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OBJECTIVE STATEMENT

The object of this research was to investigate whether it would be feasible for a small U.S.
municipality wastewater treatment plant to save money by gasifying the biosolids it produces
along with other biomass entering the plant and use the resulting producer gas to power a genset
to generate electricity. Some work has been done on gasifying sewage sludge and biomass for
large municipalities and generating electricity with the resulting producer gas or syngas but
investigating gasifying biosolids and biomass entering and generating electricity with the
resulting producer gas for a small U.S. municipality to save on disposal costs is novel.
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ABSTRACT

R. P. Bates. Using Biomass to Dual Fuel a 4.5 kW Diesel Genset to Investigate Reducing Waste
Disposal Costs for a Small U.S. Municipality, 89 pages, 10 tables, 23 figures, 2019. Council of
Science Editors style used.

This study explores dual fueling a diesel genset with producer gas made from biosolids ,
wastepaper and woodchips generated at or brought into the Minoa (a village in New York)
Wastewater Treatment Plant (MWTP) and the possibility of a dual fueled genset and gasifier
reducing the MWTP operating costs. The producer gas resulted from gasifying the biomass in a
downdraft Imbert style gasifier. Gasification of woodchips was first studied in the gasifier using
two different sizes and types of woodchips. It was found that the denser hardwood chips 2 cm X
2 cm x 0.6 cm gave better performance than less dense willow chips 1 cm x 1 cm x 0.15 cm. The
smaller, less dense chips restricted air flow and reduced temperatures in the gasifier oxidation
and reduction zones. Particle size distribution from samples taken vertically through the gasifier
also indicated restriction of air and fuel flow through these zones with the smaller, lighter chips.
Dual fueling of the genset with the larger, denser woodchips reduced diesel consumption by
approximately 75%.

Wastepaper, primarily newspaper, was then studied as gasifier fuel. It was first pulped,
then the wet pulp was formed into 60 cm® chunks, then dried and gasified. The wastepaper fuel
was generally difficult to gasify because of its low density and tendency to hang up in the
gasifier. Dual fueling the genset with producer gas from wastepaper only reduced diesel
consumption by approximately 30%. Since wastepaper can be recycled by Minoa at no cost,
gasifying its wastepaper was not recommended.

Biosolids were then studied as gasifier fuel. Copious ashes were removed from the
gasifier oxidation and reduction zones. Dual fueling the gasifier with producer gas from biosolids
reduced diesel consumption by 70% - 90%. Biosolids first processed through a filter press then
pressed into roughly 15 cm® chunks and dried gasified easily as long as the grate was
continuously agitated. By generating electricity and the potentially valuable soil amendment
biochar dual fueling a diesel powered genset with producer gas generated from biomass could
save Minoa more than $14580 annually.

Keywords: Dual fueling, gasification, down draft, biomass, biosolid
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Candidate for the degree of Doctor of Philosophy, December 2019

Klaus Délle, Ph.D.

Department of Paper Science and Bioprocess Engineering
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CHAPTER 1: INTRODUCTION

Modern civilization depends on using the abundant material resources provided by
nature. Today fuel energy stored in solid, liquid and gaseous form is the most needed resource in
today’s world economy. During US colonial times, wood was the dominant fuel resource,
surpassed by coal in 1885. Coal was then surpassed by petroleum in 1949 and natural gas in
1957. The use of petroleum and natural gas then quadrupled in a single generation®. The change
from biomass fuel to fossil fuels at the end of the 19" century was necessary to fulfill the ever-
growing energy demand of the increasing population and fast-growing industry. This all resulted
in a global temperature rise, known as global warming, over the past 140 years®. Associated with
global warming, a rise in the CO, level in the atmosphere can be noticed®.

In 2016 the US consumed a total of 13,504 thousand barrels of crude oil per day®.
Therefore, US independence from foreign sources of energy is of great national interest.

According to the Unites States Census Bureau Energy, the U.S. population increased by
nearly 204% from 1950 to 2010 to over 308.7 million and is expected to reach 439.0 million in
2050°. Energy consumption has increased by 280.5% to a total of 28.556 trillion kWh/day® and is
expected to increase by 5% by 2040, whereas an increase of 11% is expected in a high economic
growth case’. Data from EIA®show that in 2016, 78.5% of the energy consumed was supplied by
fossil fuels, with petroleum accounting for nearly 35.9%, natural gas for 28.4% and coal for
14.2%. 8.4% of the consumed energy was supplied by nuclear energy and about 10.2% from the
renewable energy sector. Biomass feedstock accounts for 47% of the total US renewable energy
consumption, making biomass the single largest renewable energy source in the U.S.°. Indeed,
photosynthesis converts solar energy into biomass of up to 220 billion metric tons a year. This

biomass can be converted into approximately 10 times today’s world energy consumption®®. A



