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Vorwort

Deutschland hat in den letzten Jahren das Engagement in Afrika verstarkt und
fast alle Bundesministerien haben eigene Afrikastrategien entwickelt, die derzeit
im Rahmen der jeweiligen Ressortzustandigkeiten umgesetzt werden. In diesen
Programmen spielen die Themen Umwelt- und Klimaschutz sowie erneuerbare
Energien eine zentrale Rolle und Ghana gehort zu den regionalen Schwerpunkit-
landern der Aktivitdten. Ghana hat sich in den letzten Jahren gut entwickelt und
im Rahmen der Zusammenarbeit mit Deutschland werden derzeit eine ganze
Reihe von Kooperationsvorhaben bearbeitet. Vor diesem Hintergrund engagiert
sich auch unsere Professur fir Abfall- und Stoffstromwirtschaft in Ghana und
unterstutzt u.a. bei dem Aufbau abfallwirtschaftlicher Strukturen. Ein Schwer-
punkt ist dabei die Sammlung und umweltvertragliche Verwertung von bio-
genen Abféllen und Reststoffen, die in Ghana in groRen Mengen u.a. in der
Landwirtschaft anfallen.

So werden z.B. Kakao- und Cashew-Bohnen im grof3en Stil fiir die Versor-
gung des Weltmarktes angebaut, wo bei der Ernte und Weiterverarbeitung bis
zum Transport der eigentlichen Kakao- und Cashew-Bohnen bis zu 90 M-% als
biogener Abfall anfallen und daflr eine geordnete Entsorgung fehlt. Hier setzt
das Promotionsvorhaben von Herrn Antwi an und damit hat er ein sehr praxis-
relevantes Forschungsthema gewahlt.

Das libergeordnete Ziel des Promotionsvorhabens ist es, fir die biogenen Rest-
stoffe aus der landwirtschaftlichen Produktion von Kakao- und Cashew-Bohnen
eine umweltvertragliche Verwertungsoption zu konzipieren und dabei gleich-
zeitig einen Beitrag zur nachhaltigen Energieversorgung zu leisten.

Das Vorhaben von Herrn Antwi wurde im Rahmen des Promotionsprogramms

LStoffliche und energetische Verwertung von Abfalle und Biomasse® bearbei-
tet, das von der Professur Abfall- und Stoffstromwirtschaft an der Uni Rostock
koordiniert wird. Finanziell unterstitzt wurde das Promotionsvorhaben vom
DAAD mittels eines PhD-Stipendiums Uber insgesamt 3,5 Jahre, was sehr hilf-
reich war. Die Ergebnisse wurden in der vorliegenden Dissertation in Form einer
Monografie ausgewertet und Herr Antwi hat die Arbeit im Sommer 2020 an der
Agrar- und Umweltwissenschaftlichen Fakultat eingereicht.

Die wissenschaftliche Bedeutung der vorliegenden Arbeit ergibt sich aus Sicht
der Gutachter insbesondere aus folgenden Punkten:

Herr Antwi hat sich in den letzten 4 Jahren sehr intensiv mit den Mdglich-
keiten und Grenzen der kombinierten stofflichen und energetischen Ver-
wertung von biogenen Reststoffen aus der landwirtschaftlichen Produktion
von Kakao- und Cashew-Bohnen beschéftigt und hierzu u.a. wissenschaft-
lich fundierte Abschatzungen zu den anfallenden Mengen vorgenommen.



Damit liegen fir Ghana erstmals fundierte Zahlen vor, die fur die Realisierung
von umweltvertraglichen Entsorgungslésungen eine Grundvoraussetzung
darstellen. Insgesamt fallen hier jahrlich rund 2 Mio. Mg Trockenmasse an,
fur die eine nachhaltige Verwertungslosung gefunden werden muss.

e Hierzu werden von Herrn Antwi konkrete technische Verwertungskonzepte
auf Basis der prinzipiell geeigneten Behandlungsverfahren (hydrothermale
Karbonisierung und Biogastechnik) entwickelt und umfangreiche praktische
Versuche im Labormafstab durchgefihrt. Die Ergebnisse belegen, dass
beide Verfahrensoptionen zur Lésung des Entsorgungsproblems technisch
realisierbar und auch wirtschaftlich darstellbar sind. Dartiber hinaus kann ein
erheblicher Beitrag zum Klimaschutz und zur nachhaltigen regionalen Ener-
gieversorgung in Ghana geleistet werden. Nun geht es darum, die wissen-
schaftlichen Erkenntnisse in die Praxis der landwirtschaftlichen Produktion
und Aufbereitung von Kakao- und Cashew-Bohnen in Ghana zu integrieren.

Abschliefend winschen wir Ihnen nun interessante fachliche Anregungen und
viel Spal} beim Lesen der Dissertation von Herr Dr.-Ing. Edward Antwi.

Herzliche Grie aus Kumasi, Goéttingen und Rostock senden
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Kwame Nkrumah University of Hochschule fir Angewandte
Science and Technology Kumasi Wissenschaften und Kunst

Hildesheim/Holzminden/Géttingen

W %

Prof. Dr. mont.\Michael Nelles
Universitat Rostock und
Deutsches Biomasseforschungszentrum gGmbH (DBFZ) Leipzig



Preface

Germany has increased its engagement in Africa in recent years and almost all
federal ministries have developed their own Africa strategies, which are current-
ly being implemented within the scope of the respective departmental respon-
sibilities. In these programs, the topics of environmental and climate protection
as well as renewable energies play a central role and Ghana is one of the regio-
nal focus countries of the activities. Ghana has developed well in recent years
and a whole series of cooperation projects are currently being worked on within
the framework of cooperation with Germany. Against this background, our pro-
fessorship for waste and resource management is also involved in Ghana and
supports, among other things in the development of waste management struc-
tures. One focus is the collection and environmentally friendly recycling of bio-
genic waste and residues, which are produced in large quantities e.g. in agricul-
ture in Ghana.

As an example, cocoa and cashew beans are grown on a large scale to supply
the world market. During harvesting, processing and transport, up to 90 w.-% of
the actual cocoa and cashew beans end up as biogenic waste and for this there
is no proper disposal yet. This is where Mr. Antwi's PhD project comes in and he
has thus chosen a very practice-relevant research topic.

The overarching goal of the PhD project is to design an environmentally friendly
recycling option for the biogenic residues from the agricultural production of co-
coa and cashew beans, while at the same time making a contribution to sustai-
nable energy supply.

The project of Mr. Antwi was worked on within the framework of the PhD pro-
gram "Material and energetic utilization of waste and biomass", which is coordi-
nated by the professorship of waste and resource management at the Universi-
ty of Rostock. The PhD project was financially supported by the DAAD through
a PhD scholarship for a total of 3.5 years, which was very helpful. The results
were evaluated in the present dissertation in the form of a monograph and Mr.
Antwi submitted the work to the Faculty of Agricultural and Environmental Sci-
ences in summer 2020.

From the perspective of the reviewers, the scientific significance of the present
work results in particular from the following points:

e In the last 4 years, Mr. Antwi has dealt very intensively with the possibilities
and limits of the combined material and energetic utilization of biogenic resi-
dues from the agricultural production of cocoa and cashew beans and made
scientifically based estimates of the quantities produced. This is the first time
that well-founded figures are available for Ghana, which represent a basic
requirement for the implementation of environmentally friendly disposal so-
lutions. In total, around 2 million Mg of dry matter are produced here every
year, for which a sustainable recycling solution must be found.



e For this purpose, Mr. Antwi develops specific technical recycling concepts
based on the treatment processes that are technically suitable (hydrothermal
carbonation and biogas technology) and extensive practical tests are carried
out on a laboratory scale. The results show that both process options are
technically and economically feasible for solving the disposal problem. In ad-
dition, a significant contribution to climate protection and sustainable regional
energy supply in Ghana can be made. The task now is to integrate the scien-
tific findings into the practice of agricultural production and processing of co-
coa and cashew beans in Ghana.

Finally, we wish you interesting technical suggestions and a lot of fun reading the
dissertation of Dr.-Eng. Edward Antwi.

Sending warm greetings from Kumasi, Goéttingen and Rostock
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Abstract

This thesis evaluated the potential of bioenergy production from cocoa pods residues and cashew
peduncle residues using two pathways — anaerobic digestion process and hydrothermal
carbonization process. Bench-scale anaerobic digestion studies were conducted to determine the
kinetic parameters of the digestion process, while a large-scale reactor experiment was conducted
to validate the kinetic models. The potential of using hydrothermal treatment as a pretreatment
step to hydrolyze the substrate leading to enhanced biogas yield was also investigated. Further
studies were conducted to determine the digestibility of residues during anaerobic digestion under
mesophilic conditions in semi-continuous mode in a continuous stirred tank reactor as mono
substrates and as co-substrates with maize silage. The effect of varying process parameters on the
yield, higher heating value, ash content, and Chemical Oxygen Demand (COD) of the hydrolysate
during hydrothermal carbonization of the residues were investigated. In addition, the possibility of
multiple interactive effects of the process parameters on the yield, heating value, ash content, and
the COD of hydrolysate was also investigated.

The result of the anaerobic digestion studies showed that cocoa pods and cashew peduncles were
digestible with a specific biogas yield of 357 I(N)/kgVS. The kinetic parameters obtained for cocoa
pods (K1 = 0.08/day, a = 0.7, Kf = 11.0 /day, S = 408.7 I(N)/kgVS and Kvfa = 0.42/day) were
successfully used to predict the biogas yield in a larger reactor (30 1). The biodegradability of
cocoa pods could be enhanced through mild hydrothermal pretreatment at an optimum temperature
of 150 °C and 15 minutes reaction time resulting in a specific biogas yield of 526 I(N)/kgVS. Semi-
continuous mono substrate digestion of cocoa pods studies showed that the digestion of cocoa pods
was stable between the OLR of 2.5 — 5.0 kgVS/m?.day considered. However, biogas yield reduced
linearly with increasing OLR. The studies confirmed that the biogas potential of the cashew
peduncles was affected by the inoculum used. Exceeding OLR of 3.0 kgVS/m?.day in a continuous
stirred tank reactor led to excessive process inhibition. Phase separation and subsequent digestion
of the cashew bagasse resulted in a stable anaerobic digestion process up to 4.0 kgVS/m>.day. It
was established further that the cashew peduncle can serve as a biogas promoter when it is co-
digested with maize silage. However, this synergetic effect of the cashew peduncles is strongly
dependent on the feed composition or the percentage of cashew peduncles in the feed composition.
The result of the hydrothermal carbonization (HTC) study showed that the effect of process
parameters on the fuel properties of the hydrochar produced was strongly dependent on the
substrate used. The yield of cashew peduncle hydrochar was influenced by the process temperature
and reaction time, the hydrochar yield of cocoa pods was influenced by all three process parameters
investigated. Significant multiple interactive effects were observed between the process
temperature and heating rate. The Higher heating value (HHV) correlated well with the process
severity for both substrates. The HHV of cashew peduncle hydrochar was largely influenced by
the temperature and reaction time without any interactive effect observed. On the contrary, the
higher heating value of cocoa pods hydrochar was largely influenced by all three process
parameters investigated with significant interactive effective observed between the process
temperature and the heating rate. The ash content of the hydrochar from both residues was similar
and both could be described with linear equations. The dominant process parameters were process
temperature and reaction time with the heating rate having little or no effect on the ash content of
the fuel. Significant interactive effects were observed in both cases between the process
temperature and the reaction time.






Zusammenfassung

In dieser Arbeit wurde das Potenzial der Bioenergieproduktion aus Kakaofrucht- und
Cashewstielresten auf zwei Wegen — dem anaeroben Aufschlussprozess und dem hydrothermalen
Karbonisierungsprozess — untersucht. Fermentationstests im Labormafistab wurden durchgefiihrt,
um die kinetischen Parameter des Aufschlussprozesses zu bestimmen, und ein Reaktorexperiment
im grofen Mafstab wurde durchgefiihrt wurde, um die daraus entstandenen kinetischen Modelle
zu validieren. Ferner wurde die die Nutzung einer hydrothermalen Behandlung als
Vorbehandlungsschritt zur Hydrolyse des Substrats, was zu einer erhohten Biogasausbeute fithren
kann, untersucht. Weitere Studien wurden durchgefiihrt, um die Abbaubarkeit der Gérreste
wihrend des anaeroben Aufschlusses unter mesophilen Bedingungen im halbkontinuierlichen
Modus in einem kontinuierlichen Riihrkesselreaktor als Monosubstrate und als Co-Substrate mit
Maissilage zu bestimmen. Die Auswirkung variierender Prozessparameter auf die Gasausbeute,
den hoheren Heizwert, den Aschegehalt und den chemischen Sauerstoffbedarf (CSB) des
Hydrolysats wihrend der hydrothermalen Carbonisierung der Gérreste wurde ebenfalls untersucht.
Dariiber hinaus wurde die Moglichkeit mehrerer interaktiver Effekte der Prozessparameter auf die
Gasausbeute, den Heizwert, Aschegehalt und CSB des Hydrolysats untersucht.

Das Ergebnis der anaeroben Aufschlussstudien zeigte, dass Kakaofriichte und Cashewstiele mit
einer spezifischen Biogasausbeute von 357 1 (N) / kgVS abbaubar waren. Die fiir Kakaoftiichte
erhaltenen kinetischen Parameter (K1 = 0,08/d; o = 0,7; Kf = 11,0/d; S = 408,7 1 (N)/kgVS und
Kvfa = 0,42/d) wurden erfolgreich verwendet, um die Biogasausbeute in einem groferen Reaktor
vorherzusagen (30 1). Die biologische Abbaubarkeit von Kakaofriichten konnte durch moderate
hydrothermale Vorbehandlung bei einer optimalen Temperatur von 150 °C und einer
Reaktionszeit von 15 Minuten verbessert werden, was zu einer spezifischen Biogasausbeute von
526 1(N)/kgVS fiihrte. Studien zum semikontinuierlichen Monosubstratverdau von Kakaoftiichten
zeigten, dass der Abbau von Kakaofriichten zwischen dem betrachteten OLR von 2,5 - 5,0
kgVS/m**d stabil war. Die Biogasausbeute nahm jedoch mit zunehmender OLR linear ab. Die
Studien bestitigten, dass das Biogaspotential der Cashewstiele durch das verwendete Inokulum
beeinflusst wurde. Das Uberschreiten der OLR von 3,0 kgVS/m**d in einem kontinuierlichen
Riihrkesselreaktor fiihrte zu einer iiberméfigen Prozesshemmung. Die Phasentrennung und der
anschliefende Aufschluss der Cashewbagasse fiihrten zu einem stabilen anaeroben
Aufschlussprozess bis zu 4,0 kgVS/m3*d. Es wurde ferner festgestellt, dass der Cashewstiel als
Biogaspromotor dienen kann, wenn er zusammen mit Maissilage verdaut wird. Diese
synergetische Wirkung der Cashewstiele hingt jedoch stark von der Futterzusammensetzung oder
dem Prozentsatz der Cashewstiele in dieser ab. Das Ergebnis der Studie zur hydrothermalen
Karbonisierung (HTC) zeigte, dass die Auswirkung von Prozessparametern auf die
Kraftstoffeigenschaften des hergestellten Hydrochars stark vom verwendeten Substrat abhéngt.
Die Ausbeute an Cashewstiel-Hydrochar wurde durch die Prozesstemperatur und Reaktionszeit
beeinflusst; die Hydrochar-Ausbeute aus Kakaofriichten wurde durch alle drei untersuchten
Prozessparameter beeinflusst. Es wurden mehrere signifikante Synergien zwischen der
Prozesstemperatur und der Heizrate beobachtet. Der hohere Heizwert (HHV) korrelierte gut mit
der Prozessintensitdt fiir beide Substrate. Der HHV des Cashewstiel-Hydrochars wurde
weitgehend von der Temperatur und der Reaktionszeit beeinflusst, ohne dass ein synergetischer
Effekt beobachtet wurde. Im Gegensatz dazu wurde der hohere Heizwert von Kakaofrucht-
Hydrochar weitgehend durch alle drei untersuchten Prozessparameter beeinflusst, wobei eine
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signifikante Synergie zwischen der Prozesstemperatur und der Heizrate beobachtet wurde. Der
Aschegehalt des Hydrochars aus beiden Riickstdnden war dhnlich und beide konnten mit linearen
Gleichungen beschrieben werden. Die dominierenden Prozessparameter waren Prozesstemperatur
und Reaktionszeit, wobei die Heizrate den Aschegehalt des Brennstoffs kaum oder gar nicht
beeinflusste. In beiden Fillen wurde ein signifikanter synergetischer Effekt zwischen der
Prozesstemperatur und der Reaktionszeit beobachtet.
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1. Introduction
1.1 Background

Bioenergy continues to play a leading role in the global energy matrix. As of 2016, bioenergy
accounted for 70% of all primary energy supply from renewable sources globally. This figure
translates into about 56.5 EJ [1]. Even though the percentage share of bioenergy in the renewable
energy matrix is expected to decrease marginally to 60% according to IRENA [2], strong growth
is anticipated in the dependence on bioenergy globally reaching about 108 EJ by 2030 and
accounting for nearly 20% of total primary energy supply globally. The projected increase in
bioenergy consumption in the global primary energy supply is partly driven by environmental
concerns associated with the exploitation of fossil fuels and the need to cut back on the dependence
on fossil-derived fuels and partly due to energy security concerns in a highly volatile energy space
where price fluctuation and uncertainties driven by political instabilities have a cascading effect
on the economies of energy-dependent countries.

In Sub-Sahara Africa, dependence on bioenergy is still very strong and is estimated to account for
nearly 60% of the primary energy supply [3]. This is especially so, as most of the continent is
highly dependent on raw biomass in the form of woodfuels and charcoal to meet their domestic
energy needs [4]. The situation is not different in Ghana. Even though the share of bioenergy in
the primary energy supply matrix has seen a decline from about 51.8% in 2009 to about 36.9% in
2018 (Figure 1.1), in nominal terms, dependence on bioenergy has increased from 3,127 ktoe to
3,881 ktoe within the same period [5]. The percentage reduction in bioenergy’s share of the
primary energy supply is largely driven by an increase in dependence on oil and gas as shown in
Figure 1.1. Ghana has over the last decade seen a significant shift from dependence on
hydroelectric energy to thermal energy fueled with light crude oil and in some cases natural gas.
As aresult, Ghana has increased its carbon footprint with increasing and worrying signals of non-
abatement. Greenhouse emissions have increased by about 67% above the levels in 1990 from
26.4 to 42.2 million tons of carbon dioxide equivalent in 2016 [6]. The emissions are disaggregated
as follows;
1. The waste sector is driven by poor waste management practices accounting for nearly 7.5%
of the total emissions,
2. The Agricultural and land-use sector which is the largest contributor to greenhouse gas
emissions accounting for more than half (54%) of the total emissions,
3. The energy sector accounting for about 35.6% of the total emissions, and
4. The industrial process and product use accounting for the remaining 2.5% of the total
emissions.
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Figure 1.1: Primary energy supply in Ghana [7].

