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ABSTRACT

In the urgency of transitioning from no@anewable to renewable energy sources, the anaerobic
digestion of food waste is one of the most important technologies for waste recovery. The main
objective of this work was the production and quantification ofdsofrom various food
wastes. More specifically, determining the optimal conditions for the biogas production from
pineapple, watermelon and banana waste Haligestion with cow dung and determining
mixtures of substrate that produce high biogas yiddsexperimental design, sampling pre
treatment and biochemical methane potential (BMP) tests were conducted. Analytical methods
(proximate and ultimate analysis), kinetic modelling (first order and modified Gompertz
model) and the faeeentred central composite design was applied to the sarapld BMP
assays respectively to predict responses (biogas yi€hksoptimal Inoculum (I) to Substrate

(S) to Water (W) (I:S:W) ratio for edigestion of pineapple peelings (PP) with cow dung (CD)
was 1 : 2.09 : 4.06nd the corresponding biogas yield was 73.78 ml/g on votatiids (VS)

basis. For watermelon rind (WR), the I:S:W ratio equalled 3 : 1 : 5.8 and the corresponding
biogas yield was 100.45 ml/g VS. Finally, for banana peelings (BP), the I:S:W ratio equalled
3 :1:5.3 and the corresponding biogas yield was 98./p\dl. The digestion in mixtures of
substrates produced lesser biogas yield than tugestion set ; PP BP (25.5 ml/g VS), PP

i WR (11.3 ml/g VS), WR BP (5.1 ml/g VS) and WR BPi PP (18.7 ml/g VS).

Keywords: Anaerobic digestion, cow dung, food waste, biogas production, optimisation,

response surface methodology.
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RESUME
Dans | durgence de | a transition des sources
renouvel abl es, |l a digestion ana®robie des d
plus importantes pour lgalorisatond es d®c het s. L6obj & étditilaf prin

production et la quantification de biogaz provenant de divers déchets alimentaires. Plus
spécifiquenent, déterminer les conditions optimales pour la production de biogaz a partir de
d®chets dbébananas, d e cpdigsstionayac dasbouset de daehe dta n a n ¢
déterminer les mélanges de substrats qui produisent des rendements élevés ddrbpigaz
expérimental, un échantillonnage et un prétraitement ainsi que des essais de méthane
biochimique ont été réalisés. Les méthodes analytiques (analyse immédiate et analyse ultime),

la modélisation cinétique (modele de Gompertz modifié et de premiee)oet le plan

composite central centré sur la face ont été appliqués aux échantillons et aux eBb#s de
respectivement pour @dire les réponses (rendement des biodaz)apport optimal entre

l 6i noculum (1) et l e substrat (S) par rapp
®pl uchures dbéananas (PP) av2a09:4)0Getlbrendamentd e Vv a
en biogaz correspondant était de 73,78 ml/glaurase des solides volatils (VS). Poes |

déchetde pasteque (WR), le rapport I:S:W était égal:a 35,8 et le rendement en biogaz
correspondant était de 100,45 ml/g VS. Enfin, pour les épluchures de bananes (BP), le rapport
l:S:W était égal a 31: 5,3 et le rendement en biogaz correspondarttaa®8,75 ml/g VS.

La digestion dans des mélanges de substrats a produit un rendement de biogaz moindre que

I 6 e n s esmsshirenodigestion: PPT BP (25,5 ml/g VS), PP WR (11,3 ml/g VS), WR

-BP (5,1 ml/g VS) et WR BPi PP (18,7 mlig VS).

Mots-clés: Digestion anaérobie, bouse de vache, déchets alimentaires, production de biogaz,

optimisation, méthodologie de surface de réponse.
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GENERAL INTRODUCTION

Background

Of recent, because of the fear of exhaustion of fossil fuelsh@nenvironmental problems it

poses, much attention is being turned to the production and use of renewable energies such as
bio-diesel, biegasand moreAnaewobic digestion (AD is a microbiological process whereby
organic mattesubstrate)s decomposed in the absence of oxygen. All over the years, the
process has been engineered and controlled, as such, nowadays, the anaerobic process is be
used to treathe organic biodegradable waste matter in airproofed reaatdts commonly

named digestersesulting toanenergyrich biogas and a nutritious digestd#unicipal Solid

Waste (MSW, food industry wastagricultural wastendplant residuesre the major waste
categories that serve as substrates in anaerobic digestiondolantsheir high organic matter

content and therefore high potential for biogas produ¢hata-Alvarez, 2003)

Furthermore, this activity provides benefits likenerating renewable energy, reducing
greenhouse gases, reducohgpendency on fossil fuels, job creation, and closing the nutrient
cycle. It improves the energy balance of a country but also contributes to the preservation of
natural resources by reducing deforestation, and protecting the environment by reducing
pollution from waste and fossil fuels (Al Seadi et al., 2008).

In Cameroon nowadays millions of people lack access to electricilthough access to
electricity is beneficial for lighting, communication, healthcare, and educafmwaviding

benefits for communities and householtise World Bank (2020) reported that in 2020 only
65% of the nationds p o pActoding taviboumbmuwe & &ljoncoe s st
(2018) in Cameroon, about 19% of electricity comes from the combustion of fossil fuels in
thermal power plants and more than 80% of the populationedtdson traditional biomass.

This combustion pollutes the atmosphere and e@itenhouse gase&KG). In addition,

domestic cooking gas is very expensive and cannot be afforded by most feagiliesly.
Problem statement research questions and objectives

The quantity and quality of a specific kgas is most often dependent on the substrate and the
processing conditions under which it is produc8dme food products that generate large
guantities of waste in Cameroon include pineapple, mango, rice, banana and watekmelon.

combination of different feedstocks in different proportions may equally have a significant
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effect on the quality and quantity of the gas produgedstudy the situation presented above

and propose adequate solutions, our research will ajpgwrer the questions:

- What substrater substrate combination from the available substrstiesildbe
usal to obtan a desire@nd yet, good biogaseld?

- Under whatsuitable anaerobioperational conditionshould tlese substrates be
subjecte@

The general objective of this work isgooduceand quantifybiogas from differenfood waste

Specifically,the work aimgo;

1. Determine the optimum conditions for biogas production frompineapple, banana and
watermelon peelings

2. Determine mixtures of thesubstratesthat give high yields of good quality biogas.
Thesis Structure

This work is composed dafree (03) chapters preceded by the general introduction and
followed by a general conclusion. Ttieee(03) chapters are presented as thus:

Chapter 1: Literature review
Chapter2: Material and methas]

Chapter3: Results and discussion.
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CHAPTER 1. LITERATURE REVIEW

The objective of this chapter is to present diffei@ricepts antkerminologies related to our
topic. anaerobic digestion, biogas potential and yield, substcatdigestion optimization,
food wasteand renewable energgnd the literature review run througbme keywords like
circular economyresponse surface methodology (RSl othersilt is divided intofive (05)
parts namely:concepts and definitions, food waste generatiftogd waste recovery

technologiesanaerobic digestion technology ams$ponse surface methodology

1.1. CONCEPTSAND DEFINITIONS

1.1.1. Anaerobic digestion

Anaerobic digestion (APis a unique process where different microbial spgtiasteria and

fungi) decompose organic materials in the absence of oxygen. AD has beenwadtised

in full-scale facilities all over the world. Several AD techniques have been applied to convert
livestockmanurewastewatersand solid lignocellulosic waste into biog&sngh et al., 2020)
Anaerobic digestion for biogas production takes place in a sealed vessel called a reactor, which
is designed and constructed in various shapes and sizes specific to the site and feedstock

conditions.This concept is further elaborated in sectioh

1.1.2. Biogaspotential and biogas yield

The biogas potential of a specific substrate defines the maximum amount of biogas that can
potentially be produced during anaerobic digestMihnile the biogas yield describes the
achieved fraction of the biogas potential under practical conditions during an experimental or

technical digestion proce¢@/einrich et al., 2018)
1.1.3. Substrate

"Supporting surface" on which an organism grows. The substrate may simply provide structural
support or may provide water andtrients. A substrate may be inorganic, such as rock or saill,
or it may be organic, such as wodtdCMP, 2009) When mixed with a fluid (water) or

inoculum, it may also be refed to as feedstock or simply feed.

1.1.4. Co-digestion

Co-digestionrefers tothe simultaneous anaerobic digestion of multiple orgaaistes in one
digester. Caligestion is used to increase methaneduction from lowyielding or difficult
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to-digest materials. For the -@higestion process, care must be takesdiect compatible eo
digestion feedstocks that enhance methpoduction (and to avoid materials that may inhibit
methanegeneration)(EPA, 2012)

1.1.5. Optimization

Optimization is one of the most powerful tools in process integration. Optimization involves
the selection of the Abesto sol ytMahomoud& r om
El-Halwagi, 2006) In other wordspptimisation is the process carried out when we tsave
range of parameters that can be controlled and a single variable thaniveo maximise or
minimise: in the case of AD for energy production thight be the biogas yield or, in the case

of AD for waste management, tlggiantity of residual waste solids for dispo8alellinger

Arthur et al., 2013)The degree of goodness of thaution is quantified using an objective

function for example, a second order equaliaich is to be minimized or maximized.

1.1.6. Foodloss food waste and the food supply chain

A FoodSupply Chain(FSQ or food system refers to the processes that describe how food from
a farm endsup on our tables. The processes include productiansportationprocessing,

distribution, consumption argisposal.

Generally, vasteis defined as keftover, redundant product or material of no or marginal value
for the owner andhatthe owner wants to discar@ccording to the Food and Agricultural
Organization of the United Nations (FAQ-ood Loss (Fl.is defined asany change in the
availability, edibility,wholesomeness or quality of edible material that prevents it lixging
consumed by peopld-AO, 1981) Afterwards, his definition evolvedver decadesp to a
recent publicatiorfGustavsson et al., 201®hich recognised food losses the decrease in
edible food mass throughout the part offi®Cthatspecifically leads to edible food for human
consumption.Furthermore Food losses take plaaring the production, postharvesind
processing stages in the food supply ch{@&arfitt et al., 2010)Food losses occurring tte

end of the food chain (retail and final consumption) are rather called food waste, which relates
tor et ai | er s 6 bahavibur(Paofitt et al.nPO®L0)s 6

Otherresearcher come to the same conclusiebh andFW overlapandtheseterms are used
for material discharged at bothe manufacturing and retail stages and the consumption or
household level§Girotto et al., 2015)
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1.1.7. Renewableenergy

Renewable energies are sun, wind, water, biomass, tidal and geothermal ehlezggemnergy
sources are important members of the earthos
called renewablelhey are also known as sustainadtergysources because their utilisation

does not affect the ability of future generations to cope with their energy Semdight, wind,

and other renewable resources are increasingly being converted into useful forms of energy
with evergreater efficiencyAs such, agime goeson and technologymproves renewable

energyhas beemore and more considered a better alternative to the finiteremanwable and

lessenvironmentallyfriendly fossil fuels.
+ Energy transition

A renewablesased energy transition promises to deliver vast semdmomic benefits to
countries across Africa, improving energy access, creating jobs and boosting energy security.
The Sustainable Development Goals (SDGs), set by the United Nations Gessenaibly in
2015, are a collection of 17 goals designed to be a blueprint to achletteaand more
sustainable future foall. These goals are part of the UN 2030 AgeffolaSustainable

Development, and the intent is to achieve them by 2030.