U.S. joint study between the Department of Energy (DOE) and the U.S. Department of
Agriculture (USDA) identifies sources for biomass feedstock and estimates an annual biomass of
1,366 million dry tons available for the production of biofuels and energy from forest and
agricultural resources™. Depending on how exactly carbon neutrality is defined, power from
biomass is generally considered carbon neutral in that none of the carbon contained in the
biomass comes from fossil sources such as coal or petroleum®,

The increasing costs of energy and material resources are leading industrial, commercial,
farm-based and municipal enterprises in the U.S. and many other nations to develop more
sustainable modes of operation'®, because fossil fuels, the current primary sources of energy on
earth, are finite 1. Many studies suggest that the costs of fossil fuel exploration and extraction
will continue to rise, perhaps to unprecedented levels ***’. In both the United States and the
developing world there is an increasing need for low-tech, low-cost solutions to our energy,
resource, and waste management challenges. Finding ways to utilize appropriate technologies for
alternative energy systems will be among the solutions that will remediate the impacts of fossil
fuel utilization'®. Biomass energy is not in an ideal form for direct use and requires conversion
technologies such as: 1) biochemical (the use of enzymes and yeast - which is costly and time-
consuming), or 2) thermochemical which is the fastest, cleanest and most efficient’®. The
thermochemical conversion of biomass includes: pyrolysis, combustion and gasification of the
biomass. Gasification with air results in producer gas, a mixture of carbon monoxide, hydrogen,
methane, carbon dioxide and nitrogen gases®. Gasification can potentially convert 60%-90% of
the biomass energy into a gas that can then be burnt to produce industrial or residential heat, run

engines for mechanical or electrical power, or to produce synthetic fuels®. Various designs exist



for gasification, most commonly fixed bed, fluidized bed, updraft and downdraft gasifiers. These
designs are based upon the input of oxidizer flow and the direction of gas output in the system.
The downdraft gasifier has been proven to be the most successful design for small scale
power generation due to its low tar production, an inhibiting by-product of the process.
Downdraft gasification has not yet been successful for large scale (MW) power production. The
downdraft gasifier has 5 major zones: 1) drying, 2) conversion, 3) charring, 4) oxidation, and 5)
reduction zones. The Imbert design is a downdraft design in which the gasifier contains a
throated combustion zone such that the diameter for the pyrolysis zone decreases into and
through the combustion zone and increases again through the reduction zone™®. Figure 1 shows a
diagram of an Imbert gasifier. A pilot-scale downdraft, Imbert-type gasifier shown in Figure 2
below was designed and constructed to be used at a municipal wastewater treatment plant,

CERF, in Minoa, NY. Figure 3 below is a design sketch for the CERF gasifier.

Gasifiers are relatively simple devices. The mechanics of their operation, such as feeding and gas
cleanup, also are simple. The successful operation of gasifiers, however, is not so simple. No
neat rules exist because the thermodynamics of gasifier operation are not well understood. Yet,
nontrivial thermodynamic principles dictate the temperature, air supply, and other operating
variables of the reactors that we build®*. Biomass largely consists of hydrocarbons.
Hydrocarbons combined with the proper amount of oxidizer break down largely into the fuel
gases hydrogen, carbon monoxide and methane starting at temperatures above 600 deg C (1112
deg F) .. Reaction times at this temperature are comparatively slow and the breakdown of
hydrocarbons at lower temperatures tends to produce larger amounts of tar. For these reasons

gasifiers are generally operated such that the temperatures in the combustion and reduction zones



are 700 deg C (1292 deg F) to 1000 deg C (1832 deg F)?!. Prolonged operation at temperatures

above 1000 C requires that the gasifier be built from more expensive heat resistant materials.
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A pilot-scale downdraft, Imbert-type research gasifier shown in Figure 2 below was
designed and constructed to be used at Clearwater Educational Research Facility (CERF),
located at the municipal wastewater treatment plant of Minoa, NY?#. Figure 3 below shows a
design sketch for the CERF gasifier®”. This research is a study of the pilot scale gasifier located
in Minoa. Initially dual fueling the diesel powered genset with the gasifier fueled with
woodchips was investigated®. The objectives were to determine the feasibility and savings of

diesel fuel in dual fueling the genset with producer gas produced from sewage sludge and other



biomass entering the plant along with the avoidance of waste disposal costs for the sewage
sludge. However, the MWTP doesn’t have a large or steady supply of woody biomass and
gasifying the small and erratic wood waste supply would not reduce yard waste disposal fees so
woodchip dual fueling the genset was not considered as a way for the MWTP to save money at

this time.
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Figure 2. CERF Gasifier



