A COMBINED BIOGAS PLANT AND INCINERATOR SYSTEM FOR

MUNICIPAL SOLID WASTE MANAGEMENT

By

ABDUL-HAKEEM AYODELE BUSARI

DEPARTMENT OF WATER RESOURCES AND
ENVIRONMENTAL ENGINEERING
AHMADU BELLO UNIVERSITY, ZARIA

NIGERIA

OCTOBER, 2017



A COMBINED BIOGAS PLANT AND INCINERATOR SYSTEM FOR
MUNICIPAL SOLID WASTE MANAGEMENT

By

Abdul-Hakeem AyodeleBUSARI, B. Sc (Hons) Mech. Eng (UNILAG) 1985
P16EGWRS8083

A DISSERTATION SUBMITTED TO THE SCHOOL OF POST GRADUATE
STUDIES,
AHMADU BELLO UNIVERSITY, ZARIA

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE AWARD
OF A
MASTER DEGREE IN WATER RESOURCES AND ENVIRONMENTAL
ENGINEERING

DEPARTMENT OF WATER RESOURCES AND
ENVIRONMENTAL ENGINEERING ,
FACULTY OF ENGINEERING
AHMADU BELLO UNIVERSITY, ZARIA

NIGERIA

OCTOBER, 2017



DECLARATION
| dechlare that the work in this dissertationtide d @oAbined BigasPlantand
Incinerator Systenfor Municipal Solid WasteManagemerit has been carried out by
me in the Department of Water Resowe@ad Environmental Engineering, Ahmadu
Bello University, Zaria.The information derived fronliterature has been duly
acknowledged in the text and a list of referenaesided. Nopart of thisdissertation
as far as | knowvas previously presented for another degree or diploma at this or any

other Institution

AbdulHakeemAyodele BUSARI eeeéeeée. . eéeéé.
Nameof Student Signature Date



CERTIFICATION

This dissertatiorentitled "A COMBINED BIOGAS PLANT AND INCINERATOR
SYSTEM FOR MUNICIPALSOLID WASTE MANAGEMENTO by Abdul-Hakeem
Ayodele BUSARI meets the regulations governing the award of the degree of Master
of Science in Water Resources and Environmentalinéegng of Ahmadu Bello

University,and is approved for its contribution to knowledge and literary presentation.

Prof. CharlesAmen Okuofu Date
Chairman Supervisoy Committee

Dr. E. M. Shaibulmodagbe Date
Member,Supervisoy Committee

Prof. Abubakarlsmail Date
Head of Department

Prof.S. Z.Abubakar Date
Dean School of Postgraduate Studies



ACKNOWLEDGEMENT

All praises and thanks to Allafgr His mercy and abundant blessings inking this

work possibldor me. My profoundappreciatiorgoesto my wives; Aminat Olkisi and
Ganiyat Kehindeand all my childrenKrom Zainab toRidwan, Seyi, AbduRahma,
Abdul-Lateef, Lawal, AbduQadri, MuhanmaduTaha,and SheikHbrahim toShekh
Ahmad Tijani) for theipatience and support during the period of this study.

My profound gratitude goes to Prof. Charles Amen Okuofu for his indelible mark of
professonalism on me as aupervisorper excellence, if not for his teity and
insistence a lot of conclusiomsache in this stidy would have been overlookdde

made me to stretch my capabilities in researching issues more than | normally would
have. DrEgbenya Musaht&ibul modagbeds peopl ebdbs touch
He continually advocated how this work camnbfit the populace at the most affordable
cost and made me to have a rethink on a ldesfgn thoughts and challenges. | hereby
appreciatdr. S. B. Igboro for his invaluable advises based on his previous experience
in a similar study.

The data recordedn the performance of the Biogas plant would have been nearly
impossible if not forLaboratory Technical Assistari¥jr. Geofrey Ameh and putting
together the plant itself would have been a herculean task bthefatepartmental
Senior ForemarKajangThomas Sabol am eally grateful to both of thenT.heother
teaching and noracademic stafbf the Department were just wonderful. Only the
Almighty can thank them foheir support and encouragemdrdgannot close this page
without acknowledgingemmanuelAkhimie, SamueMWamdeo SalihuShittu Harun
andMeshach lleanw®lfa fellow post graduate students of tBepartment for their
support and contributions. May their road in the search for knowledge ba, roug

enlightening andulfilling. Amen.



DEDICATION

Bismillahi atRahmani aRaheemiln the name of Allahthe generally merciful, the
specially merciful. Havas the One that placed so much importamc&nowledge that

His first revelation to the pphet of Islam wafigraa! Bismi robikao (Read, recite or
rehearse in the name of your LarfAl-Qu r 6 a nAlagii6alaind bil Glami {He

Who taught (the use of) thee® [Al-Qu r 6 a nwh8e@His 4efcond revelation wéas

Nun. Waad-Qal ami wa ma{&lunyBy the Rem andihy the@ (Record) which

(men write} [Al-Qur 6an 68: 1]

The prophetof Islams ai d fi Se e ke vkemo wlnedche nao [ Hadi t h
| therefoe dedicate this endeavour to Allgdhe Amighty, the Sublime, the e and

all the practitioners in the temple for teearch for knowledge. May Hmnsider it a

service to His creations and reward me alaumly on the day of recompengenin.

Vi



ABSTRACT
This study, assessed the potentials of generating biogas from the organic fraction of
municipal solid waste® fuel an incinerator which is then used to burn the residual
combustible solid waste. Municipal solid waste from Ahmadu Bello University (ABU)
commecial market was collected, gded and mixed with intestinal waste from
slaughtered cattle at Zango abat Zaria in a 2:1 ratio by volume. The mixture was
diluted with water in a 1:1 ratio by volume to form a slurry and digested anaerobically
in a digester
The efficacy of the digester in producing biogas were in three (3) phases. Lowest
between day 3 11; 0.143ni (0.018n%/kg), highest between day 1555; 1.353m
(0.034n#/kg) and medium between day 584; 1.208m (0.031n¥/kg)
Fertilizer values based on the ratios of N: P: K: Mg were 28: 1: 22: 4; 1: 971: 821: 1995
and 10: 1: 59: 104 for digestatapttom ash and combined digestate and bottom ash
respectively.
Total Organic Carbon contents of the digested solid waste were0.1389 %, 0.8099 %,
and 0.3008 % of the initial mass for digestate, Bottom ash and combined digestate and
bottom ash respectively.
A small scale incinerator was built with the capacity to burn 1 @&nsolid waste per
day burn cycle. A biogas air mixer was developed to ensure good combustion by the
biogas burner. The biogas burnt with a blue flame measured % &n@ a calorific
value of 16,000J/g while the incinerator was able to achieve an average operating
temperature of 93C with a percentage waste reduction of 80 % per hour with 4.5 %
as bottom ash. Bi ogas consumpti on by
0.0071n¥min with adequate flame stability during the process. Ratio of gas used to the

solid waste combustion was 1: 78: 1 v/v per hour.
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CHAPTER ONE

INTRODUCTION
1.1 General Background of the Study
Communities around the world generate refuse of diverse nature and complexities, the
disposal of which poses serious challenges to waste management systems.
Environmentally, sustainable waste management requires the reduction of their pollution
potential & well as minimisation of their volume for easier handling and disposal. Above
all, the conversion of such waste through transformation andedas led credence to

the current fAenergy from wasteso and Awas:t

Solid wastes accumukain the environment in increasing magnitude andisapation,
beitinurban,semir ban and rur al communities. Thei
activities ranging from households to commercial ones such as mati@tis and
restaurantor proessing units like abatt@r These subsequently constitute complex

municipal solid wastin cities and municipalitig®dohammacket al.,2012)

Urban and semirban communities waste management practises that evolved include
the periodic collectionby Private Sector Participants (PSP) angaaisationdicensed

by the local governmertr waste managemeatthorities ategulatedservice ratefor
further disposal at whatn be termed formal dump sites. Sometimespgic collection

are by sole emepreneurs (usually calledVaishard’) at negotiatedservice rates for
further disposal at the formalnd most times informatlump sitesA lot of the time the
practise is just bynidiscriminatedumping; goractice where people just dump their solid
wastesanywhere they couldlrhe formal dump sites are those operated by agencies of
govenment with the responsibility favaste manageme he informal ones are usually

communal designated dump sitegile acording to Mohammadet al., (2012



indiscriminate dumping is carried ocatmost times irundeveloped and serdeveloped
plots of land within communities. At times they aratural depressions and gorges
usually the result of gully erosipmndsometimesvaterways drainage channels and

expressway road sides.

For gecializedenvironmentlike abattois, vegetable/fruits markst restaurarg and
hotek, the solid wastes arusually collected by the PSP operators, the local government
or waste managementthaority at particular service ratewhile the semisolid waste,
liquid waste and waste watesually attimes involve the construction oéxpensive
seweragand waste water treatment systemich most times faiwithin a very short

time due to operatioand maintenance challengasdmost of the time, theemisolid,

liquid and waste water are just wasltEdvn or allowed to flow into drains andhtural

waterwayscausing serious environmental nuisance.

The aganic portion of waste collected decomposethe presence obaence of airln

the presence of air the end result is unpleasmigurs fly nuisance, unsightly
environmentand leachatesIn the absence of aithe end result ibiogas; Hydrogen
Sulphide (H2S), Carbon Dioxide(CO,), Methane(CHs), and ®me trace gases. This
biological decomposition of organimatter in the absence of oxygen is reddrto as
anaerobic digestiorAD). Biogas can be produced from the organic wastes by means of
an AD system. The biogas so generated can then be usmmbtate an incinerator
designed and built for theesidualcombustible wags generated in the community.
Biogas thus described is a renewable fuel produced from controlled waste degradation
through anaerobic digestion whighbasically a simple processarried out in a number

of steps that can use almost any organic material as subldtitbe process that occurs

in digestive systems, in marshes, in rubbish dumps, septic tanks and the Arctic Tundra



(Igborg 2011). The process does not require lamggenditures of energy, as it is

biologically driven by a mixed culture of bacteria in the absence of oxygen.

Graunkeand Wilkie, (2008, with an illustratedbiogas cycle (Figure 1.19howswhy
biogasis considered to be carbon neutral becalkef the carbon released durints
combustion has been recentiken from the atmosphere through photosyntheksen
compared withfossil fuels that have statecarbon for millions of yearsBiogas is
thereforea sustainable alternative to natural gas. Sinceraba& digestion only releases
carbon to the gas phase, the other nutrients (Nitrogen, Phosphorus and Micronutrients)

remain in the effluent, which makes it a highly orgaeitilizer and soil conditioner.

The slurry which is the bproductof thedigesterand the ash which is the 4pyoduct of

the incinerator can be mixed and tested for possible use as a soil conditioner.
Furthermore, energy recovery in the form of heat; generated in the course of burning
waste in the incinerator, is possiblentbich a variety of uses can be found. Examples of
such uses are hot water foashingplates and utensili® restaurarg, for bathing and

laundry in homes anlotek, for meat processg atabattois, or for heating in a drier.

3 0
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Figure 1.1: Biogas Cycle (Graunkeand Wilkie 2008)



1.2 Statement d Research Problem

The ruralurban shifthas led to a rapid growth in the populations of many urban and
semturban communities with the concomitant increase in the quantitynicipalsolid

wastes (MSW) generated. As a resolicswastes have become a serious nuisance and
environmental challeng@ imany Nigerian citiePlate 1) Onthe otler hand, placelike
restaurants, hotels, abattomad vegetalgls/fruit marketsgenerate organic wastes
various stages of decomposition which causes a degraded and extensively fouled

environment when they could be used as pefeeedstock for a bioggdant.

The current mode ahanaging thesmunicipal solids wastehas fallen far short of the
necessary requirements for a healthy, safd aesthetic environment proliferating
obnoxious odours ana preponderance of disease vectoemadhates fronthese dump
sites contaminatground water resourcesié during rainfall generate reoffs which
contaminate surface water resources. Ttesefore underscores the need for methods of
disposal which are economic and environment friersilch methods require a waste to
wealth transformation through an environmentally sustainable reuse progreomme

transform the waste to bioenergy resource for household and commercial lisisgnc

management of thesolid wastes as proposed in this study

Plate I: Municipal Solid Wastes Transfer Station on Abujai Keffi
expressway, Maramaba, Nasarawa State

4



1.3 Justification of the Study

In an effortto create an environment that is safe, healthy and aestheticallingleas
combined biogas plant and incinerator system is an attractive dptithe management

of municipal solids wastesThe organic fraction of the municipal solid waste that
produces the obnoxiousdoursduringdeca canbeutilized in the digesteas feedstock
thereby reducing or even eliminating their menace and nuisance in many cities in Nigeria
(Akinbamiet al, 2001) The Biogas generated can be used in the incinerator hétping
reduce the amourtdf greenhouse galike methanethat would have otherwise ben

releasednto the atmospher@uereb, 1997)

The combustible making up the residualunicipal solid vaste is burnt in the incinerator
reducing them to bottom asthile the energy recovery that is possible in thenfioof

heat from the incinerat@ould be put to a variety of uses depending on the environment

in which the system is in operation. Examples of such uses are hot water for plates and
utensils washing in a restantabathing and laundry in a hotel and meat processing at an
abattoir, or for drying when used in conjunction with an air blower in a drier resulting in

huge savings in heating costs.

When used in specialized environments like an abattoir/market or tieig hestaurants;
the utilization of the organic wastes would reduce the loading of any waste water/sewage

treatment plant in place with a huge cost saving in its sizing and operation.

Although on burning biogas, carbon dioxide is released it is natidered that this is a
significant contribution to the net global carbon dioxide level because it originated from
plants, which have absorbed it from the atmosphere in the first place. Hence, this carbon
dioxide does not make a net contribut to the greehouse effec{Xuereb, 1997;

Graunkeand Wilkie,2008)



Finally, the use to which the bgroducts; digestate from the dgfer,bottom ash and
energy recovery from heat generated in the incinerator, can be put to, makes this
combined system to perfectly align with current waste management strategies and

practices.

1.4 Aim and Objectives

This study aimsat the managemerf municipal solids wastes usingcambined biogas
plant and incinerator systenThe specific objectives are:

1.to design and construatbiogas planés well as an incinerator

2. to use theggasgenerated by the biogas plant as primary fuel to op#ratacinerator

to burnthe residualcombustible solid wastand analyse the performance of the two
treatment systems

3. to carry out laboratory analysis of the-fmpducts of the two treatment systems,

separately, and mixed, with a view to making necgssmommendations for use.

15 Scope and Limitations of he Study

This study is limited to the use ofiunicipal solid wastem the waste dump #bhe ABU

communiyy market behind the Faculty otiEcation(Plate I1)

.3_ = At ,f 4 SR
Plate 1I: Municipal solids wasteat the community market behind ABU, Zaria
Faculty of Education



and at the wae dump in the Water Resources and Environmemtgireering(WREE)
department (dept.Ahmadu Bello University (ABU), Zaria (Plate I11I) mixed with cattle
dung anduminantintestinal wasté&rom Zango abattojiZaria shall be utilized to enrich
the biogas plant substratetiasten the anaerobic digestion process thusbridge the

gas production lag phase.

But these wastes could hardly be introduced into the digesterodsiced, so the
combined system has to be complimented with a crushing unit to pulverise the waste to

increase its surface area for bacterial action and digestion.

The residualcombustible waste introduced into the incinerator is limiteth&post
sortedmunicipal solid wastefplastics especially, removed) the WREE cept. waste
dump. The scope of the study dhdt includeanalysis oscrubbing of the flue gases from

the incineratonor that ofthe biogas from the digestas long as it is functional for use

in the incineratoms is.

Plate IIl: Municipal solid waste inthe WREE dept., ABU, Zaria waste dump



CHAPTER TWO
LITERATURE REVIEW
2.1 Municipal Solid Wastes
Generally, MSW or refuse is regardeduasless material that is unwashi@nd therefore
discardedBryne (1997) was more comprehensive in his description of iast@aterial
which has no direct value to the producer and so must be dispfiséchis could be
why Balilie et al, (1999 insist that fifor practical purposes, the term waste includes any

material that enters the waste management sgstem

2.1.1 Characteristics and Properties

Ogunbiyi (2001)classifiedwastesas gaseous, liquid or solid depending on their phase
He went on to notéhat it is possible to have solid wasiatermixed with liquid wakes

but its nonflowing nature requires its continual retention at the site of generation or
deposition until it is removed for disposal. Kiely, (1998) and Batliel, (1999)were in
agreementthat MSW in particulgrcomprises small and moderately sized solabte
items from houses, businesses and institutions, while Bryne, (t@@g)fiedmunicipal

waste as that, generated from urban areas, particularly houses and shops.

2.1.2 Treatment / Management

One of the guiding principles of current wasteatmenthanagement practices is the
concept of a hierarchy of waste management options, where the most desirable option is
not to produce the waste in the first place (Waste Preverdimh)the least desirable
option is to dispose of the waste with no recovery of either materials and/or energy.
Between these two extremes there are a wide variety of waste treatment options that may
be used as part of a waste management strategy to recatesials or generate energy

from the wastes.



Anaerobic digestion (to produce usable biogas) and incineration (to generate energy),
the twin arms of this study falls into this latter category of current waste management

strategies

2.2 Anaerobic Digeston

Punmiaetal., (2005) submittedhat AD consists of two distinct stages in four processes
which occur simultaneously, ihé digestion of organic mattérhe first stage known as
acid fermentation consists bfdrolysis, acidogenesis and acetogendsysirolysisis

the process whereomplex organic materials are broken down into their constituent
parts soluble monomergdhis is followed by acidogenesis in whiliuefaction of high
molecular weight organic compounds and conversion to organic acidsdofjoaming
bacteriaoccurs and finally by acetogenesiswhere acetate is formed. Acetic acid,
propionic acid and butyric acid are the most common end products of this first stage. The
second stage known as methane fermentation or methanogenesis istgasifit the
organic acids to methane and carbon dioxide by acittisglmethane forming bacteria.
Metcalf and Eddy (208) on the other handescribedas threethe basic steps in the
overallanaerobic oxidation of a waste viz hydrolysis, femtagion anl methanogenesis

in agreement wittMcCarty and Snth, (1991) as illustratenh Figure2.1

2.2.1 Biochemical Reactions
Themelis and Verma, (2004) posited that an approximate chemical formula for the
mixture of organic waste iseH1004. A hydrolysis reaction wherte organic waste is

broken down into simple sugagl(icosé is as shown in Equation 2.1

CsH1004+2H.0 Y CsH1206+2H> Equation 2.1



Theorabcal

Slagep
Lipicls Palysaccharides Pielain Nischake achds
Hydralysis.
Fatty acids Monoseccherides Amino ecids Pudineg and pyimadnes Simple eramalics
Fermenlatizn )
(acidogenaciz)
Dther fermentation products
{e.g. propionate, butyrate
succinate, lactate,
ethanol, etc)
" Methanogenic substrates
H2, GO, formate, Methanaol,
methylamines acelala
Methanagenass
Methane + Carbon dioxide

Figure 2.1: Anaerobic Process Schematic of hydrolysis, fermentatiomnd
methanogenesigMcCarty and Smith, 1991)

Ostream(2004) went on to show howhe product of hydrolysis are converted into simple
organic compounds mostly short chain (volatile) acids (propionic, formic and lactic
acids), ketones (e.gthanol,methanol, glycerol and@hols)with typical reactions in

this stage as shown inggatiors 2.2 and 2.3

CeH1206 Y 2CHsCH:OH + 2CQ Equation2.2

CeH1206 + 2H2 Y 2CH:CH2COOH + 2HO Equation2.3

10



Thermelis and Verma, 203ated further thatcetogenesis often considered with
acidogenesis to be a part of a simple acid forming stage. It is however important to
distinguishthe two stagebecausdiological Oxygen DemandB0OD) andChemical
Oxygen Deman@COD) are reducedirough these pathwayAcetogenesis occurs
through carbohydrate fermentation in which acetate is the main piodlueting other

metabolic processeghe result is a combination of acetate,-@@d H.

The role of hydrogen is of critical importance lnstreactionThe formation of

hydrogengas as shown iBquation 2.linhibits the oxidation process under standard
conditions with the redion only proceeding when thenpial pressure of His low

enough tadhermodynamicallyavourthe conversion. The presence of hydrogen
scavenging bacteria that consume hyedrothus lowang the partial pressure is

necessary to ensure thermodynamic feasibility of the reactions and thus the canversio
to biogas of all the acids. Matslvarezet al, (2003) noted that the concentration of
hydrogen measured by this partial pressure is therefore an indication of the health of an
anaerobic digestewith typical reactons at this stage as shown iguation 2.4

(Conversion of glucose to acetptmd 2.5Conversion of ethanol tccatatg

CeH1206 + 2H0 Y 2CHs COOH + @2+ 4H, Equation2.4

2CHsOH + 2H0 Y 2CH; COOH + 4H Equation2.5

According toGas Technology Inc. (2003¢ited in Hayes2004), he transition of the
substrate from organic material to organic acids causgsitbéthe system to drop. This
is beneficial for the acidogenic and auggnic bacteria but problematic for the

methanogenic bacteria of the final stagfghese biochemical reactians

11



Metharmgenesissthe ratecontrolling activityof this anaerobic digestion process since
methanogens have a much slower growth rate than acidg¢@steam, 2004)The
bacteria involved in this stage are thpeyound inthe guts of herbivores. They convert
the soluble matter into methe. They are very sensitive tédpchanges mferring a
neutralor slightly alkalne environment. If the systems pH is allowtedfall below 6

thesegroup of bacteria cannot suvel Some ofthereactions mostly aras follows

Ethanol converted to acetate and methane

2CH; CHOH + CO; Y 2CHsCOOH + CH Equation2.6

Acetate further degraded to methane and CO

CH3zCOOH Y CHs + CQO; Equation2.7

Alcohol converted to methane

CHsOH + H, Y CHs +H20 Equation2.8

Carbon dioxide reduction by hydrogen to methane
CO; + 4Hp Y CHs + 2H0 Equation2.9

(Ostream, 2004igboro, 2011)

Finally, Madiganet al, (1997) listed the methanogenic reactions involving the oxidation
of hydrogen formic acid, carbon monoxide, methanol, methyl amine and acetate

respectively a follows:

4Hs + CO Y CHa4 + 2H.0 Equation2.10
4HCOO + 4H" Y CHs + 3CQ + 2H,0 Equation2.11
4CO + 2HO Y CHs+ 3CO» Equation2.12
4CH:OH Y 3CHs + CO + 2H,0 Equation2.13
4(CHg)z N+ H.O Y 9CH; + 3CQ 6H20 + 4NH; Equation2.14

12



CH3sCOOH Y CHs+ COr Equation2.15
In the reaction for the acelastic methanogens as given by Equafdlb the acetate is

cleaved to form methane and carbon dioxide.