The following goals are patrticularly relevant: SDG Affordable and Clean Energy, SDG 8
T DecentWork and Economic Growth, SDGi9Industry, Innovation and Infrastructure, and
SDG 1371 Climate Action. SDG 7 igarticularly well aligned with the objectives ofigh
research workas it calls for universal access to sustainable energy by Bi@fass as
renewable energy source egiss biofuelsBiomethangrefined biogashs fuel, among the

biofuels, has the highest energy efficiency (Smyth et al. 2009)

1.2. FOOD WASTE GENERATION

As earlier defined in section 1fbod wasterefers tothe masses dbod wastedon the part of
thefood chain Therefore food that was originally meafdr human consumption but which
fortuity gets oubf thehuman food chain is considered as food loss or waste even if it is then

directed to a noiffiood use (feedr bioenergy).

1.2.1. Sources of food los¢FL) and food waste(FW)

Food is wasted throughout the FSC, from init@gricultural production down to final
household consumptiorSignificant FL and FW occur early in thecSC In low-income

Presentedhy DJOUFACK LEKE S téphane,
Ma s t e r 0 NationahAdsanced Sichool of Public Worksounde| 2020/2021 5



Optimizationof biogas yield from anaerobao-digestion with cow dungia Response Surface
Methodology Casestudyof substratespineapple, banana afed watermelon waste

countries food is mainly lost during the early and middle stages of the food supplynchelin;
less food is wasted at the consumer |¢@eistavsson et al., 201 Bood waste (FW) is mainly
discharged from househaldrestaurants, canteerigcal shopsprocessing industries as well
asmassmarketsystemgLi, et al., 2020; Pham et al., 2015)L and FW occur at every level
of the FSC,;

- Agricultural production (during harvesting),

- Transportation,

- Industrial or domestic processing,

- Distribution (wholesale markets, supermarkets and retailers),
- Consumption and disposal (household).

1.2.2. Food waste statistics

Figure 1.1 shows thatndustrialized Asia is the highest in productiorfroits and vegetales,
roughly 630 million tons per yeafollowed by south and southeast Asia with around 300
million tons per yearMeanwhile SubSaharan Africa production level readsaround100
million tons per yearThat are enormous quantities of food produced per jeathe

subsequent sections, we are going to see which parts of this production go to waste.

700

W Europe

I North America, Oceania

600 B Industrialized Asia

B Sub-Saharan Africa
O North Africa, West and Central Asia
O South and Southeast Asia

500

400

W Latin America

300 ]

200

100

0
Cereals Roots and Qilcrops Fruits and Meat Fish Dairy

tubers and pulses vegetables
Figure 1.1: Productionvolumesof groups of commodities, per region (million tons)
(Gustavsson, 2011)
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1.2.2.1. Worldwide

Globally, approximately 30% addible parts of food produced for human consumpgetriost
or wasted, which is about 1.3 billion tons per ygajima & Ishikawa, 2013)

Per capita food losses and waste (kg/year)

350

B Consumer

300 [ Production to retailing

250

200 . - .

[
150
[
100
50
0 - T r T T T .
Europe North Industrialized Sub-Saharan North Africa, South and Latin America
America and Asia Africa West and Southeast
Oceania Central Asia Asia

Figure 1.2: Per capita food losses and wastesatsumptiorand preconsumptions stages, in

different regiongGustavsson, 2011)

Gustavsson et al. (2011) equally give equivalent proportions of food that goes into waste
(Figure 1.2) at the household and from production to retail under the same categories as in
Figure 1.1. We can observe that globally most of the food wasted occurs between the
production and the retail end of the FSGe per capita food loss in Europe &mtth America
is 280300 kg/yearln Sub-Saharan Africa an8outh/Southeast Asid is 120170 kg/year. Per
capita food wasted by consumers in Europe odh Americais 95115 kg/year, while this

figurein subSaharan Africa and South/Southeast Asia is ofllyL &g/year.

A better representation of fruits and vegetables per stage of this El&Borated in Gustavsson
et al., Figure 1.3. Food is wasted at every stad@r both Industrialized and developing
countries,agricultural productiodominatedotal losses throughout the FSBut in Europe,
North America and Industrializessia, a greahumberof fruits and vegetdbsarealsowasted
at the consumer sige with 15-30 % by mass of purchases discarded by consuriénsle in
the other categories especidlySubSaharan Africa and south and southeast Asia, foocke
is wasted at thagriculturalandprocessing stagand less at the consumer stdgessesiuring
postharvest and distribution stages are also seegpdained byhedeterioration operishable
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crops in the warm and humid climate of many developing countries as well as by seasonality

that leads to unsaleable gluts.

60%

50%

40%

30%

20%

10%

0%

Food losses - Fruits and vegetables

B Consumption

[ Distribution

@ Processing

W Post-harvest

0O Agriculture

Europe

Industrialized Sub-Saharan North Africa, South and

North Latin
America and Asia Africa West and Southeast America
Oceania Central Asia Asia

Figure 1.3: Part of the initial production lost or wasted at different stadéise FSC for

fruits and vegetables in different regiqi@ustavsson, 2011)

The Intergovernmental Panel on Climate Change (IPCC) classifieduhiipal solid waste

(MSW) composition by continenfable 1.1. The column concerning food waste shows that

Afr

i cabds

h i ohv&Ww goeptefood waste. a g e

Table 1.1: IPCC classification of municipal solid wagi&hadaTata & Hoornweg, 2012)

Eastern Asia

South-Central Asia
South-Eastern Asia
Western Asia & Middle

East

Eastern Africa
Middle Africa
Northern Africa
Southern Africa
Western Africa

Textiles | RUDer/ | oo ctic
Leather
Asia
26.2 18.8 35 35 1 14.3 27 31 14
40.3 1.3 19 2.5 0.8 6.4 38 35 219
435 129 99 21 09 12 33 4 16.3
411 18 9.8 29 0.6 6.3 1.3 2.2 54

539 7 7 1.7 11 55 1.8 2.3 1.6

43.4 16.8 6.5 25 45 35 2 1.5
511 16.5 2 2.5 4.5 35 2 1.5
23 25 15

40.4 9.8 4.4 1 3 1

Eastern Europe

Northern Europe
Southern Europe

Western Europe

301 21.8 75 47 1.4 6.2 3.6 10 14.6
23.8 30.6 10 13 7 8
369 17 10.6

24.2 21.5 1

Oceania

Australia & New Zealand

Rest of Oceania

36 30
671.5 6

24
25

North America
Central America
South America
Caribbean

339 23.2 6.2 39 1.4 8.5 4.6 6.5 9.8
43.8 137 13.5 2.6 1.8 6.7 2.6 37 123
449 LAl 47 2.6 07 10.8 29 33 13
46.9 7 24 5.1 19 9.9 5 57 35
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1.2.2.2. Africa

Food losses and waste in Africa are significant occurring primarily at the early stage of the
FSC as seen fRigure 1.3. Roughly 37 % of all food produced is lost or wasted. For a continent
with high levels of poverty, hunger and malnutrition, the loss and wastage of more than a third
of all food produced, is unacceptaldfggure 1.4 shows the fraction of waste generatedub
SahararAfrica. Appendix 1 andAppendix 2 show that great amounts of MS{afound 50%)

are constituted of food waste in Africa. ComgadrtoFigure 1.4, approximately 50% of the

57% organic fosub-SahararAfrica.

Other
13%

Other

Metal
4%

Metal
4%

Glass
4%

Glass
Organic 5%
57%

Organic
Plastic 46%
13%
Plastic

10%

Paper
9%

A Sub-Saharan Africa B Global

Figure 1.4: Municipal waste composition subSaharamfrica and globdly (Zaman &
Reynolds2015)

1.2.2.3. Cameroon

A recent studyanalysedrFL in Cameroon using available data from the National Institute of
Statistics (NIS) and th€entral Bureau ofthe Census and Population Studies (BUCREP)
These agenciesrethe main nationahgencies in Cameroon responsible to provide data in all
sectorsof the countryDuring 1994- 2013, FL experienced a significantly increaseohd in
Cameroon, risinfom @ & p 1tons to¢® & p 1rtons a little more thara 4-fold increase
(Feukam Nzudie et al., 2021)

FL changes maye divided into two distinct periods: between 1994 and 2004,wels
relatively stable with 34.43% increases based on 1994 lduet®ntrast, between 2004 and
2013 theravas a significantisein FL amounting to 282.46% of that 2004 levéigyure 1.5
andTable 1.2 showpostharvest losses for the 9 selected crops in the -18943 rangeThe
magnitude of FL in descending order was: cassava, maize, bawaghym, yams, beans,
groundnut, pineapple, and rice.
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Figure 1.5: Variation of total postharvest losses between 1994 andif@&8meroon
(Feukam Nzudie et al2021)

Table 1.2: Decompositiorresults of food losses in Cameroon 1924013 (unit tons)
(Feukam Nzudie et al2021)

years AS Al AE ASc AP total
1995 —8993 —4621 16,370 6023 11,888 20,667
1996 829 -712 4228 9443 12,184 25,971
1997 14,162 2928 —-1122 —28753 12,239 —-546
1998 6595 5688 1582 15933 12,620 42,417
1999 21923 —~7661 —35818 —18304 12,860 —27000
2000 —8902 1793 10,658 —6078 12,822 10,294
2001 —5529 —356 5395 —4929 13,237 7818
2002 —8200 1773 —-1796 22,680 13,863 28,321
2003 —-4007 -980 6804 1049 14,633 17,499
2004 —4088 6279 —7041 15,345 15,361 25,856
2005 —-999 129,743 —7490 101,845 18,880 241979
2006 524 62,884 7477 64,030 24,663 159,579
2007 —~2185 2549 —~5873 30,931 27,832 53,254
2008 741 —-569 —10141 29,448 29,324 47,321
2009 9304 293,340 21,841 133,005 36,266 493,755
2010 28519 179,930 8998 92,954 47,994 358,395
2011 28,446 —1524 —28769 48,038 54,182 100,374
2012 1755 -8193 —~10872 52,659 56,476 91,826
2013 24,018 8682 —33120 63477 58,956 122,014
T 92,431 670,975 —58687 628,794 486,281 1,819,794

AS = structure, Al = intensity, AE = self-sufficiency, ASc = supply scale, and
AP = population. T# is the total change in FL during 1994—2013 for the five drivers.