According to the EPA, the average person in the US generates about 1/8 kg (dry basis) of
sewage sludge per day, with approximately 13,000 to 15,000 publicly owned treatment plants
generating 110 — 150 million tons of wet sludge annually?®. Given the projected US population
increase of 42% by 2050, these numbers may increase to 150 — 215 million tons annually by
2050. The vast majority of municipalities, approximately 15,000, have populations of less than
15,000 according to the US census®*. Disposal of sewage sludge, the biosolid end product of
sewage treatment, is a major expense for small municipalities like Minoa, NY, population

3345%. Small municipalities pay a premium price for disposal of sewage sludge, for example, the

village of Minoa, NY,

S schedule 80 pipe flange

o
b g e R e ——— |

Not To Scale

Figure 3. CERF Gasifier Design Sketch



pays $60 per ton to landfill wet (80% MC) sludge and it generates 230 — 250 wet tons per year®
for an annual cost of $13800 - $15000, not including the cost of transporting the sludge to the
landfill facility. By generating electricity from the sludge small municipalities can avoid much of
the cost of disposal of what is considered hazardous waste and in addition can

offset the cost of electricity used by the municipality.

Wastepaper (paper and cardboard products) as determined experimentally using a bomb
calorimeter has a higher heat of combustion, 3.66 watt-hours (wh)/g, than sewage sludge, 3.04
wh/g, and burns more readily in the calorimeter. This study explores dual fueling a small diesel
powered genset with producer gas from a sewage sludge and paper fueled gasifier. Producer gas
is generated from a gasifier when the oxidizing agent is air, its main constituents are carbon
monoxide, hydrogen and nitrogen. Syngas is produced from a gasifier when the oxidizing agent
is steam or oxygen, its main constituents are carbon monoxide and hydrogen?’ . Producer gas has
a lower heating value (LHV) of 4 — 7 MJ/NM? | syngas has a higher LHV of 10 — 28 MJ/NM?®
2®hecause it is not so heavily diluted with inert nitrogen.

The average person in the US generated approximately 1.25 Ibs. of waste paper per day
in 2015%°. According to the EPA, approximately 40% of a typical landfill in 2007 was made up
of paper products®, showing that ample waste paper is available to mix with sludge for
gasification without reducing the amounts of paper currently recycled for making paper or
energy via combustion. The goal of this project is to explore the feasibility and cost effectiveness
of gasifying and producing electricity from the biosolids and wastepaper Minoa produces and
avoid much of the cost of disposal of what is considered hazardous waste and in addition offset

the cost of electricity used by the municipality.



CHAPTER 2: LITERATURE REVIEW

The two main technologies presently used to convert biomass into energy are thermo-
chemical and biochemical. Gasification and the production of syngas or producer gas is one of
the four main processes of thermochemical conversion of biomass to energy, the others being

combustion, pyrolysis and liquefaction®*. Brusca et al. *

propose using gasification to generate
energy from glycerol, a major byproduct of the production of biodiesel, a biochemical process.
The glycerol undergoes steam reformation and is gasified in this thermo-chemical process.
Gasification is heating a carbonaceous material with a limited amount of a gasifying
agent, typically oxygen, air or steam to produce syngas if the gasifying agent is steam or oxygen
or to produce producer gas if the gasifying agent is air. It is a thermochemical process that
increases the hydrogen to carbon content content of the feedstock *3. Most of the fuel energy in
syngas or producer gas is derived from its CO and H, content. Syngas and producer gas also
usually contain lesser amounts of CO, and CH,, producer gas also contains approximately 50%
N,. Other names for syngas depending on the feedstock, gasifying agent or time and place of
production include town gas, water gas and blast furnace gas. Producer gas is sometimes known
as wood gas if the feedstock is wood. Gasification has four stages that take place in different
locations in the gasifier; drying, pyrolysis, oxidation and reduction . Heat generated in the
oxidation stage drives the other three stages, it dries the fuel out in the drying stage, drives out
the combustible gases from the fuel in the pyrolysis stage and produces syngas or producer gas in

the reduction stage. Syngas or producer gas is mainly formed by the following chemical

reactions



CHxOy (biomass) + 02 (21% of air) + H20 (steam) = CH4 + CO + CO2 + H2 + H20

(unreacted steam) + C (char) + tar Q)
2C + 02 = 2CO (partial oxidation reaction) 2
C + 02 = CO2 (complete oxidation reaction) )
C + 2H; = CH4 (hydrogasification reaction) (4)
C+H,0=CO0O + H; (water gas reaction) 5)
C + CO,=2 CO (Boudouard reaction) (6)
CO + H, 0 =CO; + H, (watergas shift reaction) (7)
CO +3H;=CH4+H20 (steam reformation reaction) (8)