In recent times, sources to produce modern biofuels have evolved from food crops (1st generation
biofuels) to agricultural residues and biogenic waste (2" generation), and lately algae (3
generation) [8,9]. However, according to Bentsen et al. [10], agricultural residues are by far the
most abundant and fairly distributed bioenergy resources globally. This means every country has
a fair share of resources for the exploitation of bioenergy. Secondly, the inherent contribution of
agricultural residues to global emission of greenhouse gases present a very good opportunity for
mitigation. According to Heidecke et al. [11], the EU identified crop residues as the third-largest
contributor to direct N2O emissions from agricultural soils. Further, the direct combustion of crop
residues that takes place in tropical agricultural fields is also a leading contributor to greenhouse
emissions. For instance, according to Bhattacharyya and Barman [12], if only 20% of rice residues
are used for ethanol production, about 70 million tons of CO2 equivalence could be saved.
Additionally, crop residues present a unique opportunity to sequester carbon when they are
converted to char. Nonetheless, the sheer abundance of agricultural residues also presents a
formidable challenge in the choice of conversion pathway in that the resources are not homogenous
even in the same country. Crops residues are so diverse in their physical structure, chemical
composition, and mineral content. The physical structure and chemical diversity of the residues
thus affect the treatment pathway, energy yield, and quality in terms of the characteristics of the
final energy produced. The choice of agricultural residue as bioenergy feedstock does not only
depend on the physical and chemical characteristics of the feedstock but also its availability.

Even though Ghana has moved from an agrarian driven economy to a service-driven economy,
agriculture contributes a significant fraction of Ghana’s Gross Domestic Product (GDP). In 2013
for instance, agriculture contributed about 22% of Ghana’s GDP [13]. Aside from contributing
significantly to the GDP of Ghana, agribusiness employs nearly 46.1% of the labor force in Ghana
[14]. Crops production accounted for the bulk (77%) of the GDP from agriculture. As a result of
the diversity of crops cultivated as shown in Figure 1.2, there is a high potential of generating huge
quantities of agricultural residues that could serve as feedstock to produce modern biofuels. Indeed
previous estimates of bioenergy potential have established a huge resource base for bioenergy



generation in Ghana [15-17]. Among the crops cultivated in Ghana is cocoa. Cocoa is mainly
cultivated for the beans which are an essential raw material in the confectionery and cosmetic
industry globally. Even though cassava, yam, and plantain crop production far outweigh cocoa
beans production, these food crops are not industrial crops in Ghana and are at present grown for
only domestic consumption. Thus, cocoa beans production is such an important industrial crop for
Ghana because of its huge foreign exchange earnings potential. It further doubles as having the
greatest impact in terms of contribution to the GDP of Ghana. Cocoa beans single-handedly
accounted for 2.2% of Ghana’s GDP in 2013 [14].

Cassava (partly industrial)

Yams (partly industrial)

Plantains (domestic)

Oil palm fruit (partly industrial)
Maize (partly industrial)

Taro (cocoyam) domestic

Cocoa, beans (industrial)

Rice, paddy (industrial)
Groundnuts, with shell (partly industrial)
Coconuts (partly industrial)
Sorghum (domestic

Millet (domestic)

Sugar cane (partly industrial)
Beans, dry (domestic)

Sweet potatoes (domestic)
Bananas (domestic)

Cashew nuts, with shell (industrial)
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Figure 1.2: Crop production in Ghana [18].

Worldwide, the production of cocoa beans has been very strong, averaging about 4.3 x 10° t/a in
the last decade [19]. West Africa accounts for more than 2/3™ of the total annual global production
(Figure 1.3). Cocoa pods are the main residues generated at the harvesting stage of the cocoa beans
[20]. It is estimated that about 40 x 10° t/a of cocoa pods are generated globally of which a greater
majority is underutilized [21]. By implication, Africa also carries the burden of generating more
than 28 x 10° t/a of cocoa pods annually which is not utilized. The huge quantum of cocoa pods
generation worldwide presents a challenge but more importantly an opportunity to utilize it as a
feedstock for bioenergy production. The case of Ghana is not different. The underutilization of
cocoa pods have featured in bioenergy potential estimation carried out by Duku et al. [15] and
Kemausuor et al. [17].
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Figure 1.3: Regional production of cocoa beans worldwide [19].

Aside from cocoa, interest in cashew (Anacardium occidentale) cultivation has been growing
across Africa in recent times not only because of their potential to earn foreign exchange at the
national level but also to support household income at the family level. Thus, cashew nuts have
now become the second most important cash crop after cocoa beans in West Africa [22]. Global
production of cashew nut stood at about 4.9 x 10° tons as of 2016, with West and Eastern Africa
accounting for about 52% [19]. Interestingly, West Africa increased its share of the global
production of cashew nuts from 36% in 2013 [23] to about 45% in 2016 [19]. Until now, only the
nuts have commercial value due to their nutritional content [24,25], leaving behind the peduncle
which constitutes a significant mass of the entire fruit. Though the peduncle is reported to be rich
in nutrients (protein, fat, and carbohydrates), vitamins (Vitamin C and beta carotene), and
antioxidants [23,26,27], it has hardly found substantial commercial value, especially in Africa.
This could be due to the short shelf life of the peduncle, which makes it difficult to store, transport,
and process as well as its astringency. In Brazil and India, however, the peduncle has found limited
commercial value in the processing of juice and alcoholic beverages. This is however not the case
in West and Eastern Africa where apart from the nuts being collected for export, the peduncle is
highly underutilized and in most cases left to decay on the farm [28]. Even in the limited use of
the peduncle to produce fresh juice and gin, the bagasse, which is reported to consist of about 15%
(w/w) of the peduncle, has no commercial value and as such discarded [29].

To enable the treatment and effective utilization of the cocoa pods and cashew peduncles residues,
several valorization pathways including direct combustion [30], carbonization [31], and
fermentation have been investigated with limited success in some cases. Syamsiro et al. [30],
identified high potash content in the ash of the combusted cocoa pods as an indicator of its
unsuitability as fuel for direct combustion. Thomsen et al. [32], did not include cocoa pods in their
final four most promising agricultural residues feedstock from West Africa to produce bioethanol.
In the view of the authors, other agricultural residues had higher ethanol production potential than
cocoa pods. Thus, any choice of feedstock for ethanol production could exclude cocoa pods
because of its comparative low ethanol yield. This still leaves us with the question of the
appropriate technology to treat or energetically valorize this type of waste open. Notwithstanding



the above statement, Maleka [33] conducted a techno-economic analysis of 5 treatment pathways
for the energetic valorization of cocoa pods and concluded on anaerobic digestion and
hydrothermal carbonization as the most effective treatment technologies. This notwithstanding
previous studies on cocoa pods utilization was limited in scope to using the Buswell and COD
equation to estimate the biogas potential [17,34]. Actual laboratory-scale anaerobic digestion
studies to determine the kinetics of the digestion process, actual biogas yield, and performance
characteristics in semi-continuous operation mode has not been previously determined. More so,
the characteristics of the hydrothermally carbonized fuel in terms of the thermal stability and fuel
properties are currently unknown. This is also the case for the cashew peduncle. Even though no
techno-economic studies have been conducted, studies on the energetic valorization pathway of
cashew peduncle have been limited to ethanol production. This is apparently due to the high
amount of fermentable sugars in the juice of the peduncle and the possibility of pretreating the
bagasse to release more fermentable sugars. However, anaerobic digestion and hydrothermal
carbonization also present viable pathways to energetic valorization of the peduncle.

This thesis thus seeks to address the following questions in the energetic valorization of cocoa
pods and cashew peduncles.

1) How much cocoa pods and cashew peduncle residues are generated in Ghana and what is
their regional distribution?

2) What is the anaerobic degradability of cocoa pods and cashew peduncle residues?

3) What is the effect of hydrothermal pretreatment on the biogas yield of the cocoa pods?

4) How does increasing the organic loading rate during mono digestion of the cocoa pods and
cashew residues affect the biogas yield and process stability?

5) What is the effect of feed composition on biogas yield from co-digested cocoa pods and
cashew peduncle residues with maize silage?

6) What is the effect of process parameters on energy intensification through hydrothermal
carbonization?

7) What is the potential effect of energetically valorizing cocoa pods and cashew peduncle
residues on Ghana’s energy sector?

1.2 Aim of the study

The main objective of this research was to determine the energetic valorization pathway for cocoa
pods and cashew peduncles from Ghana using anaerobic digestion and hydrothermal carbonization
process.

To provide answers to the research questions, the following were the specific objectives of the
study;

1. Investigate and map out at the regional level cocoa pods and cashew peduncle residues
generated,

2. Investigate the BMP of cashew peduncle and cocoa pods in batch and semi-continuous
reactions,

3. Investigate the combined effect of process temperature and residence time on the
hydrolysis of cocoa pods to enhance biogas yield,



4. Investigate the effect of process temperature, reaction time and heating rate on the yield
and fuel properties of the char produced during hydrothermal carbonization and determine
the optimum operating conditions to produce hydrochars from cocoa pods and cashew
peduncle residues.



2. State of knowledge

2.1 Bioenergy usage in perspective

Bioenergy is defined as the energy derived from biogenic sources such as biomass. The broad-
spectrum of bioenergy fuels or biofuels exist in solid (carbonized and uncarbonized), liquid, or
gaseous form. Due to its versatility, bioenergy is utilized in several applications such as electricity
generation, space heating, transportation fuel, and as a domestic fuel for heating and cooking.
Bioenergy The global disaggregation of deployed renewable energy pointed to bioenergy
accounting for close to 50% of the total [4].

With a combined population of about 1.3 billion, Africa is the second largest most populated
continent in the world. However in terms of energy demand and consumption, Africa accounts for
just about 6% of the global energy demand and only 3% of the global electricity demand [3]. This
is primarily due to the low level of industrialization in Africa, poor access to electricity and low
level of per capita consumption of electricity. Due to the overreliance on traditional cookstoves
for domestic heating purposes, the use of unprocessed bioenergy is prevalent in Africa [35]. Thus,
bioenergy accounts for about 45% of the primary energy demand in Africa [3]. When the data on
primary energy source is further disaggregated, bioenergy accounts for 61% of the primary energy
source in Sub Sahara Africa and when south Africa is taken out then bioenergy accounts for 81%
of the primary energy in the remaining countries put together. An estimation of bioenergy potential
in Africa reported huge but varied potential due to the lack of reliable data [36]. The exploitation
of the huge biomass resources to produce modern biofuels have been limited. These could be due
to the lack of policy framework in the individual countries, lack of institutional support, energy
food nexus, and the lack of strong legislature and enforcement of existing legislatures. In an
attempt to address some these challenges, the African Union drew up a non-binding Africa
bioenergy policy framework and guidelines to serve as a useful guide to member countries to
develop their own bioenergy policies [35].

The case of Ghana is not quite different from that of many countries in Africa despite the huge
bioenergy resource potential. Production and utilization of modern bioenergy fuels have not quite
taken off in Ghana yet. Demand for woodfuel as firewood was projected to increase from about
10 million tons in 2008 to about 16.2 million tons by 2020. Likewise, the wood used for charcoal
production was expected to increase from 6.8 — 10.2 million in 2008 to 10.8 — 16.3 million tons
by 2020 [37]. These estimates were based on a business as usual scenario national GDP growth
rate. To date apart from charcoal which is generally produced from woody biomass and the direct
use of woody biomass as fuel (firewood), the production of modern biofuels is yet to fully take off
in Ghana. This is notwithstanding the legal and regulatory framework for the production and
utilization of modern biofuels which has been in place since 2007. A draft bioenergy policy was
drawn-up in 2007 to drive the production and utilization of modern biofuels in Ghana. The policy
was largely skewed towards the penetration of liquid biofuels into the transportation energy mix.
This is seen in the policy objective which was to increase the penetration of biofuels by 10% in
the transportation fuel mix by 2020 and 20% by 2030 [38]. Driven by this ambitious target, several
biofuels specific projects took off especially in the area of biodiesel production. As noted by
Ahmed et al. [39] and Nygaard and Bolwig [40], a number of biodiesel initiative using jatropha as
the feedstock took off in Ghana. However, sooner than later most of these initiatives died out due



to a multiplicity of factors. One key reason identified by the authors was the lack of institutional
supports. Nygaard and Bolwig [40] for instance, argued that the government lost interest early
after one of the pioneers of biodiesel production died. Further, the fact that the policy remains as
a draft and not finalized to date speaks volumes about the weight placed on bioenergy development
especially immediately after Ghana discovered oil in commercial quantities. The furthest Ghana
has gone in terms of achieving the policy goals is the development of technical standards on
biodiesel and bioethanol as a transportation fuel. However, the development of the standards did
not necessarily lead to its adoption [41]. The draft policy even though it was arguably good, failed
to achieve its target of spurring the production of modern biofuels in Ghana.

The failure of Ghana’s modern biofuel productions can be attributed mainly to the following
reasons;

1. The overdependence on energy crops as the main feedstock for bioenergy production was
also a critical failure factor. The cultivation of energy crops was and is still a thorny issue
in Ghana. As reported by Ahmed et al. [39], land is vested mainly in the traditional rulers
and family heads. The tacit support of chiefs and family heads is needed in acquiring large
tracts of land for energy cultivation. The uncooperative nature of chiefs to release their land
for energy crop cultivation was thus one of the major causes of failure

2. The boom and fall of jatropha significantly affected Ghana’s drive to integrate modern
biofuel production into its energy mix.

3. Equally important was the discovery of oil in commercial quantities in Ghana. Obviously,
the attention of the government quickly shifted to making the best out of the oil discovery
than focusing its attention on biofuel production.

Notwithstanding these developments, the biogas sector thrived albeit at the domestic level. Even
though biogas is a potential transportation fuel, the government’s attention has not been directed
at its production and utilization as such. At present, most of the biogas installations in Ghana are
for domestic treatment of fecal sludge and are thus seen more as an environmental solution rather
than as energy carriers. According to Kemausour et al. [42], a few industrial or commercial biogas
plants can be found in Ghana. The most pressing challenge to the deployment of industrial biogas
plant is the huge capital investment required according to the same authors.

In overcoming some of the critical failures in the future, the choice of feedstock for bioenergy
production must be concentrated on readily available agricultural residues that can be obtained
through the existing farming practices and cultivation of food and cash crops. This brings into
sharp focus the readily available crop residues due to the extensive crop cultivation practices in
Ghana. A number of different crops are cultivated in Ghana as food crops and some as cash crops.
The main cash crops are cocoa and palm oil but in recent times cashew peduncle is coming up as
a very important cash crop. Recently, the government in recognizing the huge economic potential
of cashew nuts launched a masterplan to boost its production. The masterplan is expected to drive
the production of cashew nuts to about 300,000 nuts by 2025. The residues generated during the
value chain of the cash crops such as cocoa beans and cashew nut especially could serve as readily
available feedstock to produce modern biofuels.



2.2 Cocoa pods

Theobroma cocoa L. is a cash crop grown mainly in the tropics. The main fruit consists of the
beans which are housed in a shell and the main product and the pod that houses it as shown in
Figure 2.1. The fruit is harvested for the beans with the pod coming out as the main waste product
on the farm. The beans are mainly dried and fermented after which it is processed into end products
like butter and chocolate. The pod is reported by Vriesmann et al. [43] to form about 90% of the
weight of the cocoa fruit respectively. This makes the pod constitutes a major component of the
cocoa fruit.

~ Cocoa beans with
the pulp around it

——— Cocoa pod

Figure 2.1: The cocoa pods with the beans.

In terms of nutrient recovery, several scientific studies in the past have been focused mainly on
the utilization of cocoa pods as feed for ruminants [44—47]. Even though this has been projected
as one of the possible uses of the waste products, it has been reported that ruminating animals have
problems digesting the pods effectively due to its high Theobromine content according to Ofori-
Boateng and Lee [48]. Other scientific studies have investigated the possibility of producing
caustic potash from cocoa pods since local farmers started using burnt cocoa pods ash as the main
base in saponification reaction reactions [49,50]. Aside from the extraction and use of caustic
potash for soap making, other scientists have investigated the use of caustic potash from cocoa
pods as a catalyst for biodiesel production due to its high magnesium and potassium content. Even
though the biodiesel yields as reported by Ofori-Boateng and Lee were high, not much has been
done in terms of setting up a plant even at the pilot-scale level to produce caustic potash from the
pods. Similarly, Khanahmadi et al. [51], reported a high yield of 93% when Lipase extracted from
cocoa pods was used to catalyze the transesterification reaction of Jatropha oil to produce
biodiesel. Aside from the results presented, there was no discussion on the potential waste after
the caustic potash extraction process given room for concern as to whether this is the best use to
which the pods can be put. This is also because of concerns that the waste generated after the
extraction process may not be tenable for further processing leading to further nutrient and energy
loss. In terms of energetic use of the pods, recent studies by Adjin-Tetteh et al. [52], pointed to the
extraction of bio-oils through fast pyrolysis, while Dahunsi et al. [53] and Ward-Doria [54]
suggested anaerobic digestion as possible energetic valorization pathways.



Ghana has consistently been ranked as the second-largest producer of cocoa beans in the world
and has maintained this position since 2006. Production levels in the last decade have averaged
about 630,000 MT and earned the country close to $2 billion in foreign currency annually [13]. It
is, therefore, a critical and important sector for the country. Currently, the only use to which cocoa
pods are put is the artisanal production of caustic potash on exceedingly small scales in the villages
for use as a base to produce traditional black soap. Aside this, the pods are left to naturally decay
on the farms, a situation which is both environmentally unfriendly and has also been attributed to
the spread of block bod diseases that eventually reduces the production of the cocoa beans as
reported by Donkoh et al. [55] and more recently by Vriesmann et al. [43].

2.3 Cashew peduncle

The cashew tree (Anacardium occidentale L.) is widely believed to have emanated from South
America and was propagated by the Portuguese merchants to Africa. The tree mainly thrives in
the tropical regions of the world and is mostly grown for its nuts which is a delicacy around the
world. The cashew peduncle is green when it is not mature but changes color to red, yellow, or
orange when it is fully matured. The fruit consists of a fleshy peduncle apple which is edible and
at the base of the peduncle is the nut/kernel concealed in a shell (Figure 2.2). The peduncle is
reported to have of a mass of 50 — 140 g depending on the variety as shown in Table 2.1 below.

Table 2.1: Mass of different types of cashew peduncle [23].

Type of cashew peduncle Mass (g)
Red cashew nut peduncle 50-120
Yellow cashew nut peduncle 100 - 130
Orange cashew nut peduncle 100 — 140

The nut which weighs about 5 g constitutes less than 10 % of the weight of the entire peduncle.
After harvesting the nut, the peduncle can either be processed into valuable end products such as
juice and alcohol by squeezing out the juice or left to rot on the farms of the farmers. The peduncle
is fibrous with little liquid. According to Sivagurunathan et al. [S6], 100 g of fresh peduncle will
yield between 10.8 — 29.9 ml of syrup leaving behind 72.5 — 84.5 g of residue. This means that
even when the peduncle is used for syrup production, a significant percentage of the peduncle is
returned as waste material.
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peduncle

Cashew nut

Figure 2.2: Cashew nut peduncles and nut.

2.4 Energetic valorization pathways
2.4.1 Thermochemical treatment

Conventional thermochemical treatment of agricultural waste to recover energy has been mainly
focused on four treatment pathways — direct combustion of the waste product, pyrolysis,
gasification, and hydrothermal process (Figure 2.3).

2.4.1.1 Direct Combustion

Direct combustion is an oxidation reaction that involves burning biomass directly in the presence
of pure oxygen or air. The end products are usually CO2 and H20 if the combustion is complete
and carried out in excess oxygen. Otherwise, the possibility of the formation of carbon monoxide
(CO) in addition to CO2 and H2O is a possibility. The higher heating value (HHV) of the calorific
value of the biomass is an indication of how much energy can be potentially recovered from the
biomass through combustion. Direct combustion of biomass presents key challenges. The high
mineral content of biomass present challenges such as agglomeration and sintering leading in
some cases to slagging and fouling in canisters [57]. the presence of high moisture content
requiring a drying pretreatment step also present a significant challenge due to the huge thermal
load it present. A complete energy balance taking into consideration the pretreatment step
negatively affects the thermal efficiency of the entire process.

