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ABSTRACT

DEVELOPMENT OF A COMBUSTION SYSTEM FOR FECAL MATERIALS

CSU is working with Research Triangle Institute onReenvent the dilet Challenge
(RTTC)to develop a fecal matter combustion system. The proposed system will dry, pelletize
and combust fecal matter from a community bathroom in a net zero energy consumption process.
This technology has the potential to reduce disease by improving sanitatiwal imllages that
lack modern plumbing.

This research is aimed at helping the 2.5 billion individuals in the world who lack modern
plumbing and sanitation facilities. Mamjllageshave nothing more #n a concrete pit for
defecation, and some individgdnave no alternative to open defecatiahich creags a huge
potential for disease transmissidhindividualscould safely burn away their fecal material
without using any external energy or resources, the ingaricanitatiorrelated diseaseould
be greatly reduced.

In this projectCSU's primary tasks are thetwpization and automation of fecal
combustion technology. The current combustor design is a moddi@ahuous feedowndraft
gasifier. Through a series of tests and measuremset&al modifications and improvements
have been made to the comlmusindits control system, allowinthe systemto burn fecal
materials cleanly and efficiently, while ensuring the destruction of any disaasang

pathogens or bacteria.
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CHAPTER 1:.O0VERVIEW

1.1 Reinvent the Toilet Challenge
The Bill and Melinda Gates foundation launched the Reinvent the Toilet Challenge
(RTTC) in 2011. This initiativeisaimelt br i ngi ng fAsustainabl e sani
billion people worldwide who doa[@JtThdave acces
challengearequiresa sanitation system thdestroysdiseasecausing pathogens and bactenia
fecal materialvhile recovering resources from the waste (namely energy, water, and nutrients).
The sanitation sstem must operate without any infrastructure €lectrical or water hookups
and cost less than five cents per user, per day.
The Colorado State Universi(ZSU) cookstoves research teavas contracted by
Research Triangle Institu(RTI) to create anodern highefficiency combustor to sanitize waste
as part of a full sanitation (toilet) systefhe processes involved in the sanitation system
include separation of solid and liquid waste streams, drying of solid fecal material, burning of
dried fecal mateal, and electrolysis of liquid waste. The separation of waste streams allows for
a more efficient drying process, and simultaneous liquid/solid sanitation. The drying of solid
fecal material occurs at a high enough temperaaitrer(abovel50C) to kil any disease
causing bacteriae(g.helmintrs, E.coli, etc.). The dried fecal material can then be butaed
dispose othe solid wastevhile leaving behind a small amount of ash. Electrolysis of the liquid
waste stream removes any inorganic compounds from the wastewater, and produces sanitized
nonpotable water A team at Duke Universitwascontracted by RTI to help design and test the

urine sanitation system.



1.2 Fecal Combustion

When investigated bly. Yermanet al.the content of fresh fecal material (85%)
necessitated thedmupiengfomstulbbstane i afl puepl emer
pyrolysis to be selsustainig [2]. The combustion system must, therefore, include a drying
sequence that can effectively dehydrate fecal material before they are bietteckt al found
gasi fiers to have fAnotably | ow emissi@Bnso in
In addition, from previous cookstoves work conducted at CSU different biomalsstave
technologies, we see that gasification tends to produce less particulate matter and carbon
monoxide than other technologies. A general guide for different cookstove emissions can be

seen below ifrigurel.

Proposed Tiers: Emissions
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Figurel: General Cookstove Emission Tiers



Due to these low emissions and high combustion efficiegasification was chosen as
the combustion scheme for fed¢aél by Loveldi in his previous work on the fecal combu$tr
In this system,itecombustiorof dried fecal materigbegins with gasification, where the feces
areheated in a low oxygen environment toguce an energy rich syngas, primarily carbon
monoxde and hydrogerthat can be burnedrther downstrearm the combustor. The
combustion of synggsroduces a hot exhaugts comprised mostly of air, water, azatbon
dioxide, with trace amounts of carbon monoxiderganic compound®nd particulate ntier
formed during combustionThe hot exhaust gas is routedhe incoming wet fecal solids
initiate and sustaithe drying process. The heat of combustion can also be harnessed through
thermoelectrigeneréion proces to producesome orall theelectricity required for the entire
sanitationsystem. Condensation heat exchangsskar panelspr othersupplementagnergy
conversiordevicesmay also be added bolster energy generation. The electricity produced
must exceed that required by tenitation systento meet thespecificationset forwards by the
Gates foundatian
1.3Research Team