Temperature and residence time of the reactants determine the fractions of the products.
Temperature and residence time are affected by the amount of gasifying agent introduced and
gasifier design. By breaking down all the biomass to mostly simple gases gasification avoids
complex treatments and conditions typical of fuels derived from pyrolysis, liquefaction and
biochemical processes. However, syngas and producer gas often contain contaminants such as
ash, sand, char and tar. Internal combustion engines (ICEs) are more tolerant of contaminants
than turbines and hence are better suited for use with syngas or producer gas, particularly for
smaller systems where equipment cost is a major concern as they do not require as extensive a
clean up train as turbines would ***%, Tar is a major problem as a contaminant in syngas or
producer gas used in any engine as it tends to stick and plug pores in filters and engine
components it comes in contact with *°. In small engines using a downdraft gasifier such as the
Imbert gasifier using appropriately sized fuel with a low moisture content and operating it at a

appropriately high combustion temperature is a good way to avoid tar problems #* “°. Imbert



gasifiers were used extensively during petroleum fuel shortages in WWII to power motor
vehicles, even airplanes*. Figure 4 below shows a block diagram for producing producer gas.
Most of the energy in producer gas usable in an ICE is provided by its hydrogen and carbon

monoxide content.

Gasification Process

Air (O_N,)

Fuel

(CanOn)

Figure 4. Gasification

Producer gas composition varies widely due to biomass type and gasifier conditions. Typical
composition of producer gas is, by volume, 18-20%H,, 18-20%CO, 2%CH,, 11-13%CO,,
traces of H,O and balance N, *2. The lower heating value (LHV) of carbon monoxide is 10
MJ/kg, the LHV of hydrogen is 120 MJ/kg **. Thus, any process that generates producer gas or
syngas aims at maximizing the amount of hydrogen.

Airflow rate is one of the key parameters effecting gasifier performance. Airflow rate in
gasifiers is usually stated as Equivalence Ratio (ER) or Superficial Velocity (SV) *. Equivalence
Ratio is the ratio of the amount of air entering the gasifier to the amount needed for the complete

combustion of the burning biomass. Superficial Velocity is the airflow rate (volume/ sec) divided

10



by the area of the narrowest portion of the gasification zone resulting in a velocity (length/ sec).
Increasing the ER from a minimal value towards 0.5 generally increases temperature but
decreases residence time, increases gas production but decreases the LHV of the gas (because
more of the fuel value of the biomass is combusted), and lowers the tar content of the producer
gas or syngas *°. Generally for gasification there is an optimal ER in the range of 0.2 —0.4 *
“that results in a fairly energetic gas with low tar content. SV also seems to have an optimal
range of 0.4 — 0.6 m/s, a SV of 0.7 m/s increases tar production, probably due to a lower

residence time 33> 4

Table 1. Properties of Producer Gas (PG) Compared with Pure Combustible Fuel Gases + Air,
from *.

Gas | FuelLCV, Air/ Mixture, Fuel-air Laminar S_ | Peak | Product/
Lower Fuel MJ/kg Equivalence burning 0] Flame | Reactant
Calorific | @®=1 [ (MINm3) | ratio (@), Limit | velocity | =L | Temp, | Mole
Value, mass (S), (Limit) cm/ K Ratio
MJ/kg (mole) cm/s S
(MJ/INm3) Lean Rich Lean | Rich
H2 121 34.4 341 0.01 7.17 65 75 | 270 | 2400 0.67
(10.8) (2.38) (3.2)
Co 10.2 2.46 2.92 0.34 6.80 12 23 | 45 | 2400 0.67
(12.7) (2.38) (3.8)
CHa 50.2 17.2 2.76 0.54 1.69 25 14 | 35 | 2210 1.00
(35.8) (9.52) (3.4)
CsHs 46.5 15.6 2.80 0.52 2.26 - - 44 | 2250 1.17
(91.3) (23.8) 3.7)
C4H1o 455 15.4 2.77 0.59 2.63 - - 44 | 2250 1.20
(117.7) (30.9) 3.7
PG 5.0 1.35 212 0.47 1.60 10.3 12 | 50 | 1800 0.87
(5.6) (1.12) (2.6)

Gasification temperature also greatly effects producer gas composition. Generally,
gasification at temperatures between 800 C and 900 C favor CO and H; production (higher
heating value), higher producer gas yields and less tar **. Unfortunately, gasification at 800 C or

higher also favors the formation of slag or clinkers from ash “°.
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At first glance it would appear that power derating for a gasoline or diesel engine
operating on producer gas would be severe given the disparity of the fuel's LHV values.
However, the derating is mitigated by the disparity of stoichiometric air/fuel ratios for the two
fuels, 1.2 for producer gas and 14.9 for gasoline or 14.5 for diesel fuel ***"*8. Thus, the amount
of energy burned in the engine per revolution is not as different when operating on producer gas
or petroleum fuel as the difference in LHV would imply. Typically, ICEs are derated by
approximately 30 — 40% when operated on producer gas rather than petroleum fuels “* .