2.2.2 Stoichiometry

A Chemical Oxygen Bmand (CODJpalance can be used to account for the changes in
COD during fermentation. Instead of oxygen accounting for the change in COD, the
COD loss in the anaerobic reaction is accourtedoy the methane productioBy
stoichiometry the COD equivalent of methara® be determined. The COD of methane

is the amount of oxygen needed to oxidize methane to carbon dioxide and water.

CHs + 20 Y CO; + 2H0 Equation2.16

From the above, the COD per mole of methane is 2 (34gdk) = 64g @mole CH.
The volume of methane per mole at standard conditidi@d0d 1 atm) is 22.414 litres.
So the CH equivalent of COD converted under anaerobic condition is 22.414/64 = 0.35

litres CHy/g COD at standard odition. (Metcalf and Eddy 2003)

The quantity ofmethane at other than standard conditions is determinesibg the
universal gas law (@uation 2.17) to determine the volume of gas occupied by one mole

of CH, at the temperature in gstéon. (Metcalf and Eddy, 2003)

w — Equation2.17

Where V= Volume occupied by the gds
n= Moles of gas, mol
R= Universal gas low constant 0.082057 &tmol.k
T= Temperature, K (273.15%)
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P= Absolute pressure, atm
Thus at 38C the volume occupied by one mol of £islgiven by

8 8—38

V= 5 =25.29

Because the COD of one mol of €H 649, the amount of CHproduced per unit of
COD converted at 38 under anaerobic condition is therefore

(25.29)/(64g COD/mol CH) = 0.40 CHa/g COD

2.2.3Microbiology and syntrophic relationships in fermentation

According toMetcalf and Eddy(2003, thegroup of noamethanogenic micarganisms
responsible for hydrgkis and fermentation consisitfacultative and obligate anaerobic
bacteriaOrganisnsthat havébeen isolated from anaerobigdstersncludeClostridium
spp, Peptococcus anaerobes, Bifidobacterum spp, Bsulphovibrio spp,
Corynebacterium spp, dctobacillus, Adhomyces, Staphylococcuand Escherichia
coli. Other physiological grougsreseninclude those producing@teolytic Lipolytic,
Ureolytic or Cellulytic enzymes.The Microorganisms responsible for methane
production, classified asarchaea are strict obligate anaerobes. Many of the
methanogenic organisms identified in anaerabgesters are similar to those found in
the stomach of ruminant animals and organic sedintakénfrom Lakes and Rivers
Theprincipal genera omicroorganisms that have been identified at mesophilic condition
include the rodsnjethanobacteriummethanobacillus and spheres riethanococus
methanothoxand methanosarceia). Methanosaraia and methanothrix(also termed
methanosea) are the only organisms able to use acetate to produce methane and carbon
dioxide. The other organisms oxiditgydrogenwith carbon dioxide as the electron

acceptor to produce nietne.
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Metcalf and Eddy,(2003) repored furtherthat a syntrophic (mutually beneficial)
relationshipexist betweente methanogens atigeacidogensn which the methanogen
convertfermentation end produssuch as hydrogen formated acedte to methane and
carbon dioxide. Wrmally, the hydrogen produced ltlge acdogens will inhibit the
reaction process from movirigrward but becausthe methanogerere able to maintain

an extremaly low partial pressure of the hydrogen through consumption and conyersion
the equilibrium of the fermentation reaction is shifted talgathe formation of more
oxidized end products (e.g. formreand acetate). In effect the methanogenic organisms
serveas a hydrogen sirtkat allows the fermentatioeaction to procs. If process upset
occurs andhe hydrogen produced is notlized fast enagh, the fermentation will be
slowed with the accumulation of \atile fatty acids resulting inHb reduction whib is

unhealthy for the digester.

Finally, there are tworatelimiting conceptsthat are very important m anaerobic
processesthe hydrolysis conversion rate atite soluble substrate utilization rate for
fermentation and methanogene3iseanaerobi@rocess is more stable when the volatile
fatty acids (VFA) concentration approach minimal level which can be taken as an
indication that a sufficient methanogenic population exists and sufficient time is
available for them to minimize hydrogen and VFA centrationsThis assertion was
supported byawrence and McCarty1990 in their submission thahé ratelimiting
step is the conversion of the VFAOG6s by
fermentation of soluble substrates by #wglogenidacteria. They therefore concluded
thatthe methanogenic growth kinetigs of most interesin anaerobic process designs
and gpropriate solids retention times (SRT) as well as adequate factor of safety are

selected based on kinetics aneatment goals
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2.3 End Products of Anaerobic Digestion

The end products of AD are biogégquid digestate and digester sludgelid digestate).

The components of the biogas are predominantly methane and carbon dioxide (Igboro,
2011)

The liquid digestate is harvestedery time a continuously fed digester is loaded with
new substrate while the digester sludge is recovered whenever the digester is desludged
to create a higher effective volurfar digestion (Gas Technology, Inc., 2003)

2.3.1 Biogas

Biogas usually contairebout 50 to 70 % ChI30 to 40 % CQ and other gases including
ammonia, hydrogen sulphide, mercaptans and other noxious gases. It is also saturated
with water vapour (Ola, 2008). Biogas burns very well when the c@Htent is higher

than 50 %. It can thefore be used as substitute for kerosene, charcoal and firéerood
cooking and lighting. This saves time and money and above all it conserves the natural
resources such as cutting trees to get firewood (Fumen and Igboro, 2010)

2.3.2 Digestate

The liquid digesite leaving the digesteran be sold as liquid fertilizer because as
reported by Mahonyet al, (2010) AD does not reduce the NPK conteratking the

digestate more valuable as a fertilizer

Fischeret al, (1984) reported that the concentrationnitftogen, phosphorus, and
potassium is generally the same between the manure that has gone through an anaerobic
digester and manure that has not. The two major differences are that:

I. More volatile nitrogen is contained in the anaerobically digested mandre a

il Nutrients are more uniformly distributed in the anaerobically digested manure
The digester sludge (solid digestate) can be post treated aerobically in a process called

curing, to produce high quality compost. (Igboro, 2011)
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2.4 Design of Anaerobic Digeters
According to Igoni et al, (2008) a preliminary design procedure inclsdan
investigation of the mperties of the refuse or MSWith a review to establishing
appropriate principles and considerations for the design of the digd3tex;scoupled
with other relevant informatiofrom literature leads$o the formdation of the design
criteria. Theintertion isto integrate the technical with economic considerations to form
the basis for the design ah anarobic digester for the production of bisgdrinally
comes scaling of the biogas plarind decisions on materials and methods of
construction.
2.4.1 Design Criteria
I.  Space availability: this item determines the decision whether the digester is going
to be above ground or below ground lewghether the shape is going to be
cylindrical or rectangular, whether the orientation will be vertical or horizontal
ii.  Existing structures and infrastructures: the use to which existing structures could
be put as part of the biogas plant layout is investijatel design is aligned as
such. Infrastructures like water and power supply are critical to substrate mixing
and waste grinding respectively while drainage and irrigation channels are useful
for maintenance and digestate use as plant tonic and soilioaedit
iii.  Minimizing costs: this criteria becomes very important when taking a critical look
at the return on investment on a biogas plant. The choice of material for its various
components as well as design options is affected by their cost outlays.
iv.  Available substrates: this determines not only the size and shape of the mixing
pit but the digester volume (retention time), the heating and mixing devices and

whether additional cost outlay on a grinder will have to be made.
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2.4.2 Design onsiderations

According to Igoni et al, (2008, to design a ibgas reactor suitable for the
biodegradation of MSW with the attendant productod biogas, several factors need to
be consideredthe main of which arethe type of waste generated, thate of waste
generatiorandtheambient temperatur@ hese three factors lead to appropriate decsion

on thetype of dgesterto be utilized.

2.4.21 Type of @yesters

Igoni et al, (2008) gave a description afvariety of digester typebat exist for the
anaerobic treatment of organic wastéhe selectedype will dependon operational
factors, incliding the natwe of the waste to be treated especiatiysolids content. They
noted furthethat the OregontdteDepartment of Energy uséte soliccontent of waste

to classify agester typeanto threeas follows:

1. Covered lagoon digesterSuitable for liquid-manure of less than % solics
content This is basically a manure storage lagoon with a cover. The cover traps the gas

producedduring decomposition

2. Completemix digesters:Suitable for manure of -20 % solics content This
converts organic waste to biogas in a tank above or below ground with a mechanical or

gas mixer to keep the solids in suspension

3. Plugflow digestes. Suitable for ruminant animal excreta with solid
concentrationof 11-13 %. A typical design includes a manure collection system, a
mixing pit and the digester itself. Addition of water to the waste in the mixing pit adjust

the slurry to theptimal consistency before being fed into the digester which is usually
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a long rectangular container usually built below grade, with an airtight, expandable

cover. New material added at one end pushes older material to the opposite end.

It should be notetiere that the type and solid conteof the waste being considered in
respect of the above mentioned type of digesters were such that the waste are capable of
flowing on their own or forming slurres with water and eventually flowing. The
implication is that they could be used in a contingosystem. But, MSW is
predominantly solid thmefore norflowing. Hence Kahayian et al, (1991 (cited in

Kiely, 1998 suggested the use fifigh-solid digesters

According toTchobanoglouset al, (1993), continuousflow digesters, which are by
nature lowsolid digestes are beng used to generate methanern human, animal and
agricultural wasteand from the orgaa fraction of MSW.This processalways require

more water to be added to tivaste in ordeto get it to flow

In furtherance of this exercise of digester type classificaf@mdeberg and Kennedy
(1983)andMoletta (1986 highlighted how dferent anaerobic processes, such as batch,
continuous onatage, and continuous tvatage systems wita variety of methanizers

have been applied to the treatment of MSW. Such methanizers include continuously
stirred tank reactors (CSTR), tubular reactors, AnaerSbiguencing Batch dctors
(ASBR), Upflow Anaerobic Sludge IBnket(UASB), and Anaerobic Filters. Based on
these development3Neiland and Ro0zzi(1991), and Clarck (2001) reported the
development ofa number of novel reactor desigadich have been adapted and
developed allowing a significantly higher raterefcton pe unit volume of reactor.

Some of these are:
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4. Batch Systemdn batch systemss reported by De Baere, (20@byesters are

filled once with fresh substrates with or without addition of seed materials and allowed
to go through all degradation stegexjuentially. The hallmark of batch system is the clear
separation between a first phase, where acidification proceeds much faster than

mehanogenesis, and a second phadere acids are traformed into biogas.

Rajeshwariet al, (1998) reported thatnaerobic batch digestion of mixed vegetable
waste was carried out successfully at 5% total solids (TS) concentration. Digestion of the
waste after 47 days resulted in 0.18 bibgas / kj TS added with a maximum gas

production rate on day 26.

In another &idy, Convertiet al, (1999), (cited inBouallaguiet al, (2005) tested the
anaerobidatch digestion of fruits and vegetable wastes (FVW), under both mesophilic
and thermophilic conditionsith a high rate ofligestion This imrovement in cycle time

makesadopting the batch digester systerareattractivefor the treatment of FV\W

An increase in the TS to 8 % IBouallaguiet al, (2001) and Marouaret al, (2002)
showed that the anaerobic treatment in a batch digester was inhibited by the accumulation

of volatile fatty acids (VFA) and irreversible decreasing pH problems.

An apt concluding remark on this system is thabefBaere, (2000thatthoughbatch
systems have realhot succeedkin taking a substantiahareof the market in developed
economieslue to theipperational rigioditythe specific features of batch processes, such
as simple design and process control, robustness towards coarsevgrabh&sminants,
and lower investment costs make them particularly aites@nd therefore recommended

for developing countries.
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5.  Anaerobic Sequencing Batch Reactor (ASBR)an effort toimprove on the
batch react or 0s Sothmlkeetali(1991pemphasisédehr imfortanaet vy ,
of the application of sequencing batch reactor technology to the anaeeaibent of

MSW particularly FVW. This i€haracterised by a high degree of process flexibility in
terms ofcycle time and sequence, no ue@gment for separate clarifiers, and retention

of a higher concentration of slegrowing anaerolsi bacteria within the reactor.
Research into the ASBR process has been carried out by seheratvestigatordike

Dagueet al, (1992) andRuiz et al, (2000. Also, satisfactory high solid content waste
degradation and suspended solid removali (98 %) using the ASBR were recorded

by Archanaet al, (1999 andHur et al, (1999.

6. Continuous onestage systemsissenset al, (2001)reported thatlout90 % of

the full scale plants, currently in use in Europe for the anaerobic digestion of organic
fraction of municipal solid wastes (OFMSW) aaotherbio-wastes, rely on continuous
onestagesystems However,according to Leest al, (1998), Pavart al, (2000) and
Sachset al, (2003)a considerable amount of literature has appeared concerning wastes
treatment in two phases; first an acid forming phadevield by a methanogenic phase.
According toBouallaguiet al, (2005 alikely reason for thigliscrepancy ishat two

and multistage systentespecially usingaboratory modelsafford the researchenore
possibilitiesto control and investigate the intermediate sigfpthe digestion process
Industrialists, on the other hand, prefer -Gt@ge sy'ms because of their simpler
desigis and lower investment cos&ome of the designs in this category include: Fixed
dome digesters, floating drum digesters, moving dome digesters, balloon gas holder
digestersetc.,with orientation both vertical and hoontal.

Table 2.1shows the result ofiffierent experimentarried oubn FVW usinganaerobic

digestionin different onestageand twostagesystems.
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Table 2.1 Performance data of different anaerobic processes applied for FVW
treatment. (Bouallaguietal., 2005)

Process Volume Loading HRT VS Methane  References
() Rate (day) removal Yield
(gVvsS (%) (litre/gVS)
/(Iday))

Batch System 10 1.06 47 65 0.16 Rajeshwarket
al., (1998

Batch System 5 0.9 32 58 0.26 Bouallagui et
al., (200

Continuous 3 1.6 20 88 0.47 Mata

onestage Alvarez et

CSTR al., (1992

Continuous 16 3.6 23 83 0.37 Verier et al,

onestage (1987

CSTR

Continuous 18 2.8 20 76 0.45 Bouallagui et

tubular reactor al., (2003

TWO STAGE

SYSTEMS

Solid bed 100 6.8 2.5 94 0.35 Rajeshwarkeet

hydrolyser and & al., (2001

UASB 25

methaniser

ASBR 2.5 4.4 7+10 875 0.34 Ruynalet al,

hydrolyser and & (2998

anaerobic filter 10

methaniser

CSTR 7 5.65 2+ 2.3 96 0.42 Bouallagui et

hydrolyser and & al., (2003

anaerobic filter 4

methaniser
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In a variant of the continuotmnestage systemataAlvarezet al., (1992) examined
the performance of the mesophilic estage comietely stirred reactor (Fige 2.2 for
the treatment of the organic fraction of the wastes coming drtarge food market. The
organic loadingate (OLR) tested was k§VS/(m?® day)using a hydraulic retention time
(HRT) of 20 days with a resulting methane yield of about®3KkgVS (Table 2.1) In
another varianta semtcontinwously mixed tubular digestéestedby Bouallaguiet al,
(2003)(Figure. 2.3, the best redts (methane yield of 0.48%kgVS) were obtained by
applyingan OLR of 2.8kgVS/(m*day), aHRT of 20 daygTable 2.1) In their view,the
most significant éctor of the tubular reactas its ability to separate acidogenesis and

methanogenesis longitudinally dowretreactor, allowing tb behave as a system of two

D — Biogas

phases.

SUDSHAE e

Sludge

Figure 2.2 Continuously Stirred Tank Reactor (CSTR) (MataAlvarezet al, 1992)
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Effluent
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n

Sludge

Figure 2.3 SemiContinuously mixed Tubular Reactor (Bouallaguiet al.,, 2003)

7.  Continuous twestage systems The groups of acidogenic and methanogenic
organisms are different with respect to their nutritional requirements, physiology, pH
optima, growth and nutrient uptake kinetics. This characteristic inclules ability to
withstand environmental stss factordJsingconventional digestion processes, in which
they are combined in one reactbereforeautomatically imposes uniforgonditions on

both groups with the resultant reduction in their efficiency. (Weiland, 1993)

However, LlabresLuengo and MataAlvarez, (1988), posited thata process
configuration employing separate reactors for acidification and methanogenesis
connected in seriesyhich in effect isa two-phase anaerobic digestion system, allows

optimisation of both processes.

This two-step technologywas applied in awo-phase anaerobic digestion system
experiment conducted Buynalet al, (1998. The hydrolysisacidification phase was
carried out imnASBR and methane fermentation was performed in a fixed film reactor

(FFR)opeated inthe upflow mode (Figur2.4). They were able to report that tigéobal

24



degradation yield remained above & and the biogas production yield was about

0.29/g of input tgal COD.

Substrate P ———— EfﬂLJEJ‘It
>
Recycled
ASER effluent
FFR
<

Figure 2.4: Two-phase integrated anaerobic sequencing batch reactor (ASBR) and
fixed film reactor (FFR) (Ruynalet al., 1998)

In another applicatiorRajeshwarket al, (2001) as illustrated in Figur2.5obtainecthe
conversion of over 944 of vegetable madgt waste into biogasvhich supported
Bouallaguiet al, (2005) general conclusidhat phase separated digesters may offer the
best choice for high efficienc®ther performance datd these experimentan be seen

in Table 2.1.
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Biogas
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Substrate
—_— -

SBH

UASB

Figure 2.5 Two-Phase Integrated AnaerobicSolid bed hydrolyser (SBH) and
Upflow Anaerobic Sludge Banket (UASB) (Rajeshwaret al, 2001)

Otherdesign considerations include

2.4.22 Temperature control

The rate of decomposition and gas production in an anaerobic digester is sensitive to
temperature changes. In geneeadcording toSteadman(1979, the process becomes
more rapid at high temperaturebchobanoglous and Burtorf1991) classified e
optimal temperature ranges & mesosphilic30 - 38°C) and the thermphilic (44 -

57°C) zones They went on to repothat despite ththermophilic benefiin anincreased
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rate of feedstock consumption and gas production, the digestion becomes increasingly
unstable as temperature rises. The system would then require higher rates of heat input
but would produce poorer quality supernatanatstaining higheguantities of dissolved
solids.However, Kiely, (1998) insisted that most digesters currently in operation do so
at mesophilic temperatures at which good stability and gas productionwaieite Igoni

et al, (2008) reported that react@mperatures between®5and 38 are generally the
preferred temperatures to support biological reaction rates andcpradmore stable
treatment.lgoni et al, (2008) further noted that though choosing the appropriate
operating temperature is vifatabilizing it is even more importarfortunatelyfor this

study, previous research reported lgyporo, (2011 putthe average ambient temperature

in Samaru, Zario be inthe range of 2°C to 30C falling within the mesophilic zone.

2.4.23 Hydrogenion concentration (pHantrol)

The bacteria involved in anaerobic digestmeording tdgoni et al, (2008, have a pH

range of 68 with values @se to 7 for optimal activity. They reported thathe initial

phase of the procegbe production of volatile fatty acids depress the pH, but the reaction
of the produced COin water with hydroxide ions forming HGQ bicarbonate ions)

tend to buffer the process pahd restoret to neutrality thus making the process self
regulating.Eckenfelder (2000 noted that wen the rate of acid formation exceeds the
rate of its breakdown to methane, process equilibrium is affected and the pH decreases
causing @s productionio tail off, and the C@content of the gas to increaJédne overall

effect according to Mattocks, (1984) is the impedance of the whole biogas production
process which necessitate sufficient alkalibatyoe available at all times up to a level of
approximately 3000 mg/l (for sufficient buffering to be maintained), to ersshigh rate

of methane production. Eckenfelder, (2000) observed that lime is commonly used to raise

the pH.Care musthoweverbe takenaccording tolgoni et al., (2008 to avoid the
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precipitation of calcium carbonate through theplication of excessivéme. They
suggested that, as an alternat®eda Ash (sodium bicarbonatgnbe used fothe pH

adjustmert to overcome this challenge.

2.4.24 CarbonNitrogen C: N) ratio

Igoni et al, (2008 reported thatite concentrations of carbon and nitrogethe organic
fraction of municipal solid waste determine the performance of the anaerobic digestion
processecaus®ne or the other usuallyaostitutes the limiting factoMhereas carbon

is the energy source for the microbes, nitrogen is neededoiwttgand multiplication.
Theywent on further to notthat the bacteria in the digestion process use up the carbon
present 30 to 35 times faster than the rate at which they convert nitrogen. So, for optimal
operation, the ratio of carbon to nitrogen shdagcabout 30:1 in theaste raw material.