Ortiz-Rodriguez et al. [57] used the elemental analysis of cocoa pods and the mineral composition
of cocoa pods generated in Columbia to evaluate the potential of thermochemically energetic
valorization of cocoa pods suing equilibrium models. The authors concluded that the direct
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combustion of cocoa pods may be challenging due to the high fouling and fusibility index which
will lead to sintering and agglomeration.

Biomass

Thermo- Biological
Chemical 1ologica
Di ; Gasificatio Fermentatio
I Hydrothermal l coméfscttion ‘ Fyrolysis ] l n
| [
Char, oil and

Gas, char,
oil

Figure 2.3: Pathways to the energetic valorization of biomass.
2.4.1.2 Pyrolysis

Pyrolysis of biomass is another thermochemical process that results in increasing the energy
density of the fuel by carbonizing the biomass or transforming the solid fuel into gaseous, solid,
or liquid fuel. Pyrolysis involves thermally treating the waste product in an oxygen-depleted
environment. During the process, the waste product first goes through drying where all the
moisture is evaporated. The second stage involves the chemical transformation of the biomass into
pure carbon, syngas, and liquid products and it takes place between 200 — 800 °C. Biomass
precursors such as cellulose and lignin are known to degrade thermally above 200 °C. During
temperatures above 200 °C, the biomass begins to undergo chemical deformation. This is
characterized by the release of volatile organic matter from the long-chain hydrocarbons in the
biomass. Pyrolysis can be classified as fast, slow, or flash pyrolysis depending on the heating rate
and solid residence time [58]. Slow pyrolysis is characterized by long residence time (several
hours) for the biomass which allows for slow degradation of the biomass and repolymerization of
depolymerized monomers. This leads to the formation of more char and less gas [58]. Fast
pyrolysis on the other hand is characterized by heating rate above 10 °C/s and very short residence
time (0.5 — 2) for the biomass [59]. The product distribution favors bio-oil yield 50 — 70% w/w
[58]. When the heating rate is above 1000 °C [58,59] an reaction time of less than 0.5 s resulting
in a bio-oil yield of about 75 — 80% w/w [58].

The main drawback of pyrolysis just like direct combustion is its inability to effectively handle
wet waste. When the waste is significantly wet, a lot of externally sourced energy is required to
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dry the waste before initiating the second stage of the process. Further, significantly higher
operating temperatures are required to effectively carbonize the waste or produce syngas. Another
drawback is using high ash content biomass might lead to lower heating values of the resultant
char which is not a particularly good attribute. Poucke et al. [60] for instance reported that slow
pyrolysis could only lead to a higher heating value char provided low ash content feedstock is
used. Despite the drawback, pyrolysis is dynamic unlike direct combustion, and can lead to the
production of crude bio-oils [61] and liquid fuels through the Fischer-Tropsch process.

In terms of pyrolysis’ application to cocoa pods and cashew peduncles, not much was found in the
literature. A preliminary study carried out by Symasiro et al. [30] on the use of cocoa pods as fuel
after pyrolysis and pelleting, concluded that even though combustion was possible releasing about
17 MJ/kg, there was high ash content left after combustion and the process required a much higher
fuel-air ratio to ensure complete combustion. During combustion, the mineral content of the waste,
mainly potassium, oxidizes into potassium carbonate K2COs3 and is left behind in the ash [62]. The
caustic nature of the ash due to the high potash content of the pods and the effect it could have on
the canisters was not a subject of investigation for the authors. More recently, Adjin-Tetteh et al.
[52] attempted to produce drop-in fuels through fast pyrolysis and reported 58% w/w bio-oil yield,
30% w/w char and 12% w/w non-condensable gas from cocoa pods from Ghana.

2.4.1.3 Gasification

Gasification of biomass is another thermochemical process that converts biomass into mainly
gaseous fuels, liquid fuels, and solid fuels. Dasappa [63], describes gasification as a
thermochemical process where biomass undergoes a series of sub-stochiometric oxidation and
reduction reactions with different reactants that includes pure oxygen, steam, air, and CO:2 to
produce a gaseous mixture of combustible and incombustible gases comprised of CO, H2, CH4 and
COz, solid fuel (char) and tar. In addition to the fuels, soot and ash are also generated. Temperature
plays an important role in the final products obtained. Depending on the final gasification
temperature, the combustible gases produced at the end of the gasification process can be referred
to as producer gas or synthetic gas as reported by Motta et al. [64]. When the gasification is carried
out at lower temperatures the combustible gas produced is called producer gas, while the
combustible gas is referred to as syngas when the reaction is carried out at higher temperatures.

The entire reaction mechanism can be divided into five stages — drying, pyrolysis, oxidation
(combustion), cracking and reduction [65] (see Figure 2.4) or in some cases some researchers
have reported 4 stages omitting the cracking step which is seen as an integral part of the
pyrolysis stage [63,66,67].

1. The drying process is mainly mechanical and does not involve any chemical reaction. The
biomass undergoes mechanical drying where moisture in the cells is heated and evaporated
between the temperature of 100 — 200 °C [66]. The drying process is an endothermic
reaction that requires an external energy source.

2. The pyrolysis stage usually starts at a temperature above 200 °C and it involves heating of
the biomass in an oxygen-depleted atmosphere. This results in the decomposition of
biomass leading to the release of the volatile organic compounds from the biomass and the
charring of the biomass. The process can be classified into two — primary pyrolysis and
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secondary pyrolysis. According to Motta et al. [64], the primary pyrolysis stage leads to
the devolatilization of the biomass resulting in the release of synthetic gas and char from
the biomass during the charring process. This takes place up to a temperature of about
600 °C. Temperatures above 600 °C result in the thermal cracking of the char into lighter
hydrocarbons. This secondary pyrolysis stage is the difference between the two proposed
reaction mechanisms. The entire pyrolysis stage is an endothermic reaction thus, it requires
the input of energy.

The oxidation/combustion stage involves the supply of a non-stoichiometric amount of
pure oxygen or air to initiate a series of reactions. The oxidation stage which is exothermic
leads to the release of energy. The reactions taking place involves the partial oxidation of
the char and the gaseous pyrolysis products.

Reduction stage involves the use of a gasifying agent such steam or CO2 to initiate multiple
complex reactions involving the char and the primary and secondary pyrolysis such as the
water-gas reaction, methanation reaction, Boudouard reaction, and the water gas shift
reaction to produce gaseous combustible and non-combustible products [54,56].

14



BIOMASS -
C. Bf'/'avxvlgNa(f;/wa{erwimlreat M LLEds \/
H0 | DRY BIOMASS

2. PYROLYSIS YARoR
heating without air to make charcoal

200-500°C

CHARCOAL

H,0+CO, eI NailV
CRACKED TAR [ERI\:lae) \8

650-900°C
+ CO

5. REDUCTION
converting charcoal to flammable gas

PRODUCER GAS CHAR-ASH
. H, and CO small pieces of
with Nz'from‘c ash-rich charcoal

Figure 2.4: Gasification reaction mechanism [55].

Even though gasification of biomass is a promising technology for the processing of modern
biofuels, the technology faces several key challenges. As pointed out by Wang et al. [69] and more
recently Sansaniwal et al. [70], syngas quality remains a major challenge in gasification
technology. The presence of tar and solid pollutants (char) in the syngas renders the syngas
unusable in combustion engine. This requires an additional unit operation to clean the gas and rid
it of the char and the tar either through physical separation techniques or through reduction reaction
which may lead to the production of additional syngas.

The physical nature of the biomass feedstock is also major challenge. For instance, high moisture
containing feedstock requires a pretreatment step that involves drying the feedstock to an
acceptable equilibrium moisture content. The drying process is usually energy intensive due to the
high latent heat of vaporization of water. External energy sources may be required or a complex
energy integration process where excess energy generated during the combustion stage is used to
dry the biomass to achieve higher thermal over thermal efficiency for the process. Additionally,

15



the moisture content of the biomass influences the densification process prior to gasification just
as it influences the long-term storage of the biomass before gasification. A 10% moisture content
is recommended for long term storage of biomass, while the biomass is required to be dried before
and after densification [71].

Aside from the moisture content, the particle size of the biomass is also a challenge. The particle
size of bulky biomass must be reduced through grinding or pulverization to increase the particle
surface area to enhance mass and heat transfer operations during the gasification process [71].

Lastly, the ash content of the inherent ash and mineral content of the biomass is also a challenge
in biomass gasification. Ash agglomeration, sintering, position, erosion and corrosion are some of
the challenges encountered when biomass with high ash content are used as gasification feedstocks
[69]. The presence of alkali earth metals such as potassium in the feedstock is known to react with
the silica to form alkali silica resulting in bed sintering and defluidization. Further, the
corrosiveness of the alkali earth metals such as potassium has been reported as a major challenge
in gasification even though effort to reduce the concentration of the alkali earth metals prior to
gasification are ongoing [69].

Literature search for utilization of cocoa pods or cashew peduncle residues as biomass gasification
feedstock did not yield much results in terms of completed experimental studies. Martinez-Angel
et al. [57], recommended gasification process as the better of direct combustion and pyrolysis
despite the high agglomeration and slagging content of cocoa pods. The authors failed to address
the problem of corrosion posed by the high alkali earth metals in cocoa pods. However, given the
high concentration of potassium in cocoa pods, it can be posited straight away that it will be a
challenging feedstock to deal with. This is beside the high moisture content and bulky nature both
of which must be dealt with in a pretreatment step prior to gasification. In the case of cashew
peduncle, the high moisture content and bulky nature may be the main challenges to deal with.

2.4.2 Hydrothermal process

Hydrothermal process in its various forms (carbonization, liquefaction, and gasification) relies on
the unique properties of water at near its critical point (subcritical), at its critical point or above its
critical point (supercritical) to hydrolyze, dehydrate, polymerize and aromatize biomass into more
than 400 distinct bio-oils and compounds as well as methane and hydrogen gas and char [72].
Water at its critical temperature (375 °C) and pressure (22 MPa) exhibits unique properties that
make it possible to dissolve organic compounds. At elevated temperatures of water, the relative
strength of the hydrogen bonds of the water molecules diminishes, while reducing the dielectric
constant. The combine ionic product [H][OH] is also known to increase considerably to a
maximum of 6.34 x 102 at 250 °C and then after decrease to 1.88 x 107! at the critical point [73]
resulting in a lower dielectric constant and density, thereby making it a very potent organic solvent.
Additionally, the huge heat capacity of water also makes it an effective heat transfer and storage
medium during the hydrothermal process [74]. Further, water is one of the most abundant
compounds on the planet and at the same time is also very environmentally friendly and neither
toxic nor inflammable making it a unique solvent for diverse applications. These factors combine
to make the hydrothermal process a potent tool for the treatment of biomass into useful products.
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The Hydrothermal process can be classified into three groups depending on the severity of the
operation and the end products [75].
1. Operating temperatures below 247 °C are considered hydrothermal pyrolysis leading to the
production of more biochars.
2. Operating temperatures between 247 —374 °C are called hydrothermal liquefaction leading
to the production of more oils.
3. Operating temperatures above 374 °C are termed as hydrothermal gasification leading to
the production of more methane gas and or hydrogen gas.

A parallel classification put forward by Jin [73], classified the hydrothermal process into two main
groups;
1. Hot temperature hydrothermal process between 150 — 374 °C.
2. Supercritical Temperature process for operating temperatures above 374 °C and pressure
above 22.1 MPa.

Hydrothermal treatment of biomass holds great promise for the conversion of biomass into bio-
crude or specific finished products. As compared to the thermal treatment and biological treatment
technologies, hydrothermal liquefaction process is reported to utilize just about 2 % of the energy
contained in the biomass and up to about 75% thermally efficient when designed properly, while
hydrothermal gasification could be between 45 — 70 % thermally efficient [72]. After operating a
commercial hydrothermal plant, the city of Berlin conducted an analytical study and reported that
hydrothermal carbonization came out as the best treatment option for biological waste as compared
to fermentation and composting as cited in Steurer and Ardisonne [76].

2.4.1.3.1 Hydrothermal carbonization

Hydrothermal carbonization is defined as a wet thermo-chemical process that converts biomass at
sub-critical temperatures (180 — 250 °C) and autogenous pressures of 2 — 10 MPa [74] into coal-
like substance sometimes referred to as bio-coal or hydrochar. In this thesis, the coal-like solid
material will be referred to as hydrochar to distinguish it from biochar which is produced through
slow pyrolysis of biomass. The main advantage of hydrothermal carbonization of biomass is its
ability to overcome some of the key challenges posed by the biological and some thermal treatment
technologies where the presence of lignin, high moisture content, high reaction temperature and
inhomogeneous feedstock become major technical barriers.

The hydrothermal carbonization process is complex with several side reactions taking place. This
makes the entire reaction mechanism difficult to comprehend. Even more so when dealing with
complex substrates like biomass which has chemically bound lignocellulosic fibers, sometimes
high mineral content that can affect product selectivity and high amount of extractives. The large
number of products especially in the liquid phase is a testament to the complex nature of the
reaction mechanism. From a chemistry point of view, the reaction pathways can be generically
grouped into five stages — hydrolysis, dehydration, decarboxylation, condensation polymerization,
and aromatization [74,77] even though shorter reaction mechanisms depending on biomass
precursor have been proposed elsewhere. A simplified reaction pathway based on the hydrolysis
of cellulose has been proposed by Titirici [78] (see Figure 2.5).
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Figure 2.5: HTC reaction pathways [78].

Using biomass precursors (cellulose, hemicellulose, and lignin), researchers have sought to
understand the reaction mechanism and pathways for the conversion of biomass to hydrochar.
Analysis of the solid and liquid phase suggests hydrolysis of the precursors as the first step. The
hydrothermal carbonization process is reported to first hydrolyze the biomass or complex
carbohydrate into its basic oligomers and monomers. The degree of efficiency of hydrolysis is
however dependent on the temperature and biomass precursor. For instance hydrolysis of
hemicellulose into xylan, glucan and mannose have been reported to take place at temperatures
below 180 °C Wang et al. [79], while complete hydrolysis of hemicellulose at temperatures above
200 °C is possible. Baruah et al. [80], reported the maximum hemicellulose derived sugars (180
°C) during hydrothermal treatment of corn cobs at 160 °C and 30 minutes. Sun et al. [81], also
hypothesized that an increase in cellulose content of hydrothermally treated Eucalyptus urophylla
at temperatures within the temperature range of 160 — 180 could be attributed to hydrolysis of
hemicellulose. Degradation of pure cellulose into glucose and oligosaccharides is somehow
limited due primarily to its crystalline nature and only takes place at temperatures above 220 °C.
Sun et al. [81], for instance, reported marginal hydrolysis of cellulose at 200 °C. Several studies
have confirmed the limited hydrolysis of cellulose at temperatures below 250 °C. According to Jin
[73], the hydrolysis of the cellulose could follow three paths — acid (H"), base (OH"), and water
catalysed pathways. This is primarily driven by the autocatalytic properties of water near and
above its critical point. As observed by Sasaki et al. [82] and Sasaki et al. [83], the hydrolysis of
cellulose is more prominent near or above the critical point of water. Reported hydrolysis
efficiency of about 75% was obtained at supercritical conditions. Thus, at subcritical conditions, a
significant fraction of the cellulose remains unhydrolyzed, maintaining its crystalline morphology.
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As aresult, Sheng et al. [84] and Dinjus et al. [85], proposed 2 parallel pathways for the conversion
of cellulose into hydrochar. Pathway 1 involves the limited hydrolysis at the cellulose water
interphase leading to the release of glucose and oligosaccharides. Reaction mechanism 2 involves
the direct conversion of the cellulose to hydrochar through intermolecular condensation,
dehydration, and decarboxylation reactions.

Similarly, lignin hardly degrades and even when it does begin to degrade above 200 °C, the rate of
degradation is very slow [86]. For instance, Kim et al. [87] using pure cellulose, xylan, and lignin
as biomass precursors to produce hydrochars reported that the decomposition of lignin only began
at temperatures above 250 °C. Dinjus et al. [85], also reported limited hydrolysis of lignin during
hydrothermal carbonization when they studied the influence of lignin on the composition and
structure of the hydrochar formed. From the foregoing, hydrolysis of biomass during hydrothermal
carbonization under sub-critical conditions may be limited mainly to the hemicellulose component
and partly to the cellulose component.

After hydrolysis, the monomers and oligomers undergo both physical and chemical dehydration
[72—74,88]. For instance, the dehydration of fructose to form hydroxymethylfurfural (HMF) was
reported [89,90]. Similarly, Wang et al. [79] reported the dehydration of xylose which is one of
the main constituents of hemicellulose into furfural and retro -Aldo. Chemical dehydration leads
to the lowering of H/C and O/C ratios through intense carbonization as pointed by Funke et al.
[74]. According to Crocker [72], oxygen removal through decarboxylation or decarbonylation is
essential to improve the fuel quality of the end product. The presence of oxygen in the hydrochar
reduces its calorific value thus affecting the quality of the fuel. Decarboxylation and
decarbonylation reactions result in the partial removal of carboxyl groups especially at 150 °C
resulting in the production of CO2 and CO (Equation 2.1 and 2.2 ) respectively [74].

R—COOH - RH +H, + CO, @.1)
R— COOH — RH + H,0 + CO 2.2)

As pointed out by Jin [73], the decarboxylation and decarbonylation reactions are better
understood by the reaction mechanism of formic acid which is an intermediate of water-gas shift
reaction. Additionally, formic acid is formed in a significant amount during the degradation of
cellulose. Both the decarboxylation and carbonylation reactions (Equation 2.4) take place in the
gas phase and liquid phase. However, it is generally believed that the decarboxylation reaction is
dominant in the liquid phase due to the presence of water that acts as a homogenous catalyst for
the reaction, while decarbonylation is dominant in the gas phase [73].

COOH — RH +H, + CO, 2.3)
COOH — RH + H,0 + CO (2.4)
The intermediate products such as furfural, 5-HMF, anhydroglucose, and 5-methyl furfural
produced during the dehydration and decarboxylation and decarbonylation reactions are reported

to very unstable and thus highly reactive [73]. The condensation and addition reaction which is
reported to take place was confirmed. The intermediates formed from the hydrolysis, dehydration,
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decarboxylation, and polymerization condensation reaction of cellulose and hemicellulose have
been confirmed to undergo some form of aromatization which depends significantly on
temperature [74].

The effect of process parameters on the yield of the three main products — oils, gas, and char has
long been of interest to many researchers. Several factors have been identified to influence product
yield chief among them are; heating rate, temperature, reaction time, biomass particle size, biomass
loading rate (% solids) catalyst concentration, and liquefaction atmosphere inert (N2, Ar) or
reducing (CO, Hz) [72]. For instance, using a batch reactor Donar et al. [91], investigated the effect
of the reaction time and temperature on the yield of hydrochar from hazelnut waste and olive
residue. By determining the carbon content of the product at different reaction conditions, they
reported that reaction temperature had more influence on the yield of hydrochar than the reaction
time, whereas the properties of the biochar also differed significantly at different reaction
conditions. The combined effect of the two process parameters was however not investigated
which makes it difficult to determine how the two process parameters could have a possible
combined effect on the biochar yield. Prapaiwatcharapan [92], investigated the effect of a single
step and two-step sequential semi-continuous hydrothermal treatment by changing the
temperature, pressure, and the water flow rate in a univariate manner for 2 hrs using Coelastrum
sp. microalgae as the main feedstock. They reported higher bio-crude yields using the two-step
sequential approach but warned against higher temperatures greater than 320 °C. Through the
univariate analysis they reported, optimum operating conditions for the two-step sequential
hydrothermal process at a temperature of 200 and 320 °C, pressure of 7 — 20 MPa respectively,
and water flow rate 0.5 mL/min for both. No attempt was made to design the experiment to study
the interactive effect of the process parameters on the yield.