Compared to combustion of the same biomass, gasification generally results in lower
emissions of carbon monoxide, sulfur and nitrogen compounds such as NO *'. Trading off
nitrogen compound emissions with exhaust gas recirculation and retarding of the injection/
ignition timing may lead to an optimal condition where nitrogen compound emissions and engine
power and operation are acceptable®™. Integrated gasification combined cycle (IGCC) systems for
power and heat production have been shown to offer better energy efficiency and environmental
performance than conventional combustion-based technology *’. IGCC systems extract power
from surplus heat generated by the gasification and burning of fuel via steam powered turbines.

Electrical generation using a producer gas powered engine is applicable to the developed
world as a means of reducing greenhouse emissions and to the developing world as a means of
providing electricity in rural areas which typically have available biomass *2. A big advantage of
producer gas use in spark ignition (SI) engines as opposed to compression ignition (ClI) or diesel
engines is the ability to run on producer gas fuel alone rather than in the dual fuel mode
necessary in Cl engines operating with producer gas, thus eliminating the need for any petroleum
fuel. High thermal efficiency is possible with producer gas fueled Sl engines resulting from

higher compression ratios allowed by the high antiknock characteristics (low flame speed) of CO
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and CH4 and diluents N2 and CO2 in producer gas compared to those possible in gasoline
powered S| engines *2. These counteract the knocking tendencies (high flame speed) of the
hydrogen in syngas and also decrease the cylinder temperatures and pressures and lower NOy
emissions 2. It should be noted, however, that much of the energy in producer gas comes from
its hydrogen content. Without increasing the compression ratio a Sl gasoline engine running on
producer gas is estimated to have a thermal efficiency of 10% - 15% as opposed to 15% - 20%
running on gasoline due to the lower energy content of the syngas — air mixture compared to the
gasoline- air mixture °*. However, milling of the engine block and/or cylinder head and/or
changing the engine pistons is necessary to increase the compression ratio of a gasoline Sl
engine.

Producer gas is used as fuel in diesel or compression ignition engines in the dual fuel mode
in which diesel fuel is used as the pilot fuel and producer gas is introduced through the engine
intake air and provides the bulk of the fuel charge. Figure 5 shows a typical carburetor for
mixing and introducing air and producer gas to a diesel engine for dual fueling. The pilot fuel is
necessary to ignite the producer gas as the producer gas auto-ignition temperature (500°C) is
higher than is achieved by the fuel charge in the diesel engine on the compression stroke °% *,
although Reed reports that a slow speed, single cylinder, direct injection diesel engine was able
to run on 100% producer gas for extended periods when operating conditions allowed . Dual
fueling diesel engines with a compression ratio greater than 17:1 may not be practical >*. The
amount of diesel fuel necessary as the pilot fuel is variable and largely depends on the quality
and energy content of the producer gas *°. The Food and Agricultural Organization of the United
Nations (FAO) recommends a minimum of 8 — 9 cubic mm of diesel per cycle as pilot fuel for

stable combustion *°. Producer gas is able to substitute 60% - 90% of the diesel fuel required to
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run a diesel engine at a specific power level ***°. Dual fueling a diesel engine allows use of a
lower energy producer gas or one that varies more in energy content*® than would be practical in
a spark ignition engine. The diesel engine governor in dual fuel mode increases or decreases the

amount of diesel fuel injected as necessary to maintain engine output in the face of decreasing or

increasing producer gas energy content.

Figure 5. Carburetor Used to Mix and Introduce Air — Producer gas Mixture to Dual Fuel

Engine®’

Raman and Ram report that diesel engine dual fuel energy efficiency is generally about
20% using producer gas but stipulate that this efficiency is only achieved when the engine is run
at full power and that efficiency falls off rapidly at partial load and throttle settings . They state
that at full load diesel engine power generation efficiency is about 28%, this falls off to about

17% when the diesel engine is operated at 20% load. Producer gas power generation efficiency is
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reported as 21% at full load and only 9 % at 20% load %, a much steeper drop in efficiency than
for the diesel engine power generation efficiency going from full to partial load.

Emissions from dual fueled (producer gas and diesel) compression ignition (CI) engines
are generally less than when running on diesel alone. Greenhouse CO; is reduced by the degree
of substitution of biomass-based producer gas for diesel as biomass generally is considered
carbon neutral **, depending on the definition of carbon neutrality *2. SO, and SO; are considered
culprits in acid rain production®® and are reduced from levels emitted from a diesel engine
running on 100% diesel when the engine is dual fueled with producer gas®’. According to Whitty
et al producer gas has a much wider ignition range than conventional hydrocarbon fuels so it can
be burned leaner, reducing CO emissions over levels obtained from burning diesel *'. Particulate
matter (PM) emission levels are also reduced from diesel levels when the engine is dual fueled

with producer gas®* *°

. In a well tuned dual fuel system VOC (volatile organic compound)
emission levels are reduced from those obtained from a CI engine running on 100% diesel®’.
Nitrogen oxide (NO,) compounds are considered the major cause of ecosystem
acidification®’. They are generated from the oxidation of N, which can happen in engines at
combustion temperatures greater than 2500 F*’. NO, emissions increase with increasing flame
temperatures, also with the amount of excess air and with the degree of fuel-air mixing®’. NO,
emissions increase with higher ratios of nitrogen containing fuel and sulfur containing fuel®’.