1.2.2.4. Pineapple, banana and watermelon lantations in Cameroon

Pineapple is essentially grown for its frudccording to Selina W. (2022), on average, more
than 300 thousand tons of pineapples are produced annually in Cameroon. In 2010, the
production was about 136 thousand t#xsanas Comosus aplant that grows arourtdopical

zones.The main varieties of pineapple are Cayenne Smooth, Sweet, Sugar Ldafiesl
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Pineapplas available all year round with peaks from November to AphHe main production

areas are

- Bafia and Awae in the central regidfigure 1.6 is a picture of a pineapple plantation
in Awae;

- Njombé in the Littorategion

Pineapples also one of the fruits cultivated in the entire region and beyond with relatively
cheap labour. However, the system of agriculture is still rudimentary. Following the launch of
the Agropoles project, supervised by the Ministry of Economy and meant to boost local
production, 118 hectares of pineapple farm was announced in Kumba, in the South West region

to boost pineapple productig¢@rtv, 2018)

Figure 1.6: Pineapple production in Awgévest Cameroon, 2013).

There are two major companies produclrapanasn Cameroon Cameroon Development
Corporation (CDC)with 22,000 employees, cultivating 4,525 HebahanasandPlantations
du Haut Penja (PHP) (owned by Compagnie Fruitidtle 7063 employees, cultivating 5,150
Ha of banangsTheAssociation of Banana producers of Cameroon (ASSOBAC#d)rted
Cameroonds aver aigapraximatehz00,00ptongCty 2018) Fogure 1.7
presents one the PHP warehouse.
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Figure 1.7: PHP plantations banana conditioning factory, Loum, Camgi®gr2020).

WatermelorCitrullus lanatusis a fruit vegetable grown predominantly in the North West and
West Region, both located in the western highland agricultural zones of Cameroon. This
industry has potential in the South West Region, located in the humid rainforest agriculture
zone of thecountry, although yet to be well establidi{Penis Achiri et al., 2019)

1.2.3. Environmental and social impacts of mismanaged food waste

The majorrisk associated with poor management of solid wastde pollution of all the
environment 6s ctheramposphere) lithwspherte,hydtosphere and biosphere.
The weak collection systems in Africa combined with uncontrolled and controlled dumping of
waste, often associated with open burning and waste leakages significant economic,

social and environmental impacts.
1.2.3.1. Harm to Biodiversity

Biodiversity simply refers to the different species and organisms that make up an
environment s ecosystem. Eutrophication and
body to a high concentration of nutrients especially phosphate and nitratprdhadte
excessive growth of algae. It is a chemical, physical or biological change in the quality of water
that harms anything that drinks or uses it. The indiscriminate dumping of waste in urban areas

creates risks of disease, including the risk of dlaglealaria, typhoid fever and more
1.2.3.2. Contribution to climate change

When food is left to rot in our landfills, it subsequently releases methane, a powerful
greenhouse gas twenrfiye times stronger than carbon dioxide. When methane is released, it

lingers for 12 years and traps heat from the sun. It contributes towardef208% global
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greenhouse gas emissions released. When we factor in the greenhouse gas emissions released
from the use of natural resources, the contribution to climate change is astonishing. If a decent
food waste treatment system were implemented, it would stop 1¥olal greenhouse gas
emissions.The level of methane fronlandfills varies by country, depending on waste
composition, climatic conditions (ambient temperatungrecipitation) and waste disposal

practices.

Apart from landfills, open burning of waste causes air pollution which impacts human health

and contributes to changes in climate.
1.2.3.3. Waste of Natural Resources

When we waste food, we waste the natural resources used for producing that food, the three
main ones being energy, fuel and waWater is needed for all stages of the food production
process, as well as in all types of food produced. Agriculture accounts for 70% of the water
used throughout the world. This includes the irrigation and spraying required for crops, and the

water needetbr rearing cattle, poultry and fish. By wasting food, we are wasting fresh water.

Figure 1.8 shows a food waste dump in South Afrigad Appendix 3 shows one of the
dumping sites closer to a processing facility in Uganda. Both imillgegate improper
disposal of food waste.

Figure 1.8: A food waste dump, South Africa (201@SMedia, 2020).

In addition, dumping of @aste into river basins streams are one of the contributors to flooding.
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1.3. FOOD WASTE RECOVERY TECHNOLOGIES AND
CIRCULAR ECONOMY

1.3.1. Compostingand vermicomposting

Composting occurs through the activity microorganisms naturally found soils. Under
naturalconditions, earthworms, nematodes and soil insetis as mites, sowbugs, springtails,
ants, and beetles aaost of the initial mechanical breakdown of orgamgtterials into smaller
particles.The result of a successfully composted organic material is a biologically stable humic
substance that makes excellent soil amendmeéigare 1.9 shows an example composting
facility. This facility is handled by the municipal agency of solid waste management of

Dschang, Cameroo&arbon dioxide is released during this process.

On the other hand, Vermicomposting is a meactor process through which the ecosystem
engineers, that is, the epig@arthworms ingest organic material and subsequently transform
it into a nutriendrich humified organic fertilizer (Yadav and Madan, 2013). During the
vermicomposting process, the feedstock substrate is initially ground in the gizzard to form
smaller partites, increasing the surface area. The material is further acted upon by earthworm
gut microbial flora and digestive enzymes to produce a fine granular product enriched with
beneficial nutrients and microflora. Besides these physical and biochemical rsethani
involved, earthworms also facilitate aeration due to their burrowing nature, contributing to
uniform mixing of the material (Yadav and Garg, 2011). Vermicomposting is one of the best
organic matter recycling options as it offers an environmentally emathomically sound

strategy to obtain a product of premium value enriched with all sorts of bioactive compounds.

In both composting and vermicomposting, there exist several treatment technologies. For

composting
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Figure 1.9: Compostingat the Municipal Agency of Waste Management (AMGED),
Dschang, Cameroon

Figure 1.10: Vermicompost bedwith beds sold in Indi@indiaMART InterMESH, n.d.).

1.3.2. Incineration

Incineration treatment is one of three thermal technologies that require high temperatures to
alter the chemical structure of wastéaste to energy plants is used to use the heat produced
from the thermal plant for electricity production. In some countries, which have less land
available, incineration has become one of the most important MSW treatment methods,
alongside other thermabnversion technologies such as gasification and pyrolykis high
moisture content of up to 80% in FW has led to the teg@detreat and ca&combust with coal
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in order to ensure that the incineration is operating efficiently (Lombardi 2015). However, even
under optimum conditions, the energy efficiency is only3486 depending on the scale and

the specific technology used. The final ashes are sent to landfill.
1.3.3. Landfill treatment

A landfill is a site where garbage is layered with dirt and other absorbing material to prevent
contamination of the surrounding land or water. It was originally designed to mitigate the
problem of waste pollution, but over time it has shown many defects. Research from the World
Bank shows that each tonne of organic waste producedBID kg of CQ when sent to
landfill (Zaman & Reynolds, 2019nternational legislation is clear about the need to gradually
reduce the amount of biodegradable waste to landfills, in order to mingreeehouse gas
emissionsand to produce a leachate with lower organic |&ad.that reason,dndfills should
receive residual waste after recoverable fractions are collected separately. Biodegradable
organic matter should be diverted from waste destined to landfis, solid waste generation

is growing exponentiallandis set to double in large and medismed dies and triple in the
poorest countries by 205Qow-income countries do not have the financial means to build
sanitary landfills, onsequently, most of their waste is managed improperly, remains untreated,

and is disposed of in open dum(p®rgara & Jammi, 2022)

1.3.4. Anaerobic digestion

As discussed in Section 1.1.1, anaerobic dige$A@) is the degradation of organic matter in
an oxygerdeprived environmenfD technologies can help preserve and integrate livestock
production within communities and creates renewable energy resources to serve a growing

bioeconomy within rural communitieBigure 1.11 illustrates the benefits of AD.

Heat

Biomass \
v — :
‘ [ lectricity
Houschold waste
Waste collection Anaerobic tll sestion \

Industrial organic waste Compost h'" fertilizer Biofuel

%ﬁ / ﬁ'

Figure 1.11: A simplified diagram of organic waste to beémergy using anaerobic digestion
(Zaman & Reynolds2015)
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According to(Ward et al., 2008the production of biogas through anaerobic digestion offers
significantadvantages over other forms of waste treatmantuding: less biomass sludge
produced in comparison to aerobic treatnteahnologiessuccessful in treating wet wastes of

less than 40% dry matt@vliata-Alvarez, 2002) moreeffective pathogen remov@{unte et al.,

2004; Sahlstrom, 2003) or if a pasteurisatstep is included in the procedsgh degree of
compliance with many national waste strategmplemented to reduce the amount of
biodegradable wastntering landfil] the slurry prodoed (digestate) is an improved fertiliser

in terms of both its availability to plants (Tafdrup, 1995) andh&ology (Pain and Hepherd,
1985)and it is asource of carbon neutral energy is produced in the foriogfas So, t is a

more favourable organic waste treatment method than aerobic treatment from the simultaneous

perspective of greenhouse gases, food security (sustainable fertiliser), and biofuel.

1.3.5. Foodrecovery hierarchy and circular economy
1.3.5.1. Food recovery hierarchy

The Food Recoverifierarchy(FRH) prioritizes actions organizations can take to prevent and
divert wasted food. Each tier of tR&RH focuses on different management strategies for your
wasted foodFigure 1.12. The top levels of the hierarchy are the best ways to prevent and
divert wasted food because they create the most benefits for the environment, society and the
economy(EPA, 2021)
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nvironmental Protection
aency

ER\  Food Recovery Hierarchy

Source Reduction
Reduce the volume of surplus food generated

Feed Hungry People

Donate extra food to food banks, soup kitchens and shelters

Feed Animals
Divert food scraps to animal food

Composting
Create a nutrient-rich
soil amendment

Landfill/

Incineration
Last resort to
LIETLEE]]

Figure 1.12 Food Recovery Hierarchy provided by the Environmental Protection Agdncy
the United StatefEPA, 2021)

The Food and Agriculture OrganizatidRAO) focusesa lotits work on the reduction of loss

in the supply chairthat is,loss that occurs between harvest and the markét complies with

tier 1 inFigure 1.12 which is the most preferred food waste recovery measure. The second
most preferred measure is feeding people or feeding humans. Then comes the fourth most
preferred measure which consists of fuel conversion and digestion to recover energy.