This is in line withRichard,(199806 sbservatiorthat if there isinsufficientnitrogen in

the waste material, the microbial population will be small resulting in a longer time to
decompose the available carb&xcess nitrogen, beyond the microbial requirement, is
often lost fom the pocess as ammonia gaRichard, (1998)further observedthat
usually, nitrogen is the limiting element in the processing of MS& with he high
carboncontent of MSW gjaper, cardbard, woodgtc), additives such as manuiean
sewagesludge (Bio solid9, septage and urea are usually requiesda spplemental

source ohitrogen for ease of digestion.

2.4.25 Moisture content of the waste in the digester

According tolgoni et al., (2008, moisture is essential for the activities of the waste
decomposing anaerobes and hence for effective anaerobic aligéstiine with this,

Igoni et al, (2008) reported an experimental digestion of domestic garbage diluted with

sewage to docal solids concentration of between 5 an&7 They maintained that
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stirredtank digesters can deal with slurries of abodi03% total solid (TS), much of

which are suspended solids. I n their anal
including greervegetable mater of about 20 solids concentration, they explained that

if these materials are to be used as feed for a stardddigester, then they will have to

be made into slurrietn their final conclusiona slurry of about 19 TS is tle maximum

that can be purgal and piped even if the partideze is small, and-8 % may be the

maximum which can be handlbg smaller pumps and pipelines. This was in consonance

with the conclusions dflobsonet al., (1981).

Therefore, misture contentviewed from theotal solids contentf the waste, according
to Oregon State Department of Energy (2062)ually determine thiype of digester to

be adopteds illustrated inmable 2.2

Table 2.2 Moisture requirement of different digester types[Oregon state department
of energy (2002)]

Digester Type Total Solids Water Hydraulic Temperature
Requirement  Retention
Time (days)
Covered Lagoon < 2% High 3571 60 Ambient
Fixed film < 2% High 21 4 Ambient
Mesophilic
Upflow Anaerobic <5% High 11 2 Mesophilic
Sludge Blanket
(UASB)
Continuousy <10% Medium 20-25 Mesophilic
Stirred Tank
Reactor (CSTR)
Plug flow <14% Low 20- 30 Mesophilic
Batch 10-15% Low 40-60 Mesophilic
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Continuous one <10% Low 25100 Mesophilic
stage; fixed dome

Continuous one <10% Low 25-100 Mesophilic
stage; moving

dome

Continuous one <10% Low 25-100 Mesophilic
stage; balloor

dome
2.4.26 Waste particle size

The particle size of MSW affects the biologit@nsformation of the waste and hence,
equipment sizing. For a container filled with particles, reducing the individual particle
size increases the total surface area of the particles in the container. This is desirable for
the process operation, as decasipon occurs on the surface of the orgamaterials.
(Richard, 1998)The relativéy-large particle sizes of MSW according to Kiely (1998)
considerably retard decomposition; hence the necessity for the reduction of the average
particle size of theMSW. The particle size reduction can be achieusdshredding,
grinding or pulping of the waste feedstock with the ultimate objective of presenting a
larger surface area for microbial activity to occur; and hempeovethe efficiency of

the system(Agunwamla, 2001)

24.2.7 Mixing

Mixing is another important operation in achmyi optimal anaerobic digestion
(Tchobanoglous and Burton, 1991t is desirable to maintain uniformity of substrate
concentrationtemperature and other environmental festas well as prevent scum
formation and solids depositicAgunwamba, 2001 Mixing does not have to take place
continuouslylt is often better intermittently and may d¢eeried oufor just several times
a day depending on the type of reactor, the typagdhtor used and the total solids

contentof the feedstock(Burton and Turner2003. To prevent the need for moving
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parts within the reactor, the recirculation of biogas through the bottom of the reactor or
hydraulic mixing by recirculation of the degtate with a pump can be used to achieve

adequate mixing.

24.28 Loadingrate of organicmaterials into the igester (LR)

The organicloading rate(OLR) representshe amount of volatile solids img fed into

the digester each dgattocks, 1984). Volatile solids represent that portion of the
organic solids that can be digested while the remainder of the solids is fixed. The fixed
solids and a portion of the volatile solids are#haodegradable. The actual loading rate
depends on the types of wasfed into the digester because the types of waste determine
the level of biochemical activity that will occur in the digester. The loading rate therefore
is very critical to the digester design as it determines the digester volume and indeed the

overall pocessperformance.

It was remarkd bylgoni et al, (2008)that wide variations in the composition of the
incoming flow and the organic loads can ugbetbalance between acids fermentation

and methanogenesis in the anaerobic process. For soluble deggadable substrates,

such as sugars and soluble starches, the acidogenic reactions can be much faster at high
loadings and may increase the teacr 6 s Vol ati | e cdheritdng Aci d
hydrogen concentration thereby, depiregshe pHof the syste. The loading rates also

affect tre food to microbes (F: Mjatio according tcKiely, (1988 with the system
achevingequilibrium when the food substrates and the microorganism consuming them

are inequilibrium

2.4.29 Pre-treatmentof thewaste
Pretreatmentrefers to the preparation of the waste for the AD prockssording to

Ogunmola(1989) MSW (particularly in Nigerig, is a complex mixture of both organic
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and inorganic materials. So, because the AD process is for the decomposition of the
organic components, it would be preferable to sort the organic from the inorganic. Also
in general the particle size of therganic fraction of the municipal solids wastes
(OFMSW) is such that they will require reduction. These and the other processes that the

waste may undergo before being fed into the digester are termed apnsdistatment

2.4.210 Hydraulicretention timgHRT)

This is the time allowed for the feedstdckstay in the digester. It is also referred to as
the residence timéRT). The retention time is determined by the average time is takes
for the organic material to digest as measured by the COD and BOD of existing effluent
The longer a substrate is keynder proper reaction conditions the more clatgpits
degradation will be. The rate of the reaction however will decrease with increasing
residence time; indicating that there is an optimal time that will achieve the benefits of
digestion in a cost eftéive way. The appropriate retention time dependstren
feedstock, therevironmental conditions artie intended use of the digestd&@educing

the retention timevould reduce the size of the digester, resulting in cost saviigse

is therefore an incive to design systems that can achieve complete digestion in shorter
times. A shorter retention timéoweverleads to a higher production rate per reactor
volume unit but a lower overall waste degradation and poor digestate gi@dityeam,

2004)

24.211 Costsimplications in the choice of a digester

The design considerations for the choice of a biogas plant will not be complete without
a critical look at the costs implitan of whatever choices areade.Iln addition to the

cost ofprocuring thecomponents foan anaerobic digestes the cost ofConstruction

and maintenance othe plant,obtainingthe feedstock angrepaing the MSW for
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digestion According to Ogunbiy(2001), ProcessCoss, (i.e. Capital, Operations and
Maintenancgareextremely imjrtant in selecting the type and size of the reactor.

Igoni et al, (2008 noted thathe bickinetics and design modslfor the reactowill

directly affect the digestés cost, particularly in terms of the dgfer and feedstock
volumes required to yield the desid quatity of gas while ér Steadmar(1975), the
simplest type of methane digester is just a closed container such as a drum, tank or pit in
the ground into which the giestible material is loaded. (in shatatch digestenvhile,
according to thé@regon State Bpartment oEnergy(2002), after classifying athree

the maintypes of digesters as coveredagoon, a completenix, and a plg-flow

digester,the batch digester was the least expensive of the three.

2.4.3 Sizing the biogas plantcomponents
The major components of théogas plant are as follows:
I. The digester
il. The gasholdr
iii. The mixing equipment
iv. Thebiogasplantpiping
a. tofeed the digester
b. todischarge effluent from the digester
c. tosafelyconvey gas out of thgasholdeto the point of use

V. The gasholdeguide

2.4.3.1 Sizing the digester
According to Sasse (1988), definition of certain parameters are required to calculate the

size of a digester. The major parameters are
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I. Daily fermentation slurry (§: The dailyfermentation slurry (§ is the amount
of daily feed material and the mixing water. All feed materials is made up of

a. organic solid/material

b. inorganic solid/material and

c. water
The biogas is produced from the digestion of the organic materials. The ilgorgan
materials (minerals and metals) are unused ballast, which is unaffected by the digestion
process. The water content of the biomass and the additional water added to form a slurry
allows the methane forming bacteria to be in contact with the organd thelieby

accelerating the digestion process.

So any quantity of biomass (say, municipal solid waste) has x % solid + y % water
For examplefresh cattle manure is madp af 16 % solids and 84 % water. Whéue t
cattle dung is mixed with water in the pospon of 1:1. The prepared slurry then has a
solids content of 8 and water content of 2. This means that a 2Qlslurry of cattle

dung and water mixed in equal proportion has

Y ot e rs e Fern s o~ s
— T "@ 1 "Quit QO E 0 Q
pnnc P& €0

S (I) = Biomasql) + Water(l) Equation2.18

il. Retention Time (RY. Indicates the period spt by the feed material in the
digester. It is appreciably shorter than the total time required for complete digestion of

the feed material

RT = Vd/& Equation 2.19

Where \4 T Digester volumand Sq1 daily fermentation slurry
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iii. Specific Gas ProductioThis represents the gas production of a specific feed

material in a specific retention time at specific digester temperature

Iv. Dry matter(Dm): The water contents afatural waste material feedstock varies,
for this reason, the solids or dry matter content of the feed material is used for exact

scientific work.

V. Organic Dry matter or Volatile Solid¢Vs): Only the organic or volatile
constituent of the feed materiakamportant for the digestion process. Therefore only

the organic fraction of the dry matter content is considered.

Vi. Digester LoadingThe digester loading indicates how much organic material per
day has to be supplied to the digester. It is calculat&dagrams of organic dry matter

per cubic medr of digester volume per dayglODM/nv/day).

Vil. Degree of DigestiarThis is measured as a percentage; it indicates the amount of
gas obtained as a proportion of total specific gas production. The différenc@00%
indicates the proportion of feed material which is not yet fully digested. In simple biogas
plants the degree of digestion is abou®&Qhis means that half the feed material is not

used

viii.  Biological Oxygen Deman@BOD): This is an important parameter in effluent
treatment. It indicates the degree of pollution of the effluent, waste or sewage. The BOD

is a measure of the amount of oxygen consumed by bacteria in biological purification

iX. Digester volume (Y): The digester volum¥4 is determined by the length of the
retention time (RT) and by the amount of fermentation slurry supplied dailyh®

amount of fermentation slurry consists of the feed material and the mixing water.
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V4 (L) = S (L /day) x RT (days) Equation 2.20

Where

V4 = Digester volume,L()

Sq = Daily supply of fermentation slurry (day)

RT = Retention Time, (days)

According to Garcelon and Clark, (2003), the operating volume of the digester should
not be more than 90% of the total volume of the digestaide for the rise of the slurry
during fermentatiorwhile Sasse (1988) noted th&wibiogas plant is loaded not daily

but at relatively long intervals, say, weekly, the retention time is comegpgy

prolonged.

2.4.3.2Sizing the gasholder
Gasholder voluméVg): The size of the gasholder, gasholder volume) (#epends on
gas production and the volumegzfs drawroff. Gas production depends on the amount

and nature of the fermentation slurry, digester temperature, and retention time.

Figures 26 and2.7 are curves representing averages of laboratory and empirical values
for fresh cattle dung and fresh pig dung. The values vary a wide range owing to
differences in solids content of the dung, animal feeds and types of biogas plant used to
carry out the expé@nent. Regular stirring increases gas production. Thie 28°C line

on the curvess a secure basis for scaling the gasholder in the majorigsess.
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Figure 2.6: Gas production from fresh cattle manure depending on retentior
time and digestertemperature
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Figure 2.7: Gas production from fresh pig manure depending on retentior
time and digester temperature
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The gasholder should be designeddwer the peak consumption rate for the period of
maximum consumptione. Gasholder volume W)

Vgh1 = max. gas consumption/hr x max. period for the consumption Equation 2.21

andhold the gas produced during tlemgest zero consumption period i.e.

Vgh2 = average gas production/hr x maximum zero consumption time  Equation 2.22

The lager value of the tw@Vgn10r Vgn2) determines the size of the gasholder. A safety

margin of 100 20 % is then adde@gboro, (2011); Kossmaet al, (2001))

2.4.3.3 Choosing lhe mixing equipment

Although some natural mixing occurs in an anaerobic digesieause of rising sludge

gas bubbles and the thermal convection currents caused by the addition of heat
temperature differentials during the periddese levels of mixing are not adequate to
ensure stable digestion process performaesgecially at hig loading rateslt is
therefore necessary that a mixing system be installed to create a homogeneous
environment throughout the reactor, so that the digester volume can be fully utilized.
Such mixing will lessen temperature stratification, reduce grilirggtand control the
formation of a surface scum layer. Further, a proper level of mixing promotes contact
between raw sludge and active biomass, and evenly distributes metabolic waste products
during the digestion procegS§chlicht, 1999).

What constutes "adequate mixing" is indeed a difficult question to answeehaps

the simplest and most direct definitiancording toVEF, (1987 concentrates upon the

main objective of applied mixing, namely that the uniformity of solids concentrations
within the digester will be such that any sample taken from any point will not vary by
more than 10% from the average of all samples taken, except for deposits on the tank

bottom (containing course sand) and floating scum (containing low density material).
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Gomezet al, (2006) evaluated trenaerobico-digestionof primary sludge and the
fruit and vegetable fractioof the municipal solid wastesder static conditions and
with different mixing conditions, with good results being found for the digesters with
limited mxing. The cedigestion process was also evaluated at different organic
loading rates (OLR) under low mixing conditions, with stable performance being

obtained even when the systems were overloaded.

2.4.3.4The biogas plant piping
Martin and Coker(2016 outlined hechoice ofpipeworks forbiogas piping and safety

a. infeedngthe digester

b. in discharging o&ffluentfrom the digesteand

c. intheconveynceof gas out of the gashold&r the point of use
They reported thatthe at ur al g a susdrpipthg dedign 3nd regulations serve
as guidance for biogas conveyance because both use smaller diameter pipes and operate
at lower pressure$he major differences between biogas and natural gas piping systems
is the amountf treatment that each gas typically undergoes before conveyance, and the
way the piping systems operate. Natural gas pipelines are heavily regulated, inspected
and maintained. These regulations fall into two categories: major conveyance piping for
distribution, and endiser (after the meter) gas piping. Emgkr gas piping design and
regulations can be useais a comparison to biogas piping because of the similadities
smaller diameter and operating at lower pressuegor factors to noteaccording to
them, inthe design of biogas piping are the potential hazards that can occur from
1. Air (oxygen) entrainmentBiogas piping, storage and conveyance systems need
to be sized and controlled to avoid pulling a vacuum at any of the vent points within the
system.If this occurs, air can get entrained within the biogas system. Biogas produced

under sealed conditions is devoid of oxygen and is not explosive because the methane
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content is too concentrated to ignite (above the upper explosive limit of 15%). However,
once air is entrained the methane content can be diluted within the explosive limit and
will contain oxygen, creating conditions that, if exposed to an ignition source, could
explode or combust.

2. Flame/spark sourceAnaerobic digester tanks, storage systeand landfills

require vents to regulate pressure and prevent over pressurization and under
pressurization of these systems from the biogas generation and conveyance, pumping,
and other activities inherent to these systems. Because of this, there islapesaraind

each vent that can contain the appropriate dilution of biogas with the explosive {imit (5
15% methane) as well as oxygen. Exposure to a spark source near any of these vents
could create an explosive conditiofypical spark sources at digesten® lightning,
cigarettes, tools (ideally nonelectrical sparkof tools), flame torches (used to defrost
piping), improperly rated electrical equipment (blowers/compressors/rotating equipment
need to be spafgroof) and seabffs, and even static elemity from clothing

3. Moisture Biogas is a completely saturated gas when it is released from an
anaerobic digester, storage system or landfill. As this gas cools, the moisture condenses
within the pipe and must be effectively and safely removed from thegpilb it is not
removed, it can pool at low points restricting biogas flow.

4. Corrosion Biogas contains hydrogen sulfide &) and mercaptans that can
condense in the form of weak sulfuric acid (concentration depends on how na&ich H

in the biogas) witim the headspace and piping causing rapid corrosion with incompatible
materials. A material compatible with generation of weak sulfuric acid is recommended
for any components in contact with biogas

5. Pressure regulatiopressure must be held within the anaerobic reactors, biogas

storage and piping systems to prevent release of biogas to the atmosphere and aid in
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Apushingod biogas to the use point or con\

various pressure regulagindevices throughout the system, including digester vents,
storage system vents, flare system and use points. If any of these fail, an over
pressurization event can occur resulting in a release at the weakest point of the system
(covers, storage systems;.¢

6. Leaks Leaks are mostly from corrosion to piping, gaskets and seals within the
system. Periodic sweeping of a biogas system with a gas monitor is recommended to

detect any leaks

Other factors to note in biogas piping design and safety accordingrith|{)[2008) are:
Material of construction: Plastic pipes are recommended but it is necessary to
differentiate PVC, PPR and HDPE. PVC is not resistant against ultraviolet rays. As first
priority PPR pipes should be used. The piping should have asitentof joints as
possible.

For long distances HDPE pipes are less expensive. But physical damage can happen

easily.ItGs also difficult tofind fittings which are gastight.

Size of pipesThe smaller the diameter of the piping is the higher the deedgpressure
in the pipe. Théigh pressure of a fixed dome plant (more than 120 cm water column)
can compensate this tacartain extent. The bigger the diameter of the pipthésbetter
the performance at theonsumption points. One size of pipinglyomakes the work

easier.

Water trapsThe general problem is thatawn gas condenses to water in cold pipes. In
particular underground pipingan condense amounts of water which might lead to

blockages or at least to a disturbed fjas. Occasionallywater can be transported to
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consumption points, disturbing the cookinglighting and leaghg to corrosion.It is

therefore critical to install appropriate water traps.

2.4.3.5The gasholder guide

The gas collection drurm a floating gasholder biogas plamsually has a steel bar
framework fixed on its lower inneside, which serves to stir up and break up any scum
that is formed, when the drum is rotated using brackets that are fixed on its inclined outer
surface. The gas drum is held irnvertical positimm by a central guide pipe running
vertically through a second pipe at its cenfdrns system allows the drum to move up
and down and to rotate about its axis, withtijpping. The facility of the gas drum to
move up and down regulates the pressure optbduced gas at a constant value, while
its ability to rotate helps break up any scum forraedhe surface of the digester slurry.
The floating gas drum biogas system falls in the categbecgntinuous biogas systems,
in which the slurry in the digestés displaced into the effluemhamber by incoming
slurry. There is need in such types of biogas systems, to enswskithathat is fed into
digesters is well mixedKuria and Maringa, 2008)

Other variants of this design are necesgatiiis categoryf biogas plants.

2.4.4 Safety considerations in the operation of diogasplant
Igboro, (2011) and\Ifa (2013), identified as three timeajor safety consideratiorts be
considered whe working with a biogas system viz: fire/explosion, disease and

asphyxiation.

2.4.4.1 Fire/Explosion
Methane, the major component of biogas, forms explosive mixtures in air. With this in

mind no naked flames should be used in the vicinity of a digester and any installed
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electrical equipment in the area must beppropriate specification and quality. Other

sources of sparks like the waste grinding machine must be appropriately shielded. The

use of mobile phones in the immediate environment must be avoided. Care should also

be taken to avoid introduction of matdsichat generate a lot of static electricity
especially wearing apparel. There are several recorded incidents reports of biogas plant
related accidents resulting sometimes in deaths and inju@srmany]taly and France

by the Bureau for Analysis of ttustrial Risks and Pollutio(BAPRI) in thar Analysis,

Research and Information on Accidents (ARIA) database set up since 1999
(comprehensive i nformation can b at foun

http://www.aria.developpemedqiurable.gouv.f),  (Delsinne, 2010), in India

(Vijayachandran, 2009nd other parts of the world.

2.4.4.2 Disease

Anaerobic Digestion is carried out by a mixed population of bacteria of largely unknown
origins, from planteand animal wastes. Care should be taken to avoid / minimize direct
contact with the digester contents and to wash thoroughly after working around the
biogas plant most especially before eating or drinking. Though, the digestion process
reduces the numberff pathogenic bacteria, the biological nature of the process need to

be constantly kept in mind.

2.4.4.3 Asphyxiation

Biogas consists mainly of GHind CQ, with low levels of HS anda mixture ofother

gases. Each dhese gases has their challenges to human health, as well as displacement
of oxygen.

CHa - lighter than air (will collect in roof spacestc), explosive
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CO; - heavier than air (will collect in sumpetc), slightly elevated levels affect
respirationrate whilehigher levels displace oxygen as well.

H>S - (rotten egg gas) destrogHfactory(smelling) tisses and lungs, becomes odorless
as the level increases to dangerous and fatal.

Adequate ventilation, suitable precautions and adequatecpx@ egipment will

minimizethe dangers associated with biogasdling and use.

2.5 Incinerator System Definitions, Background and Practices

Incineration as a waste management strategy, isdahegotied thermal treatment of
residual municipal solidwaste by burning either to reduce its volume or toxicity.
(DEFRA, 2013)

Residial Municipal Solid Wastds waste that is household or household like. It
comprises household waste, some commercial and industrial veagtdsom offices,
schools, shops, nkats, etc. that are collected by local authorities or private
entrepreneurshe volume of Municipal Solid Wastes can be reduced by more than 90%
by this treatment system.