Thermal effects dominate, however,* 5! %

so controls that lower combustion temperatures
including those developed for other gas fired technologies such as water injection and exhaust
recirculation can be effective®” using producer gas as fuel. Some balancing of emission controls

may be necessary to achieve acceptable emission levels for different pollutants. For example,
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higher compression ratios raise combustion temperatures increasing NOy emissions but decrease

CO emissions.
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CHAPTER 3: MATERIALS AND METHODS

3.1 GASIFIER STARTUP WITH WOOD CHIPS

Wood chips for gasification were obtained from two sources. The first source consisted
of willow woodchips of approximately 1 cm X 1 cm X 0.15 cm in size. The batch was air-dried
to approximately 15% moisture content in a sunny room. The chips were small and potentially
would excessively reduce air flow through the char-combustion zone. As a potential
improvement, larger, denser hardwood chips were obtained. These woodchips were
approximately 2 cm X 2 cm X 0.6 cm in size. The larger wood chips were dried to a moisture
content of approximately 7%.

Omega type K thermocouples (serial: SC-GG- K-- 30- 36-PP) were soldered to extension
thermocouple probes (McMaster-Carr K8R-12Z [Z773]) containing ceramic insulation and
sealed into gasifier ports at various heights of the gasifier using silicone sealant as shown in
Figure 2 above. Airflow sufficient to maintain a combustion zone temperature of 1000 deg C was
provided by a 1 hp. shop vac. A vertically oriented radiator to cool the syngas was boxed in and
piped to capture some of the gasifier heat of combustion and return it as warmed combustion air
to the gasifier to maximize the combustion temperature. The boxed-in radiator with piping and

shop vac are shown as components in the complete gasifier system in Figure 6 below.
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Figure 6. CERF Gasifier System

Wood chips were fed into the gasifier from the top until they were approximately 2.5 cm
below the top. Woodchips were pushed down with a 1 cm diameter x 1 meter long steel rod
(rodded) in intervals of approximately 10-20 minutes during the run (when temperature of the
material was generally stable). The pushing down of wood chips was to ensure that the chips
dropped down into the combustion zone from the drying zone, to prevent or correct any bridging
and/or channeling of the chips as the chips in the combustion zone were consumed. The gasifier
was run in batches for a duration of 40-60 minutes (time taken to consume woodchips until
reaching just above lighting port) consuming approximately 1 kg. of woodchips each run.
Shutdown of the gasifier occurred by shutting off the vacuum in order to stop drawing in air.
During the gasifier run, the extension pipe on the vacuum was occasionally changed between 2
different diameter pipes to control the amount of air being drawn into the gasifier.

A high temperature- data logger (Omega HH147) was used to view and manually record
temperature. Due to difficulties with the datalogger, temperature data could not be obtained for
the port near the top of the gasifier. Temperatures were recorded at three different ports and
reported in relation to the location of the lighting port (LP). The remaining ports are reported as

above or below LP as LP+1 and LP -1 respectively. During preliminary and initial gasification
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experiments, temperatures were difficult to record (manually) due to measurement fluctuations
of up to 200 F within 30 seconds — 1-minute intervals. Temperatures were recorded in 2- or 3-
minute intervals for the majority of experiments.

Samples of particles were collected after the system was cooled (next day or longer) from ports
corresponding to heights of the temperature ports. A sample was retrieved from four different
heights, the height just above the lighting port (LP+1), the height of the lighting port (LP), the
height of the port below the lighting port (LP-1), and finally from the ash pit. These particle sizes
were analyzed using sieve analysis. These particles were sieved using a W.S. Tyler RX-

29 Sieve Shaker using 4 ASTM E-11 US Standard meshes (4mm, 2mm, 300um, 150um).
Material retained within each mesh was reported by weight using a Denver Instrument SI-234

analytical scale.

