to light, can generate, and support an

electric current without being attached to any external voltage sourc8].

Figure 1.2. Working of Solar Cellp]

Photovoltaic cells are made up of semiconductors such as silicon. When sunlight strikes

the cell, a certain portion of it is absorbed within the semi-conductor material and the energy
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of the absorbed light is transferred to the semi-conductor. The energy knocks the electron
loose, allowing them to ow freely. The working of solar cell is demonstrated in Figure2

Solar PV systems consist of solar cells which are assembled into solar panels that can be
installed on rooftops, integrated into structures, or deployed in solar farms. The modular
nature of PV systems allows for scalability and adaptability to diverse applicationd].

The adoption of solar energy o ers several advantages, making it an attractive and sus-
tainable option for power generation. Advantages of solar energy include its renewability,
minimal environmental impact, and the potential for reduced electricity bills. Solar energy
systems also have relatively low operating costs once installed, contributing to long-term

economic viability[8].

1.2.2 Wind Energy

Wind, ultimately driven by atmospheric air, is another way of collecting energy. Sun
also heats the atmosphere, which produces wind. It works on cloudy days as well as rainy
season. The location of wind turbines is a very important factor, which in uences the
performance of the machine. The windmills are generally located at the top of a tower to
heights approximately 30 m. To avoid turbulence from one turbine a ecting the wind ow
at others, it is located at 5-15 times blades diameter. Windmills work both in horizontal
axis and vertical axisf].

The basic mechanics of both horizontal axis and vertical axis systems are similar. As
demonstrated in Figurel.3, wind passing over the blades is converted into mechanical power,
which is fed through transmission to an electrical generator. Wind turbines will not work in
winds below 13 km an hour. They work best where the wind speed averages 22 km an hour.
The majority of wind turbines produced at the present time are horizontal axis turbine with
three blades, 15-30 m diameter, producing 50-350 Kw of electricity. Wind energy produces
no air or water pollution, involves no toxic or hazardous substances, and poses no threat to
public safety[].

Wind turbines that provide electricity to the utility grid range in size from 50 kW to

1 or 2 MW. Large, utility-scale projects can have hundreds of turbines spread over many
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Figure 1.3. Wind Energy[9]

acres of land. Small turbines, below 50 KW, are used to charge batteries, electrify homes,
pump water for farms and ranches, and power remote telecommunications equipment. Wind
turbines can also be placed in the shallow water near a coastline if open land is limited, such

as in Europe, and/or to take advantage of strong, o shore wind4].

1.2.3 Hydropower

Hydropower is the process of generating energy from owing water into electricity. The
water cycle is constantly renewed by the sun, so hydropower is considered as a renewable
energy resource. One of the rst uses of hydro energy is to produce electricity by using
turbines and generators. The mechanical energy created by the moving water spins rotors
on a turbine. This turbine is connected to an electromagnetic generator which produces
electricity when the turbine spins]Ld].

Hydro dams utilize the potential energy from the dam water to produce electricity. Dams
are used to store water at higher level to control the ow of water. The elevation created by

dam creates gravitational force for turning the turbines when water is released as illustrated
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Figure 1.4. Hydroelectric Dam[L]]

in Figure 1.4, Some dams also contain an additional reservoir at their base where water is
stored to pump water to the higher reservoir to release, when electricity is in demand. This
is called pumped storage hydrap).

Hydropower generation is a renewable source of generation that produces no emissions
that pollute the air. For this reason, it is expected that more hydropower plants will be built

in the future to replace traditional fossil-fueled generationi[3.

1.2.4 Geothermal Energy

The geothermal energy uses the ground heat of the earth as an energy source. The used
sources are radioactive decay, warmth from the Earths creation and solar energy. Within
the depth of 20 m the geothermal temperature lays between 8 aid@ C. Starting at 20 m
the temperature rises about3 C per 100 m. The working principle of geothermal energy
extraction is demonstrated in Figurel.5. The two types of geothermal energy extraction
methods are near-surface and deep geothermal energy extractibvd].[

Near-surface geothermal energy extraction: The near-surface geothermal energy extrac-

tion uses depths down to 400 m and provides water with temperatures up &4 C. This
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Figure 1.5. Geothermal Powerl5

method requires installation of a heat pump in order to increase the temperature so that
domestic hot water and radiator heat can be prepared at lower temperatures/.

Deep geothermal energy extraction: Down from 400 meters the geothermal usage is called
deep geothermal energy extraction. Using this technique higher temperaturesl®O C and
up could be generated. It is possible to use either closed systems like probes or open systems,
which use existing thermal or injected water. In the latter case the injected water warms up
and gets extracted afterwards with temperatures up tQ00 C [14].

Geothermal energy can reduce greenhouse gas emissions by providing long-term, secure
base-load energy. Geothermal energy from the Earths interior supplies heat for direct use
and electricity generation. Climate change is not expected to have any major impacts on the
e ectiveness of geothermal energy utilization, but the widespread deployment of geothermal
energy could play a meaningful role in mitigating climate change. In electricity applications,
the commercialization and use of engineered (or enhanced) geothermal systems (EGS) may
play a central role in establishing the size of the contribution of geothermal energy to long-

term emissions reductiong[g).
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1.2.5 Biomass Energy

Biomass is any organic material that has stored sunlight in the form of chemical energy,
such as plants, agricultural crops or residues, municipal wastes, and algae. Biomass exhibits
widespread availability across numerous countries thereby enabling them to cultivate their
own fuel sources and minimize reliance on conventional fuel alternativels/]f The cycle
of biomass energy extraction is deployed in Figuré.6. Bio-fuels exhibit a lower emission
pro le in comparison to conventional fossil fuels, thereby contributing to a reduction in

overall emissions1é).

Figure 1.6. Biomass Energy[9

According to Kim et al., the utilization of biomass for production purposes can yield both
favorable and unfavorable consequences on land utilization and biodiversi§]. These out-
comes are contingent upon various factors, including the speci c type of biomass employed,
the magnitude of production, and the implemented management practices. The utilization
of biomass as a source of renewable energy has the potential to create new employment
prospects and economic avenues, particularly in underdeveloped regions characterized by

the presence of abundant biomass resources and a decline in local indus&igs|
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1.3 Methods of Harnessing Biomass Energy

The thermo-chemical biomass conversion processes occur at high temperature with the
presence of oxygen or absence of oxygen to convert into heat and syngas respectively. Direct
conversion, pyrolysis, gasi cation etc. are included in the thermo-chemical conversion pro-
cesses[l]. The deposited energy inside of biomass is released by combustion as heat energy
or is converted into liquid gaseous etc. fuels via thermo-chemical conversion with several uti-
lization techniques. Low moisture containing biomass is generally used for thermochemical

conversion process.