Energy recovery from incineration can be made by utilising the calorific valugeof t
wase to produce heat and/or powkris therefore not surprising thdhcineration as a
treatment strategy for residual MSW is an already proven and bankable technology in
most ofthe developed world; USAuropethe United Kingdom (UK)etc.,as wdl as

the developing world; Mexico, India, e(®EFRA, 2013)

Up to the middle of the last centuny the developed world, incineration was quite
common. However, with more restrictive air pollution control requirements necessitating
the use of expensive cleap equipmentthe third quarter of the century sawly a

number of municipal incinerators operation comparablylTowards the close of the
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centuryhowever increased haul distances to available landfill sites and increased fuel
costs have brought about a renewed interest in inciner@fieavyet al, 1985)

To help 'rebrand" them to a reluctanblic, modern incinerators atleereforereferred

toin current timess Energyfrom-Waste(EfW) or Wasteto-Energy (WtE)plants. They

burn unsorted waste in higfficiency boilers and energy is produced in the fafm

heat, electricity or combined h&ad and power (CHP)To reduce noxious emissions
flue-gas cleaning equipment, e.g. acid scrubbing plant, carbon injection system,
electrostatic precipitators or fabric 'type’ filters, must be provided, depending on the type
of control system empl@g. Theequipment employed fohé control of stack emissions

can occupy much of the space required by the plant and form a significant proportion of
the overall capital costs of the plant (80 %). (Walterset al, 2007). In the UK for
exampleall municipal wage incinerator recover energy in the form of electricity and/or
heat generatio(DEFRA, 2013.

The manual separation of solid waste components is best at the source where the wastes
are generated. This is referred to as source sorting. It is actuathpgigositive way of
achieving the much sought after recovery for recycling and reuse of the materials.
Although, incineration on its own is often considered a disposal method, it is in reality a
processing method with the current way of looking at ita(yet al, 1985).Though,
incineration is the term we use, in reality it is simply combustion.

The principal elements of solid waste &arbon Hydrogen Oxygen Nitrogen and
Sulphur Under ideal conditions, when solid waste is burned the gaseous ehdtgro
include Carbon dioxide (C0Oy), Water vapour H20), Nitrogen dioxide (N2O), and
Sulphurdioxide (SO). In practice, however, a variety of other gaseous compounds are
also formeddepending on the operating conditions under which the process is occurring.

[Peavyet al, 1985]
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Combustion of MSW results in the release of carbon dioxide (and other greenhouse
gases). Part of the MSW is biomass derived matemplcard, paper, timb&rich is a

source of renewable energy. MSW also contains combustible elements which are fossils
fuel derived materials e.g. plastics and therefore not a source of renewable energy. Fossil
fuel-based carbon dioxide contributes significantly towards thengmeese effect and
hence global warming. In the context of sustainable energy gene@édsonemitted

from biodegradable waste is classed as short ¢yahbon(i.e. the amount given off

when combusted equates to that absorbed during its lifetinence zero carbon
footprint. The growing importance of climate change meansCdudonfootprint of

waste management needs to be fully considered in selecting waste management
technologies. Hence, when considering energy reco@aghonemissions neetb be
considered in terms of composition of the residual waste stream, the type of energy
produced and the overall generating efficiency of the fac{REFRA, 2013)

Incineration usually involves the combustion of unprepared (raw or residual) MSW. To
allow the combustion to take place, a sufficient quantit@rygenis required to fully
oxidise the waste (which is nowonsidered fuel due to its potenti@nergy;calorific

value). Typically, incineration plant combustion temperatures are in exces@Gfahd

the waste is converted @arbondioxide and water. Any neaombustible materials (e.qg.
metals, glass, etgremain as solid, known as Bottom Ash which contains a small amount

of residualCarbon

2.6 Air requirements for incineration
The most critical item of consideration in combustion is air requirement for the

combustion procesgPeavyet al, 1985)
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To determinethe amount ofOxygenrequired for the complete combustion siflid
wastes, it is necessary to compute @hg/genrequirement for the oxidation &arbon
Hydrogen andSulphurcontained in the waste. The basic reactions are:

For carbon C + O Y CO Equation 2.23

12g ofCarbonrequires 32g of Oxygen to burn to produddg of Carbon dioxide

For Hydrogen 2H,  + O Y 2H,0 Equation 2.24

4g of Hydrogerrequires 32g of Oxygento burn to produc86g of Water vapour

For Sulphur S + O Y SO Equation 2.25

32g of Sulphur require832g of Oxygen to burn to produce 64g of Sulphur dioxide

If it is assumedhat air contains 23.1% Oxygenby mass, then the amount of air required

for thecomplete oxidation of Ikof Carbonis calcuated as follows from Equation 2.23:

1 mole ofCarbonrequires 1 mole adbxygenfor complete combustion to form 1 mole of
CO.
i.e. 129 of C will use 329 of ©

1 kg of C will therefore use- kg of O

But 1 kg of air has 0.2315kg of.O

1 kg of carbon will therefore be completely oxidized-by m& o @gof air

= 11.52kg of air

2.7 The components of anincineration plant
Basically, the incineration plantith energy recoverwill have the following component
parts:(DEFRA, 2013)

- Wastereception and handling
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- Combustion Chamber

- Energy recovery plant (out of scope in this study)

- Emission clearup for combustion gases and

- Bottom ashhandlingsystem
It should be noted that most combustibles fed into the incinerator are actually fuel
materials with a lot opotentialenergy (calorific value) stored in them. The biogas
therefore only serves as fuel to kick start the combugtiocess in the incineratddnce
burning commences, adequate aeration ensures complete combustion and attainment of

designated combustion chamber temperature.

2.7.1 Waste reception and landling

The characteristic of the waste to be incinerat@rmines this component of the plant

If the MSW is raw residual waste (i.e. the wast# bver after recycling, reusand
removal of theorganics for anaerobic digestiondéor composting or as in some
advancd/developed climes used@a®-treated wate feede.g. refuse derived fuel (RDF),

the plant configuration will change accordinglijhe waste is normally delivered in bits

and pieces and sometimes via a waste collection vehicle and tipped onto a waste
reception bay or platform that allows for easyting into recyclables, organics and

combustibles.

Mixing here is very important for an appropriate blend to allow for consistent feed
calorific valuewise into the incineratoRaw MSW typically has an energy content of
about 87 11 MJ/kg Feedstockrom sourceseparatedvastesand purely commercial
wasteswill usually have greater calorific value in the range ofi183 MJ/kg.It is
therefore important t@nsure a mix of high calorifigalue materials in the feedsk

meant for reduction in thecinerator.
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2.7.2 Combustion technology
There are four combustion technologies that are usually employed toMfW
according tdEFRA (2008)
2.7.2.1Movinggrate
In the moving grate furnace system, the waste is slowly propelled through the combustion
chamber by a mechanically actuated grate. Waste continuously enters one end of the
furnace and ash is continuously discharged at the other end. There are three main sub
categories of this system
- The Rollergrate this consists of adjacent drum or rollecgdted in a steeped
formation, with the drums rotating in the direction of the waste movement
- The Steepedhclined gratethis system uses bars, rockers or vibration to move
the waste down each of the grates (typically three)
- Inclined counterrotating grags grate bars rotate backwards to agitate the waste
and prevent it tumbling down the forward inclined grate until burnout is

complete.

2.7.2.2Fixed grates

These are typically a series of steps (normally three) with the waste being moved by a
series ofams. The first step is a drying stage and initial combustion phase, the second is
where the remaining combustion takes place and the third grate is for final carbon burn

out.

2.7.2.3Rotary kiln
Incineration in a rotary kiln is normally a two stage pssceonsisting of a kiln and

separate secondary combustion chamber. The kiln is the primary combustion chamber

49



and is inclined downwards from the feed entry point. The rotation moves the waste

through the kiln with a tumbling action which exposes the wasteat and oxygen.

2.7.2.4Fluidised bed

The combustion of MSW using a fluidised bed (FB) technique involvesqtmg of

MSW material to remove heavy and inert objects, such as metals, prior to processing in
the furnace. The waste is then mechanicaitycessed to reduce the particle size. The
combustion is normally a single stage process and consist of a lined chamber with a
granular bubbling bedf an inert material such as coarse sand/silica or similar bed

medium.

2.7.3 Energy recovery

The standard approach for the recovery of energy from the incineration of MSW is to
utilise the combustion heat through a boiler to generate steam. Of the total available
energy in the waste, up to 8dcan be retrieved in the boiler to produce steam. Thestea

can be used for the generation of power via a steam turbine and/or used for heating. An
energy recovery plant that produces both heat and power is commonly referred to as a
Combined Heat and Power (CHP) Plant and this is the most efficient optionifanati

recovered energy from waste via a steam boiler.

2.7.4 Emissioncontrol for releasego the atmosphere

The emissions limit for specific pollutants that are present in the combustion products
(flue gases) from the incineration of MSW are definethimNational Environmental
Standards Regulatory and Enforcement AgeNdySREA) Act in Nigeria [FGP, 2007]

and the IED/WID in the UK and Europe. An environmental permit via an Environmental

Impact Assessment EIA will be required to operate an incinenagtiedl by MSW and
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will set-out a range of necessary conditions, including emissions limits for releases to the
atmosphere, operating and monitoring requirements.

To meet these limits, the combustion process must be correctly controlled and the flue
gase<leaned prior to their final release. The technology supplier for the incinerator plant
will define the exact emissions cleap processes that will be employed to achieve the

required standards and utilising Best Available Techniques (BAT).

2.7.5 Bottom ash handling

The main residual materi al from the incini
or fAlncinerator Bottom Asho (1 BA). Thi s i
chamber and consists of the rommbustible constituents of the wastedelt usually

represent about 28 i 30 % by weight of the original feed waste and only abou¥dl0

by volume. The amount of agltepend on the level of waste piteeatment prior to

entering the incinerator.

2.8 Design of anincinerator

According toBatterman, (2004),rpperdesignof incinerators shoulde targeted towards

theachievenent of

desiredburnouttemperatures;

- residence times and other conditiorexessary to destroy pathogens;
- emissionsninimization;

- refractory and grating damageoidance

- minimisation offuel consumption,

- adequate aeration for complete combustion and

- ease of loading and removal of bottom ash
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The Canadian Council of Ministers for the Environment (CCME), (198Binittecthat

right from the conceptual stagesasfy development, it is necessary to establish a basic
design/operating philosophy for the project. In their view, all aspects of the MSW
incinerdion facility should be considered@hey insisted thatnicinerator design must
incorporate measures to enswsatisfacory combustion efficiency whictcan be
accomplished if an acceptable combination of temperature, residence time, and gas
mixing is atieved in the combustion zonEhey noted thatemperature generated in the
combustion zonés a function of the éating (calorific) values of the waste and the
auxiliary fuel, the incinerator design, the air supply, and the combustion control. The
actual temperatures achieved depend on heat losses. Heat losses include those from
conduction (the transfer of heat thgbuthe walls of the incinerator) radiatioand
convection losses at the surface, and convection losses due to the exit of the products of
combustion and the heating of the incoming air/fuel mixture, the amount of excess air,
and the rate of release of eggin the fuel. Although the reaction rates of combustion
increase rapidly with higher temperatures, the upper temperature in a system is normally

limited by the material used to congttihe incinerator. (CCME, 1989)

The effectiveness of the combustiprocess and to a certain extent, the temperature
achieved in the system depend on good mixing of air and fuel in the incinerator. This
mixing is usually achieved by ensuritigt the air being supplied to the combustion zone

has sufficient momentum to petnate the combustion gases.

Retention time, or the length of time available to ensure complete mixing of air and fuel,
is an important incinerator parameter. The incinerator volume also must be large enough

to allow fuel and combustible gases to fullixrand burn.
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Vi.

Vil.

viii.

2.8.1 Design criteriafor an incinerator

Zinn and Niesser(1968)outlined the criteria fothe degyn of an incineratoas follows:

Easy to operate: In order to insure high quality operation, a minimum of special
Aitechniqueso aoddbe teqused of the dperatar. Operators will
work on a partime basis and should not be expected to have a high degree of
technical competence.

Wide variety of wastes: An incineration system must be able to handle a wide variety
of wastes includingvastes of high moisture content. It must also be able to consume
a wide variety of waste materials.

Minimal maintenance: the design must ensure that maintenance requirement is
minimal

Low cost: in order to justify its use instead of a scavenger for religpesal the
incineration system should have relatively low cost (both capital and operating costs)
Rapid burning: is needed in order to provide a high disposal capacity per square
meter of floor area

High combustion efficiency: is required to have goadhiout of both the flue gases

and residue

Ash residue ease of handling: removal of ash should minimize dusting and
contamination of the surrounding area

Easy to light burners and burner stability: the burner unit for combustion units must
provide for eag lighting as well as a high degree of flame stability

Minimal external surface temperature: is required for safety and operator comfort.
Air pollution control: is necessary to avoid breaking laws and contravening air

pollution codes
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2.8.2 Designconsiderationsfor an incinerator

The following are the major design considerationthe design of an incinerator system
2.8.2.1Minimum Temperature

MSW incinerators should be designed to maintain a temperature high enough to ensure
organics destructiohe minimum temperature of 800120FC should be measured in

conjunction with the minimum retention time.

2.8.2.2Minimum Retention Time

MSW incinerators should be designed for a combustion gas residence time of not less
than one second at 16 or twoseconds at 88C, calculated from the point where

most of the combustion has been completed and the incineration temperature has been
fully developed. In multchamber incinerators, residence time is calculated from the
secondary burner(s) flame front thie final secondary air injection point(s). Where the
furnace is one continuous space, such as in the single chamber mass burning designs, the
location of the complete combustion/fully developed temperature point shall be

determined by an overall desigrview.

2.82.3Primary Air
The design should ensure tlagopropriate air distribution igrovided to promote good

contact between the burning waste and incoming air.

2.8.2.4Secondary Air:

A secondary air supply system should be provided to promote gnaad allow for
completion of the combustion process. There should be air control capability to be able
to adjust for efficiency and also reduce the possibility of quenching the combustion

reaction.
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2.8.2.5 Auxiliary Burner

The auxiliary burner shouldave sufficient capacity to reach and maintain operating
temperature whenever required. The auxiliary burner minimizes emissions by heating up
the system before waste is charged to the incinerator and by providing additional heat to
complete combustion dimg upset conditions. It is recommended that the auxiliary

burner be capable of providing 60% of the total rated heat capacity.

2.8.2.6 Maximum Carbon Monoxide level

Low carbon monoxide levels are an indication of good combustion. To achieve good
combuston and low trace organic emissions, the recommended maximum carbon
monoxide level for modular and mass burning incinerators is 50ppmdv (57f)gaRm

11 % oxygen, calculated as a feloour rolling average.

2.8.2.7 Air Pollution Control System
An air pollution control system should be put in place to ensure compliance with the

prevailing environmental emission limits and regulations

2.8.2.8Noise Control
In designing MSW incineration facilities, measures should be taken to control
operational noiskevels to ensure compliance with local noisddys. Operational noise

should be limited and at least consistent with ambient levels in the immediate area

2.8.2.9Ash Management
The residue from an incinerator consist of bottom ash, fly ash and any other solids
collected inside the incinerator. The physical and chemical characteristics of these

residues must be determined because residue from an incinerator facility may be

55



hazardos.Adequate precautions should be taken to minimize fugitive emissions during

the handling and transfer of incinerator ashes and other solid residues for final disposal.

2.8.2.10Monitoring and Control Systems

A monitoring anccontrol system should be fa place for the whole system from waste
feed through combustion to emission control and residue handling and disposal is very
important to ensure compliance with laid down rules and regulations guiding the

operation of such a facility.

2.8.3 Design consider#ions for a biogas fuelled incinerator auxiliary burner

According to Fulford, (2010), in order to design an effective biogas fuelled auxiliary
burner for use in an incinerator, the following has to be understood and taken into
consideration:

2.83.1Biogas combustion

Biogas needs to be burned in a burner that igded for the gas. Since biogasntains
roughly 58% methane and 4% carbon dioxide, it will not burn properly in a normal
natural gas burner. The carbon dioxide content implies thafugdeto air ratio is
increased and the flame speed is lower making theefleess stable. (Harrisoz, 2010)
Biogas burns in oxygen to give carbon dioxide and water:

CHs + 20, Y CO; + 2H0 Equation 2.26

One volume of methane requires twaumes of oxygen, to give on®lume of carbon
dioxide and two volumes of steai@ince there is 58 methane in biogas and 24

oxygen in air:

- = 1.72volumes 6 biogas require? 9.52volumes of air,
Or: 1 volume of biogas requiresz— =5.53volumes of air or

— = 0.153= 15.3% biogas in air (stoichiometric air requirement).
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Biogas will burn over a fairly narrow range of mixtseom 9% to 17% biogas in air.

| f the fl ame i s

fi elathen it willddrrobadly larsheompletety, mu c h

giving carbon monoxie (which is poisonous) and sqg&rbon particles)Burners are

usually run

becoming richin most burners, ais mixed with the ga before it is burnt in a flame

(pre-aeration).Postaeratedlames, wherehe gas is ignited at the end the gas line,

give very poor combustiorl h e

amount of

A p hd gasabefgre thei r O

flame, variesdepending on thdesign ofthe burner, but isusually around 506 of the

total air requirement.

2.8.3.2Properties of biogas

The properties of biogags shown Table 2.3 in musterefore bewell understood in

order to design a successful biogas burner

Table 2.3: Properties of Biogas assumed 5% CH4 and 42% CO3, saturated with

water vapour at 3°C, and standard pressure (1bar)

Property Value Range
Calorific value MJ/n?) 21.5 20.1to0 25.9
Effective Molecular weight 27.35 24 10 29
Density (kg/m®) 1.0994 0.96t0 1.17
Specific Gravity 0.94 0.82t01.00
Viscosity Pa/s 12.97 x 16
Optimum fuel to air ratio 5.5:1 15 % biogas

Flammaubility limits 9% - 17 % biogas in air
Wobbe Number (MJ/R) 22.2

Burning Velocity (m/s) 0.25m/s in air
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2.8.3.3Designequations for a gas burner

An understanding of the key equations of
and their usefulness in dealing with designing the injector orifice, flames configuration,
entrainment, throat sizing, mixing tube length, burpert design for effective cross

lighting and to avoid lighting back and flame lift.

2.8.4 Design criteriafor a biogas fuelledauxiliary burner

Design criteria were developed Musonet al, (1990)and Fulford, (2010) as well as
necessary equation anelationships for the agggn of a biogas burnas follows

2841Gas pressure and flow to the burner shi
The force which drives the gas and aioitite burner is the pressuregafs in theipeline.

The key relationship betwegnas pr essure and flow i s mode

(assuming incompressibleof) given by:

-+ —+ z = constant Equation 2.27

where: pis the gas pressure (N'),
} is the gas density (kg i),
vis the gas velocity (m's),
g is the acceleration due to gravity (9.81 i yand
zis head (m). For a gas, heajl¢an be ignored
Bernoul |l i 6s t he ahatéoman elealsgasrildwi tipdtehtial ersergyaduee s
to the pressure, ptuthe kinetic energy due to tlelocity of the flow is constantn
practice, with gas flowing through agpe, Ber noul | i dénedifitcddue tor e m mu

friction. An extra term must be addeallow for energy loss due faction in the pipe:

-+ —1 f (losses) constant Equation2.28

Using compressible flow theorgasflow through a nozzle of areis given by:
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m=CgoA ¢ — —1 T p | 7 Equation2.29

WherePoandj o are the pressure and déy of the gas upstream of thezzle

andr = P4/ Po, whereP1 is the pressure downstream of thezzle

2.8.4.2Proper cesign of theénjector orifice or jet for flame stabilization

The amount of gas used by a burner is controliethé size of thega®j et 0 or fAi nj
ori ficeo ( aleina platd).iAsweell as sontmllinpeogas flow rate, the

injector has the sead important role of separatirtbe burner from the gas supply. It

shoud be impossible for a flame tnter the gas supply pipe.

The gas flow rate@) is related to the gaselocity () by the areaX) of the pipe through

whichit is flowing:

Q=VvA Equation2.30

For gas flow through an orifice, the areatloé hole is not necessarily theea of the

flow. Asuddenchmge i n fl ow aceat caarsvang of haffowm a n a

to an area smaller than that of thefice itsel. An e mpi ri cal version
theorem is used to define the flow rate and
Q=0.067CA - Equation 2.31

(Musonet al., (1990))
Where: Q = gas flow ratém?/h),
Ao = area of orifice (mrf)
p = gas pressure before orifice (mbar)
s = specific gravity of gas
Cq = coefficient of discharge for the orifice.

A graph depicting the relationship is as shown iruFeg2.8
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Figure 2.8: Graph of flow rate Q through an orifice where Cq is taken as 0.9.

The coefficient of discharge for the aoc# takes into account the veoantractor and

friction losses through the orifice. It usually has aiedletween 0.85 and 0.95.

To maximizeCy, the angled) of approah before the orifice should B8° and the length

of the orifice channelb) should be between 1.5 andies the orifice diametec) as

illustrated in Figure 2.9

Screw
thread

Figure 2.9: Orifice configurations

As gas

comes

out

Orifice
injector

ofr at medionjie¢toont heaistt rieam

biogasair mixer and ignixed in thepipe and mixing pornvith the gas before it comes
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out of the burneport. The unburned gasisheatpdui n an @i nnéurningoneo &
at t he 0 f(Figars 210).f Theocorte &pe is a result of laminar flom a

cylindrical mixing tube, the mixte at the centre of the tube nsoving at a higher

velocity than that at theutsideTh e mai n fcombus heigasiburrsmne 0 i
the primary airand generatethe heat in the flame. THeOut er mantl eo of
where combustion is completed with thd af the secondary air that ésawn into the

flame from the side The combustion products (carboioxide andsteam) are at a high
temperature, so rise tmally away fromthe flame, transferring heat te air close to

the top of the flame. It ishis air moving vertically awayhat draws inthe cooler

secondary air to the base of the flaffiee size of the inner cone depeiasthe primary

aeration. A hgh proportion of primary air mkes the flame much smaller and

concentrated,iging higher flame temperature.

Combustion zone

Outer mantle
Flame front
Secondary air Inner cone
Bumer port
Gas/air Mixing tube
mixture
Throat

Primary air

"7 Air inlet ports
Gas 1]

Injector

Figure 2.10: Flames configuration

The gas emerging from the injector entédrs end of the mixing tube inragion called
t he At hr oaha®wa mudhhagyer didameterahthie injector, so the velocity of
the gas stream is much reduced.