1.3.5.2. Circular economy

The circular economy is an approach particular to the waste management system that stresses
on the fact that it is necessary to close the loop described by the linear economy. As seen on
Figure 1.13, in contrast to the linear economy, the waste produced enters the 3Rs (Reuse,
Repair and Recycle) phase and is been recycled so that as to be an input for the production
phase again.
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Figure1.13 Circul ar econdRepak,2d®.r oachds mod

CombiningFigure 1.12 andFigure 1.13, we can concludehat anaerobic digestion of food
waste is a key element to achieving a circular economy approach, achieving tier 4 (Industrial
uses) of the FRH and working forward to achieving the SDG 7. And achieving SDG 7 will
have a ripple effect on SDG 8, 9 and(R&newable Energy Agency et al., 2021)

1.4. ANAEROBIC DIGESTION TECHNOLOGY

1.4.1. Biodegradability parameters

The degradability of different substrates depends on their dry organic matter content, also
called o6Volatile Solids6é VS. It is a paramet
for anaerobic digestion and is practically a fraction of the total dry matter of the waste, referred

to as Total Solids (TS). It is common for biowaste substraiebe considered suitable for
anaerobic digestion if their organic dry matter is greater than 70% of tirégl®e 1.14 shows

how parts of a substrate are utilized during anaerobic digestion to produce bioenergy.
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fresh matter (FM)

total solids (TS) including volatile organic acids and alcohols water
ash volatile solids (VS) including volatile organic acids and alcohols
non-degr. : : stoichiometric
) degradable volatile solids {DVS) water demand

MO biogas potential

biochemical conversion

degradation efficiency

unutilized utilized utilized unutilized
DVS DVS water water
MO
MQ = microorganisms
ash organic digestate biogas water

Figure 1.14: Utilization of individual substrate components during anaerobic digestion
(Weinrich et al.2018)

In literature, there is divergeimtformation about TS and VS from different substrate sources,
surely because the specific waste composition is different despite identical naming (for

example, market waste).

1.4.2. Biochemicalreactions inanaerobic digestion

Biological processes in th@bsence of molecular oxygen, where the elecawreptors are
carbon dioxide, organics, and gh#te are generallyeferred to as anaerobic processes
(Akunna, 2018)These processes are similar to thtvee occur naturally ithe stomachs of
ruminant animals, marshes, orgasedimentgrom lakes and rivers, and sanitary landfills. The
main gaseouby-products are carbon dioxide (@Pmethane (Ch), and trace gases such as
hydrogen syhide (H:S), hydrogen (B, and a liquid or semiliquidy-productknown as
digestate. The digestate consists of microorganisms, nutfremtgyen, phosphorusainly),

metals, undegraded organic thea and inermaterials.The biochemical process of anaerobic
digestion typically occurs in four (04) steps, namely: Hydrolysis, acidogenesis, acetogenesis
and methanogenesigigure 1.15 illustrates the path of organic matter under anaerobic

digestion.
1.4.2.1. Hydrolysis

It is the first stage in the digestion process and it is usually the slowest of the four degradation
steps.Hydrolysis involves the breakdown of complex polymeric organic substsatds as

proteins, carbohydrates, and lipids into smaller mononoerepounds such as amino acids,
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sugargmonosaccharid¢sand fatty acidsespectively Since large particulate organic matter
is too large to be directly absorbed as a substiatereaction idacilitated by extracellular
specific enzymes produced by a consortiumvaified hydrolytic bacterigAkunna, 2018;
Arnell & et al, 2007; MataAlvarez, 2003)

1.4.2.2. Acidogenesis

In this second stageéhe monomers released during hydrolysis @vaverted by bacterial
metabolism of acidorming bacteria also known dsrmentative bacteria into hydrogen or
formate, carbon dioxidepyruvate,ammonia, volatile fatty acids, lactic acid, and alcohols
(Mata-Alvarez, 2003) Carbon dioxide and hydrogen gases are also produced during
carbohydratecatabolism(Akunna, 2018)The following are the chemical reactions involved
during the fermentation proce¢lsavagnolo, 202Q)Equations 1.1, 1.2 and 1.3 show the
various chemical reactions that undergo in the digester or anaerobic medium during anaerobic

digestion.
600 "O0°cd0600 00 ¢o0 (0.1)
600 ©000060 00O ¢ov (0.2)
600 © ¢60600 O ¢ov (0.3)

Where: g3 F zglucose
000 U U Cacetic acid
000 006 U U Moutyric acid
0’0000 O ethanol

1.4.2.3. Acetogenesis

In this third stage, both lorghain fattyacidsand volatile fatty acids and alcohols asedized

by the action of obligate hydroggaoducing acetogens hydrogen, carbon dioxide and acetic
acid(acetateVoegeli, 2014)During thisreaction, the BO@biological oxygen demand) and

the COD(chemical oxygen demand) are both reduced and the pH dec(Basdwfsberger

et al., 2005)Hydrogen plays an important intermediary role in this process, as the reaction will
only occur if the partial pressure is low enough to thermodynamically allow the conversion of

all the acids. Hydrogen scavenging bacteria lead to lower partial preBsusg the hydrogen
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concentration in a di ge(MatacAlvarez, 2008 Bquationgdlidc at or

tol7shows reactions at the acetogenesi sd phas

80806 0 § "Oc’00 © 808 § 6 080 O (04)
806 06 0 0 "0C00 O ¢6'08 G § 'O’ (05)
808006 "0 "00 © 808 § § OO (06)
806 6§ "'OT00 © 0808 U § 00 (0.7)

Where: 6'006006 U 0 iQpropionic acid;
0 "'O0 U 0 1benzoic acid;
00 1 carbon dioxide;

‘00 T water.
1.4.2.4. Methanogenesis

Methanogenesis leads to the formation okburing this final stage, methanogenic bacteria
useacetic acid, methanol, carbon dioxide, dydirogen to produce methane gas and carbon
dioxide Seventy percent othe methane produced is from acetic acid by acetoclastic
methanogenic bacterimaking it the most important substrate for methane forméahitata
Alvarez, 2003) Methanogenesis is affected by conditions in the reatton as temperature,
feed composition and organic loading ré@arawira, 2004)And for biogas to be flammable,
the methane content should be greater than @8ablein & Steinhauser, 201Hquations

18tol.llshow reactions at the methanogenesi sdé p

T0 66 © 80 ¢OU (0.8)
506 0 6 ©EO 60 (0.9)
06 6 6 'WO O &0 OV (0.10)
8000 '0 0 80 00 (0.11)

Where: 00 0 0T"®rmic acid;
000 '@ methanol;

00 T methane;
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Figure 1.15: Simplified schematic diagram of different reactions involved in anaerobic

digestion of complewrganic matte(Akunng 2018)

Table 1.3: Typical Composition of Functional Anaerobic Treatment Pro@ssman Solar
Energy Society and Ecofy2005 IEA Bioenergy 2006)

Component Typical Range (% Volume)
Methane (CH) 5071 75

Carbon dioxide (C¢) 251 50

Nitrogen (N) 071 10

Hydrogen (H) 0.01i 5

Oxygen (Q) 0.1V 2
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Water vapar 0T 10
Ammonia (NH) Less than 1%
HydrogenSulphide(H.S) 0.0171 3
Siloxanes 07 0.00002

1.4.3. Factors affecting anaerobic processfficiency
1.4.3.1. Start-up inoculum

Throughout literaturethe presence of inoculuat digestion startip has shown to be of very
good help as far as lgghase and digestion radeeconcernedThe performance and stability

of anaerobic treatment processes depentherquantity and quality of active methanogens
present in the systemAppropriate inoculum can be obtained from active anaerehictorsA

low inoculumto-feed ratio mayead to the dominance of acidogens over methanogens and can
result in lowpH. When this occurs, recovery may be possible depending on the alkafinity
the system. Where alkalinity is loachemical buffer may be addgalthe feed to avoid system
failure (Akunna, 2018)

Some other researchamoposeso dilute the inoculum in a 1:1 ratio with wat®ioegeli, 2014)

The minimumcow dung required for inoculation amounts to 10% of the total active reactor
volume Furthermore, he discusses the importance of maintaining a balanced microorganism
population. Once a bacterial population gets used to a certain amount of feed, overloading
presents a risk to the overall failure of the anaerobic proGessloading results from either
feeding too much biodegradable organic matter compared to the active population capable of
digesting it, or rapidly changing digesters condsiofior example, abrupt change of
temperature, accumulation of toxic substances, flow rate increase). Such disturbances
specifically affect methanogenic bacteria, whereas the acidogenic bacteria, which are more
tolerant, continue to work, and produce acids. This evegtlests to an acidification of the
digester which inhibits the activity of methanogens. Such an imbalance of acidogenic versus
methanogenic bacteria can result in digester failure. The addition of manure can avoid this as

it increases the Wfer capacity, thereby reducing the risk of acidificat{doegeli, 2014)

Following the sequence of anaerobic biochemical processéise first weeks after staup,

carbon dioxide (Cg) is mainly producedThis gas is not flammable and can be released. After

a few days the methane content of the gas will have sufficiently increased to a level that can
sustain a flame (CH4 > 45 VePb) and lead to higlquality biogas (5% 70 Vol.- %).
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1.4.3.2. Waste Organic content and biodegradability

Anaerobic treatment is most suitable for solid residues, slurries, and wastemitteCOD
concentrations in the intermediate to high strength rethgeéjs from 2,000 COD/L. Organic
removal efficiencies tend to increase withreasing influent organic strength. However, up to
80 %I 90 % of COD removals achievable in an efficiently operated sys{&uegeli, 2014)

The chemical composition of the waste or wastewater is one of the prnnwecgtors of
amenability of the organic constituents to biological treatntégure 1.16 shows the relative
biodegradation rates and reaction times \drious types of organic compounds.
Biodegradability may be limited bthe chemical structure of compounds such as lignin,
cellulose, and hemicellulosehich are not readily amenable to enzymatic hydrolysis. These

compoundsnay require prior treatment or pretreatment.