1.3.1 Gasi cation

This process creates a mixture of combustible gases, which may includg BH,4, CO,
and CO,, by absorbing energy from its surroundings using gasifying agents such as air,
steam, or CQ. It occurs between 800 andl300C[2Z2]. Ammendola et alR3 observed
that the performance of a gasier is in uenced by various biomass characteristics such as
particle size, ash content, heating value and volatilityg3]. The study conducted by Ramzan
et al. (2015) observed that feedstocks with lower volatility are given preference for partial
oxidation gasi cation, whereas those with higher volatility are deemed more suitable for

indirect gasi cation processp4].

1.3.2 Pyrolysis

This is the decomposition process that yields energy in the presence of nitrogen or in
the absence of oxygen. Several biomass materials derived from wood and crops undergo a
thermal treatment process in an oxygen-depleted environment. This process results in the
production of gases and residues with high carbon content. Subsequently, these products
are cooled to obtain organic liquids referred to as bio-oil and biochaf. The quantity
of lignocellulose present in the biomass feedstock has a major impact on the distribution

of polymeric substances in biooil. According to Varma et al., the necessary conditions
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for pyrolysis include temperature, residence time, pressure, environment, heating rate, and

catalyst[2€]. The rate of pyrolysis can be slow, intermediate, or rapid[].

1.3.3 Direct Combustion

Combustion is an exothermic chemical reaction accompanied by large heat generation
and luminescence. It is a phenomenon in which the reaction is spontaneously continued
by the heat generation by the reaction. When using biomass as fuel, the heat generating
oxidation reaction, where combustible elements contained in biomass react with oxygen,
is called combustion. Biomass combustion is commonly used, and it is the oldest process
of conversion. Almost97 % bio-energy is produced by this process in the worleff]. The
combustion methods are used for the generation of heat with the encouragement of a steam

cycle to produce electricityp§].

1.4 Biomass Gasier

Biomass gasi er is a device or system that facilitates the process of biomass gasi cation.
The key components of a biomass gasi er include a biomass feeder to introduce the organic
material, a gasi cation reactor where the chemical conversion takes place, and a system for
cleaning and conditioning the produced syngas. The syngas can then be used in engines,
turbines, or other applications to generate energ¥f].

Biomass gasi ers play a pivotal role in the renewable energy sector by converting organic
materials into versatile gaseous fuels. Ensuring the e cient and continuous operation of
biomass gasi ers is essential for sustainable clean energy production. This technical paper
introduces an automated operation of biomass gasi er by introducing a novel Auger Jam
Detection and Clearing System speci cally designed for plug- ow biomass gasi er applica-
tions along with an Automated Blower Algorithm to maintain reactor pressure closer to O psi
gage. This advanced system is designed to enhance reliability and reduce the maintenance
costs of biomass gasi ers, contributing to the nancial competitiveness of low-carbon energy
production. In Figure 1.7, a biomass gasi er unit is illustrated with the auger, blower, feed

hopper and reactor furnace.
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Figure 1.7. Biomass Gasi er

1.5 Problem Statement

In biomass gasi cation processes, auger jams present a signi cant operational concern
that can impede the continuous ow of biomass feedstock into the gasier. Auger jams
are a common operational issue, leading to downtime, decreased e ciency, and potential
safety hazards. The timely detection and clearing of auger jams are essential to ensure
uninterrupted operation and prevent costly disruptions.

Also, There is a demand for a sophisticated blower algorithm capable of dynamically
adjusting blower speed to stabilize reactor pressure within desired operational parameters
which should consider various factors in uencing pressure dynamics, including feed rate
uctuations, temperature variations, and process disturbances, to ensure precise and reliable

pressure control.
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2. BACKGROUND

2.1 Biomass Gasi cation Technologies

Biomass gasi cation is a thermo-chemical process in which solid biomass is converted into
a combustible gas. It has emerged as a promising technology to ful Il the increasing energy
demands of the world as well as to signi cantly reduce the volume of biomass waste generated
in developing societies and to reduce carbon pollutants produced during the combustion of
fossil fuel. The produced gas can be used in a generator set for the power generation, process
heating, cooking or in an automotive vehicle as a single or dual fuel mode. In this section,
a detailed mechanism of gasi cation process has reviewed. Also, this paper includes the
di erent types of biomass gasi ers, their relative merits and demerits, eld application other

factors contributing to biomass gasi cation has been discussed®d.

2.1.1 Updraft Gasi cation

The oldest and simplest type of gasier is the updraft gasier shown in Figure.l
Updraft gasi er has air passing through the biomass from bottom and the combustible gases
come out from the top of the gasi er. In the updraft gasi er, the biomass is introduced from
the top and moves downwards while gasifying agents (air, steam, etc.) are introduced at the
bottom of the grate so the product gas moves upwards. In this case, the combustion takes
place at the bottom of the bed which is the hottest part of the gasi er and product gas exits
from the top at lower temperature (around500 C)[30][31].

The producer gas has no ash but contains tar and water vapor because of the passing
of gas through unburnt biomass. Usually5% to 20% of tars and oils are produced at
temperature too low for signi cant cracking and are carried out in the gas stream and the
remaining heat dries the wet biomass so that none of the energy is lost as sensible heat in the
gas and the advantage of updraft gasi er over other gasi er is its high conversion e ciency
up to 80% but it produces tar with producer gas which is the major feedback of updraft
gasi er and its tar content producer gas cannot be used in engine application, it may corrode

the engine parts like valve, piston and fuel lin€f].
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Figure 2.1. Updraft Gasi cation[ 3Z]

The air intake is at the bottom and the gas leaves at the top. The combustion reactions
occur at the bottom near the grate, which are followed by reduction reactions somewhat
higher up in the gasier. In the upper part of the gasier, heating and pyrolysis of the
feedstock occur as a result of heat transfer by forced convection and radiation from the lower
zones. The tars and volatiles produced during this process will be carried in the gas stream.
Ashes are removed from the bottom of the gasi eBH].