The velocity Vo) of the gas in the injector orifice is given by:
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Vo=——— m/s Equation 2.32

with Q in m¥h and A in mn?, while velocity in the throat is reduced to:
Vi = Vo— =Vo— Equation 2.33

Ignoring the vena contractor and friction.

The gas pressure just after the nozzle then becomes:
Pi=Po-}—[1- (—)9] Equation 2.34

(Musonet al, (1990))

The value ofP is around atmospheric @®ure, as the throat is openthe air, so this

drop in pressure is sufficietd draw primary air irthrough the air inlet ports toimwith

the gas in the mixing port

Thepr i mary aerati on depen)whichisdetarninedbythent r ai n

area of the throat and the injector:

r= |7||'_ — p = |7|i_ — P Equaion 2.35

Equation23% s referred to as Priggbs formul a
whereA; andd; are the area and diameter of the throat Andnddo arethe area and
diameter of the injector.

Priggods formul a hol dsA)isbetween&.5 ang2ttimds the | a me
area of the throat. This ratis approximately independeat the gaspressure and the

flow rate. The primary air supply is rareBnough to give a stoichiometric mixture.

2.8.4.3Appropriate throat and mixing tube design to allow for adequate biaga®ix

The flow rate of the mixture in the thro®&xf) is then given by:
Qm = —— with Q min m¥sandQ in m%h Equation 2.36
(Musonet al, (1990))
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The pressure drop due to the flow bktmixture down the mixing tubghould be

checked, by first calculating the Reynolds number:

Re=——=— —=— — Equation 2.37

Where” and‘ are the density and viscosity for the mixture
(Use” =1.15 kg/nfand' = 1.71 10° Paat 30°C).

The pressure drop/p) is then given by:
Yn=-"0 —=-"——0 Equation 2.38

Wheref = —, when Re ¢ 11 randf :8—7, whenRe ¢ minm

The pressure drop should be much less than the driving pressure.

Most burners are designed to have a thtioat gives an aeration greatkan optimum,
with a device forestrictng the air flow, so the optimuaeration an be set for a given
situation.For a cylindrical throat, the mixing tube must be long enough to ajtmyd
mixing of the gas and air. #roatlength(L:) of 10 d:is usuallyrecommended.
Lt=10 d Equation 2.39

Whered: is the diameter of the pipe conveying the biogas to the burner
o :{W’L 1} do Equation 2.40
do is the hole drilled for air to enter for the necessary Biggasnixture required for

biogas to burn in air and r is the entrainment ratio

Diameter of orifice, (g)

do = X 4 - Equation 2.41
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2.8.4.4Burner ports design fdfame stability and cross lighting while avoiding lighting
back and flame lift

The big advantage of a gas burner is that the heat can be direstedréit is needed,
by designing te burner properly. However, théesign must allow for particular
problems that can occur when burning gas, especially biogas. Such problemgbtike |
backwhere itis possible for the flame at a burner port to travel back dowmtkiag
tube to the injector. The way to overcome lighting bacto choose a burner porze
smaller than a certain size. For portsthm metal, this will be 2.5 mndiameter for
natural gas. If the burner gas drilled in thicker metal, then it can be largBecause
biogas has such a low flame spdaghting back is not usuallyroblem 5 mm diameter
holes in 5 mmhick metal do not seem to lightick. Th e ot her Jlarmhediftotl enge
which is anopposite effecto lighting back ands a eal problem with biogas witthe

flame lifting off the burner prt as illustrated in Figure 2.11

Flame

Flame front
1 lifting off
Burner port p bumner port

$ 44

Gas/atr mixture

Figure 2.11Flamelift phenomenon in a gas burnei

The flame | ifts off famdn d d eo lpitofrttd Rnamerasn
the speed of the gas/anixture through the burner pag higher than the speed of the
flame burning in thgas. Biogas lsastoichionetric flame speed of only 0.25 s%0 the

total flame port areanust be chosen so that the mixtureoedly through the ports is
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muchlower than this figure. The flame velociy the flame front is likely tbe 50% of
the stoiclometric value, as the ftae is not fully aerated at thpoint.

Even if the burner port size is dgsed correctly for a particulaituation, a variation in
conditions can resulin flame lift. Alterations inthe entrainment ratio, caused by
adjustment#n the primay air controlspr by partial blockage of the air inlets by dirt, can
cause the flameelocity at the flame front to changkcreased supply pressure will
increase the mixture flow rate and @eity, also causing flame lift.

The mixture suply velocity (vp) is given by

Vp=—L T® um/s, Equation 2.42
with  Qm = in m?/s, Equation 2.43
and Ay the total burner port area irfnF n— Equatiorn2.44

where:np is the number of ports, each of diameigm m.

The flow of the gas/air mixture through each of the burner ports musifoem, so each
burner port shoudl be of the same size. Also fi@ssure drop in the supply pipes leading
to the burner ports must be thie same value. The usual way to eadins is to use a
manifold that isymmetrical and with a crosectionalarea that is much larger than the

total flame port area

For a bar burner, with the flame ports agad in line on a cylindrical arectangular
tube, it is common to pladbe miking tube so the mixtureomes out at the centre of the
manifold Baffles may be required to balance thenflpatterns within the manifolco

the flame size is uniformrBurner ports are often round in shape, but can be made any

shape.
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The total area othe burner ports is limited by the need to prevent flafhelt can also
be defined byhe heat output from the burr@arts, whichshould be less than 900 W/gm
(0.09 W/n#) of burner port aredhe size and positioning of the indivial burner ports
are defined byarious factors, such as the heat pattern required, the need fer s
to be close enough together for crtighting and the need for aadequate supply of

secondary air.

Domestic stoves, used mainly for cookinguaity have burner portarranged in a
circular pattern, as most daag pots have a circular bagéne size of the circle depends

on the aveage size of the cooking potslie used.

As for aosslighting, aburner is usually lit at one place, so the fianshould jump from
oneburner port to the next fahe whole burneto light. Also the flames andividual
burner ports may go out, makiegosslighting essentialFor biogas, the gaps between
burnerports should be around 5 mmensure crosghting occurs.

2.8.4.5Materials of construction

Gas burner components are dguanade of cast metal, as theyust take high
temperature, be very robust and withstaedrrosion. Many parts can meade from
aluminium, except fothose parts which might reachntperatures above its softening
point (600°C). Cast iron issed for parts that reach hightemperatures, as it is fairly
resistat to corrosion. However, it lsrittle and can shatter if droppedto a hard surface.
Mild steelcan take high temperaturés not hittle, is easily welded and igery strong,
so can be e for many components. Howeaeel is susceptible to @dosion so must
be coated with aorrosion inhibitor that can wistand the temperature in whitte steel

is being used(Fulford, 2010)
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2.9 Operation of Incinerators

The most important operational consideratrothe operation of an incineratascording

to DEFRA (2010)js conpliance of any chosen incineration technolegth prevailing

emission standards. In the Ust instanceall waste incineration plant must comply with

the Waste Incineration Directive (WID) 2000 and the Industrial Emission Directive

(IED) (Directive 2010/75/EU)This Directive sets the most stringent emissions controls

for any thermal processes regulatedhie European Union (EU). The objectives of the

IED aretoi Reduce emi ssions into air, soil, wat
of waste, in order to achieve a high level of protection of the environment taken as a

whol eo

In Nigeria, the Federal Ministry of Environme{MOE) through NESREAand their
counterparts in the various states of the federation are responsible for regulation and
compliance of Waste Disposal, Incineration and Emission Standards with objectives

similar to that of the UK/EU IED.

The key requirements in the IED for the operation of an incineration plant are:
A minimum combustion temperature and residence time of the resulting
combustion products. For MSW, this is a minimum requirement di{B# 2 seonds;
Specific emission limitsare setfor the release to the atmospherevafious
combustion products (Table 2.4)
A requirement that the resulting bottom ashes and slag producedTual a

Organic CarborfTOC) of less tlan 3%. (EC, 2006)

The combustin conditions are required to enstin@atcomplete bunout of the waste is

achieved while themrission limits to atmosphere are set to minimise any environmental
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and health impacts. The carbon content in the ash represents minimisation of the

combustible mierial and destruction of waste.

2.9.1 Emissionstandards and compliancematters

In the findings ofan assessment of small scale incinerators forWueld Health
Organisation (WHQ)Battermar(2004) concluded that it is not recommended for WHO

to develop or specify emissi@tandards or guidelindsr small scale incineratarSuch
standards he pointed out, will requigeiantitative emission liits on each type of
pollutants and standards require the useirdpection, testing, monitoring and
certification programs fasuchincinerators antheir operators to ensure complianeke
believe, snall scale low cost incinerators will nobe able tomeet modern emission
standardsor many pollutants and possiblgweral toxic metalsTo meet emission
standards, incinerators must be designed to use air pollution control equipment
(removing particles, acid gases, etc.), combustion process monitoring (temperature, flow
rates, etc.), and process controls (waste, aieflows). Few of these technologies are
adaptable to small scale low cost incinerators that do not have exhaust fans, pollution
controls, dampers, monitoring, electrical power, &igese technologies will greatly
increase the cost and complexity of theinerators, and they are unlikely to perform
reliably in many settings given the need for careful operation, regular maintenance, and
skilled operatorsHe therefore recommenddtie useof the following measures as an
alternative to ensureffective waste treatmemntjinimizeemissias, exposure and risk to
workers as well aghe community:

1. The use of approved incinerator designs that can achieve appropriate combustion
conditions (e.g. minimum temperature of 80minimum chimney heightelative to

surrounding structurgs
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2. Appropriate siting practices (e.g. away from populated areas or where food is

grown);

3. Adequate operator training (including both classroom and practical training);
4. Appropriate waste segregation, storage and ash disposiilefs;

5. Adequate equipment maintenance;

6. Managerial suppodnd supervision

7. Sufficient budgetindpy management authority to ensure compliance with the

aforementioned measurg¢Batterman, 2004]

Finally, to conclude on this sectipit should be noted that municipal solids waste
incineration is on the mandatory list of projects that, up to year 1999, required an
Environment al |l mpact Assessment (EI A) i No
Environmental Protection Agency (FEPAjcarding to Decree 86 of 199FRNOG,

(1992)) before they were merged into the Federal Ministry of Environmental by virtue

of the Presidential Directive Ref. No SGF 5/5/221 of October 12, 1#2@bohun,

2002) Later, their duties were taken over by Netional Environmental Standards and
Regulations Enforcement Agency (NESREA) under the NESREA (Establishment) Act,

2007, No. 25.
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Table 2.4 Air Emission Limit Values (Directive 2000/76/ECJAnnexure V)

ITEM DAILY AVERAGE VALUES VALUES UNIT
1 Total Dust 10 mg/m?
2 Total Organic Carbon (TOC) 10 mg/m?
3 Hydrogen Chloride (HCI) 10 mg/m?
4 Hydrogen Fluoride (HF) 1 mg/m?
5 Sulphur Dioxide (S©) 50 mg/m?
6 Nitrogen Monoxide (NO) and Nitrogen Dioxic 200 mg/m?
(NO.) for existing incineration hour or nev
incineration plants
7 Nitrogen Monoxide (NO) and Nitrogen Dioxic 400 mg/m?
(NO.) for existing incineration plants with
nominal capacity of 6 tonnes per hour or less
8 Dioxins and Furans 0.1 ng/m?
(total conc.Calculated using the concept of to»
equivalence in accordance with Annex I)
9 Carbon Monoxide (CO) 50 mg/n?
10 Heavy Metals (values applicable to Incinerat 0.05 Mg/m?3

treating HAZARDOUS WASTES ONLY)
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29.2 Exposure, safetyand health risks from incineration
Batterman(2004),reported thaexposure to risks from incineration could be direct and
indirect. Direct exposure for the operators and the immediate surroundings and indirect
exposure pathwaysom air pollutantsemission from incineratiarThese pathways may
include for example consumption of locally produced, meat, eggs and dairy products,
consumption of fish from local waterways that are contaminated by air pollutants, and
dermal contact with contaminated soils. These pathways are anptot persistent
pollutants that can biaccumulate into food, a result of the deposition of toxic emissions
onto plants and soil with subsequent ingestion by farm animals or in the case of fish
contamination, from deposition directly into water bodie®iato soil and runoff into
surface waters with subsequent uptake in fish. Indirect exposure pathways can therefore
be very important for dioxins, furans and other emissions if:

1. Food is grown near the incinerator,

2. Animals are raised on fields near the nesiator,

3. Lakes, ponds, or other surface drinking water sources have a local catchment area,

4. Subsistence fishers, or farmers in the aetin most of their food from local

sources,

5. Children play in the dirt subjected to significant atmospheric deposition

Several studies have examined human exposures and risks from incinerator emissions.
Most have looked at municipal or hazewd waste incinerators. Few validation studies
have been completed. As a result of stricter emission standards in the EU and the USA

releases of these substances have been significadticed in several countries (WHO,

1999) and concentrations i n ma rs ymilkt hayee s of

decreased sharply (UNEP, 1999)
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Domingo, (2002) shows effects of decreasing stack gasentrations emitted from a
municipal solid waste incinerator in Montcada, Spain from approx. 10 ng TBQ/m
below 0.1 ng TEQ/rh(air pollution control devices added included acid gas scrubbing,
fabric filtration, and activated carbon) that reduced @mvirental exposures from 0.051

to 0.012 pg TEQ/kglay for adults, and from 0.081 to 0.027 pg TE@dky for children,

based on measured soil and plant concentrations measured 500m from the incinerator,
and modelling inhalation, dermal contaahdincidental soil and dust ingestion. Other
dietary pathways were excluded as vegetables, grains, fruits, cereals and livestock were
not raised in the urban area.

Other studies of notenclude Nouwenet al, (2001) and Bennettet al, (2002). Both
measuredre individual intake fraction or iFi for dioxins (and other compounds). The iFi

is defined as that fraction of the emissions taken in by a specific dodivbver all
exposure pathwayghus, the iFi represents the souta@lose transfer coefficient that
accounts for dispersion, transformations, bioaccumulation Betenettet al, (2002)
arrived, based on the CalTOX mogdatian iFi value of 2.1 x 1. This value it should

be noted, represent a time and space average over the United States of America (USA)
and not values that might apply to a highly exposed individual. On the other hand,
Nouwenet al, (2001) estimated exposures near two large munisipanerators near
Antwerp, Belgium for several scenarios, including one assuming high consumption rates
of locally produced foods, e.g. 26 of vegetables, 5% of meat, and 10% of milk. For

this scenarioYear 1980 exposures with high emissions (1§.9EQ/yr) were 2.8 and

11.3 pg TEQ/keday for adults and children, respectively, most coming from milk and
meat ingestion. Due to air pollution controls (lowering emissions to 3.1 g TEQéa),

1997 exposures were 0.73 and 2.4 pg TEkg for adults ath children, respectively.

From the total TEQ emissions reported in the paper, the local individual intake fraction
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iFi was derivel. Specifically, the adult iFi wak0 x 10°, and the child iFi wa$.8 x10®
(based on averaging estimates Yaars1980 andl997) It should be noted that these
values are 150 and 520 times greater than that derived by Benalet{2002), but they

apply for an exposed population (within approx. 3 km of the incinerators)

2.93 Safety Risksin the operation of a small scale incinerator

Russel, (2000putlined the following safety notes that must be carefully adhered to in

theoperation of an incinerator
1. When opening the loading door it is advisablelteags wear eye protection and
aface mask. Opening the loading door during operation mean that additional air will
enter the combustion chamber. This may cause blowback to occur and the flame to
flare up out of the loading door. The bldack does not last long but it could cause
injury to anyne standing too close to the incinerator.
2. The operator shoulshot open the door while standing at the front of the
incineratordoor. The loading door is designed so that it hinges from the front of the
incinerator and opens towards the operator. Thisigesvthe operator with some
protection from any blowback and keeps him/her away from the opening to the
combustion chamber.
3. The operator should wait a few moments to allow any Hiaek to die down
before loading waste materials into the incinerator.
4. ltis important to watch out for small explosions as some waste materials such as
ampoules (for medical wastes) and glass bottles possibly containing liquids and
medicines may explode during incineration causing glass and other waste materials to
be blowninto the atmosphere. The operator should ensure that eye protection and a

facemask is worn when opening the loading door or when visually checking the
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combustion process through the air inlet or when opening the ash door while the
Incinerator is in use.
5. In handlingsolid waste, it is necessary to always wear hedwty gloves and
apronmost especiallyvhile handling medical solid waste. If the waste is bagged, the
bag should be held by the top and away from the body. The bag should be dropped
through thdoading door opening and if it gets stuekstick should be used to push it
into the combustion chamber. If the waste is loose, a shovel should be used to load it
into the combustion chamber.
6. In removing ash and other solids from the combustion chantieeash or other
waste materials should never be handled by hand. A stick or scraper should be used to
pull the solids out through the ash door and into a dustpan or box.
7. The bottom ash or other waste materials should not be removed from the
combustion chatver until they have cooled down. This will take about five hours. If the
incinerator is in operation on a daily basis then the ashes and other waste material can be
removed the following day as part of the preparation for operation.
8. The bottom ash and otheaste materials should be disposed carefully by burying
or placing in a skip for disposal by local authority or other authorised disposal company

in case of medical waste.

2.94 Health Risks in the siting and operation of incinerators

To determine thedalth risk from incineration in a particular environmegording to
Batterman(2004),the Health Risk Asessmer{HRA) framework should be knowihe
objective of HRA is to estimate effects of incinerator emissions, in this case, air
pollutants, orhuman health, including shesrm acute impacts (systemic diseases) and
chronic (longterm) impactge.g., cancer). The goal generally is to assess the overall risk

associated with exposure to emissioms, g . the O6riskd quantifi
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harm, the fraction of the population potentially affectadd/or the number of cases of

disease.Historically, health concerns raised by incineratisnusually focused on

communities living near th@cinerator. However, ore recently and rather definiély,

the National Research CounciNRC) idenified three potentially exposedpulations

(NRC, 1999:

1. the local population, which is exposed primarily through inhalation of airborne
emissions;

2. workers at the facility, especially those who clean amantain the pollution

controldevices; and

3. the larger regional population, who may be remote from any particular

incinerator, but who consume food potentially contaminated by one or more incinerators

and other combustion sources that release persisteéfi@accumulative pollutants.

The analysis will follow the general steps of hazard assessment, toxicity assessment,
exposure assessment, and risk characterization while the assessnigpitaly,

screening, in nature.

2.95 Hazard assessment in thsiting and operation of incinerators
In hazard assessment, causative agents are identified and thditieasilonkages and
mechanismbetween air pollutants and adverse health effects are demonstrated.

Doseresponse assessment

The doseaesponse assement describes the toxicity the chemicals identifiedising
models based on human (including clinical and epidemiologic approachésgninal
studies. Doseesponseelationships depend on the pollutamich could be systemic,
carcinogens or conwéional pollutants. For ystemic toxicants many studies have

indicated a threshold dno-effect’ level, that is, aexposure level where no adverse
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effects are observed in tggtpulations, as cell mechanisia® able to repair or isolate
damaged cells. Some health impacts rbayreversible once thehemical insult is
removed. In this case, a reference dose orcemnation, for use in the risk
characterization as component of the hazard index is establisRedcarcinogensboth

linear and nonlinear dogespmse models are useWith linear modelsdoubling the
exposure doubles the predicted risk. Cancer potencies are typically provided for each
exposure pathway or for total intalkear conventionapollutants,e.g., particulate matter

and SQ, doseresponse relationships for morbidity and mortality are often derived using
epidemiological studieg\ll in all according toBatterman, (2004)he end resulof all

the analyses shoultk toemphasizend mitigate againshose agents that are judged to

cause most of thesks and human health impacts.

2.10 By-Products of Municipal Solid Waste Treatment Systems

Anaerobic digestion of municipal solid waste generates a wide range of useful
byproducts.

Biogas is used to generate electricity and as fuel for a lot of applications like cooking,
heating, drying, and incineration

Liquid digestate is used as fertilizer and as soil conditioner

Undigested biomass (referred to as digestate solids, dibleiofiber) contained in the
solid effluent of anaerobic digesters provides opportunities for \added byproducts.
Organic fertilizer, livestock bedding, compost, fuel pellets, and construction material
(medium density fiberboard and fiber/plastic compositeeneds) are a few examples of
valueadded byproducts that could be created from digestate gHlidksand Gould,

2016)
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2.101 Fertilizer value of digester effluent; liquid digestateand sludge

Igboro, (2011)rom experiments conducted at ABU concludledt digester sludge can

be used to make compost rich in plant nutrients and when cured for twenty days
supported plant growth and serve as soil conditioérs is in conformity with
Kotcharkornet al, (2004) report that digester sludge are rich sauot@lant nutrients.

He went on furtheto reportthat while Brain (1998) found out that potatoes and grasses
grown on digester effluent had better yield than those grown on fresh farmyard manure
or balanced with organic fertilizer (NPKMeanwhile,Magem (1995) reported that

application of digester effluents to potted plant as fertilizer resulted in their death.

2.102 Fertilizer value of wood ash

One of the traditional agricultural practigasNigeria is bush burning after land clearing.