3.2 WOOD CHIP DUAL FUELING

The genset (engine and generator) has a Basant 4.5 kW (6 horsepower) Lister design
engine driving a 5.6 kW (7.5 horsepower) Baldor 3 phase squirrel cage induction motor fitted
with capacitors and configured as a generator. Figure 7 shows the genset. Figure 8 shows the
gasifier — genset system. Producer gas from the gasifier passed through a cyclone filter to remove
particulates, was cooled in the radiator, further filtered in a hay filter and mixed with a small
amount of outside air in the engine carburetor before entering the engine. The engine governor
controlled the amount of diesel introduced to the engine so that the engine speed remains
constant when the engine ran on diesel alone, reducing the amount of diesel injected to a
minimum of 0.382 I/hour or 19.6 cubic mm per cycle, in excess of the 8 -9 cubic mm

recommended® as a minimum to maintain stable combustion. The governor introduced more
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diesel to make up for insufficient or weak syngas to bring the engine up to set speed. However, if
the producer gas introduced into the engine would cause the engine to exceed the set speed the
governor became ineffective. Load to the generator was a 1500-watt 120 V portable electric

heater.

Carburetor
Engine
Exhaust

Syngas
Filter

Syngas Line

Engine
Flywheel

Generator

e Portable Electric Heater

Figure 7. CERF Genset®
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Hardwood woodchips approximately 2 cm square and 0.3 cm thick at approximately
12.5% MC, oven dry basis, fueled the gasifier. During each 30-minute run approximately 1 kg.
of chips were used. Successful operation of the gasifier requires an adequate char bed for each
run that is formed from leftover pyrolyzed fuel from the previous run. The char bed should
extend to the level of the combustion air nozzles or lighting port to minimize the formation of
tar. Ideally the char bed is not overly disturbed beyond a moderate tamping to shake down the
ashes from the bed to the ash pit. To prevent tar forming and entering the engine while the
gasifier was at a lower temperature starting vacuum to the gasifier was provided by a 1 hp
(0.75kW) Shop Vacuum Cleaner (shop vac) and the gasifier lit by momentarily touching a
propane torch flame to the fuel through the lighting port. The diesel engine was then started, and
generator load applied. Once the gasifier temperature at the lighting port reached 1400 F the shop
vac was turned off and engine vacuum applied to the gasifier by opening carburetor and producer
gas line valves to the gasifier and closing the carburetor outside air valve until it was 95% closed.
Engine fuel level in the graduated cylinder diesel fuel reservoir was noted as well as volts and
amps supplied by the generator to the generator load, the portable electric heater. The gasifier top
was opened approximately 15 minutes into the run and the fuel tamped down with a steel rod
(rodded). At the same time and at the end of the run voltage and amperage supplied to the heater

were noted. Also at the end of the run diesel fuel level in the fuel reservoir was noted.

Energy content of the diesel fuel used by the engine during the run, Dg,, was calculated by:

Den = milliliters of fuel consumed X 40.7 kWh/gallon X 3785 ml per gallon 9

where 40.7 kWh is the energy content of 1 gallon of diesel fuel®.
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Energy provided to the generator load (heater), Ge,, was calculated by:

Gen = Avg. volts measured X Avg. amps measured / 1000 watts per hour

X 2 runs per hour (20)

Genset efficiency, Gesr, for each run was calculated from:

Gef‘f = 100 X Gen / Den (11)

Baseline runs for determining genset efficiency with the engine operating on diesel fuel alone
were first conducted®. The average genset efficiency running on diesel alone, Gesrg, Was used to
calculate the quantity of diesel, dajone, the genset would require to generate Ge, for dual fuel runs
if the genset were operated on diesel fuel alone by:

datone (M1) = Gen / Gesrq X 40.7 kWh per gallon/ 3785 ml per gallon (12)

Diesel fuel savings (%), Dy, for a dual fuel run were calculated from:

Dss = 100 X (daone — actual quantity of diesel used (ml))/ dajone (13)
Cold gas efficiency for small downdraft gasifiers experimentally determined is 30% -60%"° ',
40% is used for the woodchip fuel energy calculation. The woodchip fuel energy was calculated

from:

Wood Energy (kWh/kg) = (100/ Geff) X Diesel Fuel Savings (ml) X
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0.01076 diesel energy content (kWh/ml) X (1/weight of wood used (kg)) X 1/cold

gas efficiency factor 0.4 (14)