The major advantages of this type of gasier are its simplicity, high charcoal burn-
out and internal heat exchange leading to low gas exit temperatures and high equipment
e ciency, as well as the possibility of operation with many types of feedstock (sawdust,
cereal hulls, etc.). This gasi er can work with several kind of feedstock ranging from coal to
biomassB5]. Major drawbacks result from the possibility of "channeling” in the equipment,
which can lead to oxygen break-through and dangerous, explosive situations and the necessity
to install automatic moving grates, as well as the problems associated with disposal of the
tar containing condensates that result from the gas cleaning operations. Great sensitivity

to tar and moisture, moisture content of fuel, relatively long time required for start-up of
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internal-combustion (IC) engine and poor reaction capability with heavy gas load are the

major challenges with the updraft gasi erB).

2.1.2 Downdraft Gasi cation

In downdraft gasi cation, primary gasi cation air is introduced at or above the oxidation
zone in the gasi er. The producer gas is removed at the bottom of the apparatus, so that
fuel and gas move in the same direction. In downdraft gasi er shown in Figur22, gas is
drawn from the bottom of the reactor while the hottest reaction zone is in the middle. The
volatile matter in the fuel gets cracked within the reactor and therefore the output gas is
almost tar-free. However, the gas, as it comes out of the reactor, contains small amounts of

ash and soot}d].

Figure 2.2. Downdraft Gasi cation[37]
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After the air contacts the pyrolyzing biomass before it contacts with char and support a
ame and the limited air supply in the gasi er is rapidly consumed, therefore that the ame
gets richer as pyrolysis proceeds. Next to the end of pyrolysis zone, the gases consist mostly
of CO,, H,O, CO and H, and the throat ensures that the gaseous products pass through
the hottest zone someplace where most of the tar cracked into gaseous hydrocarbon. So,
produces relatively clean gaSf|.

Designed for the application of producer gas in Combustion Ignition (CI) engine, down-
draft gasi er is more suitable as it produces relative low tar. Its advantages include exible
adaptation of gas production to load and low sensitivity to charcoal dust and tar content of
fuel. Its limitations include design tends to be tall and not feasible for very small particle
size of fuel. On their way down the acid and tarry distillation products from the fuel must
pass through a glowing bed of charcoal and therefore are converted into permanent gases hy-
drogen, carbon dioxide, carbon monoxide and methaié]. Depending on the temperature
of the hot zone and the residence time of the tarry vapors, a complete breakdown of the tars
is achieved. The main advantage of downdraft gasi ers lies in the possibility of producing a
tar-free gas suitable for engine applications.

In practice, however, a tar-free gas is seldom if ever achieved over the whole operating
range of the equipment: tar-free operating turn-down ratios of a factor 3 are considered
standard; a factor 5-6 is considered excellent. Because of the lower level of organic com-
ponents in the condensate, downdraught gasi ers su er less from environmental objections
than updraught gasi ersf40]. A major drawback of downdraught equipment is the inability
to operate on several unprocessed fuels. Fluy, low-density materials give rise to ow prob-
lems and excessive pressure drop, and the solid fuel must be pelletized or briquetted before
use.

Downdraft gasi ers also su er from the problems associated with high ash content fuels
(Slagging) to a larger extent than updraft gasi er. Minor drawbacks of the downdraft system,
as compared to updraft, are somewhat lower e ciency resulting from the lack of internal
heat exchange as well as the lower heating value of the gas. Besides this, the necessity to
maintain uniform high temperatures over a given cross-sectional area makes impractical the

use of downdraught gasi ers in a power range above about 350 kW (shaft poweéf][
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2.1.3 Crossdraft Gasi cation

In Crossdraft gasi er as shown in Figure?.3, air enters at high velocity through a water-
cooled nozzle mounted on one side of the induces substantial circulation, rebox, and ows
across the bed of char and fuel. The gas is produced in the horizontal direction in front of
the nozzle and passes through a vertical grate into the hot gas port on the opposite side and
this produces very high temperature in a very small volume and results the production of

very low tar gas. However, the cross-draft gasi er is not commonly usexd].

Figure 2.3. Crossdraft Gasi cation[4Z]

The process begins with the preparation of biomass feedstock, which needs to be appro-

priately sized and dried to ensure e cient gasi cation. The prepared biomass is loaded into
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a gasi er, which is the reactor where the gasi cation reactions take place. In a crossdraft
gasi er, air or oxygen is introduced perpendicular (crosswise) to the direction of the biomass
ow. As the biomass enters the high-temperature zone of the gasi er, it undergoes pyrolysis.
which results in the release of volatile organic compounds (VOCs), tars, and cha#.

As depicted in the Figure2.3, the crosswise ow of air or oxygen introduces the oxygen
needed for partial combustion of the pyrolysis products. This partial combustion produces
heat and helps convert the remaining solid char into more gaseous products. The released
heat also sustains the overall gasi cation process. In the presence of heat and a controlled
amount of oxygen, the remaining pyrolysis products and char undergo gasi cation reactions.
The primary reactions include the reduction of carbon dioxide (C& and water (H,O) by

carbon (C) to produce carbon monoxide (CO) and hydrogen (L

C+H0

CO +H,

C+CO; 2CO

Crossdraft gasi ers typically have mechanisms to remove tars and particulates from the
syngas. Tars can be problematic in downstream processes and may condense in the gasi er
or gas cleanup system. The hot syngas is then cooled to remove any remaining impurities
and to condense water vapor. Various cleanup processes, such as Itration and scrubbing,
may be employed to ensure the syngas meets the desired speci cations. The clean syngas
can be utilized for various applications, including power generation, heat production, or as
a feedstock for the synthesis of fuels and chemicdlg]

Crossdraft gasi cation o ers certain advantages, such as simplicity of design and opera-
tion, but it also has challenges related to tar management and syngas cleanup. The specic
details of the process may vary based on the design and technology used in a particular

gasi er[44].

2.1.4 Plug-Flow Reactors

A Plug-Flow Reactor (PFR), also known as a tubular reactor, is a type of chemical

reactor where the reactants move through the reactor in a continuous ow without mixing
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with each other. In a PFR, the reactants enter at one end of a cylindrical tube or pipe and
ow along the length of the reactor, while the products exit from the other end. In plug- ow
reactors, biomass is fed from feed hopper to the reactor furnace controlled by upper and
lower slide valves. The auger is placed inside the reaction vessel and controlled by a motor.