While studies on the effect of temperature and reaction temperature abound in the literature, other
researchers have looked at the effect of mass concentration on the hydrochar yield. Sermyagina
[93], studied the effect of temperature (180 — 250 °C), the ratio of biomass to water (1:6 and 1:8)
and reaction time on the mass yield of hydrochar and the heating value of the resulting biochar
using coniferous biomass as the main raw material in a 1 L batch reactor. They reported about 20
% loss in mass at a higher operating temperature of about 250 °C but an increase of about 36 — 40
% in heating values. Reaction time and the ratio of biomass to water were also reported to have a
certain influence on the yield and the heating values of the resulting product. A higher quantity of
water led to higher product yield as a result of higher hydrolysis intensification. Longer reaction
time was also reported to have led to the loss of mass but higher heating values. The heating rate
of the reactor is another process parameter of interest but has attracted little attention from
researchers. The majority of the authors have placed more emphasis on the process temperature
and reaction time than on heating rate. Apart from few studies that reported on the effect of heating
rate on the hydrothermal liquefaction process as reported in Wang et al. [79], the literature on its
effect on the carbonization process is very scarce. Generally, the residence time/holding
time/reaction time as defined earlier is taken as the time the process reaches the set-point and the
time the process begins to cool down. However, in most batch studies, the substrate is introduced
at room temperature into the reactor, thus the total time the substrate spends in the reactor is
dependent on the heating rate of the reactor. Jin [73], reported the possibility of degradation of
biomass precursors before reaching the set-point leading to the initiation of the side reactions such
as the onset of polymerization. Additionally, the influence of the thermal as well as the rheological
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properties of the substrate on the heat and mass transfer process could be affected by the heating
as noted by [79]. Thus, the effect of heating rate on hydrochar yield could be significant.

In recent times, hydrothermal carbonization has moved from using biomass precursors to real
biomass to elucidate on the carbonization process and gather additional data for design purposes.
Some biomass feedstocks reported in the literature include but not limited to municipal solid waste
[94,95], hazelnut waste and olive waste [91], microalgae [96] among others.

Other researchers have also focused their attention on the production of other chemical compounds
from biomass using hydrothermal process. Song et al. [97], successfully produced cyclohexanol
from biomass-derived cyclohexanone using Cu powder as a catalyst under hydrothermal in a 30
mL batch reactor. The yield of cyclohexanol was highest (100 %) during the in-situ production of
hydrogen through the oxidation of Zn in water. Rasmussen et al. [98], successfully identified a
previously unknown compound occurring in the aqueous phase of pretreated palm empty fruit
bunches under hydrothermal conditions. Using a continuous feed reactor and palm empty fruit
bunches as the substrate, they subjected it to the hydrothermal condition of 200 °C for 18 minutes.
The high percentage occurring previously unknown compound was identified as 4—
hydroxybenzoic acid a base reactant to produce esters used in the cosmetic industry. Jain et al.
[99], successfully produced activated carbon possessing high mesopores and Brunauer — Emmett
— Teller (BET) surface area from coconut shell using hydrogen peroxide as an oxidizing agent.

A number of challenges and knowledge gaps in the hydrothermal carbonization process are
outlined below.

e Product analysis
Analysis of products has been a major challenge given the diverse nature of the products, especially
in the liquid phase. Jin [73] recommended further work to properly characterize and quantify the
products in the aqueous phase and all the by-products from the reaction. The characterization of
the products in the liquid phase will throw more light on the reaction mechanisms and pathways
taking place. Additionally, it will inform the extraction of other useful products other than the
intended hydrochar to improve on the efficiency of the entire biorefinery process and also influence
the use to which the liquid phase can be put to after the carbonization process.

e Feedstock type
Feedstock composition is very important in determining which bio-refinery process will be good.
Aside affecting the type of bio-refinery process, the composition of the feedstock also affects the
composition of the final products according to [72]. Most of the feedstock used in previous
hydrothermal process research has come from waste generated in advanced countries where the
research has been prevalent. With the strong belief that any plant will have to deal with real
biomass, a lot of research must be conducted into the use of several biomass types under different
hydrothermal conditions to produce bio-oils, char, and methane gas.

e Pilot-scale plant
Laboratory-scale experiments have been good and provided some level of information contributing
to a large extent to the level of understanding achieved so far. However, to move from laboratory
scale to full-scale operation more data is required from pilot-scale systems to inform design,
optimizing, and modelling of the real systems. As pointed out by Jin [73] and Hrncic et al. [100],
a pressing need is to develop and deploy many pilot-scale plants. Pilot-scale plants will provide
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the necessary information to better understand the process on a real basis and be able to properly
model the entire process.
e Parametric studies

Process conditions have been shown earlier to be important. However, several studies reviewed
considered only temperature and reaction time [101,102]. Other very important process parameters
such as heating rate have received very little attention Wang et al. [79], Further, other process
parameters of interest aside heating rate to provide a better understanding of the entire
carbonization process could be biomass packing ratio, total solid concentration, and catalyst to
biomass ratio.

2.4.3 Biological treatment

Biological treatment of waste to produce liquid and gaseous fuels is one smart way of using natural
organisms and processes to produce fuel. Several studies have been conducted to investigate the
potential of fermenting waste to produce fuels. Two production pathways are readily accessible —
Anaerobic digestion and aerobic fermentation

2.4.3.1 Anaerobic digestion

Anaerobic involves the use of special bacteria to break down organic matter and in the process
release biogas (CH4 and COz). The process involves a series of complex organic reactions that
have been studied extensively. The anaerobic digestion process consists of four well-documented
stages; hydrolysis, acidogenesis, acetogenesis, and methanogenesis [103]. Hydrolysis involves the
breaking down of the complex sugars and proteins into their basic monomers and lipids into long-
chain fatty acids. This is an especially important step in the digestion process. It sets the stage for
the simultaneous conversion of the simple sugars and the amino acids into either volatile fatty acid
through acidogenesis reactions which are then subsequently converted to acetates and then later to
methane. The hydrolysis step though important can also be detrimental to the entire process if the
rate is uncontrolled. For instance, a high rate of hydrolysis can lead to process acidification due to
an imbalance in the production and consumption of volatile fatty acids during the simultaneously
occurring acidogenesis and acetogenesis phases [104]. The cumulative effect of a high rate of the
rapid production of volatile fatty acids is reduced pH which provides a hostile environment for the
methanogenic bacteria to function as reported by [105].

In terms of net energy recovery from the waste, anaerobic digestion may not be the best way of
treating the waste because the net energy produced is a fraction of the net energy of the waste
product. However, the versatility of the biogas/methane produced through the anaerobic digestion
process in terms of its multiple uses makes it a better fuel than the raw biomass. Additionally, the
clean combustion of the biogas makes it a much better environmentally friendly fuel. Some have
even argued that the biological treatment of waste should be considered more as a waste treatment
technology than an energy recovery process. The anaerobic digestion process requires large
reaction vessels because of the longer retention times or duration of the process. Most anaerobic
fermentation processes require between 20 — 60 days retention time and that affects the design of
the reaction vessels. Anaerobic fermentation’s inability to handle lignin-rich substrate leading to
lower gas output has been widely reported [106]. Hydrolysis of the residue during anaerobic
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fermentation is a potential limiting step due to the complex lignocellulosic structure of the
substrate.

With regards to bio-methane production, there is little information on the Biomethane Potential
(BMP) of most of Ghana’s main agricultural residues. BMP test has not been conducted on cocoa
pods and husk, cashew nuts, cassava peels, corn husk, maize stovers, fish waste among other things
according to [107]. Most of the literature cited used empirical formulae to estimate the biogas
potential. For instance, Thomsen et al. [34] used the Buswell formula and Chemical Oxygen
Demand to determine the biogas potential of selected agricultural residue. Similarly, Kemausuor
[17], using a more expanded feedstock, also used mainly empirical equations to determine the
biogas yield of some selected feedstock in Ghana. As good as they are, there is a vast difference
between results from empirical equations and laboratory BMP determination, the latter giving
more accurate results [108,109]. Also, during digestion, the possibility of the formation of
inhibitors is not taken care of by these two equations. For instance, uncontrolled ammonia
formation during the fermentation process could be a major inhibitor to the digestion process
leading to less gas formation [110]. In addition, polysaccharides are a major constituent of cocoa
pods, and as has been pointed out earlier, the presence of lignin in the polysaccharides makes it
difficult for biomethane bacteria to fully digest the substrate leading to lower methane yield. Thus,
some form of pretreatment may be required.

Pretreatment can be classified as biological, chemical, physical, or thermochemical depending on
the catalyst and or process used, Physical pretreatment involves primarily size reduction (cutting
and milling) and mechanical phase separation. While size reduction in general increases the
surface area of the substrate it makes it more accessible to enzymatic attack, milling also reduces
the crystallinity of the cellulose by breaking the intermolecular hydrogen bonds [111]. Mechanical
phase separation is also a form of pretreatment which separates the hydrolysates that may contain
most of the digestible sugars from the fibers.

Chemical pretreatment involves the use of an alkaline or an acid as a catalyst to aid the removal of
or degradation of lignin to free-up the intrinsically bound hemicellulose and cellulose for digestion.
Alkaline pretreatment is preferred over acid pretreatment due in part to environmental concerns of
using H2SO4 which has been widely used and investigated [112]. Additionally, the corrosive effect
of strong acid and the need to recover the acid after the pretreatment process puts acid hydrolysis
in a disadvantageous position as compared with alkaline hydrolysis. Alkaline pretreatment is
reported to lead to the removal of lignin through saponification and cleavage of the linkage
between lignin and carbohydrates [113,114]. Consequently, this leads to the swelling of the
biomass, decreased crystallinity of the cellulose, and structural changes to the lignin [112]. Chufo
et al. [115], studied the effect of alkaline pretreatment on biomethane production of teff straw by
using different alkaline to substrate concentration. Alkaline concentration considered were 1%,
2%, 4% and 6%. Optimum pretreatment time of 3 days was determined by soaking the substrate
in the different concentrations of NaOH and measuring the pH until there was no recognized
difference between the subsequently recorded pH values. They reported that using 4% NaOH in
80 g/l substrate resulted in a 40% increase in biogas yield and 48.1% biomethane content. The
ability of alkaline pretreatment to solubilize lignocellulose biomass is further confirmed by Janke
etal. [116] who studied the effect of alkaline pretreatment on biogas yield of vinasse and sugarcane
bagasse in a batch and semi-continuous reactor. Alkaline concentration of 1.5, 3, and 6 g
NaOH/100 g(substrate) was used for the batch anaerobic test and 6 gNaOH/100 g(substrate) for
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the semi-continuous test. The highest NaOH concentration of 6 g/100 g(substrate) resulted in
higher solubilization of around 17% and higher methane yield of 22.4%. Subsequently, Ward-
Doria et al. [54], investigated the effect of alkaline and acid (H2SO4) pretreatment on the biogas
yield of cocoa pods. They reported the effectiveness of alkaline pretreatment in reducing the lignin
content by 43.78% and subsequently increasing the cumulative biogas yield from 538.34 ml
(untreated cocoa pods) to 687.51 ml at a substrate to inoculum (S/I) ratio of 0.3. Even though
alkaline pretreatment is effective in removing lignin, one major drawback is the presence of
residual alkaline in the substrate requiring the need for neutralization reaction after the
pretreatment [117].

In recent times pretreatment of lignocellulose biomass using advanced methods like hydrothermal
pretreatment has engaged the attention of several researchers [111,118,119]. This is driven by the
relatively short processing time as compared to the traditional acid and alkaline pretreatment and
the biological pretreatment time, scalability of process, and effectiveness in terms of improving
the biogas yield of the pretreated substrate [112]. Hydrothermal pretreatment results in the
hydrolysis of cellulose and hemicellulose fraction at subcritical conditions and lignin near or above
critical conditions. Of particular interest is the combined effect of process temperature and the
reaction time during hydrothermal pretreatment. Even though an increase in process temperature
has been associated with higher solubilization, its effect on the subsequent hydrolysis has not been
particularly positive resulting in serious process inhibition. Wang et al. [120] investigated the
biogas yield of hydrothermally pretreated rice straw at different process temperatures and reported
a decrease in biogas yield at higher process temperature (210 °C) for 15 min. They recommended
lower process temperature due to the possibility of the formation of inhibitory compounds.
Subsequently, Ran et al. [121], reported a maximum yield when washed vinegar waste was
hydrothermally pretreated at 160 °C for 30 minutes. Costa et al. [118] opted for shorter reaction
time and obtained maximum biogas yield at 200 °C for 10 minutes and achieved a 27.4% increase
in biogas yield which was higher compared to biogas yield of NaOH alkaline pretreated sugarcane
bagasse. Similarly, Girolamo et al. [119], reported a 23% increase in biogas yield when they
studied the effect of hydrothermal pretreatment of Giant reed on methane yield at 180 °C and 10
minutes. The above results notwithstanding, Mustafa et al. [122] compared hydrothermal
pretreatment of sugarcane bagasse at different process temperature and reaction time of 20 minutes
and reported lower biogas yield for all process temperatures (160, 180, 200 and 220 °C)
investigated in comparison with the untreated sugarcane bagasse.

It is thus obvious, that some form of optimization is required in hydrothermal pretreatment to
achieve the best results. Given the fact that the process requires a lot of energy in heating up to the
desired temperature, optimizing the process temperature and reaction time is thus necessary for
both economic reasons and to avoid inhibiting the digestion process through the production of
inhibitory compounds.

2.4.3.2 Fermentation

Fermentation of organic matter to produce ethanol has dominated research for some time
especially due to the unique characteristics of blended anhydrous ethanol with petrol as a good
substitute for petrol/gasoline in cars. Initial research using in general food crops such as maize,
cassava, sugar cane, among others were shot down vigorously because of the perceived potential
food — energy war. This ushered in second-generation bioethanol which could be produced from
agricultural residues. Second-generation bioethanol is considered to hold a great promise due to
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the relative abundance of agricultural waste resources and its non-competition with food crops in
general. The fermentation process just like the anaerobic fermentation process involves the use of
microorganisms to convert monomeric sugars into alcohol [68] and acids [123]. The process
unlike anaerobic digestion which is also a fermentation process, proceeds well in an oxygen-rich
environment, even though oxygen places no essential role in the chemical conversion process.

The process of producing ethanol from biomass involves 3 steps — hydrolysis of the complex
carbohydrates into monomeric sugars, fermentation of the monomeric carbohydrates into with help
of an appropriate enzyme into ethanol and the last step is the distillation of the alcohol [124].

Despite this promise, major challenges have been encountered in the full utilization of the
feedstock to produce ethanol and methanol. One of the key challenges is the successful hydrolysis
of polysaccharides (complex sugars) contained in lignocellulosic biomass into simple basic sugars
for fermentation. This challenge has elicited several pretreatment techniques to enhance the
hydrolysis process. The challenge has been getting around the complex cellulosic organic structure
which is bound together by lignin — a recalcitrant compound that does not yield easily to biological
treatment. To overcome this challenge, several pretreatment methods have been proposed to break
down the cellulosic walls to rapidly release the simple sugars for fermentation. Kucharska et al.
[125], carried out a detailed review of lignocellulose biomass pretreatment pathways which include
physical, acid, alkaline, enzymatic, and thermal hydrolysis.

Ethanol production from cocoa pods from Ghana until recently was not of interest to researchers.
However, Thomsen et al. [126], used the compositional analysis of cocoa pods to estimate the
ethanol yield. The authors reported ethanol of 0.28 1/kgTS. This was lower than cassava peels (0.53
1/kgTS), yam peels (0.6 1/kgTS) and, maize cobs (0.52 1/kgTS) all of which are common tropical
agricultural residues. However, the ethanol yield was comparable to plantain peels and plantain
leaves. Further detailed experimental studies to investigate the bioethanol potential of 11 common
agricultural residues including cocoa pods were carried later out by Thomsen et al. [32]. The result
of the study concluded that cocoa pods were not ideal for cellulosic ethanol production due to the
low yield of g xylan converted per 100 gTS (< 5 g/100 gTS).

On the contrary, most of the literature on the energetic valorisation of the cashew peduncles is in
the area of ethanol production and recently on oxalic acid production. Betiku et al. [123]
successfully produced oxalic acid by fermenting cashew peduncle residues. They reported a yield
of 128.68 g/l and concluded that cashew peduncle residues should be considered as one of the
main feedstocks for oxalic acid production. Deenanath et al. [124], investigated the possibility of
producing ethanol from cashew peduncle juice using two yeast strains - Saccharomyces cerevisiae
Y2084 and Vin13 and reported a maximum ethanol yield of 68 g/l and subsequently recommended
both yeast strains as suitable for converting cashew peduncle juice into ethanol. Aside from the
juice, other researchers have also considered the cashew bagasse as a possible substrate for ethanol
production. For instance, Shenoy et al. [127] evaluated the potential of producing ethanol from
dry cashew bagasse and report similar bioethanol yield (0.46 g/l) when the authors compared the
results to bioethanol yield from wet cashew bagasse (0.5 g/l) and wet coffee pulp (0.46 g/l).
Similarly, Rocha et al. [128], evaluated the effect of dilute acid pretreatment on cashew peduncles
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for bioethanol production and reported an ethanol concentration of 10 g./I after 4 hours of
fermentation.

2.5 Resource estimation

Cultivation of crops is known to generate a significant amount of residues that could be used as
feedstock for bioenergy production. Several studies have identified the potential of crop residues
for bioenergy generation using different methodologies; residue to Crop Ratio (RCR),
Geographical Information System (GIS), and organic carbon content in soil [129-131]. The most
popular and simplest methodology is the RCR approach. Even though the RCR methodology is
rigorous and quite useful, it is dependent on several factors such as soil conditions, crop yield, and
climatic conditions which are very specific to a country [132]. As a result, variable RPR values of
the same crop have been reported in the literature [130]. The organic soil carbon content
methodology, is much more rigorous than the RCR methodology, as it takes into account the
quantities of residues that can be removed from the field without adversely depleting the soil’s
organic matter content [133]. It is however very challenging to use, especially in countries where
availability of data is a major challenge. The RCR methodology becomes useful when the ratios
are estimated using data specific to a country or region. Earlier biomass potential estimates by
[134] and [17] used published RCR values from other countries. Scarlet et al. [130] and
subsequently [135] have shown that the RCR is a function of crop yield and does not vary linearly
but exponentially with yield. This claim is supported by Bentsen et al. [135] who developed a
logarithmic relationship between crop residue and crop yield. Since crop yield varies across
countries and regions [136] and as shown in Table 2,2, using average RCR values from published
data might lead to an over or underestimation of the resource potential.

Table 2.2: Cocoa and cashew yield in some West African countries.

Country Cocoa yield (kg/hectare) Cashew nut yield References
(kg/hectare)

Ghana 400! 566° [137]' [138]%

Cote 500 — 600° 403? [1397° [138]*

d’Ivoire

Nigeria 400° 3444 [1397 [22]*

Cameroun | 300 — 400° A non-cashew growing [1397]
country
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3. Materials and methods
3.1 Resource potential estimation
3.1.1 Source of data

Cocoa beans production and processing data were sourced from the Ghana Cocoa Marketing
Board. The Ministry of Food and Agriculture provided data on cashew nut production and
processing in Ghana. Other sources of data included, the Food and Agriculture Organization,
Cocoa and cashew nut processing companies, and the Gesellschaft fiir Internationale
Zusammenarbeit (GIZ) under the Competitive Cashew (COMCashew) Initiatives.