3.3 PAPER DUAL FUELING

The genset and gasifier system used was the same as used for the woodchip dual fueling above.
Wastepaper consisting of newspaper, light cardboard, magazine and printer type paper, was
pulped in a high consistency mixer, partially dewatered, formed into chunks approximately 60
cubic centimeters as shown in Fig. 9 below, oven dried and used at approximately 6% Moisture
Content (MC), oven dry basis. The chunks fueled the gasifier for each run. Runs lasted 6 minutes
or 0.1 hours to ensure an adequate char bed for the next run. The gasifier was operated as it was
with woodchips. Previous to the three runs using 60 cubic centimeter chunks trial runs with
chunks of approximately 20, 40, 60 and 80 cubic centimeters were conducted to determine the
best size of chunks to be used in this gasifier. During each run approximately 825g of chunks
were used except as noted. As noted above, successful operation of the gasifier requires an
adequate char-bed for each run that is formed from the leftover fuel from the previous run. Once
the gasifier temperature at the lighting port reached 1400°F the vacuum from the shop vac was
turned off, its inlet valve closed and the engine vacuum was applied to the gasifier by opening
carburetor and producer gas line valves to the gasifier and closing the carburetor outside air
valve until it was approximately 66% closed. It should be noted that during Run 11 in Appendix
B that | forgot to close the inlet valve to the shop vac after shutting the shop vac off, letting too
much air get mixed with the producer gas. This run was not used in any further analysis. The
carburetor outside air valve was adjusted throughout the run, typically once or twice, to

maximize engine speed. Since the paper runs were typically only 6 minutes long the gasifier was
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not opened and rodded during the run. The engine governor setting was not changed during the
run. At the start of each run engine fuel level in the graduated cylinder diesel fuel reservoir (+/- 1
ml) was noted as well as volts and amps supplied by the generator to the generator load, the
portable electric heater. At three minutes into each run and at the end of the run voltage and
amperage supplied to the heater and diesel fuel level were noted again. The amount of paper
chunks consumed in each run was determined by noting the fuel level in the gasifier before and

after each run.

Figure 9. Paper Chunks Used in Gasifier

Diesel fuel energy content, energy provided to the generator load, genset diesel efficiency,
equivalent quantity of diesel and diesel fuel savings were calculated as for woodchip dual fueling

above.
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As a check, calculated wastepaper fuel energy content from each run was compared to
that determined by bomb calorimeter testing, 3.67 kWh/kg (5647 Btu/lb)® and the measured
density of the fuel, 0.08 g per cubic centimeter (chunks as loaded in gasifier). Engine efficiency
with wastepaper producer gas as fuel is assumed to be 17%, the same as the engine with diesel
fuel. Given that the gasifier volume was 10309 cc, a full gasifier load of paper fuel weighed 825
g. Cold gas efficiency was assumed as 40%, the same as for the woodchip runs above, for the

wastepaper fuel energy calculation. The wastepaper fuel energy was calculated from:

Paper Energy (kWh/kg) = (100/ Geff) X Diesel Fuel Savings (ml) X
0.01076 diesel energy content (kWh/ml) X (1/ Paper Usage (fraction of full load used)

X 0.83 kg (weight full load)) X 1/cold gas efficiency factor 0.4 [15]

The effects of the paper fuel 6% moisture content are assumed to be negligible as effects of fuel
moisture content on gasification reported in the literature are not significant until much higher

levels® 10,

3.4 MIXED PAPER AND BIOSOLID DUAL FUELING

The genset and gasifier system used was the same as used for the woodchip dual fueling
above except that a shaker rod was added connecting the engine to a grate shaker fork as shown
in Fig. 10 below after the engine slightly stuck, indicating some tar contamination of the engine,
after a run including straight biosolids with a high percentage of fines. The shaker rod translated
engine vibration to the gasifier grate to help prevent buildup and clogging of the oxidation and

reduction zones with ash and fines. This is especially important with biosolids or sewage sludge
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Seaworthy and long distance transportation sustainable packaging:
1.Sand blasting, coat with high quality paint;
2.Naked packed for heavy and large parts,but wrap by PP-Bubble.
3.Non fumigation wooden box for small parts,spare parts, tools, CNC/PLC.
4.0r as clients request.
(Gold supplier manure briquette press machine)
Lead Time :

Quantity(Set) 1-1 2-3 4-5 >b
Est. Time(days) 10 15 20 To be negotiated

Video Description

Product Description
Gold supplier manure briquette press machine

Brief Introduction of honeycomb briquette press machine:

It is maily used to process coal/charcoal powder into cylinder shape briquette with high
density and standard looks,and marked with a number of holes inside the cylinder
makes it seems like honeycomb,because it can increase the surface area of coal.make
the full combustion of coal, to reduce rsource waste. Also our briquette machine now
widely used to produce new-type ignited briquette.

Parameters of honeycomb briguette press machine models:

(Gold supplier manure briquette press machine)

Model Capacity Motor power Diameter of model  Pressure

LFM140 45-50 pieces/minute 7.5kw 140mm 20-35 tons
45-50

LFM160 pieces/minute 7.5kw 160mm 20-35 tons

LFmi70 2926 11kw 170mm 35-45 tons
pieces/minute

LFM220 2020 Lkwforcoal = pq 30-40 tons
pieces/minute 15kw for charcoal

Shapes of final briquettes: Round cylinder, square, flower shapes ,heart
shapes,hexagonal shape,etc. Or we can custom the related moulds as clients'
requests.
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