Biomass moves from left to right in a rst-in, rst-out arrangement known as plug ow[45).

Figure 2.4. Plug-Flow Reactorsfiq]

Indirectly-Heated Pyrolytic Gasi cation (IHPG) technology is used in the plug- ow reac-
tors for syngas production. In this technology, ame is never applied to the feedstock where
no oxygen is supplied and hence no combustion which is a great safety factf[ There are
resistance heaters on the outside of reactor which supplies heat to the walls of the reactor
and heats up the biomass inside the gasi er where feedstock is heated up9&0 C where
there are no condensable tars and liquids. By this method a tar free syngas (Hydrogen
and carbon monoxide) is produced with no Polycyclic Aromatic Hydrocarbons (PAHSs). A
high-temperature, indirectly-heated gasi er improves the traditional gasi cation methods by
eliminating tars in the reaction vessel{7].

Syngas can be converted to electricity and heat either by a fuel cell (solid-oxide type)
or a spark-ignited internal combustion engine driving a dynamo. For rural, remote villages,

the electricity can be used for education, communication, and light industry, while the heat
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can be circulated through domiciles to provide smoke-free cooking heartt§[ When the
feedstock moisture content is below 20%), there is a surplus of pure carbon, called bio-char,
which can be tilled into dirt as a soil augmentation. This approach can reverse deserti cation

around rural villages and is the only proven method of carbon sequestratid#l.

2.2 Gasication Process Parameters

The products of gasi cation process depend on the design of the gasi er, the character-
istics of the biomass and important operating parameters (temperature, pressure, gasifying
agent, air to fuel ratio) and type of bed materials (presence or absence of catalytically active

substances)1].

2.2.1 E ect of the Temperature

The temperature pro le is the most important aspect of operational control for gasi-
cation processes. Temperature has an important e ect on the conversion, the product
distribution, and the energy e ciency of a gasi er. Higher temperature results in increased

hydrogen yield because of higher conversion e cienc/.

2.2.2 E ect of Gasifying Agent

Various gasifying agents, including air, steam, carbon dioxide, and pure oxygen, are
commonly employed based on the desired quality of the product gas for di erent downstream
applications. For instance, steam gasi cation typically yields a hydrogen-rich gas with a
heating value ranging from 10 to 16 MJ/m331].

Biomass gasi cation with pure oxygen results in a superior quality gas, devoid of nitrogen,
with a higher heating value ranging from 10 to 18 MJ/m3}1]. Pure oxygen facilitates the
production of gases with elevated concentrations of C, and,Hand reduced tar content.
However, it's worth noting that pure oxygen itself is an expensive gasifying agent.

When carbon dioxide is utilized under non-catalytic conditions, it primarily acts as a
diluent for the producer gas while slightly improving carbon conversion and reducing tar

emissions. Higher ratios of C@®to biomass mass lead to increased availability of oxygen for
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exothermic oxidation reactions, resulting in elevated producer gas temperatures and higher

mole fractions of CO. However, this also leads to lower mole fractions of End CO,[51].

2.2.3 Biomass Particle Size and Shape

The size and shape of biomass particles play a crucial role in both handling and trans-
portation, as well as in their behavior within gasi ers. Gasi ers often encounter issues such
as bridging and channeling of biomass. These problems are directly in uenced by the size
and distribution of biomass particles, which impact the thickness of the gasi cation zone,
pressure drop across the bed, and the optimal operating parameters such as minimum and
maximum heat loadpZ].

Reducing particle size generally leads to higher total gas yields, elevated concentrations of
hydrogen (H), and lower production of charcoal and tar. However, it also exacerbates chal-
lenges like bridging and channeling and increases pressure drop. Conversely, larger feedstock
particle sizes result in a temperature gradient within the particle, with the core maintain-
ing a lower temperature compared to the surface. This gradient tends to increase yields of
charcoal and liquids while reducing gas productioff].

Smaller particles bene t from faster heating rates due to their larger surface area. These
high heating rates promote the generation of more light gases and less production of charcoal

and condensates][l].

2.3 Limitations of Current Biomass Gasi cation Systems

The global demand for sustainable and renewable energy sources has intensi ed in recent
years, driven by concerns over climate change and the nite nature of conventional fossil
fuels. Biomass gasi cation has emerged as a promising technology, utilizing organic materials
to produce clean energy in the form of syngas. However, the current state of biomass
gasi cation systems poses certain challenges that hinder their widespread adoption. Manual
biomass gasi ers have several limitations that can a ect their performance, e ciency, and

practicality. Here are some common limitations associated with manual biomass gasi ers:
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2.3.1 E ciency and Labor Intensity

Manual operation may lead to variations in the combustion process, a ecting the overall
e ciency of the gasier. Inconsistent fuel loading, air supply, and other factors can result
in incomplete combustion, reducing the production of combustible gases. Manual operation
requires constant attention and adjustment. Operators need to monitor and regulate various
parameters to ensure optimal performance. This can be labor-intensive and may limit the

scalability of the technologyf9].

2.3.2 Maintenance Challenges, Control and Stability

Manual gasi ers may require frequent maintenance to address wear and tear, corrosion,
and other issues. Adequate skills and resources for maintenance are crucial to ensure con-
tinuous and reliable operation. Manual gasi ers may lack sophisticated control systems,
making it challenging to maintain stable operating conditions. Fluctuations in temperature,

pressure, and gas composition can impact the gasi er's performance and reliabilig].

2.3.3 Feedstock Challenges and Tar Formation

Di erent types of biomass require specic conditions for e cient gasi cation. Manual
gasi ers may struggle to adapt to varying feedstock characteristics, leading to suboptimal
performance with certain types of biomass. Incomplete combustion in manual gasi ers may
lead to the formation of tar and other impurities in the gas stream. Tar can accumulate in
the system, causing blockages and reducing the e ciency of downstream equipment such as

engines and generatorsf|.

2.3.4 Environmental Impact and Safety Concerns

Ine cient combustion and incomplete conversion of biomass in manual gasi ers can con-
tribute to higher emissions of pollutants, such as particulate matter and unburned hydro-
carbons, compared to more advanced gasi cation technologies. Lack of automated safety

features in manual gasi ers may pose risks to the operators. Proper training and adherence
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to safety protocols are crucial to mitigate potential hazards associated with the handling of

biomass and the gasi cation process{l.