3.1.2 Assessment of the theoretical residue generation

Residue generation in the cocoa and cashew industry were estimated from data provided by the
Cocoa Research Institute of Ghana (CRIG), a national research body in charge of improving yield
and utilization of residues in the cocoa, cashew and shea nut industry and field visit to selected
farms across the country. RCR values were estimated from visiting 20 selected cocoa and cashew
farms in Ghana and taking the weight of the residues as a fraction of the main crop as shown in
Equation 3.1.

MR
RCR =2 3.1

Where MR = mass of residue; MC = mass of crop

Residue generation quantities were calculated backward using the RCR values and the annual
average production data of the cocoa beans and cashew nuts as shown in Equation 3.2 [140].

R = RCR x CP (3.2)
Where R = annual quantity of residues; CP = annual crop production.

Data on alternative uses of the residue products were obtained following the methodology outlined
in Anabire et al. [141] by using data from CRIG, visiting twenty (20) cocoa and cashew farms,
and 10 cocoa and cashew nut and peduncles processing firms in Ghana. The actual potential of the
residues was estimated based on the percentage of the cocoa beans and cashew nuts and peduncles
processed annually.

3.1.3 Assessment of the technical potential of residue generation

The technical potential of residue generation was determined by subtracting the amount of residues
utilized for other purposes and the fraction of residues than cannot be recovered from the
theoretical potential (see Equation 3). Data on alternative uses of the residue products were
obtained following the methodology outlined in Anabire et al. [141]. It is understood that the
fraction of residues that can be recovered is dependent on the type of residues and at what point in
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the value chain of the crop the residue is generated. For instance, Smeet et al. [142], reported
various recoverable residue fraction for different crop residues. Residues generated at the
processing unit were deemed to be 100% recoverable, while farm-based residues ranged between
25% and 75%. In order not to overestimate the resource potential, a recoverable fraction of 50%
was used in this thesis. This is consistent with other studies [133,143,144].

TP=P;—-U-R (3.3)

Where TP = Technical Potential; Pt = Theoretical Potential, U = Amount of residues utilized for
other purposes and R = Fraction of the residues that cannot be recovered.

3.1.4 Greenhouse gas emissions

Greenhouse gas emissions from cocoa pods disposal were determined using Equation 3.4 based
on the 2006 Intergovernmental Panel on Climate Change (IPCC) Guidelines for National
Greenhouse Gas Inventory [145]. The cocoa pod was considered as solid waste material and its
disposal was modeled as an uncontrolled anaerobic digestion process with a depth of less than 5
meters [146]. This was selected because residues are usually left on the farm in heaps, with a depth
of less than 5 m. Even though some residues are openly burnt on the farms, the percentage of cocoa
pods combusted annually was assumed to be insignificant. Therefore, Equation 3.4 was used to
determine the methane emissions with the basic assumption that none of the residues are
combusted. Carbon dioxide (CO2) equivalence emissions were determined by using the conversion
factor, 1 gCH4 = 25 gCO2 based on the IPCC atmospheric impact of greenhouse gases on a 100
year time horizon [147].

CH,Emissions = M, x (DOC) x (DOC)¢ x MCF x F x 16/12 (3.4)

Where Mr = mass of agricultural residues deposited in a particular year, Gg; DOC = Degradable
Organic Carbon content of the residues; DOCr = Fraction of Degradable Organic Carbon content
of the residues; MCF = Methane Conversion Factor; F = fraction of methane in the biogas. The
default values used in the calculations are presented in Table 3.1

Table 3.1: IPCC default values used to estimate the greenhouse gas emissions from cocoa and
cashew residues.

Parameter Unit Value Reference
MCF for shallow pits 0.4 [148]
DOC for cocoa pods mg/g 0.41 [21]

DOC for  cashew | mg/g 0.41

peduncles

DOCt % 0.5 [146,148]
F % 0.5 [146]
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3.1.5 Physical and chemical characterization
3.1.5.1 Sampling

The cocoa pods and cashew bagasse samples used in all the experiments were obtained from
Ghana. The cocoa pods were obtained from State Experimental Farms located at the Cocoa
Research Institute of Ghana in Tafo. The cashew peduncle and cashew bagasse samples were
obtained directly from farms located in Wenchi, Ghana, and Mim Cashew Processing Firm Ghana
Limited respectively. All the samples were initially frozen in their raw/unprocessed state in chest
freezers at -20 °C in Ghana and then transported overnight to Germany within 24 hrs in plastic
containers. Once in Germany, the samples were transferred into deep chest freezers at -20 °C for
storage until needed.

3.1.5.2 Sample preparation

The particle size of the residues except the cashew bagasse needed to be reduced to render them
usable in the subsequent experiment due to their initial particle size. The frozen residues were
allowed to thaw naturally over a 24 hr period in the refrigerator compartment at 0 °C. The particle
sizes of the residues were first reduced with a titanium knife by manually cutting the residues into
irregular pieces. After cutting, the residues were individually mixed thoroughly to achieve
homogeneity after which about 300 g of each sample in triplicates was taken for further analysis.
The particle size of the remaining samples was further reduced to about 300 um with a laboratory-
scale blender, Retsch GM 300, Germany. The blender was operated on program 1 at 2000 rpm for
10 s. The milled samples were then homogenized and packed into smaller containers and stored at
-20 °C in a refrigerator to reduce microbial activity. Fractions of the substrates (cocoa pods, cashew
peduncle, and cashew bagasse residues) needed for experiments were subsequently thawed
naturally in the refrigerator compartment at 0 °C.

3.1.5.3 Proximate and ultimate analysis

Proximate analysis of the samples comprising the moisture content was determined following the
specification EN 14744-1[149]. About 100 g of each sample in triplicates was dried in an oven at
60 °C for 48 hrs in a temperature-controlled drying chamber. The weight difference before and
after drying was used to determine the moisture and dry matter content on a wet basis (Moisture
content, total solids in %0OS). After drying, the particle size of the dried matter was further reduced
with a Retsch ZM 200 ultra-centrifugal milling device, Germany to about 40 um. The volatile
organic compounds and ash content were determined by following, the loss of ignition procedures
outlined in EN 15148 [150]. To do that, about 20 g of the dried samples in triplicates were placed
in a muffle furnace and ignited to 550 °C. The difference in weight before and after combustion
was used to determine the volatile solids as a percentage of the dry matter content. Samples of the
dried matter were then used to determine the elemental composition using an organic elemental
analyzer, Pelken Elmer 7600 by following EN ISO 16948 [151] in an external laboratory. The fuel
grade ash content of each of the samples was determined in triplicates by placing 20 g of each
sample in crucibles and ignited at 815 °C. The difference in weight of the crucibles before ignition
and after ignition as a percentage of the input dry matter content of each residue was determined
as the fuel grade ash content. Parr Instrument 6400 was used to determine the higher HHV of the
samples as described in EN 14918 [152].
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3.1.5.4 Fiber analysis

Fiber analysis of the residues was carried out by determining the acid detergent fibers (ADF),
neutral detergent fibers (NDF), and the acid detergent lignin (ADL) through methods described in
Liebetrau [153] which references the German Standard VDLUFA. The cellulose and
hemicellulose fractions were calculated by using methods described in Van Soest et al. [154].

3.1.5.5 Mineral content analysis

Major and minor mineral content analyses were determined in an external laboratory in Germany
by following methods described in EN ISO 16967 [155] and EN ISO 15297 [156] respectively.

3.2 Anaerobic digestion studies
3.2.1 Theoretical Biomethane Potential

The theoretical biogas and methane potential at standard condition (0 °C, 1 atm) were determined
using the Buswell equation as shown in Equations 3.5 and 3.6 using the results of the elemental
analysis of the residues and their physical characteristics [157-159].

h o h h
CHROGNy + (¢ =2 = S)Hy0 - (S+ 2 =) CH, + (5 -2 +2) CO, 3.5)
Where a, h, o, and n are the results of the elemental analysis.

L(CH4) 4c+h-20-3n
— 8
Bu( KgVs ) =224 [12a+b+16c+14d] (3.6)

Where Bu is the maximum methane potential of the substrate.

The biodegradability index (BD) was determined using Equation 3.7 as reported by Girolamo et
al. [119]. The BD was calculated by diving the cumulative methane yield by the theoretical
methane yield.

BMP.
BD = actual
BMPtheoretical

3.7

3.2.2 Biogas potential, bench-scale assay

The experiment to determine the biogas potential in 500 ml Ankom bottles followed the German
standard Verein Deutscher Ingenieure (VDI) [160]. The inoculum used was obtained from an
active anaerobic digester operating on cow dung and maize silage and degassed in a temperature-
controlled room at 38 °C for a week before utilization. Based on the physical and chemical
properties of the inoculum as shown in Table 4.1, appropriate quantities of substrate and inoculum
were weighed into each bottle maintaining a ratio of 1:3 respectively based on volatile solids
present. The bottles were filled to about 300 ml leaving a headspace of about 200 ml as shown in
Figure 3.1. The experiments were carried out in triplicate and benchmarked with pure cellulose
and a blank containing only the inoculum. The bottles were covered with a specially designed cap
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equipped with a pressure sensor and pressure release valve. The pressure sensor measured the
relative pressure of the accumulated gas in the headspace and the atmospheric pressure. A wireless
sensor was used to transfer the result of the pressure measurement in real-time to a computer every
20 seconds. Results of the pressure measurement were used to estimate the biogas yield using an
ideal gas equation. The pressure release valve was set to trip at 50 mPa to control the accumulation
of gas in the headspace. All the bottles were placed in a temperature-controlled water bath at 38
°C to maintain uniform temperature around the bottles. The experiments were halted after 28 days
when the daily gas production was less than 2% of the previous amount.

Pressure sensor
Wireless transmitter

Pressure relief valve

Digestion vessel
- 500 ml

Water bath

Figure 3.1: 500 ml bench-scale Ankom anaerobic digestion bottle.
3.2.3 Biomethane potential in a 30 1 reactor

The large-scale BMP assay was carried out in a 30 | batch reactor. Each vessel was filled with
inoculum and substrate in the ratio of 3:1 based on the volatile solids of the residues and the
inoculum. Gasholder bags were attached to each vessel to collect the gas from the headspace. The
vessels were placed upside down to enhance mixing which was done once a day for 10 minutes
with a magnetic stirrer. The complete setup was placed in a temperature-controlled room
maintained at 38 °C for 36 days. Gas production and its composition were monitored daily by
removing the gas holder bags to measure the volume of gas collected and as well as its
composition. The daily gas production was accumulated to determine the specific gas production.
The volume of gas was measured with a Ritter drum-type gas meter, Germany, after 5 1 of biogas
had accumulated in the gasholder. This was the minimum volume of gas required to turn the gas
drum through one complete revolution for accurate measurement.

3.2.4 Kinetic study

The modified Gompertz model [158,161] was used to model the kinetics of anaerobic digestion.
The experimented data was fitted to the Gompertz model (Equation 3.8). Using Microsoft Excel
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2013 solver function, the kinetic constants P, Rm, and @ were determined by minimizing the
squared errors between the experimental values and the predicted values using non-linear methods
as described by Pozdniakova et al. [162].

M(D) = Pexp [ —exp (*2) (8 - ©) + 1] (33)

Where M(t) is the cumulative biogas production (I/kgVS) at a given time, P is the specific
maximum biogas potential (I’kgVS), Rmis the maximum specific biogas production rate (I’kgVS-
day), @ is the lag phase of the anaerobic digestion process (day) and t is the reaction/retention time
(day).

The maximum time to achieve the highest volume of biogas generated was calculated using
Equation 3.9 as reported by Ran et al. [121].

toax = O + —— (3.9)

Rme

Cocoa and cashew residues are known to contain fermentable sugars which are likely to degrade
faster than the lignocellulose fibers which will take a longer time to degrade. As a result, a second
kinetic model (Equation 3.10) developed by Brulé et al. [163], which models the anaerobic
digestion as a dual-pool 2-step process was also used to fit the kinetic data.

Kexe Kvfal—Kyp, xe Kt

lee-vaat—vaaxe-Klt)]
Kyfa—Kf

My =Sx [ox (1+ ra—

J+a-wx(1+ (3.10)

Where M is the cumulative gas potential (I(N)/kgVS); S is the Substrate amount (I(N)/kgVS), a is
the ratio of the fast degradable fraction to slow degradable fraction; Kr is the rate constant for the
fast degradable fraction (day™); Ki is the rate constant for the slowly degradable fraction (day™)
and K.n is the rate constant for the formation of volatile fatty acids (VFA) (day™). The five

constants were determined using the solver function in Microsoft Excel 2013 by minimizing the
squared errors between the model and the kinetic data.

3.2.5 Hydrothermal pretreatment
3.2.5.1 Experimental setup

The hydrothermal pretreatment experiments were carried out in a Parr Instrument hydrothermal
process unit 4520. The unit comprised a 1 1 reaction vessel with a pressure gasket designed to
withstand a maximum pressure of 150 bar, a heating jacket equipped with a 2000 W heating coil,
a 550 (maximum) rpm stirrer with an attached motor and a temperature and a pressure sensor. To
enable the study of the combined effect of process temperature and reaction time on the biogas
yield, all other process parameters except the two were kept constant. Mass concentration for all
the experiments was maintained at 5% dry matter content. The mass of the empty reactor was first
weighed after which the specified mass of residues was weighed directly into the reactor.
Deionized water was used to top up the mass of the content of the reactor to 700 ml leaving a
headspace of 300 ml to allow for the expansion of the vapor during the process. Once the reactor
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was fixed in its place and the heating mantle was attached, heating was carried at a constant rate
of 2 K/min until the reaction setpoint temperature was attained. The 2 K/min heating rate was
maintained for all process temperatures. Once the reaction temperature was achieved, the inbuilt
controller maintained the reaction temperature for the specified reaction time. The heater was
immediately switched off after the reaction to allow the reactor to cool down by natural convection
since there are no cooling devices attached. The content of the reactor was separated with a
Buchner funnel attached to a vacuum pump into the hydrolysate and the solid fraction. The pH of
the hydrolysate was then measured with an electrode pH meter. The solid fraction was split into
two equal fractions. One of the fractions was immediately dried in an oven at 105 °C for 24 hrs,
while the other fraction was stored in a chest freezer at -20 °C for further analysis.

3.2.5.2 Experimental design

The pretreatment experiment was designed with a central composite response surface methodology
with 5 central points using Design Expert 11. Two independent process variables; temperature and
reaction time were varied between 150 — 220 °C and 5 — 15 minutes respectively (See Appendix
A-1). All other process parameters such as heating rate, the rate of stirring, and the mass
concentration were kept constant for each experiment. This resulted in 13 experimental runs. Two
independent response variables; lignin content and biogas potential were used to evaluate the effect
of the process parameters on the hydrothermal pretreatment process. The severity of the
pretreatment which is a function of temperature (T) and reaction time (t) was calculated using
Equation (3.11) [164].

logS=log[t*exp%} (3.11)

Where S is the severity of the hydrothermal treatment, t is the reaction time (s) and T is the reaction
temperature (°C).

The lignin content and the biogas potential experiment of the pretreated samples were used to fit
the linear and quadratic equations generated by Design Expert 11 (Equation 3.12 and 3.13).

¥ = Bo * BiXj + BiX; (3.12)
Y =8+ 2};1 B;X; + Z]k:1 B;X? + Yic Z};z BijXiX; (3.13)
Where y and Y represent the response variable for lignin content and biogas yield respectively; Bo

is the intercept; Pi and Pj are first-order coefficients and fii, Biij, Bjj and Pjji are the quadratic
coefficients.

3.2.6 Semi-continuous mono digestion of cocoa pods, cashew peduncle, and cashew bagasse

The limiting effect of organic loading rate (OLR) on the biogas yield and process stability of the
anaerobic digestion process was studied for all the residues (cocoa pods, cashew peduncles, and
cashew bagasse) under mesophilic conditions in continuously stirred tank reactors (CSTR). Eight
(8) reactors, each with a working volume of 5 1 were used for the experiments. To allow for the
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duplication of the experiment, each substrate was run on two reactors operating in parallel mode,
making a total of six reactors. The last 2 digesters were set up as a control experiment and fed with
only maize silage. The inoculum used was obtained from a municipal waste treatment plant
anaerobic digester and incubated for one week at mesophilic conditions to get rid of all residual
methane before using it for the study. Individual substrates were initiated at a low OLR of 2.5
kgVS/m?.day to avoid startup challenges. Feeding was done in equal fractions twice in a day and
only on weekdays. The digester was constantly stirred automatically with a motor drive except
during feeding and sampling when the stirrer is switched off.

3.2.7 Co-digestion in a continuous reactor

Co-digestion of cocoa pods, cashew peduncle, and cashew bagasse with maize silage was carried
out in a 5 | continuous stirred reactor (CSTR). The same reactor configuration running under
mesophilic conditions was used as described under section 3.2.6. To determine the effect of co-
digestion of the cashew peduncle with maize silage, on the biogas potential and the process
stability, initial feeding was prepared in a ratio of 50:50 to the cashew peduncle/bagasse: maize
silage respectively based on VS at an OLR of 2.5 kgVS/m?3.day. The composition of the feed was
varied by increasing the share of cocoa pods, cashew peduncles, and cashew bagasse
monotonically by 10% every 4 weeks while tailoring down the fraction of maize silage by the
same percentage but maintaining the same OLR (2.5 kgVS/m®.day). Feed composition changes
were carried out until mono digestion was achieved for both cashew peduncle and cashew bagasse.

3.2.8 Synergetic index (SI)

The synergetic index was determined by comparing the experimental methane yield of the co-
digested substrate to the weighted averages of the methane yield of mono digested substrates [165]
as shown in Equation 3.14. Synergetic effect was assigned to a ratio greater than 1, while the
antagonistic effect was assigned to a ratio of less than 1 [166].

SB
Sl = b 3.14
YL, SBiX; (3.14)
Where SB is the specific biogas yield of the co-digested substrate, i is the substrate, n is the nth
substrate, and X is the fraction of substrate in the feed composition in terms of volatile solids.

3.2.9 Analytical methods

The volume and composition of the biogas were measured daily with a Ritter drum-type gas
meter and VISITEhiem 02 gas analyzer respectively. Samples of the digestate were taken from
each reactor once a week and tested for the pH and total alkalinity (TAC), volatile organic acids
(FOS), and speciation of the volatile acids. The TAC and FOS concentration were determined by
titrimetric methods. The Chemical oxygen demand (COD) was determined following ASTM D-
1252 using standard photometric test kits (Hach Lange, Diisseldorf, Germany). The measurement
for each sample was carried out in triplicates and the average was used for the analysis.
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3.3 Hydrothermal carbonization
3.3.1 Experimental Setup

The hydrothermal carbonization process was carried out in a 1 liter Parr Instrument reactor. A
fixed mass of the fresh cocoa pods (350 g) and cashew peduncles (366 g) was used for each of the
experiments. To maintain a 10% total solid concentration, 350 g and 334 g of deionized water
respectfully for cocoa pods and cashew peduncle substrate was added to bring the total mass to
700 g, leaving a headspace of about 300 ml. The pH of the sample was measured before and after
the carbonization process. After each carbonization process, before the reactor was opened, the
gas in the headspace was evacuated into a gas bag. After opening the reactor, the carbonized
sample was separated into solid hydrochar and the hydrolysate with a Buchner funnel attached to
a vacuum pump. The wet hydrochar was then dried in an oven at 105 °C. Samples of the dried
hydrochar was used to determine the calorific value, ash content, and volatile solids. The
hydrolysate was stored at 4 °C until needed for further experiments.