The cookstoves research team i s based out
RTTC section of the cookstoves laboratory is headed by John Mizéa(cesadvisor), and
collaborators on the RTTC project inde Jason Golly (fabricatoyle Greer (graduate
student), Kelly Banta (graduate student), and multipigergraduate researchers who helped
with different aspect s ndtestinghTe ariginaldlcambusteyr 6 s dev
wereprimarily designed and constructed by Nathan Loveldi, who was a previous graduate
student on the CSU cookstoves teaiie CSU team was approached by RTI as combustion

experts, so ouocushas been onreating aobust and efficientombustor sectiofor the



sanitation systerhy using the expertise gained in the cookstove field T h specificagbals s
include burning the fecahaterial cleanlyminimizinggaseous and particulate emissicansd
ensuing all the fecal material burns fullyThe CSU team strives to burn tfeeal materiabs
efficiently as possiblgproducing the mostsable exhausteat (and by extension electricity)

possible fronthedried feces.



CHAPTER2: COMBUSTOR THEORY

2.1 Gasification of Fecal Fuels

The combustor designed for the Gates project is a-gasiiier. Gasification is the
process of heating a fuel in a low oxidizer environment to cause a carbon rich gas to emit from
the solid fuel. The gas, referred to as sgr pyrolysis gas, can then be burned in a number of
different configurations. The air introduced directly onto the solid fuel is referred to as primary
air, and it allows the carbon and hydrogens in the fublta a small amountorming partial
products of combustion as the species create a carbogasimown as syngasTo combust
this syngasanother air stream is introductoither downstream from the fuel hedhis
additional airflow is referred to as secondary aid it allows the full cotvustion of thecarbon
and hydrogemproducts in the syngas, forming a flame region where the secondary air and syngas
meet

For mostwood pyrolysis applications, the ideal primary to secondaags flowair ratio
is near 1:4 The amount of primary air in gasification scenarios should be at or below 21% to
minimize emissions and maximize combustion efficiency, which makes the secondary air
injection up to 84% of the stoichiometaa value(of the base fuelip fully combustthe syngas
in al:4 air ratio gasifie[5]. Thus,the total air injection in an ideal gasifisrnearl05% of the
stoichiometric value, or 5% excesis. Experimentation by Wanet al.indicated thaan ideal
air injection levekexiststo maximize thgropagatiorof smolderingcombustion, where any less
air will retard the chemical reactions, and more will reduce the reduce the reaction temperatures

via dilution, slowing the combustion procg6s.



2.2 Gasification Chemistry

The energy release during the gasification and combustion of fecal fuels is mainly
attributed to heat release during carbon and hydrogen reacting with oXyygeng pyrolysis,
thecarbon and hydrogen moleculg®sent ira biomass fuedre broken down to base and near
base states of carbon, carbon monoxide (CO) and hydfdpemhis means that the volatiles in
syngas can combust easily and maximize heat production since large molebidegequire
energy to be broken doware much rarer in syngas than in the base fuels. The major

combustion reactionsf syngasare as follows ifequationl, Equation2, andEquation3 [8].

Equationl: Carbon Monoxide FormatidReaction
. P o 00U
0 -0 00 Ba e ¢
C PP a€a

Equation2: Carbon Monoxide Combush Reaction

86 26 080 P o
z < Vet
Equation3: Hydrogen Combustion Reaction
0 P 5 0 06 . 00U
C S m a
The numbers shown in parenthesis indicate chemical energy released through each
reaction. The chemical reactions required to gasify biomass fuels are mostly endothermic,
meaning that energy input is required for gasification to occur. However, giving the fuels
enough oxygen to partially combust while gasifying will supply plentgma&rgy to sustain

gasification without continual energy input.



CHAPTERS3: FECES AS FUEL

3.1 Comparison of Fuels

From calorimetry and ultimate analysesen inTablel, the chemical composition of
human feces was deemed close enough to wood biomass that setting a strict 1:4 air ratio was
reasonableThe analysis foranine feces was included as well sificgas used as a readily
available surrogate to human feces for multiple combustor teéstsresults of the fuel analyses
can be seen in Appendix D.