Sugar
(mono/disaccharides)

Starch

Proteins

Biodegradation rate

Hemicellulose

Retention time

Figure 1.16: Relationship betweetherate of degradation and retention time for various

types of organic compous@Voegeli 2014)

Total soliks (TS) arethe measure of the solid content of an organic mathgdrolysis of
particulatebiodegradable organic matter is a relatively slow biological reaétioertain
types of compounds and may represent the prdeceasg stepin the treatment of high solids
wastes. Such wastassually require longerretention times to bring about high levels of
treatment and biogggoduction.Conversely, if the organic constituents are primarily soluble

in nature high levels of biodegradation can be achieved at shorter retention times.
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Biochemical methane potential (BNRssays are used for preliminary assessment of the

anaerobic biodegradability and possible methane yield of organic residues.
1.4.3.3. Nutrient availability

The ideal feedstock composition ratio for carbop (@rogen (N, phosphorugP), and sulfur
(S) (the C/N/PIS ratio) for hydrolysis and acidogenesisdiisidered to be 500/15/5/3, and for
methanogenesis, the ratio is theoreticabgumed to be 600/15/5/8/eiland, 2001)

Sulfur and phosphorougquirements are very low compared to the other macronutrients;
carbon, inparticular, is naturally abundant in organic wastes. Therefore, the limiinigent

for the anaerobic digestion process is considerathly nitrogen So,to measure the nitrogen
sufficiency of waste for the biological process, the Carbon to Nitrogen ratig {€/ied.
Good ratios for the procebavebeen reported itheliterature(Deublein & Steinhauser, 2011,
Zareei & Khodaei, 20170 range from 20 to 3Migher C/N ratios can lead to decreased
bacterial growth due to nitrogeateficiency The methanogens rapidly consume the nitrogen
till nitrogen depletion leading to low gas producti@m the other hana low ratio may result

in apH increase andmmonia toxicityin the microbiapopulation(Voegeli, 2014)Although
methanogenic bacteria can adapt to very high amnummaentrations this only happens if
concentrations are increased gradually allowingg for adaptation. Optimum/[8 ratios can

be ensured by mixing different feedstadlaterials, with highlike organic solid waste) and
low (like sewage or animal manur€)N ratios toachieve an idedl/N ratio level

Another important anaerobic microbial requirement is trace elementsyiooonutrients,
notably iron, cobalt, nickel, and zinc. These elements, vawailable in relatively small
amounts, can stimulate methanogeadtivities. The exact amount needed may vary for
different wastes, and prior laborat@gale trials are needed before they are added to anaerobic

treatmensystemgAkunna, 2018)
1.4.3.4. pH and alkalinity

The stability of anaerobic treatment processes is highly dependent Wydelthe acidogenic
bacteria are more tolerant to pH values below 6.0, optimptinvalues for methanogenic
bacteria lie between 7 and 8. Therefdhe pH range of 6.5 7.8 is suitable for the entire
processAcidic pH can occum anaerobic treatment systems where a slower methanogenesis

rate resultsn an accumulation of volatile fatty acids. This situation is likely to oadumn
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there is a sudden or excessive increase of organic matter addedsystda. On the other
hand, alkaline pH can result where the feed constitatekigh amounts of nitrogenous
compounds, such as proteins. Nitrogenoaspounds hydrolyze to produce ammonia, which
causes alkaline pfWhen pH values rise above 8.5, ammonia begins to exert a toxic effect on
methanogenic bacter{&lartmann & Ahring, 2006)

Lime is commonly used to raise the pH of AD systems when the process is too acidic, however
frequently leads to precipitation and clogging of pipes when used in large quantities.

Alternatively, sodium bicarbonate can also be used for pH adjus{vVesgeli, 2014)
1.4.3.5. Temperature

Like all biological processes, anaerobic processes are affected by tempé&rigtune 1.17.
Anaerobic treatment systems can be operatgasyathrophilic (<20°C), mesophilic (25PC
40°C), or thermophilic (45°(B0°C) temperature ranges, with the optimum temperatures for
the mesophilic anthermophilic processes at about 37°C and 55°C, respectMebasi et al.,
2012; Filer et al., 2019; Matalvarez, 2003)

Psychrophilic Mesophilic

Thermophilic
e

Biodegradation rate

0 10 20 30 35 40 50 55 60 70

Temperature (°C)

Figure 1.17: Temperature ranges for anaerobic treatment proc@dseéa Alvarez, 2003)

While AD technology is principally feasible under almost all climatic conditions, at low
temperatures (mean temperature below 15 °C) the digestion process does not work
satisfactorily. In cool climatic conditions either a heating system has to be instatiddrger
digester has to be built to increase retention time. Also, large temperature variations such as

those between day and night, or seasonal variations can adversely affect the performance of an
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AD system. As such, digesters that are built underground help to minimize these changes by

using the temperature buffer capacity of the soil.

The operation of a digester in the mesophilic range is more stable, as these microbial
communities can tolerate greater changes in the environmental parameter and consume less
energy.On the downside, however, the mesophilic microorganisms are slower and thus a

longer retention time in the digester is needed to maximise biogas yield.
1.4.3.6. Solids andhydraulic retentiontimes

The Solid Retention Time (SRTefers to the average dwelling time of microorganisms within
thesystem or reactoSRT depends on microbial growth rate and the raternbval of excess
microbial biomass from the treatment systérhe formeris affected by the nature of the
constituent organic compounddethanogenic bacteria have significantly slower gronatks

than other microbial groups associated with anaerobic procéssegerature also plays a vital

role in the biodegradatiomte and consequentiy the microbiaregeneration time and SRT
Hydraulic retention time (HRT) is defined as the theoretical amount othiat¢he wastewater
being treated is resident within the treatment systermmeactor. For completely mixed
suspended growtystems without biomasscycling, HRT ighesame as SR Recommended

HRT for wastes treated in a mesophilic digester range from 10 to 40 days. Lower retention

times down to a few days only, are required in digesters operated in the thermophilic range.
1.4.3.7. Organic Loading Rate (OLR)

The organic loading rate (OLR) describes the relationship between the treediaeoit the
organic matter and the size of the treatment system or rebctather words, it i® measure
of the biological conversion capacity of taeaerobic digestiogystem It is expressed ahe
weight of organic matter in terms of COD or VS (or B8)led per volume of reactor per day
The higher the OLR a system caroperly treat, the greater the cesffectiveness of the
systemHigh-ratesystemgyenerally cope with relatively high OLR.

Table 1.4: Average Time of Regeneration of Some Microbial Graidsinna 2018;
Deublein & Steinhausegl011)

Microorganism Time of regeneration

Acidogenic bacteria  Less than 36 hours

Acetogenic bacteria 8071 90 hours
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Methanogenic bacteri 157 16 days

Table 1.4 shows the average time of regeneration of microbial groups with the methanogenic
bacteria having the longest regeneration ti8teidies of anaerobic treatment of biowaste in
industrialized countries describe organic loading rates in the range 8fkg VS/n? reactor

and day, which result in VS removal in the range of 50 %. This is ideal for continuously
stirred reactors. However, for nastirred AD systems which are predominant in developing
countries, an OLR below 2 kg VS#meactor and day is recommended and considered suitable
(Voegeli, 2014)

1.4.3.8. Substrate pretreatment

Most feedstocks require pteeatmentbeforedigestion. In the case of an anaerobic digestion
facility, source segregation of waste or sorting is the first wastegament measure to take.

But in the case of a biogas yield experiment, usually, sorting is evident as the substrates are
selected.There also exist mechanicpie-treatment measuresuch as grinding, ultrasonic
treatment, higipressure homogeniser, collision plate, and f{gsistrifuge. Below are

explanations of how the aboweentioned préreatment methods are implemented.
+ Grinding

The reductionn particle sizehrough grindings for two reasons; to avoid blockage of the inlet
pipe and to increase the material és tot al
continuous reactor, a diameter of max. 5 cm is recommended. Also, the greater surface of the
material exposed, theore the area that can be degraded (Schnirer and Jarvis, 2010) as many
microorganisms. Size reduction technology ranges from manual mincing machines suited for
small amounts, household scale, to larger mamupbwerdriven grinders for larger amounts

at institutional scale. At the AD facility, particle size reduction can be energyahodr

intensivedepending on the equipment used.
+ Ultrasonic treatment

The pretreatment effect of ultrasound is based on the principle of cavitation. Cavitation is a
phenomenon in which spontaneous formation, growth, and subsequent collapse of micro size
cavities (also known as bubbles) during the propagation of ultrasonic waves in liquid medium
(Subhedar and Gogate 2016; Tey et al. 2019).
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+ High-pressure homogeniser

High pressure homogenization (HPphetreatment works on the principles of turbulence,
cavitation and shearing, solubilizing the sludge or enlarging its surface area for enzymatic
attack, so that enzymatic hydrolysis can be efficiently enhanced and subsequently bio-gas

production can be gnificantly improved.
1.4.3.9. Mixing

The purpose of mixing and stirring inside the digester is to blend the fresh material with
digestate and thus inoculate the fresh material with microbes. Such mixing avoids temperature
gradients within the digester and also prevents scum formation. ScLiozen are a result of
filamentous microorganisms in the digester. Low concentrations of the substrate in AD plants
lead to an increase in the growth of filamentous bacteria compared to flocculating bacteria.
Scum in digesters should be avoided as it eanlt in blockage of the gas pipe or potentially
lead to foaming over the digester. This results in the displacement of slurry into pipes, machines
and devices resulting in subsequent malfunction or corrosion. Loss of bacteria is usually a

minor problem aghey regrow.

Aconstanttoplayerof206 0 cm of f oam i s wusualsktaesystenzsar ded
and is acceptable or easy to manage. A thicker impermeable scum layer however may prevent
gas release from the liquid and eventually also lead to failurkeo$tructure. Mixing and

stirring equipment, and the way it is performed, varies according to reactor type and TS content

in the digester. In the three most prevalent AD technologies typical for developing countries
(fixed-dome, floating dome, tube digestao stirring is typically implemented. Removing
digestate outflow (equivalent to the normal daily feeding load) and feeding this back into the
digester through the inlet achieves a passive mixing process. Such a recirculation of digestate
also helps tolfish the inlet pipe and improves the mixing of fresh feedstock with bacigtia

digestate.
1.4.3.10. Toxic compounds

Anaerobic processes can be inhibited by substances contained in thevhedtere toxic to
microorganisms. Typical microbial inhibitors includenmonia, syhide, longchain fatty

acids, salts, heavy metals, phenolic compouadg,xenobiotic§Akunna, 2018)

+ Sulphide toxicity
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Sulphide is produced during theydrolysis of syphur compounds such asilphates, siphite,
and thiosulfate, which may be present in the waste, byathigities of subhatereducing
bacteriaTherefore, the sphatereducing bacteria compete with methanogenic badtarthe
available COD. Hence, the more the concentrations phsutompounds in the waste, the

greater the@uantityof COD required for ithiydrolysis and the lower the methane yield.