A lot of woad ash is thereby produced. Calcium is the most abundant nutrient averaging
almost 20 % of the ash. It has been shown that ash can therefore be used to raise soil pH,
just as agricultural lime is used. Compared to calcium, other nutrients are presertt in muc
smaller amounts. \Wbdash hasbout four percent potassium, and less than two percent
phosphorus, magnesiu@uminiumand sodium. The small amounts of these nutrients

i s t he reason that ash i s consider ed a 0

fertilizer, average wood ash would be abouPNK 0:1:3. (Griffin, 2006)

2.103 Soil pH and nutrient availability
According to Igboro (2011), soil pH is an important chemical property because it affects
the availability of nutrients to plants and the activity of microorganisiggire 2.12

gives a geeral indication of theseelationshis.
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Figure 2.12pH scale andNutrient Availability Chart(Verdegaal Brothers Inc., 2007)

2.11 Review of previoussimilar researchin the WREE dept, ABU, Zaria
Severakesearch has been carried out in the department of Water Resources and
Environmental Engineering, ABU, Zaria. Thugrrent effort is an effort to develop on

the previous works

2.11.1 Production of biogas and compost from cow dung in Zaria, Nigeria

Igboro, (2011) carried out a study to produce biogas and compost (soil conditioner) from
cow dung. Afixed domedigester ananoving gasholdercollection system was designed
and fabricated using locally available materials to digest cow dung Kational
Agricultural Products Research InstitudAPRI) and Zango abattoir respectively.

A batch digestion system was used with theothtictionseparatelyach time from each
source 90§ of fresh cow dung collected overnight into the digester with water to form a

slurry ina ratio 1:1 by volume. The gas ¢ollected from the digester through a 20mm
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diameter flexible hose connected to the bottom of the gas collection system allowing it
to pass through water asscrubberinto a cylindrical gasholder floating in the water
jacket. The daily gas production was determined from the rise in level of theatzd
gasholder. A total of 0.05ttkg of biogas was produced from the abattoir waste, while
thethree types of waste from NAPRI produced 0.8y 0.014n¥kg and 0.03rkg of
biogas respectively. The average temperature observed during the studyhasheit
mesophilic temperature range [2@0°C)

After the 40 dayperiod of digestion, the sludgeas removedfrom the digester,
dewatered and allowed to cure for 20 days before being used on trial plots to grow maize
and guinea corn with improved yieldsropared tdaselingplots without any treatment.

A biogas stove was fabricated using locally available matemalsused to boil water

with a biogas consumption rate of 0.0G@&min.

2.11.2 Comparative evaluation of biogas productiorfrom various substrates

Alfa, (2013) carried out this study to produce biogas from cow dung, chicken droppings
and lemon grass as well as the respectivaigestion of cow dung and chicken
droppings with lemon grass. 25 litre digesters and gas collection systems were fabricated
and used to digest the substrates singly as well as in co dig&strdhe single substrates

the total volume of gas produced were 0.03Rg) 0.035nYkg and 0.021rkg before
scrubbing and 0.021%tkg, 0.022ni/kg and 0.015r/1kg after scrubbing for cow dhg,
chicken droppings and lemon grass respectively. For thdigested substrates, cow
dung + lemon grass produced 0.02&y before scrubbing and 0.01%ky after
scrubbing while chicken droppings + lemon grass produced 03082 hbefore scrubbing

and 0021n7¥/kg after scrubbing. The average ambient temperatures during the study were
within the mesophilic range (2040°C). The pH values were stable and always in the

optimal range between 6i58.0. The reduction in solids were 75.3 %, 60.1 %. 98,2
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61.9% and 35% for cow dung, chicken droppings, lemon grass, cow dung + lemon
grass, and chicken droppings + lemon grass respectively. The total coliform contents of
the residue were 2.00 x 1GFU/100ml, 6.00 x 10CFU/100ml, 1.00 x 10CFU/100ml|

and 1.00 x10’ CFU/100ml for cow dung, chicken droppings, cow dung + lemon grass,
and chicken droppings + lemon grass respectively witB950%, 95% and 99%
reduction in each case. Pathogens sucakssonella sppandKlebsiella sppwere still
present in theasidue althougk. ColiandShigella sppwere removed.The estimated
methane contents of the gas from cow dung, chicken droppings, lemon grass, cow dung
+ lemon grass and chicken droppings + lemon grass were €5.69.71%, 71.95%,

68.53 % and 66% respectively. The cooking rates for water were 0.079L/min,
0.070L/min, 0.067L/min, 0.064L/min and 0.060L/min for unscrubbleidgas from

lemon grass, cow dung + lemon grass, chicken droppings + lemon grass, cow dung and
chicken droppings respectively whileose for scrubbeliogas fromlemon grass, cow

dung + lemongrass, chicken droppings + lemon grass, cow dung and chicken
droppings were 0.12L/min, 0.10L/min, 0.091L/mQ85L/min and 0.079L/min
respectively. The rice cooking rates @@0038kg/minp.0034kg/mi, 0.0033kg/min,
0.0031kg/min, and 0.0030kg/min for unscrubbmegas fromlemon grass, cow dung+
lemongrass, chicken droppings + lemon grass, cow dung and chicken droppings
respectively while those for scrubbgidgas fromlemon grass, cow dung+ lemongrass,
chicken droppings + lemon grass, cow dung and chicken droppings were 0.0055kg/min,

0.0048kg/min, 0.0045kg/min, 0.0041kg/min and 0.0039kg/min respectively.
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CHAPTER THREE

MATERIALS AND METHODS

In order to degrmine the methodolodyr this study it is necessary to first decide on the
proposedsize of waste treatmesystemdo be installedThe size of the biogaplant is
dependent on the mamum gas consumptiorrequirement of the burner for @h
incinerator systemThe material for both treatment systetepends on the chosen

methodology.

3.0 Materials

3.1.1 Materials for the biogas plant
Once the sizes of the digtertank and biogas holder as well as the material is known
sizingthe ohercomponents and decision on materials hinged on this initial choice
The following mateals were therefore usddr this study:
a) 2000 Itresblack GF vertical cylindrical pasticwater storageainkwasused for
the digester
b) 1500 litresblack GF® vertical cylindrical plastic water storage tank&susedfor
the gasholder
c) 20mmuPVC pipe valve and fittingsvasusedfor biogas conveyancexternally
out of the digester basgkerough a 25mm Tigfébacknut
d) 25mm Tigré& Plastic pipes and fittingsasusedfor biogas conveyance internally
out of the digester baJegre® backnut
e) 50mm uPVC pipes, valves and fittinggas usedfor loading, discharge and

draining the digester
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9)
h)

)

K)

50mm Tigre® backnutswas usedfor digester loading at 100mm from the base,
digester discharge 1400mm from the base, and draining at the centre of digester
base.

Plastic funneivasusedfor weekly substrate loading

Standard tailor®VC measuring tap@500mm long)wvasglued to the gasider

for measurement of gasholder lift above the substrate to calculate volume of gas
produced

HakkamB Solid Waste Crushg22KW combinationscrew / hammer mill. An
adaptation of the AKwarankwat sBid desi g
Ibadan, Nigerigor wet milling in Zamfara StatePatent pendingyvas usedto
reduce the particle size of the orgafraction of the municipal solidvaste and
greens for easy degtion in the AD

Hand held pH metefMade in Englandjvasusedfor the daily measurement of
digester pH

Stainless steel bucket0 litre size) wasusedfor mixing and weighing of slurry
before loading into the digester

Weighing scal¢Made in Chinajvasused to measureeight of weekly substrate
loading into the digster

Stainlesssteelsievebuckets (5 litre size x 3mm slofabricated at Zaria Pan
takermarke) wasused for screening slurry before loading into the digester to
avoid blockage

50 litre plastic drumsvasusedfor cdlection and mixing of ruminanntestinal

waste from the abattoir and grinding from the waste grinder

ThermometergG.H. Zeal LondonMade in England) was used to collect daily

temperatures of the digestes well as ambient temperature of Samaru, Zaria
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p)

e))

Personnel Protective Equipmestifgical gloves, nose mask, coverallnraoots,

eye protector glasses) waneedduring grinding, mixing and loaag of waste

into digester

50mm steel belt with bolt and nut clamp and guiding brackets was used to control
gasholder movement along theide frame

50mm diameter galvanised iron pipeas used to construct thagholder guide
frame

A site was acquired close to the WREE departraenthich the biogas plant was

installed as shown in Plab¢ and V.

o P X
A I s E

Plate 1V: Solid waste crusher/grinderinstalled for processing thesubstrate
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Plate V: Biogas plant set up
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3.1.2 Materials for Laboratory work

a)

b)

d)

9)
h)

)

K)

Spectrophotometer (CECInstrument. Cambridge, Englandjas used for the
determination of Phosphate, Sulphate, Nitrate, Potassium and Total Organic
Carbon.

Burettes (50ml. TechnieG| as s 6 B0 ° B&I&id Bnglad@vas used for

the determination of Phosphate, Sulphate, Nitrate, Potassium and Total Organic
Carbon.

Conical flask (Pyrex. Made in England) was used for the determination of
Phosphate, Sulphate, Nitrate, Potassium and Total Organic Carbon.

Pipettes (10ml Precicolor (HBG)Made in Germany)was used for the
determination of Phosphate, Sulphate,rdMé, Potassium and Total Organic
Carbon.

Beakers (250ml. TechnieG| as s 6 B6 ° B&i8 i Erigl&nelydas used

for experiment to determirtbeenergy content of biogas

Bunserburnerwas used to determiriee energy content of biogas

Ring standvas used to determiriee energy content of biogas

Glass rodvas used to determiriee energy content of biogas

Laboratory weighing scawas used to determiribe energy content of biogas
Thermometerg¢G.H. Zeal London. Made in England) was used to detexthe
energy content of biogas

Tripod Standvas used in the determination of the energy content of biogas

Plate VI shows the set up for the Laboratory determination of the energy content

of the biogas
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Plate VI: Laboratory set up to determine the energy content of the biogas as fue

3.1.3 Materials for the Incinerator
a) Burnthollowedclay brickswereusedfor theincineratorbodyand grating lining
to hold the waste
b)  Localred lateritic claywas used to construct incinerator domed roof
C) Mild steel pipe (DN10pPwas used as exhaust pipe to convey combustion gases
out of the combustion chamber
d) BiogasBurnerwas constructed imild steel pipe configuretb cover the surface
area of the gratingndallowance was made for placement of the burnt hollowed
clay bricks within the burner construction
e) Non-electricAir extractor farwasinstalled on exhaust pifge extract combustion
gases out of the combustion chamber
f) Sandcrete blockwas used to build incinerator base and bottom ash collection
compartment

Q) Cementand sandvas used for joining clalgricks.
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h)

)

K)

p)

Gravel was usedo screed floor for waste reception and handling bay

Mild steel sheet and square pipes: was used to construct attenBAsh
compartment and incinerator waste loading door

Mild steel rod (DN12.5was used to construgtating to hold refractory blocks
for incinerator floor to accommodate easy bottom ash collection

Biogasi Air mixer was designetbr theburnerto ensure completeombustion

in the chamber.

Air blower was usedo improve air circulaon for completecombustion
Galvanised iron pipes (DN]Was used to construct the air injection pipeworks
Reinforced polythylene flexible hose and clipgas used to convey biogas from
biogas plant to incinerator

Brass ball valvesi{N 15) were used to control biogas flow from biogas plant to
incinerator

Personnel Protective Equipmefitand gloves, face protectagas maskand
furnaceprotective gearvas used while operating incinerator

Mild steel Pipes (DN50was used as pole to hold incinerator rain protective roof
Zinc roofing sheets: were used as rain protective cover for the incinerator dome
Gas lighter (Long nosed tgpwas used to light thieiogasburners

Long handled rake: was used to turn combustion chamber contents
Scrapper: was used to remove bottom ash freash compartment

Mild steel Traywas used to pack the bottom ash

Mild steel safety boxvas used to remove the bottom ash for further disposal

A site was acquired close to the WREE department on which the incinerator

system was constructad shown in Plate VAnd VIl

87



e AR

Plate VIII: The Combined BiogasPlant and Incinerator System set up at ABU, Zaria
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3.2 Methods

3.2.1 Design ofthe biogas plantand Incinerator system
The design of this combined MSW treatment system could be approached from the
available waste characteristics or theed forthe production of @pecific volume of

biogasto operate the incineratorhis design wabased on the later.

3.2.2 Desigrof the digester
The digester volume Mfrom Equation 2.20)s determined by the length of the retention
time (RT) and by themount of fermentation slurry supplied daily $he amount of
fermentation slurry consists of the feed material and the mixing water.
Vb (I) = S (I /day) x RT (days)
Where V4 = Digester volume,L()

Sy = Daily supply of fermentation slurry. (day)

RT = Retention Time, (days)
For a known digestesize and specific RTthe daily amount of feed is given by
S (L/day) = Vs (L) / RT (days).
For example sing a Retentin Time (RT) of 50 dayand a digester volume of 1600 litres
in Equation 3.2 gives 1608 x 50. S¢ = 1600/50 = 32 litredzresh Cattle dung is made
up of 16% solics content+ 84 % water To obtain a feedstock with a \t®ntentof 8%
(for easy flow)it is necessarto dilutefurther by mixing 3ditres of dung + 3#tres of
water to gives4 litres d feed stock with 8% VS content
Meanwhle, 16% solids content in the 32 litres of dung gives §itles of solid with a
density of 400d/and therefore a weiglof 2048g VS
Likewise, @ a density of 400g/I, thelurry will have a weight of 4@f)l x 64| = 25,800g

At 8 % VS this gives 8/100 x 25600 = 20448'S
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At 50days RT and 2@8°c on tre gas production curv&igure?2.6)

1kg of cow dung produce®3itres of biogas d&i

2.048 kg will give 30 x 2.048 = 61.44tres of biogas daily.

However, the choice of retention time chosen for the design will also depend on the use
to which the biogas is to be put and the convenient frequency of loading the digester. In
this case, it isnore convenient to load per week and the logistics involved dictated an
economic decision in favour of an@pximate production of 60tres of biogas daily
hence the choice of an RT of 50 dayke first 5- 10 days gas production is usually
dischargedto waste because it is mostly carbon dioxide and will not lanigh
methaneo flame. It is estimated the plant shouldai@e to produce an estimatedd42
litres of methane rich biogas per week thereafter.

2000 litres GP plastic tank with effective vole of 1600 litres of digester contents can

be charged as follows:

e.g. 800 litres of solid waste + 800 litres of watet600 litres of slurry

Forthis project &RT of 50 days shhbe used and daily slurry of éitres shall be adopted.

This should produe anestimated biogas in excess df ktres/day.Exact production

shall be confirmed through daily measurements of gas holder lift above the digester

biomass.

3.23 Designof the gasholder

The size of the gasholder, gasholder volumg)(ffepends on ggsoduction(Vgn2) and

the volume of gas drawoff for use during combustion §w). Gas production depends

on the amount and nature of the fermentation slurry, digester temperature, and retention
time.

1600 litresof slurry at 8% VS contains to 128litreslids content which at 4009/l density

is 51,2009 of solids or 51.2kg whieh 30/kg of cow dungs equivalent to 1536 litres of
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biogas At a RT of 50 days this gas production works out to an average of 1536/50 = 30
I/day or 1.28/h = 0.00128r#h (Vgno)

The proposediogas burner complete with the biogjaar mixer is projected to consume
about 500 600 litres of biogas/hr i.e. 0i50.6m/h. For this study, let the maximum gas
consumption/hr be 0.6%n (Vgn1).

For the purpose of this work let the timemaximum consumption be 2hr

Also, let the time of maximum zero consumption be the interval of one week =168hr
Applying Equations 2.21 and 2.22h& gasholder volumegycan be calculated as

Vgh O gMorVgna+ 10% (Vyn1 0r Vgho)

Equation 2.2% Vgh1 = max. gas consumption/hr x max. iperfor the consumption
Equation 2.22 V4n2 = average gas production/hr x maximum zero consumption time
The larger value of the twd gh10r Vgn2) determines the size of the gasholder.

A safety margin of 10 20 % isthen added

Vgh1= 0.6m°h x 2hr=1.2n?

Vgh2= 0.00128n%h x 16&r = 0.215n°

Therefore, gasholder volumgM\)1.2 + 0.2 or 1.32m° say, 1.5m.

The incinerator auxiliary burnés projected to consume about 500 to 600 litres of biogas
per hour of operation. To be able to operate the incinerator for a burn cycle of two hours
will therefore require a gasholder of 1200 litres capacity. Allowing for a fatwafety

of 25% gives aasholder capacity of 1500litres matching the calculated valugnof
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3.2.4 Construction of the biogas plant

The digester wasiade out ok 2000 litre standard GRertical Cylindrical PlastidVater
Storage Tank commonly found in the market while the Gasholdemads froma 1500
Litre version of the same product as shown in Plat 36lid waste crushfgrinder as
shown in Plate IMwvas installed to reduce the particulate size of the solidewfas a
more efficient anaerobic bactdréegradation action. The method of construction was as
described step by step Table 3.1 whichshows the calculation for the digester,
gasholder and other components of the biogas plant including their spemiBca

materials and methods description
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Table 3.1Biogas Plant Components, Materials Specifications and Methods Description

Component | Materials Design and Dimensioning Output Data Methods, Implications & Remarks
Digester Plastic Standard Size: 2000 litres Effective Digester | The top of the tank was cut off to achieV
Cylindrical Diameter: 1190mm Vol ume V | Hewhich determines the height of the
Vertical Tank | Total Height: 1700mm Operating Biomass feed pipd_égend|d. No. 3)
Colour: black | Effective height H|: 1550mm Volume=1552L while the value of J determines the
Effective Volumer 2 He= ( height of the digestate outl@tegend Id.
1.18x1.55)/4 = 1724 litres. Biomass depth= No. 4)on the digester tank
Operating vol ume |1400mm
volume = 0.9 x 1724 = 1552 litres
Operatingheight of Biomass in Digeste
Tank H = 8 3
Ho =1400mm
Gasholder Plastic Standard Size: 1500 litres Effective Gasholdel The output dimensions for the digester
cylindrical Diameter: 1095mm Vol ume O |andthe gasholder tank determine the
Vertical Tank | Total Height: 1500mm Operating height | height of the gasholder guide frame
Colour: black | Effective height H: 1380mm. Hoc=1311mm or | Legend Id. No. 12

Effective volumer 2ZH=( "~ T
1.09%x1.38)/4 = 1299 litres.
Operating vol ume

volume = 0.95 x 1299 = 1234 litres

131cm on the level
measuring tape on
the tank
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Operating height H =2 3

Hoc=1311mm (131cm)

mm

Biomass Feed
Pipe

uPVC pipes anc
fittings

Size= 50mm diameter
Length of the uprising PVC pip@He =
1550mm

Length of uprising
pvc pipe =
1550mm.

Backnut installed
on digester tank at
100mm to the base

The fittings installed in order, from the
digester tank outwards are: backnut,
nipple adaptorl00mm long pipe, ball
valve, 100mm long pipe, union connect(
100mm long pipe, end, 1550mm
long uprising pvc pipe, $bend, 100mm
long pipe, 98 bend. The ball valve and
union connector were installed for ease
maintenance

Digestate uPVC pipes ang Size = 50mm diameter Length of uprising | The fittings installed in order, from the
outlet pipe fittings pvc pipe = 600mm.| digester tank outwards are: backnut,
Backnut is installed| nipple adaptor, 100mm long ppipe, ball
on digester tank at | valve, 100mm long pvc pipe to reach th
700mm to the base guide frame, nipple adaptor, threaded te
threaded plug, nipple adaptor, 600mm
long uprising pvc pipe to reachoHI®
bend, 100mm long pvc pipe, 9end,
1000mm long pvc pipe to deliver digests
biomassdnto digestate collection
container. The threaded tee and plug w
installed for ease of maintenance.
Gas outlet uPVC pipes ang Size: 25mm diameter 1. Pipe size = To maintain verticality, it is installed to
pipe (internal) | fittings Length = 1550mm =H 25mm stand on the floor of the digester with a

tee with shorpiece pipes endapped
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2. Pipe Length =
1550mm

3. Length ofpipe
from backnut =
500mm

crosswise at the base. It is very importa
this component does not tilt to any side
less the substrateers and blocks it.
The gas is conveyed out through anothg
tee connected to a 25mm backnut.

Stirrer Hand pump for | Length of reinforcingrofiles = Number of profiles | The aluminium profiles were installed at
substrate 1095mm = Gasholder diameter installed = 2 pcs. | 90° to oneanother to reinforce thopened
recirculation Length of paddles = 100mm each Total Nr of paddles| top of the gasholder with stainless steel
later changed tqg Number of paddles on each profile = 3 = 4 pcs. selftapping screws. Paddlée profiles
Aluminium pcs. were screwed onto them designed to
profiles that can agitate the biomass with any rocking
be seenin movement of the gasholder.
version 2 of the
biogas plant

Gasholder Guide pipe in | 40mm uPVC pipe x 1.5m long Total Circular belt | The steel bar was made into a circular K

guide pipe 40mm uPVC | Size of steel bar = 50mm wide x 3mm| length = 3400mm | which is then worn round the gasholder

later changed | pipe connected | thick Effective belt and fastened at the ends with the bolt a

to steel to the gasholdel M16 x 150mm long bolt and nut. length = 3300mm | nut. The circular bracket is linked to the

bracket + with a backnut | Link length = 520mm Links = 2 Nr. x two guide frame poles with rectangular

Circular steel | while the 520mm long total | profile links one end welded to a 50mm

belt and guide| bracket was length including wide flat bar rolled circular to glide on th

links as shown made with endguides. 50mm diameter guide frame poles and {

in version 2 of
the biogas
plant shown in

Figure 4.2

mild steel bar
and links with
mild steel

square profiles

other end configured into a trapezium tg
allow passage of the circular steel belt.
The gasholder glide up and down the
guide frame poles using this device.
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Bolt and Nut

Gas Sandcrete Size = 225mm x 450mm x 225mm Sandcrete blocks | The Sand Crete blocks were used durin

pressuriang blocks 225mm size biogas flaring and operation of the burn

weight Weight = 18kg in the incinerator to stabilize the flame.
Quantity = 2pcs

Gasholder Galvanised iron| Length = kb digester + K gasholder + | Total Length of The gasholdeguide frame poles are

guide frame | pipes 200mm inside the ground and 300mm poles =3211mm carefully installed to be on a diagonal lir|

for biogas plant concrete base height
1400 + 1311 +200 + 300 = 3211mm.