Tablel: Fecal Fuels Ultimate Analysis

Species, % | Carbon | Hydrogen | Oxygen Sulfur Ash LHV
mass (kJ/kQ)
Human 48.85% 6.63% 20.88% 0.91% 14.83% 20854
FecegRTI)
Human 56.15% 6.04% 20.32% 0.45% 12.25% 18831
Feces
(India)
Canine 36.45% 5.00% 22.99% 0.65% 28.52% 14114
Feces
Wood 47.2% 6.5% 45.4% ~0% 1.0% 20023
Pellets

The values for wood pellets were takKesm literature, with the lower heating value
calculated fronEquation4 as follows wherew is the mass percent of water iretbombustion
exhaust, and is the latent heat of watg3].

Equationd: LHV and HHV Relationship

‘O0w 0 0w w_



From the above data, the chemicahfiata for both types of feces weralculated and
compared to that affood biomass. Therfal reduced chemical formula for human feces is:
CiH16200.32. For Canine feces, the reduced formula i$1:G:00.32. Wood biomass follows the
reducedmolarformulaof CiH1600.72. The similarity of these chemical formulae helped
strengthen the assumption that a 1:4 airflow ratio would be adequate for both wood and fecal
material combustion.

Another important comonent of fecal fuels for this application is moisture
content and total mas®erRoseet al, feceshavea median moisture content of 74.6%, with
total fecal mass averaging 250 g per person, per day for low income countries, which equates to
38 grams ofiry fecal material per person. From a disease prevention viewpoint, bacterial
biomass makes up Z#% of the organic (cadm) fraction of the feceld.0].

Some consideration should also be given to the simplicity and decomposition of
components, as previous research has found fecal sludge to ignite quickly when compared to
other biomass fis, due to the ease of decompon of fecal materials andstrelatively high
hydrogen to carbon ratid1]. The decomgsition characteristics of fecal fuels are rather hard to
track, as they are heavily influenced by indi
among other factors.
3.2Fan Driven Combustor

The operation of the combustor relies on a siegleaust fan. This fan creates a slight
vacuum inside of the combustorthe range of 0.35 inches of water (87,Ragating a pressure
differential between the combustor and ambient air that forces fresh air to be sucked into the

combustor through the ipmary and secondary holes. To reduce energy usage by the combustor,



every part of the system had to be as airtight as possible. Any leak before the combustion zone
would alterthe primary to secondary air ratio, and any leak after the combustion zolte wou
dilute the hot exhaust gas, cooling it down while requiring extra power input to the fan to make
up for the loss of pressure from the leak. At flanges between combustor componehitg grap
gaskets were put in place and clamgedn witheight sets ohuts and bolts. Tisegraphite
gaskets can withstand the high temperatures of combustion while retaining a seal. In lower
temperature zones, silicone gaslatateda similar seal with less force required to close and
maintainan airtight seal betweemmmponents
3.3 Ash Formation

The main difference between wood biomass and fecal material in terms of combustion is
the amount of ash present. Wood pellets have very low ash levels, and tend to produce a fine
dustlike ash that will readily fall throughfaiel grate. Canine and human fecal pellets/flakes
tend to form a much harder ash that retains the original shape of the fuel. This is what
necessitated the original fuel grinder desighRer the ash removal to be effectivexcess ashad
to beoccasimally eliminatedwithout disturbing the pyrolyzinfuel or the combustion zone. It
also had to survive in the high temperature environments near the fuel grate, where ash was
formed. Multiple ash grinder blade and shaft configurations were tested tadiedfective and
robust ash removal solution. The final ash
then welded into a flat blade topped withf ghapeto allow some extra fuel mixing, sebalow
in Figure2 andFigure3. The shaft of the grinder was widened multiple times over the different
models to prevent any bending or warping in the high éatonments The final grinder shaft
was a tube that hadsanall hole drilled at its base to allow a set screw to fully lock the shaft into

place



Figure2: Ash Grinder Blade and Shaft

‘
£
B £

) ';" A £
s

" G LR a TP
>y S, SR } s

Figure3: Ash grinder blade inside of combustor
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To allow for ash collectio and removal, an ash cup was added below the fuel graie. Th
ash cup has a silicone gasket since it is well below the estimh zone and therefore does no
require the high temperature graphite gasket to maintain a seal. The ash cup is connexcted to th
combustor by a detachable hinge and latch. This setup allows for easy ash disposal between
combustor burns. The ash cup size caadslymodified for different applicationsincethe
most inportant aspect of the ash ctipe silicone sealis independent of reservoir siz€o keep
up with ash formation, the ash grinder is run for one to two seconds after each fuel addition.
This timing allows ash to be removed from just on top of the fuel grate without removing the

unburnt fuel higher upbove the fuel bed.
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CHAPTER4: COMBUSTOR HISTORY