Hydrogen sydhide exists in aqueous solution in the forms of hydrogaephide (HS),
hydrogen syhide ion (HS), and syphide ion ($ ), dependingn the pHunderthe following

equilibrium reactions shown iquations1.12 and 113.
oY 0y O (0.12)
oOYP Y O (0.13)

Figure 1.18 shows the effect of pH on28, HS, and 3 "equilibrium in a 16° molar solution.
At pH of 8 and above, most of the sulfide produced regiaisolution, and below pH 8, it
exists mainly in unionized gaseous formSHAtpH of 7, about 806 of the sulfidesrepresent
as HBS. KBS is considered mortxic than the ionized forms, hence, pH tiserefore an

important parameten determining its level of toxicity

100

80 S

60 1
%

40

Figure 1.18: Effect of pH on hydrogen spthidei suphi de equi | i brium (1071 3
32 mg HS/) (Akunng 2018)

Sulphide inhibition can beninimized by the following measures (Pohlarb?2):

U Dilution of the influent waste or wastewater
U Addition of iron salts into the treatment system to precipitate sulfide frem

solution
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U Stripping the reactor liquid or scrubbing and recirculation of the reactor biogas

U Biological sulfide oxidation and sulfide recovery

+ Ammonia toxicity

Ammonium (NH,) is produced by the biological conversion of protana urea under aerobic
or anaerobic conditions. Ammonia (MHs a gasand toxic to microbegnimals, and humans.
NHs is related to the toxianionized ammonia (also known as free ammonia) by the pH
dependenéquilibrium

50 P 5'0 'O (0.14)

100

80 -

60

40 -

pH

Figure 1.19: Effect of pH on ammoniammonium equilibriunfAkunng 2018)
1.4.4. Biochemical methane potential

Biochemical methane potential (BMP) tests are a popular technique to determine the methane
potential andbiodegradability of wastewater and waste biomass. In the test, a substrate is mixed
with an anaerobic bacteria culture, normally retrieved from an active digester. The bottles are
thenstored at a stable temperature of eithet@®r 55°C, and constantly mixed for a period

of 30/ 60 days. Methane and carbon dioxide are produced during the testing period due to the
anaerobiadegradation of organic contents of the substrate. The methane generated from the
substrate is themeasured and the methayield of the substrate which is expressed as per
mass of volatile solidéVS) added or chemical oxygen demand (COD) addgxgbendix 4

shows an example of a recommended BMP set for methane yield determination.

There exist experimental protocols for conducting such experiments. An example is the

German VDI 4630 (2016) standawdhich providesrules and specifications for tests to
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determine the biogas output of organic materials and residue gas production after anaerobic
digestion which serve the interpretation and optimisation of biogas plants.

1.4.5. Biogas production systemsn developing countries
1.4.5.1. Biogas reactor tassification

Digestersare classified according to the substrate moisture/stétl content (wet/dry
digestion), the feeding modéatch/continuous) or theperatingtemperatures and bacteria

species (mesophilic/thermophili@ndtheir scale (householdspmmunity and industrial) and

the number of biologicglrocessemvolved (twastage/phageFigure 1.20.

N° STAGES ONE-STAGE | ONE-STAGE
BIOGAS TECHNOLOGIES I_ FLEATING-DRLAM
(DIGESTER-TYPES) ki BALLOON TV

Figure 1.20: Biogas digestetypes considered for developing countifésegeli 2014)

1.4.5.2. Fixed-dome digester

A fixed-dome plant is comprised of a closed dome shape digester with an immaigadle,
gasholder, a feedstock inlet, and a displacement pit also named the competesaitioA
schematic diagram is shown figure 1.21. The gas produced in the digestestored in the
upper part of the reactor. With a closed outlet gas valve, increasipgogistion elevates the
gas pressure inside the digester thereby pushing the digesidtee compensation tank. When
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the gas valve is open for gas utilization, gas presitogs and a proportional amount of slurry
flows back from the compensation tainko the digesterA schematic diagram of this type of

digester inFigure 1.21.

Inlet

Figure 1.21: lllustration of a fixeddome digestefVoegeli 2014)
1.4.5.3. Floating-drum digester

A floating-drum biogas plant consists of a cylindrical digester and a movable, floating
gasholder (drum). The digester is generally constructed undergmlueickas the floating
gasholder is above ground. Smaller houselsolle systems malso be fully above ground.
The digester section of the reactor is usuedigstructed with bricks, concrete or quastgne
masonry and then plastered. Tdees holdeis typically made of metal and is coated with oil
paints, synthetic paints ditumen paints to protect égainst corrosionAn example of such

digester is seen iRigure 1.22.
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Flexible gas-
holder drum

Guide pole

Figure 1.22: Scheme ofhefloating-drum digeste(left), floating-drum digester for market
waste in Indigright) (Voegeli 2014)

1.4.5.4. Tubular digester

A tubular biogas plant consists of a longitudishbped heatealed, weatheesistantplastic

or rubber bag (balloon) that servesaagester and gas holder in one. The gatdsed in the
upper part of the balloon. The inlet and outlet are attached directly skithef the balloon.
As a result of the longitudinal shape, no stobrtuiting occurs, busince tubular digesters
typically have no stirring device, active mixing is limited and digediates through the
reactor in a pluglow manner. Ga pressure can be increasglacing weights on the balloon
while taking care not to damageHfigure 1.23 shows aschematic representation of a typical

tubular digester.
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"——‘3' = Gas pipe

Layer of about 70 mm
of compacted backfill

Figure 1.23: Scheme of balloon digest@roegeli 2014)

1.4.5.5. Some biogaglants in Africa

Table 1.5 containsnformationon biogas plants running in Africa.

Table 1.5: Biogas plants in Afric§voegeli 2014)

Location DIz LISz Feedstock (waste type) Delly loze rogggicci)frzc(?negk
type volume (") yp (kg/d) . b 9
. . 3
Dar es _Salaam, Floating 0.85 Kitchen wasteand (+18 L 0.64
Tanzania drum market waste
H20)
Der es salaam Floating 8
. ' 3.4 Canteen waste (+60 L 0.45
Tanzania drum
H20)
Fixed Human feces, kitchen
Lesotho dome 6-19 waste, pig and chicken diverse n/d

manure

n/d = no data

Af r i c ag@idsconhectedsbibgas plastarted supplying powén 2017at Tropical Power
Kenya Ltd.The Gorge Farm Energy Park anaerobic digester in Kenya corssamannual
50,000 tons of organic waste sourced from a neighboringh86tarefarm owned bywegPro
Group, one of Tr opiApmehdis, (Voice ofdmdricac20lZ) part ner s

1.5. RESPONSE SURFACE METHODOLOGY

Ther response surface methodold&®6M) is a key element of our methodology, it is the

method which permits us to find the maximum or minimum response based on data obtained
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from a series of biochemical methane potential (BMP), tgective 2 of our research

Therefore, it is important to describe what it is and its usefulness.

RSM is a widely used mathematical and statistical method for modeling and analyzing a
process in which the response of interest is affected by various variables and the objective of
this method is to optimize the response. The parameters that affect thespaoeecalled
independent variables, while the responses are called dependent vafiadlesin goals of a

RSM study are to understand the topography of the response surface including the local
maximum, local minimum and ridge lines and find the regidhere the most appropriate
response occurghe RSM investigates an appropriate approximation relationship between
input and output variables and identify the optimal operating conditions for a system under
study or a region of the factor field that satisfies the operating require(Aguia, 2018)

Box-Behnken designs (BBD) and central composite design (CCD) are two main experimental
designs used in response surface methodolagye CCD there are three sets pdints; the
center points, the Astaro or axial points an
the curvature of the response surface after the screening step has been cakigaatioh

1.15is used in the case where two factors are to be fitted to gense.
w I B fw B I w B I oo - (11)

Where: i Dependent variable or estimated response;
I 1 overall mean response or intercept constant;
I T regression model coefficients;
w T independent variable.
In this mathematical model, the main effects to the dependent valueoyaardw terms. The

interactions are indicated by® term and their quadratic componentsibyandw terms.
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Figure 1.24: Example of a central composite with famenterecpoints(Bradley Nuran,
2018)
The |l evels of the corner points are dise whi

we use théacecentered Central Composite Design (FQQBev al ue of itgin= N1
the axial points being located on the faces of the experimental doRigime 1.24. To

evaluate the adequacy and precision of the results, an Analysis of Variance (ANOVA) in done.

Many researchers throughout the literature attempted to optimize biogas yield from various
waste and feedstock (municipal solid waste, kitchen waste, agricultural waste and even food
waste. The methods used by these scientists include a random variatien paframeters
influencing biogas yield. Research on the production of biogas from waste of unique
characteristics in edigestion with inoculums such as cow dung (manure), pig manure, and
even human faeces is increasing being done. Some of these resemeth RSM, which was
already been used for the optimization of chemical reactions, to achieve maximum yield.
Unfortunately, no research has been carried out on the possible optimization of biogas yield
from pineapple, watermelon and banana waste usiid. RBe reason why our study uses this

method to achieve the maximum biogas vyields.
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CHAPTER 2. MATERIAL AND METHOD S

Before coming up to the materials and the methods used, we are going to introduce the various

software used throughout our work.

2.1. SOFTWARE USED

2.1.1. Microsoft Word (MS Word)

Microsoft word is a word processing software developed by Micrdsddta didactic software

that helped usvrite our thesis. With this software we were able to edit and compile data for
the general and orderly presentation of informati@pplying styles to text, headingad
captions The software also facilitates the grammar and vocabulary of written text enhancing

the readability and the understanding of the information throughout our thesis.

In addition to that, the references were domeuph the Mendeley aeid in Microsoft Word

for proper organisation of references in our théld® version used here was 2016.

2.1.2. Microsoft Excel (MS Excel)

Microsoft Excel is a spreadsheet software also developed by Microsoft. This software was one
of the core software that helped with the analysis of the collectedAftgaanalysis of this
data, graphsveredrawn on the software for information presshbn our thesisThe version

used here was 2016.

2.1.3. Microsoft Visio

Microsoft Visio is a diagramming and vector graphics application which is also part of the
Microsoft Office Family With this software, complex ideas were represented visually through

flowcharts.The version used here was 2016.

2.1.4. Autodesk AutoCAD

AutoCAD is software that was developed by the company Autodesk. In the work, it was used
to draw some of the 2D illustrations to convey to the reader a better understandilayvand f

The version usenh this work is that of 2020.

2.1.5. Google SketchupPro

Sketchup is @ahreedimension 8D) design software developed by Trimble Inc. and owned by

Google.Some of the figures thatere not foundn the internet, especially the experimental
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design setup was drawn in 3D in SketchUp pral sent to SketchUp layout for 2D

representation before inserting in MS Wortie version used here was 2021.