Height above
ground level =
3011mm

passing through the centre of the digest
tank for them to be able to centralize thg
gasholder tank in the digester tank for
accurate readings.
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3.2.5 Design of the incinerator system
The burner for the incinerator was designed using the equivalent heat obtainable from a
3kwh electric heater with a factor of safety of 25% and operational efficiency of 75%

giving a required heat output of 5kwh or 18MJ.

3.2.5.1 Design of the incinerato6s auxi | i ary Dbi oeiamixebur ner ¢
In order to determine the size and the number of orifice/jets in the burner certain

parameters must be determined. Applying Equation 2.31ptimgrical form ofthe

Bernoul | iQ9.04671GR.0+ € M

Where P = Pressure of gas before orifice
Q= Gas flow rate

S = Specific gravity

Cq = Coefficient of discharge

Ao = Area of orifice

But Ao="do?/4 where d= diameter of orifice

Transforming Equation 2.31 to

Q=0.0467G— -

And in conformity withEquation 2.41d, = x4 -

These basic equatiomgere then used to determitiee followingparameters:

1. Injector Coefficient of Discharge, (C

This takes into consideration thena contractor and friction losses through the orifice.
For gas flow, the value lies between 0i85.95.

Here,Cq = 0.9(assumed)

2. Specific gravity of biogaéS) = 0.94
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3. Biogas flow pressur@). Biogas is a low pressure gas. For thesign the flow
pressire wastaken as

P = 10mbar = 102mm water gauge

4. Heat Output Required

This washased on 3kwh. This is equivalent to 3 Nr. x 1kwh electric stove which produces
three times enough heat for cooking.

Since the heat required in the small scale incineratal toelee just enough to kickstand
the burning process since most of the materials to be incinerated are themselves fuel
(sometimes referred to as Refuser@ed Fuel or BF) with a lot of potential calorific
energy.

Using a safety factor of 25% gives thalwe of 3.75kwh and @ 75% performance
efficiency, this translates to

(100/79 x 3.75 = 5kwh

But 1kwh = 3.599 x 10

Therefore, 5kwh = 5 x 3.599 x 46 18 x 16J

5. Biogas Flow Rate (Q)

Biogasspecific energy = 20.8 x §g/m?

Flow rate required Q = (18 %) / (20.8 x 16)  0.9m¥/h

6. Stoichiometric Air Requirement

Applying Equation 2.26CHs+ 20, % COx+ HO

For this researchmethane content dbiogas produced is assumed as 60 % and a
requiremenfor complete combustiotaken as 1 volume of Biogdsr 5.53 volumeof

air

7. Diameter of orifice, (e)

x4 -

Applying Equation 2.41do=  —
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With Q = 0.9n¥/h
P = 10mbar
S =0.94and

Cd=0.9

8 8
do = 5 8x4—

do=5.27 ™® u= 2.98mm. The closest standard drill bit3imm diameter which will

actually produce a hole slightly larger. Eventually, a hole of 4mm was used

8. Velocity of gas athe Orifice {/0)
Applying Equation 2.32yo =
With Q in m¥/h and Ao in mm
Ap=—=—= 2. 25"

Vo= ——————=3.6m/s

0. Throat diameter, ¢

Whered: is the diameter of the pipe conveying the biogas to the burner
Applying Equation 240, di = {W+ 1} do

do is the hole drilled for air to enter for the necessary Biggjasnixture ratio required
for biogas to burn in air and r is the entrainment ratio

2, 4 or 6 holes can be provided in pairs or 1, 2, or 3 holes can\beqatan a single line
of holes to serve this function to comply with th&oichiometric air requirement &.53

Then r= 5.53
Number of holes

Using 1 holeandapplying Equation 2.4@ = {==+ 1}5 = 33.5mm
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This is higher than a standard 1 inch pip&8mm) but also much higher than the 12.5mm
(Y2 inch) pipe intended for use in this design.

Using 2 holes (1 paiih Equation 2.40d = {MLT+ 135 = 19.27mm (which is still higher
than 12.5mm).

Using 4 holes (2 pairsi) Equation 2.40d; = {MLT+ 1}5 = 12.13mm (which is okay for a
pipe of 12.5mm)

Therefore a minimum of 4 holes of 5mm diameter in 2 pairs drilled in a pipe of 12.5mm
diameter will be sufficient to allow air to come in for the necessary Biggaslixture
required for Biogas tburn in air.

10. Maximum possible aeraticor entrainment rati¢r) at the biogaisair mixer.

Applying Equation2.35 ef erred to as Priggds formul a

r=myY{—-1}
With S = 0.94
di = 12.5mm
do = 5mm

r= Vo — -1} = 0.969 (1.5) = 1.45
If this is multiplied by the number of air inlet holes available
1 pair of holes i.e. 2 holes gives 2.9 which is not enough for a stoichiometric air
requirement of 5.53
2 pair of holes i.e. 4 holes give 5.8 which is sufficiemtef stoichiometric air requirement
of 5.53. This implies that a & 12.5mm is adequate for use with minimum 4 holes with
diameter of 5mm for air inlet.
11. Gas pressure in the throat)(ef the burner

Applying Equation 2.34P. = P, -} Vof/20) {17 (d/do)*}
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Po = Atmospheric Pressure (1.013 bar)

}] = density of ga’s (Biogas)
Vo = Velocity of gas in the Orifice = 3.6m/s

d: = Throat diameter = 25.4mm

do = Orifice diameter = 3.5mm

P.= P, 7 1.0094 x (3.852 x 9.81) {£(3.5/25.4%}

= P,i 1.0094 x (12.96/19.62)§{0.14)}

P: = (Poi 0.66) Pa = (10i 0.66) Pa =99.34 x fBa

12.  Mixture Flow Rate at Optimum Aeration
Applying Equation 243

Qm:Q “ + r’
3600

But Q = 0.9ni/h and r = 1.45
Therefore @ = 0.9(1 + 1.45) / 3600 = 0.0006125
= 6.125x10'm%s or 0.6 litres/sec.

This translates to a mixture flowrate of 2160 L/h.

= 1.0094kg/ m

At the stoichiometric Biogas: Air ratio of 1: 5.53, this works atué biogas consumption

of 331/h well below the projected value of 608 used to size the gasholder

13.  Throat lengthor mixing length(L)

The throat length should be at least 10 times throat diameterding to Equation 29

Li=10xd

Li=10 x 12.5mm = 125mm

Biogas mixedength is 300mm in addition to the length of the 12.5mm G.I pipe used to

connect the burner which is in excess of 950mm the radius of the Incinerator including

the width of the red clay burnt brick used for the construction.
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14.Reynolds nmber of flow througtthe throatRe

15.

The Reynolds number is required to calcul:

Applying Equation 2.37
Re =——

But from Equation 2.42

Vt = — =— which gives
Re =——

UsingQm = 6.125 x 1¢m®/sandd; = 12.5mm

And t ak inmmxture pf Bibgag andsaas1.15kg/nf andp = 1.71 x 1P Pa

_ 8 8
Re = 3 3
= 335,658
Pressure drop on the throat (ea&p)
ep - PV(Ld/dy)
a&ep -

For Re > 2000, £ 0.316/R&* = 0.316/ (335658Y*

=0.013

8
®ep =

x1.15x [16 x (6.125 x 16)?]  #x (0.0254]]

=0.43 Pa
This pressure is much lower than the driving pressure in the throat
16.  Total burner port area; A

Applying Equation 2.42 and 2.44

Ap Qm/0.25
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Qm=5.95 x 10'm¥s
Ap (5.95 x 10%/0.25 = 0.00238
Ap 2.38 x 160m?
17. No of holes inburner port; p
Applying Equation 2.44
np=4A) “p*d
m= [ 4 x 0. 0023&B37.6horB38holes (0. 0035)
Since there will be cross lighting, fewer holes shall be required. Say 300 holes or
even less.
Previous work has shown this possible to reduce this number of holes by a quarter
using flame stabilization when cross lighting of holes will ocfigboro,2011)
For thisresearch300 holes werdrilled on three lengsof pipe.
- Orifice diameter of 3.5mm each was used inpe @f 4mm thickness.
- The holes were spaced 4.5mm apart to allow for easy cross lighting
- Total Burner Port Area (4 is therefore

300 [~ f62.8x3dEmf
4

Which is greater than the calculategla% 2.38 x 16°'m? as required
- For Priggbs f or mu+ musttbebetweeh 05 andi2l2e v al

8 -1518x 16m?
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3.2.6 Construction of the incinerator

The incinerator shown in Plate VII wasngructedusing as manyocal materials as
possibé according to dimensions and methods as described in Table 3.2

I. The combustiomhamber was made from red clay burnt bricks.

il. The chimney was made initially from red lateritic ckgme as thatsed for the
dome and leer from 100mmmild steel pipe installed witlan extractor fan to aid in
sucking out the combustion gases.

iii. The incinerator dome was made from red lateritic clayey soil just like in a local
bread oven.

Iv. Theauxiliary burneras shown in Plate X\Miias made frmm 25mm diameter mild
steel pipe and the mixing chamber from 80mm x 20mm mild steel rectangular pipe.

V. A biogasair mixer as shown in Plate XVII was developed, fabricated and
installed to ensure adequate mixture for combustion by the burner.

Vi. Provision wasnade for secondary air injection to ensure complete combustion
using an air bloweand appropriately placed pipeworfks air delivery.

vii.  The incinerator floor washade in steel grating with rods arranged to carry hollow
burnt bricks for ash to drop intoglash recovery compartment below.

viii. A rain protective roof covemwas installed for the incinerator dome using
galvanised roofing sheet.

iX. The bottom ash recovery chamber was made in sandcrete blocks.

X. The gas produced bthe biogas planivas piped underground to the incinerator

system with reinforced polyethylene flexible hose in PVC conduit pipeworks.
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Table 3.2 Incinerator Systems Components, Matemls Specifications and Method®escription

Component | Materials Dimensioning Output Data Methods, Implications and Remarks
Combustion | Hollowed red| Operational Volume = 66.79 Chamber diameter ; The combustion chamber was designed
chamber clay burnt| Total Volume ( i.e. Chamber| 1500mm constructed circular to maximize radiative h
bricks. Volume + Dome volume) Chamber depth 1 currents. The heat reflects back equally from

Vaome= ( "?(BRH)H 1500mm walls towards theenter thereby heating up t

Where H = height of dome and | Dome height 3 space fa®r than any other shape

R = radius otlome 300mm Complete combustion is also aided in that th

Vaome= ( ~ A(3Q.7@ .0B) =| Dome Volume = are no dead ends in the chamber.

0.35nm? 0.35m

Chamber Volumer  2=H Total Volume =

Where d = diameter of chamber, 2.65n+0.35 = 3

H = height of chamber between t| OPerational Volume

grating brick lining and base ( =2

dome

V=(  Px18)/452.65m
Ash Sandcrete Chamber diameter = 1500mm | Chamber diameter { This chamber was constructed in stand
collection blocks Chamber height = 450mm 1500mm 150mm Sand Crete blocks, two coaches hig
chamber top of a foundation of one coach buried in
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Chamber
450mm

height

ground. The foundation blockwork was laid

1:2:4 (cement : gravel : sand) concrete I
blinding.
The floor was screed smooth to enable €

removal of combustion residue.

Incinerator | Red lateritic clay Dome diameter = 1500mm Dome diameter 31t was necessary to continually fire t
dome soil Dome height = 300mm 1500mm incinerator during construction to bake the
Dome height = lateritic clay to hardness since construction
300mm done in the rainy season.
Incinerator | Mild steel pipe | Size= 100mm Total height of| The chimney was fabricated in 2700mm mild st
chimney Height of chimney abov( chimney = 3950mm | pipe installed to enter the combustion cham
installation level = 2000mm Total length of pipe 3 just below the dome horizontally with a length
2500mm 500mm, then upright with a bend to a termi
height of 2000mm above the horizahtentry
point. An extractor farwas installedo suck out
the combustion gase
Waste Mild steel angle Size of angle iron: 32mm x 32my Total length  of| The doors are made with 2mm thick mild st
loading & | iron Thickness of steel ske 2mm 25mm square pipe | sheets welded onto 25mm sized square mild
bottom ash Mild steel sheet| Size of square pipe: 25mm 4200mm (approx. ] pipe pofiles.
removal Mild steel squarg Door size:600mm wide x 450mn| length) The door frames are made with 32mm x 321

pipe profiles

high

angle iron profiles
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doors &

frames

Height of waste loading door frol
the floor: 1500mm

Height of waste loading doc
above the

1200mm

loading platforn

Total length  of
32mm angle iron 3
4300mm (approx.
length)

75mm sized hinges

4 pieces

1 the operator againstow-out.

The waste loading door opens by swingi
towards the waste loading platfofior safety of

Air vent for
primary  air
and  burner

lighting ports

Space betwee

red clay bricks

Size of primary air vent: 50mm
150mm
Size of burner bhting ports:

75mm x 150mm

The ports 50mm
150mm are evenl
distributed round th¢
i nciner at
circumference.

Two ports are 75mn
x 150mm for lighting

the burners

Allowance for air entrace into the combustio
chamber wa made by leaving a space5ffmm
in-between one block and the next when lay
the first coach of burnt clay bricks. Primary :
entes the chamber through these portwo of

which were enlarged as burner lightipgrts

Grating

brackets

Mild steel rod

Size: 12mm
Dimension: 200mmx 150mm Xx
200mm Ushaped

No. of brackets
installed = 6 piece
equidistant round th
incinerator at 425mn
from the floor of the

ash compartment.

The waste grating holding brackets are made

12mm mild steel rodsdmt in a UshapeThe long
ends are crossl with 50mm bits of iron ro
welded on and embedded on top of the blockw

used in making the ash compartment
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Waste grating

(lower and

upper)

Mild steel rods
Steel hinges
Mild steel wire

mesh

Lower grating

Size of steel rods: 12mm

Size of hinges: 100mm

Upper grating

Steel wire mesh senraircular in

two halves of 500mm radius

Two lengths of
12mm rod each 12r
long + 3 No. hingeg
(100mm size)

Steel wire meslk
semicircular in two
halves of 500mm

radius

Thelower waste grating is made fromild steel
rodsbent in a circular frame of 1500mm diame
with bars arranged to hold the hollow blocks t
will line the grating.In addition it is constructe
in two halves of semicircle with hinges that op¢
and closes in one plane, to enable folding

ease of ingtllation and removal for maintenan
activities.

The Upper waste grating is a seanicular steel

wire mesh in two halves of 500mm radius

Grating brick

lining

Hollow red clay

burnt bricks

Quantity: 6 pcs

Total No. of briks

used to line the

grating = 6pcs

The bricks wereised to line thiowergratingand
holding the upper grating whicprevent the
waste from laying directly on the burners

Auxiliary Gas

burner

Mild steel pipe
Mild

rectangular

steel

profile

Size of pipe: 25mm

Lengths of burners: 360mn
500mm, 360mm
Size of mixing chamber: 32mm
75mm rectangular profile
1000mm long
Orifice: 3mm

Supply sockets: 12.5mm x 2No.

Three
burners of lengths
500mm 360mm and
360mm.

lines of

| Total No. of burnel

ports =300 holes

The auxiliary gas burners andltiers are mad
from mild steel pipe 25mm diametdihe burnerg
are drilled with 3mm sized holes at an angle
45" and 318 to the vertical. The burner ports &
3mm diameter and 5mm from the next hole
line for effective crosdighting. The biogas

burne is as shown in Figure 4.6
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Air  blower
for secondary

air

Electric powereq

air blower

Air Blower Specifications:
Input Power: 600W
Rated voltage: 220 240V
Frequency: 50 60 Hz
Wind Pressure: 8000Pa
Wind Volume: 2.8mYmin
Rated Speed: 13000rpm
Model: Raider Professional Tool

Electric Blower

Quantity: 1nr

An air blower is installed for supply of secondg
air for complete combustion

Once combustion has commenced successfu
the chamber the air blower keeps the burr

progressing by injgtg addtional air

RDBL2570

Air injection | Mild steel pipeg Size: 12.5mm An air injection pipe gantry made in 12m

pipes and fittings galvanised iron pipes is installed to deliver the
from the air blower into the waste in t
combustiorchamber

Rain Mild steel | As required The roof was constructed on four poles 3m h

protecton Roofing sheet in wood and zinc coated steel roofing sheet

roof Wood protect the incinerator dome from rainfall.

Mild steel pipes
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Biogasair Galvanised iror| As per design This is specifically designed and fabricated f

mixing pipe, sockets, use in mixing airand incoming biogas before

device brass  nipples reaches the burnelt is shown in Figure 4.7
copper pipe

Flue gas Mild steel Size: 100mm This is anadaptation of the extractor fan used

extractor fan

septic tanks for use to suck out the flue ge

from the combustion chamber
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3.2.7 Operation andtestingof the biogas plant

In most processes when methane is designed to be producedntmoicipal solid

wastes by Anaerobic Digestion (AD) three basic steps are involved. The first step
involves preparation of the organic fraction of the solid wastes for AD. This includes:
Receivirg, Sorting, Separation and Size reduction. The second step involves the
addition of moisture and nutrients, blending, pH adjustment, temperature adjustment
and anaerobic digestion in a reactor, with facility for content mixing and holding the
biomass for period of time usually measured in days. The third step involves capture,
storage, and if necessary, separation of the gas components evolved during the digestion

process.

In this study, he biogas was generated from the organic portion ahtir@cipalsolid
waste after grinihg asshown inPlate IX It was blended in a 2:ftio with abattoir
waste to bridge the decay lag phaBke mix was ten pourednto the digester for
fermentation.

Daily readings of temperature, pH and level of gasholder abodkgbster wereaken.
Record of the readings are shown in Appendiwaekly samples of digested biomass
was taken and analysed for Nitrate, phosphate, potassium, sulphate andysotal or
carbon content at t&BU Institute for Agricultural Research (IARSamaru, Zaria and
the results are shown Appendix 4

The biogas was flamed after two weeks using a Bunsen agrs&own in Plate Wil
and later with a biogas stove fabricated at Ahmadu Bello University in a psestiady
as shown irPlae XIX. It was piped to the incinerator withrainforced polyethylene
flexible hose installed in a PVE&nduit pipsvork and connectethrough the biogak

air mixerto the incinerat@¥y s a u x i | i ar X} shbws henaexiliary birnemt e X

operationin the incineator, the bottom ash was collected as showrPlate X for
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analysis. The result of the analysis as well as that of a mixture of the ash with the

digestate from the Biogas Plant atewn in Appedix 4
An experiment was conducted in the Laboratorydébermine the energy content

calorific value of the gas produced by the biogas plant and the data was analysed and

result obtained. The sep for theLaboratoryexperiment waasshown in Plate VI.

T
i

N\

Plate IX: Grinding the solid waste to increase theurface area for degradation
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PlateX: Sampl e col l ection of the incine

3.2.8 Operation and performance of the incinerator

In an incinerator the burner is required to start the burn cycle. After the waste is ignited,
it is keptburning by the injection of air. The burner is shut down once the combustion
chamber operating temperature is achieved. This takes about 15 to 30 minutes in a small
scale incinerator with auxiliary air blower. The burner might be required again for some
time during the burn cycle if the temperature of the combustion chamber falls below
expected levels usually indicated by the type of plume coming out of the chimney or

readings on an installed temperature measuring device.

Threetrial burning of 100 litresof wasteper trial was carried outo evaluate the

incinerator systemerformance.
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Finally, the ash, one of the {products of the incinerator systemas analysed for
nutrient content. It waalsomixed with the digestate, one of the-pgoducts of the

biogas plant and anakyd for nutrientontent.

3.2.9 Determining the energy content or calorific value of the biogas as a fuel

The calorific value of the biogas was determined by using a measured amount of the
fuel to raise the temperature of a knownrgug of water and calculating the heat
absorbed by the water. Table 3I®ws the data sheet for the labonatoials carried

out andthe laboratory set up was sisown in Plate VI irthe section listing the

materials for laboratory work

Table 3.3:Data obtained in experiment to determine the
energy content of the biogas

Data specification Trial 1 Trial 2 Trial 3
Mass of beaker + water (Q) 200.5 197.9 201.3
Mass of empty beaker (g) 101.8 97.7 101.5
Mass of water, m(g) 98.7 100.2 99.8
SpecificHeat Capacity of Waterg@J/g’C)  4.18 4.18 4.18
Final Water Temp°C) 44 45 44
Initial Water Temp {C) 24 24 24
Change i rmfC)Temp @&t (20 21 20

Initial mass of biogas + tube and accesso 1075.2 600.8 750.5

Final mass of biogas + tube and accessor 1074.7 600.2 750.0

Mass of biogas fuel burned; (q) 0.5 0.6 0.5
Heat energy | iwWwx&(Jat8251.32 879556 8343.28
Energy Content of the fuel (J/g) 16,502.64 14659.26 16686.56
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3.2.10Performance evaluation of the incinerator

Table 3.4present the data recorded while operating the incinerator in an attempt to

evaluate its performance.