2.3.5 Limited Scalability

Manual biomass gasi ers are typically designed for small-scale applications. Scaling up
the technology to meet higher energy demands may not be straightforward, and automated

systems are often preferred for larger-scale operatiobs|

2.3.6 Limited Monitoring and Data Collection

Manual gasi ers may lack advanced monitoring and data collection capabilities. This
limits the ability to gather detailed information on performance parameters, hindering opti-
mization and troubleshooting e ortsj59).

To overcome some of these limitations, automated and semi-automated gasi cation sys-
tems with improved control and monitoring features are often preferred, especially for larger

and more demanding applications.

2.4 Rationale for an Automated Biomass Gasi er

Automated biomass gasi ers o er several advantages over their manual counterparts,
making them more e cient, reliable, and suitable for a broader range of applications. Here

are some key advantages of automated biomass gasi ers:

2.4.1 Increased E ciency and Reduced Labor Requirements

Automated systems can optimize the gasi cation process by precisely controlling param-
eters such as air-to-fuel ratio, temperature, and residence time. This leads to more e cient
combustion and higher yields of combustible gases, improving overall energy conversion e -
ciency. Automation ensures a more stable and consistent operation by eliminating variations

associated with manual control. This results in a steady production of syngas with fewer
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uctuations in temperature, pressure, and gas composition which minimizes the need for

constant manual intervention and monitoring, reducing labor requirementsf).

2.4.2 Remote Monitoring and Control

Automation facilitates continuous data monitoring and analysis, enabling operators to
make informed decisions, diagnose issues promptly, and optimize the gasi cation process for
long-term performance. Automated biomass gasi ers often come with remote monitoring
and control capabilities. This allows operators to monitor the system's performance, make

adjustments, and address issues remotely, reducing the need for constant on-site supervi-

sionpq].

2.4.3 Adaptability to Di erent Feedstocks and Lower Emissions

Automated gasi ers can be designed to adapt to a variety of biomass feedstocks. The
control systems can dynamically adjust parameters to optimize gasi cation conditions for
di erent types of biomass, maximizing exibility in feedstock selection. Precise control over
the gasi cation process in automated systems can lead to cleaner combustion and reduced
emissions of pollutants. This is bene cial for environmental sustainability and compliance

with emission standards7].

2.4.4 Environmental Implications and Safety Features

The environmental and economic bene ts of an automated biomass gasi er are substan-
tial. By improving e ciency and reducing emissions, such a system contributes to environ-
mental sustainability. Additionally, automated processes can lead to cost savings through
minimized downtime, decreased labor requirements, and optimized resource utilization. Au-
tomated systems can incorporate advanced safety features such as real-time monitoring of
gas composition, pressure relief mechanisms, and emergency shutdown protocols. These

features enhance the overall safety of the gasi cation procesd|
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2.4.5 Scale-up Capability

Automated gasi cation systems are more easily scalable to meet varying energy demands.
This makes them suitable for both small-scale and larger industrial applications, o ering

adaptability in deployment[59).

2.4.6 Integration with Power Generation Systems

Automated biomass gasi ers can be easily integrated with power generation systems such
as engines or turbines. This integration allows for e cient electricity production and makes
them suitable for distributed energy generatiorf0)].

In summary, automated biomass gasi ers o er improved e ciency, reliability, and ver-
satility compared to manual systems, making them a preferred choice for various energy
generation and industrial applications. While automated biomass gasi ers o er numerous
advantages, it's essential to consider the speci c requirements of the application, the avail-
ability of resources, and the desired scale of operation when choosing between automated
and manually operated systems.

Developing a plug ow automated biomass gasi er o ers compelling rationales on mul-
tiple fronts. Firstly, the integration of a plug ow reactor enhances e ciency by ensuring a
uniform ow of reactants and enabling precise control over residence time. This optimized
environment facilitates thorough biomass conversion, ultimately improving the overall ef-
ciency of the gasi cation process. Secondly, automation complements this e ciency by
enabling real-time adjustments and optimization of critical operating parameters such as
temperature, pressure, and feed rate. This not only enhances process control but also en-
sures stability, minimizing uctuations in product quality and increasing overall reliability.

Additionally, automation contributes to safety by implementing features such as au-
tomated shutdown mechanisms and real-time monitoring, mitigating operational hazards,
and ensuring compliance with safety regulations. Furthermore, the data-driven approach
facilitated by automation allows for robust analysis of process performance, leading to op-
timization opportunities and troubleshooting insights. By combining plug ow reactors and

automation, this research work not only advances technological advancement in biomass
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gasi cation but also contributes to environmental sustainability by maximizing biomass uti-

lization e ciency and minimizing environmental impact.
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3. METHODOLOGY

3.1 Introduction

The global energy landscape is undergoing a profound transformation driven by the
increasing demand for sustainable and renewable energy sources. The plug- ow reactor
biomass gasi er is a system designed to e ciently convert biomass feedstock into valuable
gases such as hydrogen and carbon monoxide. However, ensuring uninterrupted operation
of such reactors can be challenging, particularly in the presence of auger jams which can
disrupt the ow of biomass material. To address this issue, an innovative automated auger
jam detection system has been integrated into the reactor design. This system employs ad-
vanced sensing technology to detect blockages promptly, enabling swift corrective action and
minimizing downtime. This introduction lays the groundwork for an exploration into the
integration of this automated jam detection system with a blower algorithm, working syner-
gistically to maintain a constant reactor pressure within the gasi er. Figure3.1 represents
the proposed biomass gasi er system.

Moreover, the augmentation of the plug- ow reactor biomass gasi er with an indirectly
heated pyrolytic gasi cation technology further enhances its e ciency and sustainability.
Developed utilizing Simulink, this cutting-edge technology optimizes the gasi cation process
by employing indirectly heated pyrolytic gasi cation to convert biomass into synthesis gas
(often shortened to syngas). The utilization of an indirectly heated mechanism requires
precise pressure control in the reactor by varying blower speed using a Pl controller in
preventing overpressure events for ensuring operational safety and reliability. Overpressure
incidents can result from various factors such as rapid gas production or inadequate blower
conditions. If left unchecked, these events can lead to structural damage, equipment fail-
ure, or even catastrophic ruptures, posing safety risks to personnel and the surrounding
environment.