3.3.2 Experimental design

The effect of process reaction temperature, heating rate, and reaction time on the fuel properties
of the hydrochar was studied. Each process parameter was varied at three different levels (see
Table 3.2). The reaction temperature was varied between 180 — 240 °C (Appendix B-2). The
heating rate which is measured as the time taken for the reactor to reach the reaction temperature
was varied between 2 and 10 K/min. Meanwhile, the reaction time was measured from the time
the reactor reached about 95% of the setpoint until the end of the reaction and was thus varied
between 1 — 8 hrs. A Box-Behnken response surface model with 3 central location allowing for
flexibility of rotation was used to design the experiment. This resulted in 15 runs (Appendix B-1).
The severity of treatment was determined using Equation 3.11 as described by several authors
[77,167,168].

Table 3.2: Hydrothermal pretreatment experimental design.

Parameter Unit Lower  Intermediate High
Level level level
A Temperature °C 180.0 210.0 240.0
B Heating rate K/min 2.0 6.0 10.0
C Reaction time Hr 1.0 4.5 8.0
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3.3.3 Yield of Hydrochar

The yield of the hydrochar was determined gravimetrically. The mass of the oven-dried hydrochar
after the carbonization process was divided by the original mass of the substrate used in terms of
the total solids as described in Equation 3.15.

m
MXTS

Yield(Y) = x100% (3.15)

Where m is the mass of the oven-dried hydrochar (g), M is the mass of cocoa pods substrate taken
for the carbonization process (g), and TS is the fraction of total solids contained in the substrate.

3.3.4 Energy Content

The energy content of hydrochar was determined by multiplying the yield of the hydrochar with
the higher heating value of the hydrochar as described in Equation 3.16.

E(Energy Content) = Yx C (3.16)

Where Y is the yield and C is the higher heating value of the hydrochar at the specific treatment
condition
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4. Results
4.1 Resource potential estimation
4.1.1 Cocoa beans production and processing

Ghana has been a leading producer and exporter of cocoa beans since 1948 when the crop was
officially identified as a potential cash crop. Since then, cocoa has maintained its lead as Ghana’s
main agricultural produce foreign exchange earner. Ghana has consistently maintained its position
as the second leading producer of cocoa beans in the world for the last two (2) decades. Over the
last decade, production of beans has averaged about 0.78 X 10° t annually. Cocoa beans procured
from the farmers are either sold to local processing companies that mainly process into cocoa
butter and press cake for export or exported as raw beans to processing companies outside the
shores of Ghana. Primary processing of cocoa beans into value-added products is a multi-billion-
dollar industry that involves dehusking, milling, and extraction of the butter. As of 2015, Ghana
had an installed cocoa milling capacity of about 0.53 X 10° t/a with the completion of the Touton
Cocoa Processing Company in 2017. Despite the seemingly impressive installed milling capacity,
less than 10% of the beans are processed locally [169]. The bulk (over 90%) of the beans are
exported mainly to Europe and Japan.

4.1.2 Cashew nut production and processing

Cashew is fast establishing itself as an important cash crop globally. According to Rabany et al.
[22], cashew nut overtook palm oil, rubber, banana, and cotton in 2014 and was only second to
cocoa in terms of export value in West Africa. Unlike cocoa beans, cashew nut was not considered
an important economic crop in Ghana until 2002 when after a comprehensive study by the Ministry
of Agriculture, cashew was identified as one of the key non-traditional economic crops for the
country. An initial assessment identified the three Northern Region: Northern, Upper East, and
Upper West and the Brong Ahafo regions as suitable areas for large scale cultivation of cashew
nut. The result of this study was the launching of the cashew initiative which saw the production
of cashew increasing from an average of 5 X 103 t/a in 1980-2000 to about 45 X 103 t/a in 2014
[170]. Ghana’s share of world cashew nut production has seen a marginal increase from about 1%
in2011 [171] to 2.6% in 2015 [22]. As shown in Figure 4.1, there is a wide variation between raw
cashew nuts (RCN) produced in Ghana and the total number of nuts traded. The wide difference
could be due to smuggling activities on the Ghana - Cote d’Ivoire and Ghana — Burkina Faso
borders, with the former accounting for the greater majority. According to Rabany et al. [22], the
annual production of cashew nuts in Ghana is expected to increase by 14 x 103 t/a 2016 - 2020.
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Figure 4.1: Cashew nuts produced and exported annually between 2003 and 2013 [170].

4.1.3 Residue to crop ratio (RCR) estimation

The main residues from the two crops are cocoa pods and shells and cashew peduncles, bagasse,
shells, testa, and cashew nutshell liquid oil. The residues are generated at various stages of the
processing chain. The pods and cashew peduncles are generated during the harvesting of the nuts,
while the cashew bagasse is generated during processing. The cocoa fruit which comprises the
pods and the beans is oval-shaped and comes in various sizes. On the average, cocoa fruit weighs
451 g. An average of 9.6 cocoa fruits yields 1 kg of wet beans, while 27 fruits yields 1 kg of dry
beans respectively [172]. Since national cocoa beans production figures are reported on dry basis
of the beans, the yield of cocoa beans on dry basis was used to estimate the RCR. In effect, about
the weight of 27 fresh cocoa fruits will amount to about 12,285 g. However, the fresh beans
contained in the 27 pods will amount to 2,812 g. Therefore, applying Equation 3.1 will result in an
RCR 0f 9.3.

Just like cocoa, cashew peduncles vary in sizes, thus the weight depends on the type. Red cashew
apples are usually smaller than yellow apples which are also usually smaller than orange apples
according to [23]. The mass of cashew apples and nuts in Ghana are presented in Table 4.1. Yields
of cashew in Ghana are reportedly quite low, even though a substantive increase from 400 — 800
kg/ha have been recorded over the last ten years [173]. RCR of cashew peduncles was estimated
to be about 6.4 on a wet basis.
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Table 4.1: Average mass of cashew peduncles and nuts in Ghana based on field investigations
from 20 farms in Ghana in 2017.

Type of cashew nut Average mass of fresh Average mass of fresh
fruits (g) cashew nut (g)

New breed from Brazil 105 14

Local breed 52 12

Average 78.5 13

4.1.4 Resource potential of residues

Results of the theoretical resource potential of cocoa and cashew residues using the estimated
RCRs are presented in Table 4.2. Cocoa pods are by far the largest residues in terms of quantities.
Using the average crop production over the last ten years, about 7.2 X 10° t of cocoa pods is
generated annually. If the government can achieve the 1 million tons of cocoa beans target, which
might be only possible after about 3 years, then a corresponding 9.34 x 10° t of cocoa pods will
be generated annually. Similarly, current cashew peduncles resource potential based on the
average annual nut production of 0.035 X 10° t/a was estimated to be about 0.226x 10° t/a. Apart
from cashew bagasse, the potential and actual residue generation were similar for cocoa pods and
cashew peduncle. The difference in potential and actual residue generation for cashew bagasse
arises from the current situation where only utilization of cashew peduncles in Ghana is only 10%.
In the event that all the cashew peduncle residues are processed into either juice or alcohol, the
remaining residues will constitute the potential residue generation.

Table 4.2: Cocoa and cashew nut residue potential in Ghana based on average production levels
from 2003 —2015.

Average . POt.emlal Actual residue
. Residue residue .
Crop type | production, RCR . generation,
x 10° t/a type generation, o 106 t/a
x 10° t/a
Cocoa 0778 Cocoa pods 9.3 (wet basis) 7.2 7.2
beans Cocoa pods 2.5 (air dry basis) 1.945 1.945
Cashew 6.04 (wet basis) 0.226 0.226
peduncles
Cashew nut | 0.035 Cashew 2 (air-dry basis) 0.075 0.075
peduncle
Cashew 4.8 (wet basis) 0.1808 0.0018
bagasse
1.5 (air-dry basis) 0.0525 0.00525
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4.1.5 Current residue utilization

Cocoa and cashew nut crop residues have various uses in the local industry. Cocoa pod, for
instance, is known for its high potash content [49,50]. The ash obtained after combusting the dried
pod is rich in potassium carbonate and thus a good source of cheap alkali for soap production. Due
to the unregulated nature of traditional soap manufacturing in Ghana, it was difficult to estimate
the quantities of cocoa pods used for soap making. When ripe, the cashew peduncles turn bright
red, yellow, or orange, delicious and can be eaten raw without processing. It is mainly fleshy and
could contain between 10 —29.9 ml of juice [56]. The peduncle, even though delicious, is not eaten
in Ghana. An old myth that the juice becomes toxic when mixed with milk and could lead to instant
death is to blame for the misconception. As a result, the peduncle is left on the farms to decay after
harvesting the nuts. Processing of the peduncles is made much complex by the short shelve life of
the peduncle. According to Das and Arora [23], the reactivity of the apples doubles for every 10
°C rise in temperature. Harvested peduncles must, therefore, be processed as quickly as possible
or risk going bad. Further, fallen ripe peduncles are a delicacy of bats and other birds. The risk of
salmonella contamination of ripe fallen peduncles from Bats is thus high. Currently, Mim Cashew
Limited and Pinora Ltd are the only companies commercially processing the peduncle. Mim
Cashew processes peduncles from its 60 hectares farm into gin leaving behind the fibrous material
(bagasse) as waste. The capacity of the plant is however small, 6 — 7 t/day of fresh peduncles.
Pinora exports the pressed juice from the apples from its 4,500 t/a processing plant. In total, current
utilization of cashew peduncle residues is about 3%. However, in order not to overestimate the
resource potential, a 10% utilization for other purposes is used in this thesis. The result of the
technical potential of the residues after taking out the current residue utilization and the
unrecoverable from the theoretical residue potential are presented in Table 4.3.

Table 4.3: Technical potential estimation for cocoa and cashew nut residues in Ghana.

Actual Recoverable Technical
Residue type | Potential, Use in Ghana Utilization o > potential,
% 106 t/a ° x 10° t/a
Fresh cocoa 72 Soap making <1% 50% 3.564
pods
Cashew 0.226 Alcohohc~ ‘ <10% 50% 0.1017
peduncles beverage, juice
Cashew 000181  Animalfeed  20% 100% 0.00036
bagasse

4.1.6 Regional distribution of residues

Ghana is not known for having large agricultural plantations as pertains to other countries. The
cultivation of cocoa is dominated by peasant farmers who form the bulk (88%) of the over 800,000
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households involved in cocoa farming. The average farm size of each household is about 2 acres
culminating in a total of 1.6 million acres of cultivated land. As shown in Figure 4.2, the cultivation
of cocoa is spread across six out of the ten regions of Ghana. While production from the Ashanti
Region has been relatively stagnant in the last two decades, the Western region has seen a
significant increase in production level since 1984/85 crop season, surpassing the Ashanti Region
as the leading producer of cocoa beans in Ghana as shown in Figure 4.3 Harvesting of the crop
takes place twice in the Calendar year. The major crop season is from September — March, while
minor crop season is from May-August. Due to the weight of the crop, and the fact that cultivation
of the crop is manually driven, the harvested cocoa fruits are cut open on the farms. Though not a
recommended farm practice, the pod residues are left on the farm in a pile after the beans have
been removed.

Apart from the Olam Cocoa Processing Company, which is located in Kumasi and WAMCO in
Takoradi, all the remaining active cocoa milling facilities are situated in the free zone enclave of
Ghana near the Tema harbor.
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Figure 4.2: Regional distribution of cocoa-growing areas in Ghana and their respective residue
generation potential computed with data from Ghana Cocoa Board.
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Figure 4.3: Regional distribution of cocoa beans production in Ghana [174].

Cashew production takes place in about four regions in Ghana as shown in Figure 4.4. However,
the bulk of cashew nuts are produced in the Brong Ahafo and Northern regions. Sampa is the
epicenter of cashew nut production in Ghana. The cultivated area has increased steadily from 35
000 hectares in 2003 to about 89 000 hectares in 2014. Cashew nut cultivation is not very much
different from cocoa beans production. Several households are involved in the cultivation of
cashew nuts in Ghana. According to the African Cashew Initiative [170], over 400,000 households
are involved in the cultivation of cashew in Ghana with farm sizes ranging between 2 and 15
hectares. A recent survey carried out by the Ministry of Agriculture established that cashew could
grow very well in non-cocoa growing areas in Ghana. This implies, the whole of Northern region,
part of Central, Greater Accra, Eastern and Volta Regions were cocoa is not cultivated could be
used to cultivated cashew.
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Figure 4.4: Current Cashew growing areas and location of major processing facilities in Ghana
drawn with data from the Crop Services Directorate of the Ministry of Food and Agriculture.

4.1.7 Greenhouse gas emissions from cocoa pods and cashew peduncles.

Untreated agricultural residues have the potential to contribute significantly to the emission of
greenhouse gases. Cocoa pods and cashew peduncles are often left on the farm in heaps to decay
naturally in an uncontrolled way. Using the IPCC methodology to model the greenhouse gas
emissions, the uncontrolled disposal of cocoa pods and cashew peduncles in Ghana resulted in an
average greenhouse emission of 10.37 and 0.21 MtCOzeq/annum respectively over the last 10 years
as shown in Figure 4.5. Cumulatively, about 137.4 MtCO2eq emissions have been released from
the non-treatment or uncontrolled disposal of these two residues from 2003 to 2015. A second-
order polynomial growth model was developed based on the assumption that Ghana will continue
to grow the same cocoa and cashew breed with similar yield characteristics as compared to current
ones and the area of cultivation might increase only marginally. Using this model as shown in
Equations 4.1, 4.2, and 4.3, it is estimated that, the cumulative emissions from the uncontrolled
disposal of cocoa pods and cashew peduncles could reach about 210 and 375 MtCOazeq by 2020
and 2030 respectively as shown in Figure 4.6.
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Figure 4.6: Greenhouse gas emissions from cocoa pods and cashew peduncle residues using a
second-order polynomial forecast model.

Cumulative Emission (E) = 0.1779 (Y — 2003)? — 704.05(Y — 2003) + 0.6964 x10°;
R?=0.9989 “.1)
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Cocoa pods Emissions (E) = —0.0217(Y — 2003)? + 87.352 (Y — 2003) — 87957;
R?=0.2972 4.2)

Cashew peduncles Emissions (E) = 0.0005(Y — 2003)? — 1.8991(Y — 2003) — 1876.4;
R?=0.9821 (4.3)

4.1.8 Physical and chemical characteristics of the residues.

Result of the physical and chemical characteristics are presented in Table 4.4. The moisture content
and volatile organic solids of cocoa pods and cashew peduncles were similar. Cashew bagasse and
cashew peduncles, on the other hand, contained lower lignin and cellulose fractions. However, the
hemicellulose fraction in cashew bagasse was quite high representing about 20.13% of the
structural carbohydrates. This could be as a result of the extraction of the juice leaving behind the
fibrous material. The carbon:nitrogen ratio (C/N) for both the cashew peduncles and cashew
bagasse is 27 and 22 respectively. The HHV of the residues were similar and fell in the range of
16.71 — 18.60 MJ/kg on a dry basis. Cocoa pods had the highest fraction of lignin and cellulose in
the structural carbohydrates among the residues. Comparatively, the elemental carbon content was
highest in the cashew peduncles than in cocoa pods and in cashew bagasse. The carbon:oxygen
ratio (C/O) were similar for all the three residues. Also similar was the oxygen:hydrogen ratio
(O/H)s for all the residues.

Table 4.4: Physical and Chemical properties of the cocoa and cashew residues after thawing and
the inoculum.

Parameter Unit Cashew Cocoa pods Cashew
bagasse peduncles
Proximate analysis
Moisture content %0S 67.20 79.70 80.90
Total solids %0S 32.80 20.30 19.10
Volatile solids %TS 98.50 92.60 97.99
Crude Ash (550 °C) %TS 1.52 7.39 2.10
Ash (815 °C) %TS 0.015 0.064 0.021
HHV MJ/kg 18.60 17.73 16.71
Ultimate analysis
N %0S 1.53 1.42 2.03
C %0S 42.25 44.60 45.99
S %0S 0.06 0.08 0.37
o %0S 44.50 43.00 49.10
H %0S 6.30 6.00 6.70
C/N 27.64 31.34 22.69
H/C 0.15 0.13 0.15
o/C 1.05 0.96 1.07
Fiber analysis
Lignin %TS 11.01 21.29 7.24
Cellulose %TS 12.19 26.10 8.81
Hemi-Cellulose %TS 20.13 4.82 9.36
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NB: TS = Total Solids; OS = Original Sample

4.1.9 Major and minor mineral content

The result of the mineral content analysis is shown in Table 4.5. Minor elements content was
higher in the cashew peduncles than in cashew bagasse. This is expected since some of the minerals
would be in the liquid phase and as a result will be lost during the mechanical extraction process
of the hydrolysates. Similarly, the mechanical process of hydrolysate separation could be the
reason for the high major element content of the cashew bagasse than the cashew peduncles due
to the possibility of wearing of the metal surfaces in the crushers into the bagasse. Comparatively,
results for the cocoa pods were consistently higher than both cashew peduncles and cashew
bagasse. The effect of the soil characteristics where the cocoa pods and cashew peduncle and
cashew bagasse were obtained cannot be overlooked. The soil characteristics could have affected
the mineral concentration, thus the result must be put into perspective and applied as such.

Table 4.5: Minor and major minerals content of the cocoa and cashew residues.

Parameter Unit Cashew Cocoa pods Cashew
bagasse peduncles

Phosphorus %TS 0.14 0.39 0.15
Potassium %TS 0.61 3.22 0.95
Sodium %TS 0.08 0.45 0.10
Magnesium %TS 0.01 0.00 0.02
Calcium %TS 0.05 0.30 0.02
Copper %TS 13.34 29.09 6.28
Nickel %TS 1.18 8.66 0.90
Zinc %TS 10.84 56.23 12.27
Iron %TS 65.89 351.24 24.64
Boron %TS 14.74 54.92 6.46
Cobalt %TS 0.05 0.83 0.03
Magnesium %TS 14.39 50.10 8.33
Molybdenum %TS 0.16 0.38 0.10
Selenium %TS 0.24 0.19 0.12
Aluminum %TS 14.46 318.59 6.61

TS = Total Solids; OS = Original Sample

4.2 Biomethane potential
4.2.1 Theoretical biomethane potential

Using the Buswell equations (3.1) and equation (3.2), the theoretical biogas and biomethane
potential (BMP) were determined (Figure 4.7). Cocoa pods had the highest biogas potential of
about 922 1/kgVS with a biomethane content of about 51%. The BMP of cocoa pods was followed
closely by cashew bagasse and cashew peduncles, both with a biogas potential of about 871 1/kgVS
but with a similar methane content of 51% just as cocoa pods. The theoretical biomethane potential
of cocoa pods, cashew peduncle and cashew bagasse were compared to potential biomass
feedstock compiled by Allen et al. [9]. The BMP of the residues were found to be comparable to
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the theoretical biomethane potential of maize silage (898 1(N)/kgVS), brown algae (Laminaria
digitata) (939 I(N)/kgVS), Seaweed (Alaria esculenta) (929 1(N)/kgVS), and seaweed (Ulva
lactuca) (970 I(N)/kgVS)), domestic food waste (923 I(N)/kgVS) and green city park waste (925
1(N)/kgVS).
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Figure 4.7: Calculated theoretical biogas and biomethane yield of cocoa pods and
cashew residues compared with other residues biomass feedstock compiled by Allen
etal. [8].