Table 3.4 Performance measurementsof the incinerator system

Parameters TrialNr1 TrialNr2 TrialNr3 Mean
Quantity of materials introduce 100 100 100 100
(L)

How many times burner was-r 3 2 4 3
ignited

Cumulative period burner was 20 15 25 20
operation (mins)

Total biogas consumption (L) 136 110 180 142
Operating temperature achievi 920 960 905 928
after 30 minutes of combustic

(°C)

Quantity of materials left after 1t 23 17 20 20

of combustion (L)

Quantity of bottom ash produce 4 5 4.5 4.5
after 1hr of combustion (L)
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CHAPTER FOUR

RESULTS AND DISCUSSION
Variousconcepts of the choséineme for thedesign and construction of the combined
biogas plan&énd incinerator system wetréed out. It was discovered that some concepts
did not work well in actuabperation. These were redesigned and replaced with more
workable concepts and the resultant biogas plant and incinerator system were operated
and data obtainedtere aralysed withconclusions and recommendations reached.
41. Biogas Plantversion 1
Figure 4.1 and Plate Xl shows the first version of the installed biogas pheare was
a challenge in mixing the substrate due to settling of the particuldteshand pump
(item 8 onFigure4.1) installed to recycle the substrate with a view to efigcthe
necessary mixing of the biomass; which is a majmerationaldesignconsideration,
was continuallygetting blocked by the substrate particulates. The challenge was
overcome with the installation of static mixers made from aluminium proflebh@am
by item 8 inFigure 4.2. Mixing of the biomass was effected by movement of the
gasholder 19clockwise and anticlockwisa few times about the central pipe guide
twice daily while taking temperature and pH readings.
The other challenge encountered weat tf gasholder leakagd.he choice of using
standard plastic water tank available in the market for the digester and gasholder comes
with the inherent challenge of the need to seal the standard factory provided inlet and
outlet apertures on thank. The sealing has to be constantly checked for leakage by
the application of soapy water to produteibblesif there is any leakageThe
experience in this studyvas leakage in the first five weeks which coupled with the
settling of biomass on the uncut portmirthe top of the inverted tanised as gasholder

shown in Plate XlIdid not allow any appreciable rise in the gasholder for measurement
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of the volume of gas produced. It is therefore recommended rypanation of the
gasholder tank should involempkteremoval of the whole top of the tank leaving

only the cylindrical portion
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1.7 Digester 8.7 Hand pump
2.7 Gasholder 9.7 Sampling points
3.7 Feedstock inlet 10.7 Gasholder stabilizer
4. - Digestate outlet 11.7 Gas pressure weight
5.1 Gas outlet pipe (internal) 12- Stabilizer stand
6.7 Gas release vahand pipe 13.7 Stabilizer cross bar
(externa) 14.7 Sludge release valve and pip
7.7 Digester cona@te stand 15.7 Pipe clips

Figure 4.1: Biogas Plant version 1
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Plate XI: Biogas Plant version 1

4.2 Biogas Plantversion 2

In orderto resolve thenixing and gasholder sealimtpallenges the gas produced was
stared ingas cylinders angyre tubesusing a refrigerator compressor as showlate

XII'l, and the rest flared off by burnin@he gasolder was removed for repairs and
amendmentThe second version of the biogas plant wesalled as shown iRigure

4.2. The digester was chargedtiwiadditional substratend daily readings of
temperature, ptdnd gasholder level continued. The system was so efficient that within
a few days gas production pushed the gasholder to its limiting height of the cross bar.
The wooden cross bar failed under pressure from teergéhe gasholder and was

replaced with &ross bar made out of galvanised iron pipe.
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Plate XIII: Storing of the biogas in tyre tubes
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Figure 4.2Biogas Planversion 2
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Plate XIV: Reinstallation of the gasholder after instaling the static mixer

4.3 Biogasplant version 3

It was a challenge to keepet gasholder PVC pipe guide centraligethe hole in the
gasholder limitingcross bar as a result of wind loadd possibly uneven substrate
density distribution vthin thedigester. This redied in failure of the wooden cross bar
guiding the gasholder vertical guide pipe. This resutearedesign of the gashad
guiding systemA circular metal belt and links was devised to hold the gasholder and
guide its rise above ¢hbiomass sliding up and down the two guide poles as biogas is
producedand utilised respectively. Thiailure of the PVC guide pipe would have

resulted in biogas leakage if the gas had been tappext this component as is usual
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in floating gasholder deigns. Thebiogas tapping with pipeworks out of the stationary

digeger cylindrical tank howevetesolved this potential problerBubstrate mixingn

this final version of the Biogas Plant was effecbydmoving the gasholder about the

links on the guiderbme poles as fulcrum to create a rocking movement that enables

the installed static mixers to stir thentent of the digester.
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1.—Digester tank (2000r)
2.—Gasholder tank (150ir)
3.—Biomass feed pipe
4.—Digestateoutlet pipe

5.—Gas outlet pipe (Internal)
6.—Gas release valve (external)
7.—Digester tank concrete stand

Figure 4.3: Biogas Plant version 3
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4.4. Incinerator systemversion 1

The incinerator chimney as well as the dome was constructed of red lateritic clay. It
was plastered over with cement anddsas protection from rainfall as shown in Figure
4.4 andPlate XV. It was observed that rain water enters the cracks that developed in
the plastering of the dome weakening it and eventually resulting in failure of the dome
structure.

The first version othe incinerator was operated with the biogas sghavn inPlate

XIX developed by Igboro, (2011) at the WREE department, ABU, Zaria

T

Figure 4.4: Incinerator system version 1
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Plate XV: Incinerator system version 1

4.5 Incinerator systemversion 2

The exhaust system for this version was redesigned using mild steel pipe to exit the
incinerator just below the base of the dome horizontally then grtigawvards. (Item

4 in Figure4.4). An extractor fan was installed to aid removal offlbe gases. (ltem

18 in Figure4.4). The rain protection roofingtem 16 inFigure4.4) was installed to
protect the inciarator dome from rainfalhs shown in Plate VIIAn auxiliaryburner
wasdesignedand fabricate@nd installecas well as a biogaar mixer for combustion

efficiency.
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Figure 4.5:Incinerator system version 2
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Figure 4.6 Plan view of the Biogas burner
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Figure 4.7: Biogasi Air Mixer for the auxiliary burner
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Plate XVI: The i ncineratoro6s auxili

Plate XVII: The biogasiai r mi xer f or auxilee burnerc i n e
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Plate XVIII : Flaming biogas with a Bunsen burner

Plate XIX: Biogas flaring using ABU biogas stove
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Plate XX: Thei nci nerator 6s auxiliary biogi
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4.6 Biogas Producton
Figure4.8 showsthe daily gas productionluring the eriod of digestiorperiod while
Figure4.9 shows the equivalent graph of the cumulative gagymtion during the same

period.
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Figure 4.8: Daily gas production during digestion period
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Figure 4.9: Cumulative gasproduction during digestion period
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The efficacy of the digester in producing biogas is irglphases. Lowest between day
37 11; 0.143m (0.018n%Kg), hichest between day 1555; 1.353m (0.034n%kg) and

medium between day 5594; 1.208m (0.031m3kg)

4.7  Digester and Samaru Tempratures during Digestion Period

Figure4.10shows the ambient temperature of Samaru, Zaria where the Biogas Plant
was located in comparison to the temperature of the digester during the digestion
period. It can be seen thdtet digester temperature is always lower than the ambient
temperature and was within the mesophilic range df 20 °C throughout the whole
period. This shows that it is feasible to installiagas plantusing similar materials

a similar environment without installing any form of temperature control accessories
like lagging to maintain temperature during the night or roofing as sun shade to reduce
heat from the sun during the day.

The maximum temperature recorded was %D Bhile the minimum was 2¢€
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Fiaure 4.10 Averaae ambient and diaester temperatureurina diaestion period
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4.8 Digester pH during biogas production

Figure4.11shows the digester pH during the period of digestion. The pH line follow
the theoretical prediction of plh a healthy digester. A slight drop in pH during
hydrolysis, a sharp drop in pH during the acid forming stage of acidogenesis, a rise in
pH during @etogenesis and pH tending towards neutral during the gas production phase
of methanogenesii conformity to expetations according tobservations iprevious
studies(lgboro, (2011); Alfa, (2013))gas productiormeasedor a short period of time

when the pH fell belowhe value 0f3.5as shown in Figure 42lwhen the plot of pH

and gas production during tdegestionperiod was compared
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Figure 4.11 Average digester pH during digestiorperiod
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Figure 4.12: Gas production in relation to pH during digestion period

4.9 Result of analysis othe digested substrate

4.9.1 The pH level of the digestateat different time intervals

Figure4.13 shows the result ohe analysis of the digestatd differenttime intervals
during the digestion period. The resshliowsa virtually neutral pH leveat a mean
value of 7.27ndicating nonrtoxicity. It couldtherefore beeadilyapplied tothe soil as
a condiioner and cropsdr plantnutrient uptake according téartmannet al, (2002)

andWhiting et al, (2010)
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Figure 4.13 The pH of the digestate at differentime intervals
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4.9.2 The total potassium content of the digestatat different time intervals
Figure4.14 shows the result of the analysis of the dgestate at various times intervals for
the total potassium content. According to the linear trend line the potassium content of

the digestatever timeis virtually constant at an average of about 400mg/l.
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Figure 4.14 Total potassium conent of the digestate at differentime interval

4.9.3 Total Phosphate contenbf the digestate at differenttime intervals

Figure4.15 shows the result of the analysis of the digestate for total phosphate content.
The result indicates a steadily increasing level the longer the time is from the first
loading date of the digestérhis is in conformity t@ previous study at ABUlgboro,

201]). However the content is much higher than that in the previous study. While
Igboro, (2011) had total phosphate content in the range ofi0@18mg/I, the present

study hadvalues in he range of 60 110mg/l with amean of 89mg/I
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Fiaure 4.15: TheTotal Phosphate content of the diaestate at different time intervals

4.9.4 Nitrate content of the digestate at differentimes intervals
Figure 4.16shows the result of the agais of the digestate at differetntne intervals
for nitrate levels. The resulthews declining levels with time in conformity with

previous findingglgboro,2011) The mean value is about 2.8%
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Figure 4.16 The Nitrate content of the digestate at different time intervals
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4.9.5 The total Sulphate content of the digestate atifferent time intervals

Figure4.17 shows that the total sulphate content of the digestate declined with time
The sulphate content of the digestate was relatively high for the first two samples at
slightly over 300mg/I before reducirig an average of about 50rhfgr the remaining

four samples taken.
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Figure 4.17: The total sulphate content of the digestate at different time intervals

4.9.6 Total Organic Carbon (TOC) content of the digestate at differenttime
intervals
Figure4.18shows a declining TOC level with time which is indicative of the efficiency

of the process since the orgaoarbon is the energy sourdde averages about 0.16%
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Figure 4.18: Total organic carbon content of the digestate at different time intervals

410 Performance evaluation of the incinerator

Fromthe dataecorded while opating the incineratoperformance evaluation of the

systemwas carried out and shownTmable 4.1

Table 41: Performance evaluation of the incinerator system

Parameters

Trial Nr. 1 Trial Nr. 2 Trial Nr. 3 Average

Biogas consumption (L/min)

Quantity of materials burn
within the period (L)

Quantity of bottom ast
produced after 1lhr o
combustion(L)

Percentage reduction of waste
the incinerator

6.8 7.3 7.2 7.1

77 83 80 80
4 5 4.5 4.5

77% 83% 80% 80%

The operating temperature of tmeineratordeterminedduring this preliminary trial

tests would need to be confirmed with more rigorous tesflingre was also the
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challenge obne of the line oburner flaming outue to wind speed btheincinerator
operation was not affected once the waste has caught fire and is bdimengigh
draught was controlled by the installation of primary air vent shutterstiaibnthe
high wind speed turned outto heore ofapls t han a <chall enge to

operation making it unnecessary to operate the blower most of the time.

4.11 Evaluation of the analysis of the mixture of the combined systenisoy-
product

The byproduct of the combined treatment systems; digestatetfrefmiogas plant and

ash from the incinerator were analysegharately and mixedh€ resilt of theanalysis

is shown in Figure 4.19 and 4.20
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Figure 4.19 Comparing the pH values of the byproducts separately and
combined
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The ash has highautrientcontens of all the parameteealysed except for nitrate. But these
nutrients have been highly mineralismad would most kely leach away if applied directly to

the soil as fertilizer. However, a mixture with the digés,an organic fertilizer may bind these
nutrients and release them slowly to crops making the mixture a better organic fertilizer than

the digestate alon&his is an issue worthy of recommendation for further research.

4.12 Calorific value of the biogas as a fuel
From the data obtained in the experiment to determine the energy content of the biogas produced
as shown in Table 3.3. Theverage Calorific value othe biogas as a fuel lculated to be

15,949.49 J/g
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CHAPTER FIVE

CONCLUSI ONS AND RECOMMENDATI ONS
5.1 Conclusions
In generakonclusionthe aim and objectives of thdessertatiorwas achieved in that a prototype
biogas plant was designed and construdtetbvativepiping was introduced to convey the gas
out of the stationary digester making it safer from gas leakage than is hitherto practiced from
the moving gasholder. Staadbre support and innovative steel belt and guide links were
introduced fo the moving dome gasholder aathminum profilewas usedas an innovative
static mixer in the moving gasholder optimal performance of the digester.
A small scale municipal solids w&e incineratowasbuilt with locally available burnt lateritic
bricks for the body and grater linings and clay for the ddBo®d flame stability for @amall
scale incineratowas achieved with amnovative biogas air mixevhich wasdevelopedo aid
compldge combustion of the biogas while using the also newly developed incinauxibary
biogasburner
Finally, the digestate from the biogas plant showed nutrient content in conformity to previous
studies for similar product concluded to have inwebcrop yield at ABU. In addition analysis
of the mixture of the digestate and the ash from the incinerator sheywasssibility of having
discovered b et ter organic ferti-prodacer i n the comb
Specific and measurable conclusions are
1. This study resulted in the construction o
muni ci pal sollitd iwacsetrep b(rMaSoVd)e.r f or t he MSW
wi t h absattet,oitrhbevaabt opeetweed$13 0. 143 m3
(0. 01B)MBhhestddeitiMEeen . 353mg) (An O 3hendi Um

bet wlkaey S5, 1.208m8) (0. 031m3/ k
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2. 1t al so buil ds a small scale wvillage/ co
incinerator wusing \ithdhe kapacity to\barn 1.8aobdolel mat e
waste perdayburncycleh i | e uti |l i zi mdg ft feuedi.odas tasu sk
to reduce the volume of t hpproximateha94% byng c o
volume.

3. Digestate frohmag hfee bti iolgiazsemplwaaltue. Aver ag:
content are Nitrate 2.8%, Phosphate 89mg/
0.1638% with the pH at 7. 2.

4. The biogas produce a blue flame of about’87@ithout scrubbing withra
experimentatalorific value of 16,000J/g or 16MJ/kg.

5. An auxiliary biogas burner was developed for the incinerator and it has a biogas
consumption rate of 7.1L/min or 426 litres/hr using a designed and developed biogas
air mixer install ed eraioncompl ement the bur

6. Analysis of the nutrient composition of the mixture of the digeétaie the biogas plant
and the bottom ash from the incineracompared to their separate baseline values
indicated highempH, Total Organic Carborylagnesium Potassium Phosphateand
Sulphate with oly the Nitrate content of the adlower, possibly making the mixture
possiblya better organic fertilizer than the digestate alone.

7. The amount of solid wastes at abattoirs in Nigeria which are presently a nuisance can be

usedto produce biogas for income generation fribia proceeds of the sale or use of the

fuel.

5.2 Recommendati ons

1.1t i s necessary to bring the output of th
pil ot schemes can beihestuedurbaneakntreées
solid waste management strategies.
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2. Biogas production facilities should as a
design and construction of new abattoirs

3.1t I s recommended t haourfaugretdhet o st ndesgsti
i mprovement in soil condition and crop vy
di gestate and bottom ash

4. 1t i's al so necessary to investigate the
bi o-gas mi xert hes manen «afthhad | emegrest iioon of t h

i nci nerfdtaome wdsabhki ayxiliary burner.
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APPENDICES
Appendix 1

Biogas poduction potential of various substrates
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Appendix 2

Biomethane Potential from Organic Residuals
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Appendix 3

Result of Analysis of Digested Effluent from he Biogas Plantat ABU, Zaria

Parameter/ Date of sampling 25/4/16 28/4/16 05/03/16 25/6/16 25/7/16 05/09/16 Mean

Period after Loading (days) 30 44 58 96 126 168 87.00
pH 6.95 6.74 8.45 7.29 7.46 6.73 7.27
Total Potasium, K (mg/l) 437.5 220 570 450 390 335 400.42
Total Phosphate, P (mg/l) 68.75 69.32 82.96 114.77 93.73 105.6 89.19
Nitrate NQ N (%) 4,914 4914 1.05 0.553 5.39 0.0014 2.80
Total Sulphate SQ(mg/l) 307.07 307.07 34.96 60.85 13.51 60 130.58
Total Organic Carbon TOC (* 0.1277 0.1277 0.1556 0.1926 0.1873 0.1921 0.16
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Appendix 4

Result of the analysis of the combined treatment systems-pyoducts

Sample Digestate Bottom Ash  Mixture of
(A) (B) A and B
pH 7.59 9.84 0.18
Total Potassium, K (%) 0.05 0.575 0.295
Total Phosphate, P (%) 0.0023 0.68 0.005
Nitrate NG N (%) 0.0637 0.0007 0.0518
Nitrate NG ™™ (mg/l) 637.00 7.00 518.00
Total Sulphate S& (mg/l) 16.068 - 104.44
Total sulphate SgF (%) - 0.4519 -
Total Organic Carbon (%) 0.1389 0.8099 0.3008
Magnesium (%) 0.2394 1.3963 0.5187
P2Os (%) - 1.56 -
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Appendix 5

BILL OF QUANTITIES FOR A BIOGAS PLANT AND INCINERATION CENT

S/N DESCRIPTION OF ITEM QTY| UNIT RATE | AMOUNT
1 Plastic Tank 2000 litre 1 Nr 28,000 28,000
2 Plastic Tank 1500 litre 1 Nr 22,000 22,000
3 El bow 20 7 Nr 500 3,500
4 Back nut 20 5 Nr 2,000 10,000
5 Plug 20 2 Nr 500 1,000
6 Pipe uPVvC 20 3 length 1,200 3,600
7 Back nut 1" 2 Nr 1,000 2,000
8 1 0Y°xeducing bush 1 Nr 250 250
9 ;" pvc pipe 4 | length 400 1,600
10 ;" ball valve 2 Nr 350 700
11 2" ball valve 1 Nr 2,000 2,000
12 1/," flexible hose 10 m 150 1,500
13 Clips for¥,°hose 4 Nr 200 800
14 4% 2° wood including drilling 1 length 2,500 2,500
15 Circular Steel belt bracket for gasholder 1 Nr 9,000 9,000
16 Concrete stantbr digester 1 Lot 20,000 20,000
17 Pressure gauge + fittings 1 Lot 4,500 4,500
18 Weighing scale 1 Nr 5,000 5,000
19 Kitchen scale 1 Nr 6,000 6,000
20 Thermometer 1 Nr 5,000 5,000
21 pH meter 1 Nr 12,000 12,000
22 Calibration metre tape on gas holder 1 Lot 500 500
23 Sampling taps 3 Nr 1,000 3,000
24 10 Tigre uPVC Pipe 2 length 1,100 2,200
25 10 el bow 2 Nr 100 200
26 Hand pump for mixing 1 Nr 8,000 8,000

27 | 2" G.I Pipe for Gas holder guide frame 2 Nr 3,500 7.000

28 | 3/4" uPVC pipes for water supply to site 14 | length 550 7,700

29 | Fittings for water supply to site 1 Lot 15,700 15,700

30 | Welding and Plumbing labour 1 Lot 15,000 15,000

31 | Transportation of materials to site 1 Lot 20,000 20,000

32 | Fencing andGate 1 Lot 30,000 30,000
Cable, conduit and gear switch for electricg

33 | connection including workmanship 1 lot 65,000 65,000

34 | Fabrication of Waste Grinder 1 Lot 300,000/ 300,000
Miscellaneous expenses including

35 | transportation and handling ofaste grinder| 1 Lot 89,150 89,150
SUBTOTAL FOR DIGESTER, WASTE 704,400

GRINDER, WATER & POWER SUPPLY T

SITE
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INCINERATOR

1 6" sandcrete blocks 34 Nr 150 5,100
2 | 6" red bricks 145 Nr 200 29,000
3 cement 4 bags 1,600 6,400
4 sand 10 | barrows 300 3,000
5 Ash chamber door 1 Nr 1,500 1,500
6 Iron rod + bending for support bracket 1 Lot 1,900 1,900
7 Mason workmanship 1 Lot 10,000 10,000
8 Dome construction 1 Lot 20,000 20,000
9 Waste Inlet door 1 Lot 2,000 2,000
10 | Exhaust Pipe + bracket + stand 1 lot 10,000 10,000
11 | Emission gases scrubbing device 1 Nr 0
12 | Supply and Install Air blower 1 Nr 8,500 8,500
13 | Airinlet pipeworks 1 set 4,000 4,000
14 | Gas inlet pipeworks and Nozzle carrier 1 set 4,000 4,000
15 | Incinerator waste carrying Grater 1 Nr 6,500 6,500
16 | Incinerator auxilliary burners 1 Lot 11,000 11,000
17 | Gas piping from Biogas plant to Incineratoy 1 Lot 21,000 21,000
18 | Incinerator Roof + Roofing Poles 1 Lot 25,000 25,000
19 | Refractory brickgrating lining 30 Nr 200 6,000
Miscellaneous expenses including plasteril
dome with cement and sand and firing to
20 | harden 1 Lot 21,290 21,290
SUBTOTAL FOR INCINERATOR 196,190
TOTAL BIOGAS AND INCINERATOR SYS§ 900,590
MISCELLANEOQOUS ITEMS
1 PPE (Personnel Protective Equipment) 1 Lot 11,000 11,000
2 Fire Extingusher 1 Nr 5,000 5,000
3 "No Naked Flame" Signboards 1 set 4,000 4,000
SUBTOTAL FOR MISCELLANEOUS ITEM 20,000
GRAND TOTAL FOR PROJECT 920,590
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