By prioritizing the prevention of overpressure events, we not only safeguard the integrity
of biomass reactor systems but also uphold the safety standards necessary for sustainable en-
ergy production and environmental protection. The integration of this innovative gasi cation

technology with the Automated Auger Jam Detection System and Blower Algorithm repre-
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Figure 3.1. Biomass Gasi er Concept lllustration. Image: HFC_180. Copy-
right (C) 2024 by Peter J. Schubert, used with permission.

sents a signi cant advancement in biomass gasi cation research. Together, these components
form a better system that not only improves operational reliability but also contributes to

the overall viability of biomass gasi cation as a renewable energy solution.

3.2 Biomass Gasier in Remote Villages

In remote villages, where access to traditional energy sources may be limited and util-
ity bills pose a signi cant burden on farmers, the need for alternative energy solutions is
paramount. Biomass gasi cation presents itself as a viable and sustainable option to ad-
dress these challenges. By harnessing locally available biomass resources such as agricultural
residues, crop wastes, or even dedicated energy crops, farmers can establish their own de-

centralized energy production systemsl].

42



The implementation of a biomass gasi er holds immense potential for empowering farmers
in remote villages to power their farming operations autonomously. Rather than relying
solely on expensive fossil fuels or unreliable grid connections, farmers can utilize biomass
gasi ers to generate electricity and heat on-site. This not only provides a reliable energy
source for various agricultural activities, such as irrigation, crop drying, and machinery
operation but also reduces dependence on external energy providers. Consequently, farmers
can mitigate the impact of uctuating utility bills and unpredictable energy costs, thus
enhancing their nancial stability and resilience. Villages can also use biochar to remediate
poor soil. This can improve soil quality and boost their agricultural productivity. The
biochar also represents carbon sequestration, so this action of improving the soil also helps
the atmospheref1].

Furthermore, the adoption of biomass gasi cation technology contributes to environmen-
tal sustainability by promoting the utilization of renewable resources and reducing green-
house gas emissions. By converting agricultural residues into clean-burning synthesis gas,
biomass gasi ers o er a greener alternative to conventional fossil fuels, thereby mitigating
the carbon footprint associated with farming activities. Additionally, the decentralized na-
ture of biomass gasi cation decentralizes energy production, fostering self-su ciency and

fostering community resilience in remote villageS[].

3.3 Block Diagram of Biomass Gasi er

This biomass gasi er is meant to take agriculture residues and landscape trimmings from
individuals, and then be able to turn that into electricity and heat for use in a city. This
can also be used for rural and remote applications. The block diagram of biomass gasi er is
shown in Figure3.2. For better explanation, the block diagram is divided into four sections
where the green box represents feedstock control system, the orange block represents syngas
production system, the blue block represents syngas Itration system and the purple block
represents power generation system as described in further detail in subsequent sections and

Figures.
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3.3.1 Feed Control System

The size reduced biomass is fed to the feed hopper and from there it goes into the moving
oor which takes heat from the main machine and pushes hot air up through the feedstock to
reduce the moisture content. Moisture content of 20% gives us the maximum energy output.
From the moving oor, dried feedstock is taken by a pneumatic transfer through a pipe that
is connected to a cyclone. The cyclone draws the material in, and it deposits the material
into the lock hopper. There are two pneumatic upper and lower slides valves here to isolate
feedstock which are controlled by signals send by upper and lower-level sensor as shown in
Figure 3.3

Figure 3.3. Biomass Feedstock Entering the Reactor.

The auger is placed inside the reaction vessel and controlled by a motor as shown in
the process and instrumentation diagram of the biomass reactor illustrated in Figui@4.
Biomass moves from left to right in a rst-in, rst-out arrangement known as plug- ow.
Tramp metal or hard stones of a particular size can lodge between the auger ights and the
reactor inner wall. Reversed operation in manual operation typically can remove such auger

jams.
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Figure 3.4. Process and Instrumentation Diagram of the Biomass Reactor
Feed System and Auger Position.

The slide valves allow chunks of materials to come down into the continuous process.
There is a belt drive that turns the auger. The auger goes through a six-inch diameter pipe
and conveys feedstock through the heating reactor. There are three zones for heatlfg C,
750 C and 950 C as demonstrated in Figure3.4. As the material goes through all those

reactor zones, it turns into a gas plus a mineral-rich biochar.

3.3.2 Syngas Production System

The biochar is removed into a barrel and is removed once per day. The hot gases are
sent into a particulate lIter, so any particles becoming entrained in the gas are supposed to
be ltered out. There is an additional unit shown in Figure3.5to do dewatering. This will
remove any moisture from the gas stream. Cyclones are used to separate water vapor from

the gas stream generated during gasi cation. Heat exchanger 6 is controlled by a Variable
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Frequency Drive (VFD) as demonstrated in Figure 5 to recover heat from the syngas leaving

the gasi er and transfer it to incoming biomass feedstock or other process streams.

Figure 3.5. Reactor and syngas production zone.

3.3.3 Syngas Filtration System

Filters are used to remove any remaining particulates or contaminants from the syngas
produced in the gasi er reactors. After the gasi cation process, the syngas may still contain
ne particulates, ash, or tar residues. Filters are employed to capture these impurities,
ensuring that the syngas meets quality standards for downstream applications or emissions
regulations. Syngas from heat exchanger 6 goes to one of two Iters as shown in Figure
3.6 using diverter valves. Diverter valves are used to control the ow of gases within the
gasi cation system, directing them to di erent pathways or equipment as needed. Purge gas
is used to maintain the integrity of the sintered metal particulate Iters by reversing the gas

ow and thereby removing potentially harmful particles or contaminants.
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Figure 3.6. Syngas Filtration System.

3.3.4 Power Generation System

From heat exchanger 4 the gas goes into the liquid knockout as shown in Figuse/
to remove any water particles then the syngas goes into the generator set (typically called
a genset), which is spark ignited and produces electricity. Flares provide a safe means to
dispose of excess or unwanted gases in a controlled manner, especially during abnormal
operating conditions or emergencies. The electricity is managed by a switchgear unit, which
is used to interface to the grid. This system will share power between the machine and send
it to the grid and send it back to the machine. In this way, the gasi er and genset can
deliver energy into the utility grid (netmetering) or just to local loads (islanding), providing
exibility to the user. There is no re and no combustion involved in the gasi cation process
other than the combustion engine as the prime mover driving the genset. A portion of the

energy output is used to continue the gasi cation process and the other portion will be sent
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out to the grid or used for local loads. This system has all the safety interconnects to safely

engage with any three-phase grid with 200A service.