4.1 Previous Combustors

Thefecalcombustor has gone through multiple iterations to reach the current version,
denoted as the Beta combustor in this document. The original combustor designs wesa based
a downdraft combustion mechanisamd multiple combustion chambers and related
modifications were designed and tested by Nathan Loj#gldDowndraft combustors have the
advantage of flowing pyrolysis gas throughot char bed before the syngas is tgdj so the
char bed acts as a source of preheating for the air/syngas mixture. The most advanced downdraft
version of the combustor included multipéatureghatreducel particulate emissions and
improvd reliability. An ash grinding blade was insettitnrough the main fuel grate to remove
burnt out ash, which is insignificant for wood fuels but much more problematic in fecal
materials. Carburetors for primary and secondary air inlets were added to allow modulation of
airflow ratios as the final systeruns with a fan pulling air through the combustor as opposed to
mass flow controlled air being forced in. A hot air igniter allowed the ignition element to be
removed from the harshest combustor environments near the fuel grate, where ignition eoils wer
initially used. A catalogue of the different combustors can be found in Appendix E.
4.2 Downdraft Combustor

In the downdraft combustor, the secondary air inlet was sheathed so that the air flowed
over hot steel around the combustion zone before beiogteel to the secondary air holes at the
flame. This preheating of secondary air helped to increase combustion efficiency and reduce
particulate emissionsy cooling pyrolysis gasses less before combustidhen switching from

forced air to fan pulled dft, the excess sheathing proved too much pressure drop for the fan to

12



overcome to maintain proper airflow rates through the combustor. In addition, the high thermal
mass of the downdraft combustor caused the heat up time to a steady state tempémture to
prolonged. Insulation on the combustor exacerbated this problem and a true steady state in this
combustor became difficult to determin&.detailed summary of bateled downdraft

combustor experiments conducted by Cranfield Univergibo purchasecvl downdraft
combustowia reinvent the toilet challengmllaborationshowed modified combustion

efficiencies letween 67 and 80 percent in the downdraftethbustof12]. Results from more
recent combustors can be seen for comparison in Section 10.4. An important phenomena,
witnessed duringdichfed combustion, was that the smoldering that leads to pyrolysis gas
release is mainly a function of oxidizer and fuel availabjli§]. When large amounts of fuel

and oxidizer are available, thessgm can easily enter a state of thermal runaway where heat
release is excessive and nearly uncontrollablgure4 andFigure5 below show the downdraft

combustor, and a downdraft combustsmieme
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Primary Air Inlet
Primary Air Sheath

Secondary Air Sheath

Secondary Air Inlet %

Figure5: Downdraft Gasification Schematic
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4.3 Micro Combustor

A less thermally and physically massive combustor was constructed to try and simplify
the original downdraft combustoWVhile the original downdraft combustor was 29kg, the micro
combustor weighed only 3kg, with the reduced material wégglaing to a lower thermal mass
as well. It had a single tube inlet for primary air, andiaglerow of uniform holes for
secondary air. The secondary holes were sheathed by a single inlet manifold to equalize pressure
and flowrate through each secondair hole. Downdraft combustion of syngas proved difficult
in this combustor. Downdraft combustion al so
fuel grate, to prevent hot syngas from flowing up through the unburnt fuel storage as opposed to
down through the grate and to the combustion zone. As a side experiment the combustor was
flipped upside down and run in an updraft configuration to see if the same types of emissions
could be achieved without the need for an airlock. The updraft gasifigatbcess proved to be
simpler to control, similarly efficient to the original downdraft combustor, and much more stable
in terms of flame position/heat productiokigure6 andFigure7 below show the micro

combustor (situated for updraft combustion), and an updraft combustion scheme.
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v - Secondary Air Sheath

Secondary Air Inlet :

Primary Air Inlet

Pyrolysis

Figure7: Updraft Gasifier Schematic
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4.4 V2 and V3Micro Combustors
The main perceived s sue with the Aflippedo micro upd
primary air mixing. To address this issue, a second version of the micro combustor was
constructed with identical primary and secondary inlet holes. The hole geometiies micro
combuston2 were no sized for any specific airflow ratios since it was controlled by forced
(mass controlled) air. To once again transition to adfaren system, the micro combustor v3
was built. This combustor hgulimary and secondary air injectibolesspecifically sized to
create a 4:1 airflow ratio when both primary and secondary inlets were held at the same pressure.