4.2.2 Batch test biomethane potential (BMP)

Result of the BMP carried out in the batch 500 ml bottles of the residues are shown in Table 4.6.
The result shows that the cumulative daily biogas potential of cocoa pods and cashew peduncles
are similar. After 28 days of retention, the cumulative biogas potential of cocoa pods was about
374.5 1/kgVS with a corresponding methane fraction of 51% representing about 40% of the
theoretical BMP estimation. The low biodegradability index of cocoa pods could be due to the
high lignin and hemicellulose content. Cashew bagasse recorded the lowest biogas potential of 288
1/kgVS. This represents about 33% of the theoretical potential and 77% of the BMP of cashew
peduncles and cocoa pods. The relatively low biodegradability index of the residues is a
confirmation of the recalcitrance of lignocellulosic residues to anaerobic digestion.

47



Table 4.6: Biogas yield of residues from the bench-scale experiment.

Substrate S/ Specific biogas yield Biodegradability
(kgvs /kgvs)  1(N)/kgVS Index

Cashew peduncles 0.30 357 0.41

Cashew bagasse 0.30 288 0.33

Cocoa pods 0.30 357 0.41

Pure cellulose 0.30 703 0.83

s/l = substrate to inoculum ratio

4.2.3 Kinetic study

The data fitting exercise generated the kinetic constants in Table 4.7 which were used to model
the kinetics of the reactions using the modified Gompertz and the 2 pool 2 step models (equations
5.4 and 5.5) as shown in Figure 4.8. The R? of the Gompertz model for the 3 residues was between
the range of 0.90 — 0.96 with cashew bagasse recording the highest of 0.96. A zero-lag phase was
obtained for all the residues. This is an indication of the presence of readily digestible sugars which
could lead to the instantaneous production of methane. The result showed that the maximum
specific biogas production rate could be reached in approximately 1.55, 2.0, and 1.67 days
respectively for cashew peduncles, cashew bagasse, and cocoa pods. Further, for purposes of
engineering design tso, the time taken to reach 80% of the cumulative biogas potential was
calculated. Anaerobic digestion of cocoa pods, cashew peduncles, and cashew bagasse without
pretreatment can reach 80% of their maximum biogas potential in 4.2. 4.0 and 5.0 days
respectively.

Table 4.7: Modified Gompertz model and dual-pool 2-step model constants used to model the
kinetics of the anaerobic digestion process.

Dual-pool 2-step model Modified Gompertz model

Constants  Ki o Kr Kvta S R? P Rm @  tmx R?
Units day' - day' day' I(N)k IkgV  VkgV day Da

gVs S S-day y
Cashew 009 0.6 075 11964 370.0 0.998 |332.5 7895 0 1.5 0.903
peduncles
Cashew 10.7 09 025 1575 300.0 0.992 |274 5033 0 2.0 0.963
bagasse
Cocoa 0.08 0.7 11.0 042 4087 0998 | 3456 7631 0 1.7 0918
pods
Cellulose  0.17 0.8 0.16 27858 724.7 0.959 [680.9 1193 1.6 3.7 0.993
(Standard)
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The result of the dual-pool 2-step model is shown in Figure 4.9. The dual-pool 2-step model fitted
the kinetic data better than the Gompertz model with R? in the range 0of 0.9927 — 0.9988. According
to Table 6, the ratio of the fast degrading fraction to the slow degrading fraction of cashew
peduncles (0.6) was similar to cocoa pods (0.7) but different for cashew bagasse (0.9). While the
fast degrading fractions of cashew peduncles and cocoa pods reach their maximum potential and
saturates after 7 and 10 days respectfully, the slow degradation fractions show a potential of
continuous degradation beyond the retention time (28 days) for especially cocoa pods.
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4.2.4 Thirty (30) 1 batch anaerobic digestion (AD) reactor test

Much as result from small-batch reactors (500 ml) is quite useful in predicting the actual methane
potential, results from large-sized reactors tend to mimic real plants better and are thus needed to
inform the correct engineering design of biogas digesters. The result of the large-scale experiments
(30 1 reactors) is presented in Table 4.8.

Table 4.8: Specific biogas and biomethane yields of the residues (30 I batch).

Units Cashew Cashew Cocoapods  Cellulose
peduncles bagasse

S/ kg /kgm  0.33 0.42 0.29 0.42
Specific biogas 1(N)kgVS 543 457 432 712
yield
Specific I(N)/kgVS 286 250 237 337
methane yield
Methane 52.67 54.70 54.86 47.33
fraction
Biodegradability 0.62 0.52 0.47 0.84
index

S/I = Substrate to inoculum ratio

In comparison with the bench-scale experiments, the specific biogas yield was consistent for
cellulose but wide deviations for all three residues were observed. All three residues reported
higher biogas yield when compared to result with the 500 ml reactors. Cashew peduncles recorded
the highest specific biogas yield of 543.2 I(N)/kgVS representing 62% of the theoretical yield as
shown in Figure 4.5. The specific biogas potential of the cashew bagasse also improved from 288
to 457 1(N)/kgVS. This resulted in the biodegradable index of cashew bagasse also improving from
0.33 to 0.52. The result for cocoa pods shows a marginal increase in the biodegradability index
from 0.41 to 0.47 which is still below 50% of the theoretical available biogas potential. This could
be due to the longer retention time of 36 days rather than the 28 days used for the bench-scale
reactor test which could have allowed for the degradation of a fraction of the hemicellulose fraction
of the residues. Further, this could also be attributed to better adaptation of the methanogenic
bacteria leading to partial but significant hydrolysis of the hemicellulose.

4.2.5 Kinetics of the reaction

The kinetic 2-step dual-pool model was fitted to the result of the pilot study using the constant
obtained from the bench-scale batch BMP test (Figure 4.10). While the model accurately predicted
the cumulative biogas production of cocoa pods, it failed to correctly predict the biogas yield of
cashew peduncles and cashew bagasse. The model deviated from the experimental results,
reaching a difference of about 200 ml/kgV'S between the experimental value and the model by the
end of the experiment for both cashew bagasse and cashew peduncles. This was quite an anomaly
especially given the quantum of the deviation for both the cashew peduncle and the cashew
bagasse. This was due to the significantly higher observed biomethane potential for both substrates
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as compared to the bench-scale BMP test. Unlike the BMP of cocoa pods, the higher BMP of
cashew peduncle and cashew bagasse could not be explained by the longer retention time. Rather,
a more possible explanation could be the inoculum used. No inhibition, as a result of rapid
hydrolysis, was observed.
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using previously determined kinetic constants.
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4.2.6 Effect of hydrothermal pretreatment on cocoa pods
4.2.6.1 Effect of hydrothermal pretreatment on fiber analysis of cocoa pods

Hydrothermal pretreatment is mainly employed to increase the hydrolysis rate by hydrolyzing
fractions of the structural carbohydrates. This was largely found to be true. The composition of the
structured carbohydrates was found to be changing in response to increasing the hydrothermal
pretreatment process severity (Figure 4.11). The fraction of hemicellulose in the pretreated
samples was found to decrease with increasing severity of treatment. For instance, the
hemicellulose content in the pretreated cocoa pods fibers reduced from 5.2% at a severity 2.0 to
2.3% at a severity of 4.9. Despite the observed decrease in the hemicellulose content in the
pretreated cocoa pods fibers with increasing process severity, the linear correlation between
hemicellulose fraction and process severity was found to be weak with an R? of 0.3691.
Similarly, a negative correlation was observed between the cellulose fraction of the structural
carbohydrates and the process severity. A marginal reduction in the cellulose fraction of the
pretreated cocoa pods fibers from 36.1% at 2.0 severity to 32.9% at a severity of 4.9 was observed.
Contrary to the observed decrease in hemicellulose and cellulose fractions in the pretreated cocoa
pods samples, the process severity correlated positively with the lignin content. An increase in
lignin content was observed with increasing process severity. The increase in the percentage of
lignin after pretreatment showed that, while the hydrothermal process was able to solubilize the
cellulose and hemicellulose into simple carbohydrates, its ability to deconstruct the lignin and
make it more accessible to digestion was limited. As a result, while the cellulose and hemicellulose
fractions decreased, the lignin content rather increased from 29.7% to 35.0%, at process severities
of 2.0 and 4.9 respectively for cocoa pods. It was further observed that process severity and lignin
content of the pretreated samples correlated better with the coefficient of linear correlation R? of
0.7176.
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Figure 4.11: Effect of severity of hydrothermal pretreatment on the structural carbohydrates of
three residues [175].

4.2.6.2 Effect of hydrothermal pretreatment on biogas yield

No clear trend was observed between the biogas yield of the pretreated cocoa pod and the process
severity. While biogas yield increased in some cases, severe process inhibition leading to reduced
biogas yield or complete process failure was also observed. Generally, lower than 3 process
severity resulted in higher biogas yield than higher severities (above 3) which resulted in lower
biogas yield than the untreated sample even though there was an exception. For instance, at process
severity 2.03, the specific biogas yield (606 I(N)/kgVS) was the highest (Figure 4.12). This
represented an increase of 70% above the actual biogas potential (See Table 4.9). An increase in
process severity to 2.17 however, resulted in a marginal increase (1%) in biogas yield. This
notwithstanding, a further increase in process severity to 2.6 and 2.9 resulted in identical biogas
yield of about 556.6 and 559.5 1(N)/kgVS respectively representing about 57% increase in yield
above the specific biogas yield of the untreated sample. This was also an anomaly since it was
expected that more toxins would have been produced during the extended reaction time leading to
the cessation of biogas production.

The result further pointed to serious process inhibition above process severity of 3.0 in most cases.
The biogas yield for instance of the pretreated cocoa pods samples at process severities of 3.5, 3.7,
and 4.9 resulted in complete process failure. The biogas yield was lower than the blank, an
indication that the process was seriously inhibited. This was however not the case at process
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severity of 4.2. Instead of complete failure of the digestion process, lower specific biogas yield
representing 25% of the specific biogas yield of the untreated cocoa pods was observed. An
anomaly was observed at the process severity of 4.7. A 10% increase in the specific biogas yield
(393.57 1(N)/kgVS) over the untreated cocoa pods sample was observed. This was largely
unexpected and did not follow the earlier trend of reduced specific biogas yield at severities above
3.
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Figure 4.12: Cumulative biogas production from pretreated and untreated cocoa pod samples
[175].
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Table 4.9: Summary of results of fiber analytics before and after hydrothermal pretreatment
[175].

Test Severity Lignin Cellulose Hemi- Biogas Increase

conditions (ADL) cellulose yield in yield
- % % % L(N)/kgVS

Untreated 0.00 21.60 26.10 4.82 357.00 1.00

135 °C_10 2.03 29.75  36.13 5.20 606.77 1.70

min

150°C_5 2.17 29.07 3591 9.26 369.37 1.03

min

150 °C_15 2.65 32.16  36.85 441 556.60 1.56

min

185 °C 3 298 3294  36.13 5.20 559.52 1.57

min

185 °C_10 3.50 33.14 3572 3.22 failed -

min

185 °C_17 3.73 31.59 3441 6.53 failed -

min

220 °C 5 423 35.64 3298 2.68 88.49 0.25

min

220 °C_ 15 4.71 36.21  32.67 2.48 393.57 1.10

min

234 °C_10 494 3499 3290 2.35 failed -

min

4.2.6.3 Response surface methodology (RSM) analysis

The result of the fiber analysis and the specific biogas yield were fitted to two separate models.
This was done by minimizing the sum of least squares using Design Expert 12 to determine the
constants in Equations 6.2 and 6.3. The curve fitting resulted in Equations (4.4) and (4.5). The
lignin response model was significant with an F-value of 15.25 and a 0.09% chance that such an
F-value could occur due to noise. Similarly, the biogas yield response factor was significant with
an F-value of 75.06 and a P-value of 0.001. Additionally, the lignin response model was
insignificant with respect to the lack of fit. The lack of fit F-value was 3.02 with a P-value of 0.152.
The adequate ratios for both signals were above 4. Results of the analysis of variance and the
significance of the models are summarized in Table 4.10.

Lignin content = 20.11144 + 0.064358 * T + 0.04365 * t 44

Gas output = —12999 + 147.48 « T + 2036.26 * t — 21.58 * T x t — 0.39 * T2 — 15.69 = t* +
0.05 % T2 xt+ 0.12 T * t2 4.5)

Where T is the process temperature (°C) and t is the reaction time (min)
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Both models have an acceptable coefficient of linear correlation R? of 0.75 and 0.99 for the lignin
and gas yield response factors, respectively. This implies the models can be used to predict the
lignin content and the specific gas yield of subcritical hydrothermally pre-treated cocoa pods
residues. The result further showed no interaction between the process parameters investigated in
the case of the lignin response factor. The 3-D surface response plots of the two response factors
and the plot of actual and predicted response are shown in Figure 4.13. The perturbation plot
(Appendix C-1) shows that temperature was the dominant factor in comparison with reaction time
for the lignin content response factors. This can be seen from the steepness of the temperature
curve as compared to the near horizontal curve of the reaction time. Further, the interaction curves
showed that no combined interaction effect was observed for the lignin response factor (see
Appendix C-2). The perturbation curves for the specific biogas yield response factor showed the
negative correlation between temperature and reaction time with the specific biogas yield factor
(Appendix C-3). No clear difference could be elicited from the two curves as both were similar
thus indication none was dominant over the other. Further analysis of the interaction plot showed
significant multiple interactions between the two process parameters (Appendix C-4).

Table 4.10: Summary of analysis of variance for the two response factors - lignin content and
biogas yield.

Lignin content response Gas yield response
df SS MS  F- P- df SS MS F- P-

value value value value

Model 2 4097 2049 1525 0.0009 |7 7.73E5 1.10E5  75.60 0.0001

Residual 10 1343 1.34 5 7304.78 1460.96

Lack of 6 11.00 1.83 3.02 0.1520 |1 7304.78 7304.78

fit

Pure 4 243 0.61 4 0.00 0.00

error

R? 0.7531 0.9906

Adequate 1143 21.24

precision

df = degree of freedom; SS = Sum of Squares; MS = Mean Square
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Figure 4.13: Surface Response model plot of the lignin content in the pretreated samples (A),
Surface response model for biogas yield (B), Actual lignin content vrs the predicted lignin
content (C) and Actual gas yield vs the predicted gas yield (D).

4.2.3.4 Process optimization

The regression equations (Equations 4.14 and 4.15) were used to optimize the hydrothermal
process conditions for optimum specific biogas yield. To obtain the optimum specific biogas yield,
the process temperature was minimized, while the reaction time and lignin content were fixed in
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range. The result of the optimization was a specific biogas yield of 526 1(N)/kgVS obtained at a
temperature of 150 °C and 15 minutes reaction time.
4.2.7 Semi-continuous anaerobic digestion study

4.2.7.1 Semi-continuous co-digestion of cocoa pods, cashew peduncle and cashew bagasse with
maize silage

Further, the specific biogas production was determined to be 633 1(N)/kgVS-added, 521
1(N)/kgVS-added and 516 I(N)/kgVS-added (Figure 4.14) respectively for cashew peduncle-maize
silage, cashew bagasse-maize silage, and cocoa pods maize silage with the following
corresponding biomethane fraction of 51.7%, 52.5% and 51.16% (Figure 4.15). Biogas production
rate from the control experiment which was feed with only maize silage averaged 639 1(N)/kgVS-
added with a biomethane fraction of 52%. When the feed ratio was increased to 60:40, a marginal
decrease in specific biogas yield was observed in all cases. Specific biogas yield for cashew
peduncle-maize silage feed composition decreased from 631 to 621 I/kgVS-added. The cumulative
biogas yield reduced further to 521 1/kgVS-added and then to about 463 I/’kgVS-added when the
composition of the co-substrate (cashew peduncle) was increased. This trend in a marginal
decrease in specific biogas yield as a result of increasing the percentage of the co-substrate in the
feed composition continued for feed ratios of 70:30 and 80:20 except for 90:10 where there was a
marginal increase as shown in Figure 4.14. At a feed composition of 90:10 and 100:0, the
cumulative biogas yield reduced from 546 to 442 1/kgVS-added respectively. A similar trend of
reducing cumulative biogas yield was observed for cashew bagasse-maize silage feed composition.
As the percentage of cashew bagasse increased in the feed composition from 50% to 90%, the
specific biogas yield decreased from 521 to 394 1(N)/kgVS-added. Likewise, the specific biogas
yield of cocoa pods:maize silage feed composition also decreased linearly from 516 to 292
I(N)/kgVS-added when the fraction of cocoa pods was increased from 50% to 100%. The daily
biogas and biomethane yields are summarized in Appendix E-1.
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Figure 4.14: Specific biogas (A) and biomethane (B) yield with standard error bars from co-
digested cashew peduncle/bagasse with maize silage at various feed composition.

4.2.7.2 Synergetic index

The synergetic effect is one of the main advantages of co-digestion. This could be as a result of
improved carbon:nitrogen ratio, trace metal in one of the substrates and or rapid hydrolysis of
either the main or co-substrate. The synergetic index was determined by comparing the specific
biogas yields of the co-digested substrates to the weighted averages of the specific biogas yields
of the mono digested substrates. The result points to a positive synergetic effect at all feed ratios
for cashew peduncle: maize silage feed composition (Figure 4.15A). For instance, mono digested
maize silage produced a specific biogas yield of 606 1(N)/kgVS-added (Figure 4.16D), and mono
digested cashew peduncle also produced about 440 1(N)/kgVS-added. However, the combined
specific biogas yield from the 50:50 co-digested substrate (633.75 I(N)/kgVS-added) exceeded the
summation of fractions of the individual specific biogas yield of each substrate (550.5 1(N)/kgVS-
added) by about 83 I(N)/kgVS-added. Two sample t-test analysis showed however that the
synergetic effect depended on the feed composition. For instance at 50:50 and 30:70 cashew
peduncle:maize silage feed composition, the difference in gas production was significant with a p-
value of 0.0181 and 0.037 respectively. Similarly, the result for 90:10 feed composition was also
significant with a p-value of 0.033. However, at feed composition of 60:40 and 80:20 cashew
peduncle:maize silage, the t-test analysis showed that the increase in gas production was not
significant.
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In the case of the co-digested cashew bagasse and maize silage substrate, an antagonistic effect
was rather observed (Figure 4.15B). There was a marginal decrease in biogas yield at all feed
composition considered in this study. The biogas yield from the co-digested substrates was
observed to be lower than the calculated yield from the individual substrate. Despite the
antagonistic effect observed, the difference in gas production was insignificant.

Similarly, a marginal difference in biogas yield was observed for cocoa pods-maize silage feed
composition (Figure 4.15C). For every percentage increase in the amount of cocoa pods in the feed
composition, the specific biogas yield declined by 4.7 I(N)/kgVS-added. The methane content of
the biogas did not change much with increasing cocoa pods in the feed composition. It averaged
about 50%. The decrease in specific biogas yield was expected, given that in the control
experiment which was fed with only maize silage, the specific biogas yield was 606 1(N)//kgVS-
added which was twice as much as the specific biogas yield of 100% cocoa pods feed composition
(298 1(N)/kgVS-added). This notwithstanding, when the actual biogas yield was compared to the
predicted biogas yield a trend of higher biogas yield was observed for 50:50, 60:40, and 70:30
cocoa pods-maize silage feed composition. However, there an extent to which the promotional
effect was possible. At 80:20 difference in actual and predicted specific biogas yield was marginal.
At 90:10 antagonistic effect was observed leading to a lower specific gas production than the
predicted specific biogas yield. However, the difference between the actual yield and the predicted
yield was not significant with p values of 0.06, 0.10, 0.16, 0.06, and 0.31 respectfully for 50%,
60%, 70%, 80%, and 90% cocoa pods in the feed composition.
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4.2.7.3 Mono digestion and the effect of increasing organic loading rate (OLR) on biogas
biomethane yield of cashew peduncle, cashew bagasse, and cocoa pods

The result of the specific biogas yield from the semi-continuous digestion of cocoa pods, cashew
peduncle and cashew bagasse are shown in Table 4.11, while the biomethane yield are shown
Table 4.12. The results show that at OLR of 2.5 kgVS/m’.day and 3.0 kgVS/m?.day mono
digestion of cashew peduncle had the highest biogas yield, whereas cocoa pods had the lowest.
Mono digestion of cashew peduncle was possible until OLR of 3.0 kgVS/m’.day. At OLR of 3.5
kgVS/m?.day, the mono digestion of cashew peduncle experienced some process inhibition (See
Figure 4.16 A). This resulted in declining specific biogas yield until the process completely failed
leading to zero specific biogas being recorded. On the contrary, the mono digestion of cashew
bagasse proceeded smoothly without any process inhibition at OLR of 3.5 kgVS/m®.day and 4.0
kgVS/m?.day (Figure 4.16B). The digestion of cocoa pods residues on the hand did not experience
any process inhibition up to OLR of 5.0 kgVS/m?3.day (Figure 4.16C).