Figure 3.7. Power Generation.

3.4 Components of Biomass Gasi er

3.4.1 Moving Floor

The moving oor illustrated in Figure 3.8 is designed to reduce the moisture content of
the feedstock e ciently. Its primary function is to continuously agitate and advance the
biomass material within the gasi er, ensuring consistent exposure to heat and promoting
uniform drying. By constantly shifting the biomass across the gasi cation zone, the moving
oor facilitates e cient heat transfer, accelerating the evaporation of moisture present in
the feedstock. This dynamic movement prevents localized hotspots and ensures thorough
drying throughout the biomass bed, thus enhancing the overall e ciency of the gasi cation
process. Additionally, the moving oor helps to prevent clogging or blockages within the
gasi er, maintaining uninterrupted operation and maximizing the conversion of biomass into

syngas.
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Figure 3.8. Moving Floor.

3.4.2 Furnace Enclosure of Reactor Tube

The reactor shown in Figure3.9 consists of three zones of di erent temperatures. Zone
1 with 250 C, zone 2 with 750 C and zone 3 with950 C. The reactor serves as the core
stage where the conversion of solid biomass feedstock into syngas occurs. Within this zone,
biomass undergoes Indirectly-Heated Pyrolytic Gasi cation (IHPG) for syngas production.
In this technology, ame is never applied to the feedstock where no oxygen is supplied and
hence no combustion. The resistance heaters on the outside of reactor supply heat to the
walls of the reactor and heat up the biomass inside the gasi er reactor tube where feedstock
is heated up t0950 C, thereby eliminating condensable tars and liquids. By this method a
tar-free syngas (hydrogen and carbon monoxide) is produced with no Polycyclic Aromatic
Hydrocarbons (PAHS).
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Figure 3.9. Furnace Enclosure of Reactor Tube.

3.4.3 Slide valves

Upper and lower slide valves shown in Figurg.10regulate the ow of biomass feedstock
into the gasi cation reactor, allowing for precise control over the feeding rate and ensuring
better process conditions. These valves enable operators to adjust the feed rate based on
system demands, preventing overfeeding or underfeeding, which could compromise gasi er
performance. Level sensors continuously monitor the biomass level within the feed hopper,
providing real-time feedback to control systems. This information helps maintain consistent
feedstock levels, preventing potential interruptions or blockages in the feeding process. By
working in tandem, slide valves and level sensors regulate feedstock management, while

preventing unwanted ingress of air gasses into the reactor proper.
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Figure 3.10. Upper and Lower Slide Valves.

3.4.4 Pneumatic System

The pneumatic system shown in Figur&.11serves a crucial function by facilitating the
transportation and manipulation of feedstock within the gasi cation process. It is the means
by which the mass throughput of feedstock is regulated. The gasi er is designed to have
an adjustable power output so that it follows the local load. The VFD and other controls
provide the ability to dial the process up or down as needed. In this way, the system runs

at the desired rate, which avoids wasted electricity, thereby optimizing e ciency.
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Figure 3.11. Pneumatic System.

3.4.5 Auger

The auger inside the tubular reactor shown in Figure.12 serves a critical role in the
feedstock handling process by e ciently transporting biomass material into the gasi cation
reactor. Consisting of a rotating screw mechanism, the auger continuously feeds biomass
feedstock such as wood chips, sawdust, or agricultural residues into the gasi er at a controlled
rate. This controlled feeding ensures consistent operation of the gasi cation process. By
precisely metering the ow of biomass material, the auger allows the system to follow a
demand signal, thereby avoiding the need to store or are excess syngas. Additionally,
the auger contributes to the overall reliability and automation of the gasi cation system,

minimizing manual intervention and maximizing operational e ciency.
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Figure 3.12. Auger Housing.

3.4.6 Cyclone

The cyclone shown in Figure3.13is responsible for removing particles from the pneu-
matic airstream that conveys feedstock into the gasi cation process. As the hot gas stream
laden with solid particles enters the cyclone chamber, it is subjected to centrifugal forces,
causing the heavier particles to be ung outward and then downward while the cleaner gas
moves upward. This separation mechanism e ectively removes particulate matter, ash, and
other contaminants from the syngas, thereby improving its quality and reducing the risk
of downstream equipment fouling or damage. However, this particular cyclone is used to
separate incoming particles from the pneumatic system from the air stream so that they can

fall down into the lock hopper.
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Figure 3.13. Cyclone (Inverted).

3.4.7 Feed Hopper

In a biomass gasi er, the feed hopper shown in Figui 14 serves as a pivotal component
responsible for e ciently storing and delivering biomass material to the gasi cation system.
Its primary function lies in ensuring a continuous and controlled supply of feedstock to the
gasi cation reactor. Equipped with mechanisms like augers, the hopper regulates the ow
of biomass, facilitating appropriate feeding rates needed for providing the desired power

demand.
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Figure 3.14. Feed Hopper.

3.4.8 Gearbox

The gear box shown in Figure 13 consists of a DC motor controlled by a variable frequency
drive (VFD) which regulates the operation of the auger. By adjusting the frequency and
voltage supplied to the motor, the VFD allows precise control over the rotational speed of the
auger, thereby regulating the rate at which biomass feedstock is transported into the reactor
system. This dynamic control enables operators to economize the feed rate based on process
requirements, ensuring consistent and e cient operation of the gasi er. Additionally, the
VFD provides exibility to adjust the auger speed in response to uctuations in feedstock

characteristics or process conditions, allowing for ne-tuning of the gasi cation process.
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Figure 3.15. Gear Box.

3.4.9 Heat Exchangers

Heat exchangers are identi ed with yellow arrows in Figure&.16are employed to recover
heat from the syngas leaving the gasi er and transfer it to incoming biomass feedstock or
other process streams. The hot syngas leaving the gasi er passes through heat exchangers
where it exchanges heat with cooler streams, such as incoming biomass or water. This
preheats the incoming feedstock, facilitating the gasi cation process and improving overall

energy e ciency. Heat exchangers help economize energy usage by recovering heat that
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would otherwise be lost, thereby improving the overall e ciency of the biomass gasi cation

process and reducing energy costs.