Aside from hole inlet size, the v3 combustor is identical to the v2 combulterv3 combustor

can be seen below Figure8.

Secondary Air Inlet

Secondary Air Sheath

Primary Air Inlet © «— Primary Air Sheath

Figure8: V3 Fecal Combustor
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A comparison of emissions between the v2 and v3 combustor can be Sagpmra®.
The carbon monoxide emissions from the V3 combustor are lower during steadynssateres,
and when averaged the total carbon monoxide emission from the V3 combustor was lower than
those from the V2 combustor. Since the only change between the v2 and v3 combustors was
hole geometry, the improved CO emissions from the v3 combustolikedgtstem from the

lower air injection velocities introduced through the slightly larger secondary air holes.

V2 vs. V3 Temperature and CO
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Figure9: V2 vs. V3 CO Emissions
The micro combustor v3 proved itself to be a very stable and reliable combustor when
burnt with wood pellets. In a forced air configuration, the v3 combustor achievsalu?4vood
pellet burns without incident. Multiple different approaches for ash rahweere tested with the
micro combustors, but once again ash grinding proved to be the simplest and most robust process

available. The micro v3 combustor was the first to operate reliably when fully integrated with
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ash grinder, fuel auger, air igniter,f@ust stack and exhaust fan. Because of its small forced air
inlets, the micro v3 was not well designed to work when controlled by the exhaust fan alone. To
move to a fully fardriven system, a new type of air inlet for the micro combustor was necessary.
4.5 Monofold Combustor

The new fardriendly design was constructed with a single manifold sheathing both the
primary and secondary airinlethales ear ni ng i f ol l® wmcaméduSmomo
manifold ensured that the inlet pressures for prynaaid secondary air were equal. To evaluate
the pressure inside of the combustor, an inlet was created through the manifold directly into the
combustion chamber, halfway between the primary and secondary inlet holes. Another hole into
the combustion chaber was necessary for the air igniter to have direct access to the fuel bed.
To operate reliably, the combustor needed to always have airflow entering either from the ai
igniter or the inlet manifold A levered dobosystem was created to ensure thah lets could
not be closed at the same tim@nce the igniter, ash grinder, fuel hopper, exhaust fan and
pressure transducer were all fixed to the v3 combustor, it was prepared to be the first fully hands
off, fan drivencombustor systemwWhen the comb s t autoaiorcodewas started and the
fuel hopper filled, the combustor could run for an indefinite amount of time without any manual

inputs A schematic of the monofold with labeled inlets and ports can be ségguire 10.
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10 X 4mm Holes

Secondary Holes

Monofold Inlet —
<— Chamber Pressure Port

Ash Grind Blade

Igniter Inlet —
gniter Inlet Fuel Grate

Primary Holes
10 X 2mm Holes

|1

Exhaust Flow Direction

FigurelQ: Micro Monofold Schematic
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CHAPTERS5: COMBUSTOR HARDWARE

5.1 Combustor Body

The majority of mechanical and electrical components for the combhesterbeen
replaced or improved multiple times over the life of the project. The combustor body is created
by water jetting stainless steel with the combustor shape and air injection holes. The combustor
body must be rolled into shape and then weldgidane. The air sheath (monofold), fuel grate,
and other combustor sections are also formed from yettedsteel. Separate sections of the
combustor are connected wamhthole flanges with a graphite gasket in between. Below the
combustor is anotheustombuilt section containing a hinged ash cup for easy ash removal.
The section above the combustor has a slanted slide into the combustor where the auger is
attached. The stainless steel and graphite construction ensures that the combustor bBas high h
tolerance and enough longevity to be feasible in a sanitation environment. The combustor body

can be seen iRigurell

Figure1ll: Monaofold Combustor Body
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