2.1.6. MATLAB

MATL AB, an a b bMawix iLabdratoopn iosf ail p r o-paradiggmt ar y
programming language and numeric computing environment developedatyVorks
Matrix manipulations were done on this software together witmtagrated Curve fitting tool

to perform calculationslhe version used here was the R2019a.

2.1.7. Minitab statistical software

Minitab statistical software, from its name, is a softwareltefis perfornstatistical analysis

of dataand has good visualisation toolie version used here was 2022.

2.1.8. QGIS

QGIS is anopensourcegeographical information system software used for viewing, editing,

printing and analysig geospatial data.

2.2. MATERIALS

2.2.1. Global Positioning System(GPS)

The GPS is a satellite positioning system, which determines the geographical coordinates of
any point on the surface of the globe. Coordinates of important sites and infrastructures were
collected using the GPS apiMobile Topographer These coordinates are automatically

projected into UTM coordinate system and ready for use in QGIS.

2.2.2. Physical and chemical analysi¢materials and reagents)

Physical and chemical anagswere performed on the various organic waste to be used as
substrates; pineapple peelig@sanas comosusotanicvariety, comosus (Linnaeus) Merl
watermelon rindCitrullus lanatug, Banana peelingdusa acuminatandMusa balbisiang

andcow-dung.

In physicalanalysiswe havethe density of the substrate. And as chemical analysis, we have:
measurement of pH valuproximate analysiand ultimate analysig\part from the substrate,
physical analysisvas also carried out on the sawdust material used through granulometric
characterisation. Below are the materials necessary for the different emnahys the

biochemical methane potential batch test.
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2.2.2.1. Proximate analysis

The poximate analysis is a way to determine the distribution of products when the samples are
heated undespecified conditionsMore precisely, it consistsfdhe determination of ash
content, moisture contengtal solidsyolatile solids and fixed carbon on an-asceived basis.

Below are the material requirements for the analysis

- Plastic bags

- A drying oven that operates at ~1U5

- A muffle furnace that operates at ~5%0)

- A desiccator,

- A pair of oven gloves;

- Laboratory latex gloves;

- Four (04) ceramic crucibles;

- Aknife;

- An analytical balance withnappreciation of 0.001g
- Air dried organic matter.

2.2.2.2. Ultimate analysis

The dtimate analysigs typically the quantification of @rbon (C) Hydrogen (H) Nitrogen
(N), Oxygen (O) and Silphur (S)in a sampleBut inthis work we are going to experimentally
determine the CarbofTable 2.1) and Nitrogen(Table 2.2) content of our samples which is

necessary for the evaluation of the Carbon Nitrogen.ratio

Table 2.1: Walkley and Black Method materials and reagents

Material Reagents
- Analytical balancavith anappreciation - Deionized water/distilled water;

of 0.0001g for measuring the masses ¢ Potassium Dichromate Standard,

substrates;
- Burette50m, with an appreciation of + K2Cr207, 1 M;
0.02ml for the titrant solution - Sulfuric Acid, Concentrated, 98%;

- A 0to 5 nm micropipette to record 10 Phosphoric Acid (also known as

mL, to be used with the potassium

dichromate solution Orthophosphoric acid), 98 %;
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- A measuring cylindercapable of - Titrant (Ferrous Sulphate (FeS04))

measuring20.0 i, to be used with :
solution.
concentrated sulfuric agid
- Four (04)Erlenmeyer flask, 500m

- Magnetic stirrefagitatorand bay

Table 2.2: Kjeldahl Method materials and reagents

Materials Reagents
- Erlenmeyer Flask; - Potassium Sulphate tablets (2 per
- Burette; digestion tube)
- Digestion tubes; - Concentrated sulphuric Acid
- Air dried organic matter. - Prepare®5 % (w/v) NaOH for each

digestion tubg
- Preparedt.0 % (w/v) Boric acid
- Prepared®.1M HCI
- Methyl orange

2.2.3. Biochemical methane potential test

The materials within the following points below are requiredgx@erimentation.

- A glasshottle of extra fresco (reactor) of 300 mL
- A medicalinfusion set

- A syringe of capacitg0mL;

- Theweighted wet organic matter/substrate

- Distilled waterbetweerbOmL to 200mL.

- A black plastic bag.

The materials neededrfall experimentatios

- A bucket of base area®:09nt;

- Aknife;

- Silicon sealantn tube brand nara Simbock Products
- Aluminium caulking gun, brand nanT@©TAL
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- Epoxy AB gumin tube, brand nam&CM Hardener and Resjn
- Anall;

- A pair of laboratory latex gloves;

- PVC pegafort sealant

- A painting masking tape

- A graduated beaker;

- An analytical balance of precisi@0001g

- The knife mill, brand namRetsch GM 200

- Sawdust.

2.3. DESIGN OF EXPERIMENT (DOE)

2.3.1. Objective

The objective of our Design of Experiment (DO®was to understand how independent
variables in an anaerobic digestion process of food waste affect the dependent variable (biogas
yield) and optimise the process. In addition to that, we had as objective to compare the yield of
our substrates; pineappeelings, watermelon and banana peelings when mixed together. The
flowchart,Figure 2.1, shows how the major steps used in this research.
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2.3.2. Definition of variables

_ Temperature, Total Solids (TS), retention time, caftwanitrogen
Independenvariables: _ o
ratio (C/N), pretreatment, pH and stirring.

Dependent variable: Biogas yield

I — /- .
. / .
Temperature Total Solids Retention /N ratio
time
I [
\ \+ . +/ |
\ : J
\ ¥ v /
+/- G
/ ——————» Biogas Yield «—— /
i
A
[ +/- \
)
I‘ | / ™~
Pretreatment pH Stirring/

mixing

Figure 2.2: Independent and dependent variables of an anaerobic digestion process

Figure 2.2 indicates the relationship between the variables. The arrows with-tegr/can
influence the biogas yield both negatively and positively while that with only + signs can only

affect the biogas yield positively if increased.

2.3.3. Batch experimentoperating conditions

When attempting to optimise biogas yield, all parameters that can possibly influence biogas
yield must be taken into consideration. The ranges of the independent factors used in this

research were set using local realities as follows:
2.3.3.1. Temperature

The temperature askept at mesophilic rang@5°Ci 40°C). To ensure this, all the digesters

were submerged in buckets filled with sawdust. The advantage is the insulation effect brought
to the batch assays ensuring the yields obtained can be reproducible in any geographical setting.
Also, this condition simulatigp most digester technologies in developing countries like the
fixed-dome digester. In this condition, the temperature was assumed to-begsidted by

microbial activity.
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2.3.3.2. Stirring

In the absence of possible means to stir the digester content with an electronic stirrer, manual
shaking was used at a frequency of twice every 24 hours, one in the morning and the other in
the evening. The reactor content was swirled making rapid ragatiotihhe buckets, in which

the reactors wereMixing was a very important aspect because it helped to homogenise the
content, to avoid agglutination and to provide a path for the delocalised gas bubbles to escape
and their volume measured. form helped tokeep track and ensure shaking was done as

planned.
2.3.3.3. Pre-treatment

As shown above?.5.2. , aphysical pretreatment vasemployed reducing the patrticle size

to <lcm larger, therefore increasing surface area and breaking down the lignocellulosic links.
2.3.3.4. Incubation time

Due to time constraints, the incubation time was fixed to maximum 30 days for all

experimentations.
2.3.3.5. pH

Technically we were unable to control the pH with the progress of the reaction. The buffering
capacity and dilution potential of toxic compounds in the feed was assumed to be ensured

through cedigestion with cow dun{Neshat et al., 2017)
2.3.3.6. Inoculum pre-incubation

The inoculum wagre-incubated for a period of 5 days to render the anaerobes active at the
start of the anaerobic atigestion process. This was done by sealing cow dung in a big plastic

bag. The inoculum brought in microbial diversity in the feed.

2.3.4. Parameters under investigation

Haven brought the previous conditions to as close as possible to optimum, the TS and C/N of
the reaction vessels remained the critical and controllable variables that were optimised in our
work. The C/N optimised through anaerobicdigestion with cowdung while the TS was

varied through dilution with distilled water
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2.3.5. Blank batch assays

Biochemical Methane Potentid@1P) tests require a blar&ndcontrol. The blankvasfilled

with the inoculumthe medium(water) but no substrate to provide the backgrotmdiogas

and methane generation from the organic material in itteculum. Another blank set
consisting of substrates waste only and the medium was launched to serve as base and compare
with the cadigestion and optimized parameteFhe control assesses the accuracy of the BMP

test using a substrate with a known theoreticathane yald. The controlcontainersusually

are filled with inoculumandthe control substrat The control assays were not launch because

of lack of an experiment in the literature review with similar operational conditions.

To calculate the theoretical reference methane yield value for the selected control substrate, the
Bo y | #réngla was usedfor substrates withthe help ofchemical composition (carbon,
hydrogen oxygen nitrogen and Sulphugotten from literature, section 2 X/hile the blank

tests are the baseline, the theoretical methane potential corresponds to the maximum attainable

production, therefore lower and upper boundaries.

The blank waperformed in triplicatefor reproducibility of the tests and statistical analysis
2.3.5.1. Blank parameters

For the blank test, three (03) reactors contained the substrates; pineapple peelings, watermelon
rind and banana peelings, mixed with distilled water. Then, cow dung was mixed equally with

distilled water. All the reactor contained a waste to water ratlolo

Data on the daily volume of biogas produced was recorded.
2.3.5.2. Calculations

Given the ratio of waste to water to be a:b, then to get the quantity of waste necessary to feed

the batch reactor and the volume of water required, we usgtiaion 21 and2.2;

0w — OwW (21)
0 " W— OW (2.2)
Where:

w is the volume of added water;
0 is the mass of the substrate;
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” is the density of the substrate;
w is the final volume of the content.

The substrate density was determined prior to the experiment, as explained inZ6ction

2.3.6. Response Surface MethodologyCentral Composite Design (CCD)
To find the uegoaton?.3lvasused. ue of U,
68 VEDRDBBRHDD ¢ QROIBIQ 6 (2.3)
Where: LT length expressed in real units between center points and +1 vdihetaof

C1 center point value expressed in real units.

Based on previous sets of experimentations done before the start of the CCD, the values of low,
center and high levels for the C/N ratio and TS were chosen amongst them. As such, the already
existing gap between levels from some of the previous experitierstiagerved to complete

Table 2.3 prior to the CCD.