Figure 3.16. Heat Exchangers.

3.4.10 Blower

In a biomass gasi er, a blower as shown in Figurd.17 serves the essential function of
maintaining a constant pressure within the gasi cation chamber. By regulating the ow rate
of air or oxygen into the gasi er, the blower ensures that the pressure inside the reactor
remains stable and within the desired operating range. This constant pressure is crucial

for economizing gasi cation conditions and achieving consistent performance of the gasi er.
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When the pressure is maintained at a steady level, it promotes uniform distribution of gas
ow throughout the biomass bed, facilitating even heating and e cient conversion of biomass

into syngas.

Figure 3.17. Blower.

3.4.11 Genset Control Cabinet

The gas goes into the genset, which is a spark-ignited internal combustion engine (SlI-
ICE), which drives a dynamo and thereby produces electricity. The electricity is managed
by a switchgear unit as illustrated in Figure3.1& This system will share power between the

machine and send it to the grid and also send it back to the machine as demanded. The
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genset shown in Figure.18produces su cient power to maintain operation, while producing
excess power that can be advantageously used by the operator or owner of the system. The
tall cabinet shown at the right side in Figure3.18 has the switchgear for sending power to

the machine or the grid.

Figure 3.18. Genset Control Cabinet a & b.

3.5 Design and Validation of Auger Jam Recovery Algorithm for a novel Plug-
ow Biomass Conversion System

Biomass gasi ers play a pivotal role in the renewable energy sector by converting or-
ganic materials into versatile gaseous fuels. Ensuring the e cient and continuous operation
of biomass gasi ers is essential for sustainable clean energy production. This technical pa-

per introduces a novel Auger Jam Detection and Clearing System speci cally designed for
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Figure 3.19. Block diagram of Auger Jam Detection and Clearing System.

plug- ow biomass gasi er applications. This innovative system is designed to enhance reli-
ability and reduce the maintenance costs of biomass gasi ers, contributing to the nancial
competitiveness of low-carbon energy production.

By addressing auger jams immediately and automatically, the system ensures uninter-
rupted operation, minimizing operator intervention and maximizing energy production. Pre-

sented are representative test cases derived from real-world scenarios to validate the system's
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performance, reliability, and safety. The block diagram of Auger Jam Detection and Clearing
System is illustrated in Figure3.19

The system incorporates a 75-second clearing time, as depicted in Fig@r&9 which is
regulated by a counter. This mechanism enables the system to resume forward operation
after activating the 3-second, 5-second, or 20-second timers to clear auger jams. Reversing
the auger helps dislodge and remove any jammed material or debris from the auger or the
reactor. However, this action may not fully clear the obstruction, and moving the auger
forward afterward helps to further clear any remaining debris.

Reversing the auger might cause it to move away from the jammed area or reposition itself
in a way that allows for smoother operation when moved forward again. This resetting of the
auger's position can help prevent the recurrence of jams or obstacles. Forward movement of
the auger restores the system to its regular operating condition, ensuring that it continues to
function optimally after clearing the jam. This forward motion allows the reactor to resume
its intended processing without further interruptions.

To start the auto mode, components of the biomass gasi er are set as shown in Figure
3.20 When the temperatures in reactor zone 2 and zone3 are greater the0d0 C the machine
starts to pull feedstock into the system. Initially, the upper-level sensor is ON, upper slide
valve is open and lower-level sensor is O along with lower slide valve closed which allows
feedstock to ow into the lock hopper. Once the lock hopper is full of feedstock, a lower-level
sensor turns on, indicating lower-slide valve to open, pulling feedstock into the reactor.

By this time, the upper-level sensor turns OFF and upper slide valve is closed, blocking
further feedstock coming into the system. In Simulink, the ow of feedstock into the feed
hopper monitored by upper and lower-level sensors which control the upper and lower slide
valves are represented using switches as shown in FigG@rél

The algorithm is designed to identify auger jams caused by hard foreign objects in the
plug- ow reactor furnace. Normal operation proceeds as follows: When the feed antechamber
is lled with biomass an isolation valve closes, and the auger motor is turned ON. The
antechamber is periodically re- lled in a double lock-hopper system to prevent ingress of air

gasses.
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Figure 3.20. Initial setup of gasi er components.
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The auger runs continually, driven by an electric motor having a torque sensor. Should a
rock or metal part (screw, bolt, nut) jam between the auger and the reactor wall, the system
detects an auger jam, halting the movement of biomass through the system.

A detection algorithm is implemented in Simulink, in which the torque-related jam signal
is triggered in the simulation using a manual switch. The algorithm is designed to detect up
to four levels of jam severity. If the system identi es a jam for the rst time, the auger is
operated in reverse direction for three (3) seconds as shown in Figaré2, and then returned
to the normal forward-moving direction of rotation.

Repeated jam occurrences trigger longer reverse operation durations ( ve seconds for the
second jam shown in Figure3.25 and twenty seconds for the third jam as shown in Figure
3.20 to attempt to dislodge the foreign object into a more benign repose.

A warning message is recorded at each level of a persistent auger jam. If the auger
jam was cleared within a 75-second time period, the jam counter resets, and normal system
operation continues. However, if the same jam persists through a 75-second time period,
an error message is issued to the data log, and the system shuts down. Jams that cannot
be cleared by three directional reversals are rare but require the system to cool to ambient
temperature before maintenance can be performed and the o ending object removed from

the system.

3.6 How the Algorithm addresses Auger Jam

In Simulink, a high-torque detection of an auger jam is represented by a manual switch
with input 1 or O for auger jam and no auger jam respectively as shown in FiguB23 In
practice, this digital signal would be derived from an in-line torque sensor, a strain gauge
on the auger shaft, or indirectly by the power draw of the electric motor, compared against
a threshold. The output of the manual switch enters a counter block that increments up
to 4 whenever the manual switch is turned ON, representing auger jams detected after
subsequent motor reversals. If the counter reaches 4 within 75 seconds, the algorithm stops
the simulation representing system shutdown due to auger jam error. If the counter does not

reach 4 after 75 seconds, the timer and the jam counters are reset to 0 and the simulation
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