Table 2.3: Factor level values

Pineapple peelings  Watermelon rind Banana peelings
(PP) (WR) (BP)
Level of factor C/N ratio TSin % C/N ratio TSin % C/N ratio TSin %
-1 (low) =- 36.68 4.46 35.46 2.26 36.65 2.93
0 (center) 39.50 7.21 36.74 4.99 39.58 5.55
+1 (high) =+ 42.32 9.96 38.02 7.73 42.51 8.18

Appendix 6, were drawn using AutoCAD software version 2020. They illustrate the key
elements of the CCD. For every design, we have two (02) factors and each factor has three (03)
levels (low, center and high). As for the center point, in the design it has beeatezbfour

(04) times. Each factor level is been encoded from its uncoded value (A and B) into a coded
value (x and x) that will be utilized in the design analysis. The total number of batch

experiments to carry out in the CCD was gotten usogation 2.4,

6 Q ¢Q ¢ (24)
Where: N1 actual number of experiments;
ki number of different factors which were incorporated withinstioely;
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ni number of repetitions of the center points.
In the case of our study, N equaled 13 since k=2, and n = 5.

A CCD tables were drawn contributing to the planning of the BMP experimentation, phase
Table 2.4.

Table 2.4: Central composite design table for digestion of pineapple peelings (PP),
watermelon rind (WR) and banana peelings (BP)

Coded Real PP Real WR Real BP
C/N TS (%) CIN TS (%) C/IN TS (%)

Obs Run x1 X A B A B A B
1 2 1 -1 4232 4.46 38.02 2.26 42.51 2.93
2 9 0 0 39.50 7.21 36.74 4.99 39.58 5.55
3 12 0 0 39.50 7.21 36.74 4.99 39.58 5.55
4 10 0 0 39.50 7.21 36.74 4.99 39.58 5.55
5 0 1 39.50 9.96 36.74 7.73 39.58 8.18
6 4 1 1 4232 9.96 38.02 7.73 42.51 8.18
7 13 0 0 39.50 7.21 36.74 4.99 39.58 5.55
8 5 -1 0 36.68 7.21 35.46 4.99 36.65 5.55
9 11 0 0 39.50 7.21 36.74 4.99 39.58 5.55
10 3 -1 1 36.68 9.96 35.46 7.73 36.65 8.18
11 1 -1 -1 36.68 4.46 35.46 2.26 36.65 2.93
12 6 1 0 4232 7.21 38.02 4.99 42.51 5.55
13 7 0 -1 3950 4.46 36.74 2.26 39.58 2.93

Obs = Observation

The C/N ratio displayed omable 2.4, is the final ratio after mixing the substrate with the
inoculum in the cow dung to substrate ratio of 3:1 (low), 1:1 (center) and 1:3 for (high). While
the TS is the result of diluting the biomass with water in different substrate to water ratios to

attan the required TS level of the diagram.

To obtain the C/N value after mixing of the substrate and inoculum using the ratios for the low,

center and high, we useduation 25 (Municipal Solid Waste Management, 2018)
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070 (25
Where: 0 1 T Mass of cow dung and substrate respectively on wet basis
"YYRY'Y T Total Solids of cow dung and substrate }(%)
6 M i Percentageoncentration of Carbon in cow dung and substrz
O - Percentageoncentration of Nitrogen in cow dung and substr

O0%0 1 final Carbon to Nitrogen ratio after mixture of substrate with cow dur

The percentages of Carbon and Nitrogen useéqumation 25 are the results from the

proximate and ultimate analysis in sent@ 6, analytical methods

To get the final TS after mixtureguation 26 was used,

z z

YY —zpnm

Zp T T (2.6)

z

Where: @ 1 Volume of distilled water in feed (ml)

T density of water, 1 g/ml

With theequations 25 and2.6, the masses of cow dung, substrates and the volume of water
in the feed corresponding to the various points of the FCCD were obtained using the iteration
algorithm of the solver tool in Microsoft Excel.

2.3.6.1. Secondorder model fitting

After the identification of C/N value and TS as the factors to optimize, a secdadmodel
was fitted to relate these factors to the biogas yield using the central composite design (equation
1.15). The software used to compute the response surfadecaagbbciated statistical analysis

is Minitab software.

Analysis of variance (ANOVA) was done in order to develop the model. And so was the F test,
Lack of fitness, adjusted and predictetiRlue and adequate precision (S/N > 4) computed.
A comparison of the predicted and actual values was done and the model 2D contours and 3D

surface were generated.
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2.4. SAMPLE COLLECTION

All waste were collected in plastic bags each time they were needed, so no preservation was
necessaryollowing the supply chaim Cameroonhereare the possible markets in Yaounde
where wastevascollected in theifresh state;

- Mokolo market - Accacia Market

- Mendong market; - Etoudi market

Pineapplevaste(peeling$ and watermelomvaste(rind/exocarp)werecollected in their fresh
state (wet and undecayed) at wholesaler pa@htse Mendongmarket Figure 2.3 and2.4,
located in Yaounde VIThebanana wastgsinripe banana peelingajereequally collectedt

the Accaciamarket, precisely where women cook foodsédl tothe sellers and buyers at the
market.The cowdungfrom early excretion of cowmwascollected at theraounde kughter
house located at Etoudi district, Yaouridd hen, the dngwaskeptclosed in two closed 5L
bottles &naerobic conditiondor a period of 5 days to activate anaerobic digestion microbes.

Figure 2.5 gives a map of the sampling sites for the food waste in Yaounde.

Figure 2.3: Pineappleand watermelon frumarket and waste (A) aradw slaughterhouse at
Etoudi (B)
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Figure 2.4: Fresh fuit waste at pineapple and watermelon selling pointseiMendong

market

To avoid diseases caused by microbgmiaof glovesvaswornthroughouthe collection and
manipulation process. These wastesebrought immediately to the laboratory for analysis
and BMP test when needed
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Figure 2.5: Map of important sites visitefdr waste collection antesearclstudy activities
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2.5. PREPARATION OF SAMPLES AND PRETREATMENT

All the analysis and treatment were done at\hgonal Laboratory for Diagnosis aAchalysis
of Agricultural Products and Inputs of the Ministry of Agriculture and Rural Development
(MINADER) located at Etougbe district, Yaound¥|.

2.5.1. Proximate analysisand ultimate analysis

For proximae analysis, fesh samples of pineapgleelings watermelonind, banangeelings
and cowdung werechopped into small piecesd placed into crucibles of different sifésr

identification of substrates during the analysimfore beeranalysed for Total Solid€TS),

Ash content and Volatile Solid¥'S) (Figure 2.6).

Figure 2.6: Waste samples prepared for proximate analysis

Meanwhile br ultimate analysisto use theWalkley and Black method (carbon) and the
Kjedahl method (nitrogen) the waste materials had to be dtcethcilitate the analysid-or

rapid air drying, the waste material was cut into small pieces of about 2cm large and placed on
cardboardand dried in the laboratory at room temperaftoevoid nitrogen volatilisatiorfpr

2 weeksFigure 2.7. After the sample had dried, pounded and sieved with a sieve of 2mm grid,

the sample were kept in containers ready for analytical fegisre 2.8.
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Figure 2.8: Samples after being ailried, pounded and sieved

After the drying process, the samples were ground in ceramic crucibles till all the samples
became powdery. Then the powder was passed through a 2 mm sieve plate and tredpowder
particles of less than 2 mm rough size was used for analysis.
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2.5.2. Biochemical methane potential

As agreed on section 2.3.3 of design of experiméetwasts collectedwere pre-treated by
physical meansising a laboratory knife milling machin€he fresh substrates werfrst cut
down into smak#r pieces of roughly8 cm large.The cut substrates were further reduced to
smalker pieces of approximately 0.5 cm large with the aidhaf knife mill Retsch GM 200
running at a knife rotation speed of 3,000 rpm for about 2 mins in total per sybiStgate

2.9.

Figure 2.9: The knife drilling machine (a), cut waste in preparatiomidling (b) and milled

waste (c)
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2.6. EXPERIMENTAL SETUP
2.6.1. Biochemical methane potential test

2.6.1.1. Description

The reactor (or digester) is a glass container of thickness QFAgumne 2.1Q For every reactor,
20% of the volume, equivalent to 60 mL, was kept for headspace, such that, the final volume
w of the content sums up to 240 mL.

LEGEND

. Infusion set’s pipe, to let the gas towards syringe

. Syringe for the collection of the produced biogas

1. Reactor used in all experiments
2. Reactor feed (substrate or with cow-dung)
lg) 3.Head space 60 mL (20% of reactor volume)
1 N 4. Pores on infusion set's head to allow gas passage
i 5. Medical infusion set's head with sharp end
(9} |~—5 E
Wl N 6
7
8

. Biogas pushes syringe plunger outwards
9. Hermetically sealed reactor cap using silicon sealant

= 10. Valve to stop passage of gas when necessary
11. Sawdust as insulation

Figure 2.10: Cross section of a bioreactor setapbiochemical methane potential testing

Below are the steps for mounting the setup ready for anaerobic digestion.

- An extra fresco bottle (reawtdigester)was cleaneavith soap and wateFigure 2.11
A;

- Pretreatmentbn the substrates was done using the Retch GM knifeFgilye 2.11
B andC;

- Using an analytical balance of precision OgQtlifferent estimatedmounts of the pre
treated substrategere measured anddinto the reactarFigure 2.12 A andB;
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- The measured pieeated substrates were used to feed the reactors using a funnel,
Figure 2.12C.

- Estimated volumes ddistilled water using a measuring cylindevas addedo the
reactor Figure 2.13A;

- A hole is burst with the aid of a nail on the lid of the readtweinfusions e thead
was passed through the haledthe epoxy gunepoxy gum was applied on it for sealing
and rigidity. Thenabout 10 minsvas allowedor the head set to dr¥Figure 2.13B;

- The next step was to close the reactor with its lid. Sileon sealantvas usedo seal
the lid at the intersection point between the lid and the rest of the reactor Husly.
PVC pegaforsealant was used to seal the pressure release valve of the infusion head.
Again, at least 30mins was allowed for the whole setup toRilgyre 2.13C,;

- Black plastic package was rapped all over the reactor and attachedweagikiag tape
Figure 2.14A.

- Then the bottles were placed in buckets and were filled with dried sawFiyste
2.14B.

- The contenwas shakedip and down and rotaterigorouslyfor the content to mix
homogenisand for the case with cow dung, so that the cow dlisgersesnto the
solution

- Atlast, the syringes were plugged into the other end of the infusiorFgpise 2.15.

Figure 2.11: Steps oBMP assay formation
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Figure 2.12: Steps of BMP assay formation

Figure 2.13: Steps of BMP assay formation

Figure 2.14: Steps of BMP assay formation
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