Table 4.11: Specific biogas yield of mono digested cashew peduncle, cashew bagasse and cocoa
pods.

OLR (kgVS/m®.day) Specific biogas yield (I(N)/kgVS-added)
Cashew peduncle Cashew bagasse Cocoa pods
2.5 437.70 +£3.25 39275 +£16.11 286.25 +5.40
3.0 398.25+19.14 371.67+3.21 265.00 £ 16.18
35 214.65+£93.23 413,75+ 11.77 273.25+5.02
4.0 0 402.00 + 1.44 246.67 +£10.37
4.5 - - 234.75+9.08
5.0 - - 239.00 + 8.89

Table 4.12: Specific biomethane yield of mono digested cashew peduncle, cashew bagasse and
cocoa pods.

OLR (kgVS/m®.day) Specific methane yield (I(N)/kgVS-added)
Cashew peduncle Cashew bagasse Cocoa pods
2.5 226.75+3.01 194.00 + 8.53 142.50 £2.32
3.0 205.25 £ 14.17 183.00 +3.97 132.25+7.19
35 98.05 +48.71 204.00 + 8.46 135.75 +£2.72
4.0 200.50 = 1.78 130.00 +4.58
4.5 117.25+3.22
5.0 125.00 £9.19
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4.2.8 Process stability
4.2.8.1 Effect of co-digestion on process stability

Using the FOS and TAC matrix which is widely reported in the literature, the process stability of
the anaerobic digestion was determined. Co-digestion of the three residues (cashew peduncle,
cashew bagasse, and cocoa pods) with maize silage did not experience any process instability as
shown in Figure 4.17 (A-F). During the entire co-digestion process of cashew peduncle and maize
silage, FOS/TAC matrix was about 0.2 (See Figure 4.17 A, C, and E). This was below the threshold
of 0.3 which is mostly considered as the distress level above which the digestion process becomes
unstable. In the first week of digestion, the FOS concentration measured was 1590 mg/l. As the
ratio of the main substrate was increased to 60%, a marginal increase in volatile organic acid
concentration was observed. However, there was a corresponding increase in the buffer capacity
to ensure that the ratio of organic acid concentration to the buffer capacity was below the 0.3
thresholds. The buffer capacity of the digestion process ranged between 9,400 and 10,111 mg/l.
for the cashew peduncles. The pH which is another measure of process stability was monitored
throughout the experiment. A higher/rapid rate of hydrolysis without a corresponding buffer
capacity could lead to process acidification which will result in lower pH below 7 and eventually
inhibit the digestion process. The pH was fairly stable and only varied between 7.3 and 7.8 which
is ideal for anaerobic digestion. No accumulation of total solids or volatile solids was observed.
Rather the total solids and volatile solids concentration in the digester were relatively stable and
ranged between 5.0% - 7.9 %O0OS and 4.05 — 4.3 %OS respectively. Co-digestion of the cashew
bagasse and maize silage followed a similar trend as cashew peduncle and maize silage. As shown
in Figure 4.17 (B and C) the ratio of organic carbons to inorganic carbons was also below the 0.3
thresholds even though some noticeable fluctuations were observed. This was mainly due to
fluctuations in the buffer capacity and organic acid concentration. In the case of co-digestion of
cocoa pods and maize silage, no accumulation of volatile organic acids (FOS), resulting in
increased concentration, was observed (see Figure 4.17E and 4.17F). This means the balance in
the rate of production of volatile organic acids (acidogenic reaction) and consumption of volatile
fatty acids (acetogenic) reactions was maintained throughout the study period under different feed
compositions. The balance in production and consumption in volatile organic acids is reflected in
the pH, which falls within the permissible range ideal for the anaerobic digestion (7-8). Further,
the total alkalinity (TAC), which is a measure of the buffer capacity of the reaction medium was
also relatively stable at about 10,000 mg/1. This resulted in a FOS/TAC matrix lower than 0.3, an
indication of the process stability. There was a marginal decline in the VS removal rate (XA) from
28% to about 25% as the percentage of cocoa pods (Figure 4.17F) and cashew peduncle (Figure
4.17B) increased in the feed composition. This did not however affect the total solids accumulation
(TS) in both cases (Figures 4.17 B and F). Given that feeding was initiated at a low OLR to avoid
start-up challenges and process instability, it remains to be seen if the process will continue to be
stable at higher OLR because of the high fiber content of cocoa pods (52.25%).

65



FOS, TAC (mg/I)

FOS, TAC (mg/I)

A

12000

10000 W
8000
6000
4000

2000 | oo/ 0-0-0-0g-00%0
0

0 5 10
Week

12000

10000

8000

6000

4000

2000

15

0,25

0,2

0,15

——F0S —@—TAC —@—FOS/TAC

1

T

T

0 5 10
Week

15

0,205
0,2
0,195
0,19
0,185
0,18
0,175

0,17

——FOS —@—TAC —@—FOS/TAC

FOS/TAC

FOS/TAC

66

TS, VS, XA (%)

TS, VS, XA (%)

30 r 7,95
- 79
25
- 7,85
20
- 78
15 - 7,75
- 7,7
10
- 7,65
5
- 76
0 7,55
0 5 10 15
Week
——TS —o—VS —0—XA —&—pH
%0S %0S % TS
D
30 r
25
20 r
15
10 r
5 M“l
0
0 5  Week 10 15
——TS —0—VS —0—XA —&—pH

%0S %0S % TS

o B N W A O N © ©

pH

pH



E
12000
10000
< 8000
oo
£
Q
< 6000
s
o
Q4000
2000 |- g0’ 0-0-0-0g-0-00¢
0
0 5 10 15
Week
—e—F0S —@—TAC —@—FOS/TAC
G
2500 .
2000 -
)
£ 1500 L
Q
<T
=
&3 1000 -
(@]
2
500 L
0
0 5 Week 10 15

—e—F0S —&—FOS/TAC

r 0,25

0,25

0,2

0,1

0,05

FOS/TAC

30

P [N N
v o wi

TS, VS, XA (%)

=
o

E 0-9-90-0-0-0-0-0-0-0-0-0

0 5 Week 10

—o—TS —o—VS —0—XA
%0S %0S % TS

= N N w w
w =] wi o [l

TS, VS, XA (%)

=
o

5 ._...W—M"

0 T

15

7,9

7,85

7,8

7,75

7,7

7,65

7,6

7,55

—8—pH

0 5 Week 10

15

7,95

7,9

7,85

7,8

7,75

7,7

7,65

7,6

——TS... —8—VS.. ——XA.. —@—pH

pH

PH

Figure 4.17: Process stability for co-digested cashew peduncle, cashew bagasse and cocoa pods:
Cashew peduncle (A and B), cashew bagasse (C and D), cocoa pods (E and F) and maize silage

(G and H)

67



4.2.8.2 Effect of increasing organic loading rate (OLR) on process stability of mono digested cocoa
pods, cashew peduncle and cashew bagasse

During the mono digestion stage of the cashew peduncle, the buffer capacity and the volatile
organic acid concentration remained relatively constant at OLR of 2.5 kgVS/m*.day as shown in
Figure 4.18 (A and B). The FOS was about 2,000 mg/l, while the buffer capacity was about 10,000
mg/l. This resulted in a stable pH ranging between 7.75 and 7.80. Meanwhile, the total solids and
volatile solids also remained constant ranging between 5.9 and 5.95. However, a gradual increase
in VS content was observed during this period. The VS content increased from 4.3 to 4.45. When
the ORL was increased to 3.0 kgVS/m3.day, the process was stable with a buffer capacity still
about 10,000 mg/1, while the volatile organic carbon acid concentration was also about 2,000 mg/1.
The process began experiencing unstable conditions when the OLR was increased to 3.5
kgVS/m’.day. An increase in organic acid concentration without a corresponding increase in the
buffer capacity was observed. Rather than increase, a decrease in buffer capacity was observed.
Meanwhile, the VS content began to show signs of increasing 4.45 to about 4.75%. By the third
week of digestion, the organic acid concentration had doubled to about 4,000 mg/1, while the buffer
had decreased to about 9,000 mg/1. The inability of the buffer capacity to neutralize the increase
in fatty acid concentration resulted in the process failure.

The digestion process was relatively stable for the cashew bagasse substrate as shown in Figure
4.18 (C and D). Even though there was a general decrease in buffer capacity when the OLR was
increased to 3.0 kgVS/m?>.day, no increase in the volatile acid concentration was observed. Rather,
a corresponding decrease in volatile acid concentration was observed. This resulted in stable pH
and generally acceptable FOS/TAC ratio of less than 0.3. The trend of decreasing buffer capacity
continued when the OLR was increased to 3.5 kgVS/m3.day. This notwithstanding, a marginal
decrease in volatile organic acid concentration was observed resulting in the reduction of
FOS/TAC ratio from 0.18 to 0.15. At OLR of 4.0 kgVS/m>.day, fluctuations in the buffer capacity
and volatile acid concentration were observed. For instance, an initial decrease in buffer capacity
during the first and second weeks from about 8,000 to 5,000 mg/l was observed. However, by the
third week, buffer capacity had increased to about 9,000 mg/l. The FOS/TAC matrix was largely
below 3.0, an indication of stability and the ability of the process to take on additional organic
matter. The pH reduced to about 4 during the second week. This was largely due to the massive
reduction in buffer capacity however, process inhibition was not immediately observed. The
sudden decrease in buffer capacity was an anomaly that could not be readily explained. The
subsequent increase in buffer capacity during the third week ensured that the pH increased to the
desirable range of 7 — 8.

In the case of cocoa pods, the FOS/TAC matrix was below the 0.3 threshold for the entire duration
of the study despite an increase in the OLR (Figure 4.18E). The pH fluctuated between a high of
8.2 and a low of 7.45 (Figure 4.18F). No clear trend was observed for the VS removal. The positive
linear correlation was observed between the total solids and the OLR which was similar to that of
VS and OLR.
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4.3 Hydrothermal carbonization
4.3.1 Yield of hydrochar

4.3.1.1 Yield of hydrochar as a function of process severity

The yield of hydrochar was found to depend on the severity of the carbonization process as shown
in Figure 4.19. A generally weak inverse correlation (R? = 0.3474) can be observed for cocoa pods
hydrochar yield and the process severity. Similarly, in the case of the cashew peduncle, the
correlation between the hydrochar yield and the process severity could best be described by a weak
2™ order polynomial with an R?> = 0.4794. This notwithstanding, the yield was found to be
generally higher at low process severity and lower at higher process severity with respect to cocoa
pods. In the case of cashew peduncle residues, the yield was found to increase with increasing
process severity until a maxima is achieved and then decreased marginally as the process severity
was increased further.
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Figure 4.19: Correlation between hydrochar yield from cocoa pods and cashew peduncle and
process severity.
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4.3.1.2 Response surface models

The dependence of the hydrochar yield (Y) from cocoa pods and cashew peduncle carbonization
on the process parameters investigated were found to be different. The hydrochar yield from cocoa
pods was found to depend on just the process temperature and the reaction time and not the heating
rate (Equation 4.6) with a low R? of 0.5323. However, the yield of hydrochar from cashew
peduncle was found to be dependent on all three process parameters investigated (Equation 4.7)
with an R? of 0.9855.

Yeacoapods = 29.11 +0.09 + T + 11.67 x t — 0.057 * T+ t (4.6)

Yeashew peduncle = —4:37 + 0.04 % T+ 0.09  r + 0.30 * t — 0.0006 * T+ — 0.003 * T * t —
0.0001 * T2 — 0.007 * r2 + 0.000006 * T2 * t + 0.00004 * T * r? @.7)

Both models were found to be significant with an F-value of 4.17 and 37.69 respectfully for cocoa
pods and cashew peduncle residues. The possibility that these F-values occurred due to noise were
both less than 5%. Additionally, both models had an insignificant lack of fit F-value relative to the
pure error. The lack of fit F-values were 0.81 and 5.39 respectfully for cocoa pods and cashew
peduncle, with corresponding probabilities of 66.20 and 16.40 that such lack of fit F-values could
occur due to noise. Furthermore, in both cases, the differences between the adjusted and predicted
R? values were less than 0.2.

The 2D, 3D, and cube surface models of the yield of hydrochar from the cashew peduncle are
shown in Figure 4.20. The 3D surface models of response factor point to an optimum yield between
a heating rate of 2 — 4 k/min, reaction time range of 7 — 8 hrs and temperature, and a reaction
temperature range of 195 — 220 °C. From the 2D (Appendix D-1) models, the highest yield could
occur at a temperature of 215 °C, a reaction time of 8 hrs, and a heating rate of 2 k/min.
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Figure 4.20: 3-D Response surface models for the yield of hydrochar from cashew peduncle
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In the case of the cocoa pods, the 3-D model of all the independent parameters pointed to an inverse
linear relationship between the yield of hydrochar and the process temperature (Figure 4.21).
Lower temperature and longer reaction time resulted in a higher yield of the hydrochar, while
higher temperatures and longer reaction time resulted in lower yields of hydrochar. From the 2D
plot (Appendix D-2), the highest yield of hydrochar occurred between a temperature range of 180
— 190 °C and a reaction time of 7 — 8 hrs.
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4.3.1.3 Factor interaction

The extent to which the independent factors interacted was of interest. In the case of cocoa pods,
temperature, and reaction time were determined to affect the process yield, while the heating rate
had no significant effect (Appendix D-4). The perturbation curve shows a strong dependence of
the process yield on the temperature than reaction time. Strong factor interaction was observed
between the two process parameters (temperature and reaction time) such that the predictions were
not significantly different (Figure 4.22). The perturbation plot (Appendix D-3) for the cashew
peduncle shows the effect of each process parameter on the yield of the hydrochar from the cashew
peduncle. All three process parameters affected the yield of the hydrochar from the cashew
peduncle albeit differently. Aside from the individual effect, several multiple factor interactions
were observed (See Figure 4.23). Strong factor interactions were observed between temperature
and heating rate on one side and temperature and reaction time on the other side. The overlapping
of the least significant difference I-beams lines around the temperature and process heating rate
predictions suggest a not significantly different prediction. However, in the case of process
temperature and reaction time, the non-overlapping I-beam lines suggest a significantly different
prediction for both factors
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Figure 4.22: Factor interaction plot for the yield of cocoa pods hydrochars.

76



Factor Coding: Actual Interaction

Yield (%) 045 C: Reaction time (hrs)

@ Design Points
95% Cl Bands

=A 04—
X2=C
Actual Factor
B-6 035
&
c1 k-l
@
c+8 <
E 03—

025

02—

T T T T T T T
180 190 200 210 220 230 240

A: Temperature (0C)

Factor Coding: Actual Interaction

Yield (%) 0.45 B: Heating rate (k/min)
@ Design Points.
— — — -95% Cl Bands

=A 04—
-8

Actual Factor

C=45 035+
&
B-2 z
2
B+ 10 =
s 7

025 —

T T T T T T T
180 190 200 210 220 230 240

A: Temperature (oC)

Figure 4.23: Factor interaction plot for the yield of cashew peduncle hydrochars.

4.3.2 Higher heating value
4.3.2.1 Higher heating value and severity of treatment

The HHV (28.18 MJ/kg) which represents an energy intensification of 1.59 over the untreated
cocoa pods was achieved at the severity of 6.8 which corresponds to a reaction time of 8 hrs and
process temperature of 240 °C. Conversely, the lowest heating value (18.75) which corresponds to
an energy intensification of 1.06 was obtained at a process severity of 4.13. It was generally
observed that the higher heating value correlated positively (R?> = 0.856) with increasing severity
as shown in Figure 4.24. A similar trend was observed for the HHV of cashew peduncle hydrochar.
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The highest HHV (26.86 MJ/kg) was also obtained at a severity of 6.8 with the lowest HHV
(occurring at process severity of 4.13 corresponding to a temperature of 180 °C and reaction time
of 1 hr. Further, a strong linear correlation was observed between the higher heating value of
cashew peduncle hydrochar and the process (R?> = 0.8686). Generally, the HHV of cashew
peduncle hydrochar was observed to be higher than the higher heating value of cocoa pods
hydrochar. However, the difference in HHV values tapered down as the process severity was
increased until they were almost similar at Process severity of 6.8.

Notwithstanding, no correlation was observed between the energy yield of cocoa pods hydrochar
and the process severity, while the second-order polynomial correlation found between cashew
peduncle hydrochar and the process severity was found to be very weak (R? = 0.5583).
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Figure 4.24: Effect of process severity on the heating value of hydrochar.

4.3.2.2 Response surface models

The higher heating value of cashew peduncle hydrochar was found to be dependent on the reaction
temperature (T), and reaction time (t) and not so much on the heating rate (r) as shown in the model
equations in Equation 4.8. However, the heating value of the cocoa pods hydrochar was found to
be dependent on all three process parameters investigated as shown in Equation 4.9. Both models
were quadratic.
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HHVcashew peduncie = 22.69 — 0.47 * T + 0.47 * t + 0.00213 * T? — 0.034 * t? (4.8)

HHVeocoapods = —51.93 + 0.73%T + 6.23 xr* —0.72xt- 0.092*Tr + 0.006 * T *
r- 0.003T% *r — 0.002 * T * r? 4.9)

In both cases, the models were significant with F-values of 19.41 and 376.28 for cashew peduncle
and cocoa pods respectively. The corresponding P-values 0.0001 and < 0.0001 for cashew
peduncle and cocoa pods respectively, had only a 0.01% and < 0.01% chance respectively for the
cashew peduncle and cocoa pods hydrochar heating values that, an F-value this large could be due
to noise. Additionally, both models were found to have a not significant lack of fit F-values. Not
significant lack of fit F-values is an indication of the goodness of fit of the model to the actual
experimental values. Thus, a not significant lack of fit value is generally good. In both cases, the
F-values were 3.96 and 3.23 with corresponding P-values of 0.222 and 0.2451. Thus, a possibility
that lack of fit F-values this large could be due to noise was not significant in both cases. Further,
the R? of both models was acceptable (0.8859 and 0.9985 respectively for cashew peduncle and
cocoa pods), while the differences between the adjusted and predicted R? values were found to be
less than 0.2 in both models.

The model graphs for cashew peduncle and cocoa pods as shown in Figures 4.25 and 4.26
respectively point to increased higher heating value with respect to increasing process temperature
and process reaction time. Generally, lower process temperature and reaction time resulted in
lower heating value as shown in the 2D and 3D surface models, respectively. In the case of cashew
peduncle residues, the 2D (Appendix D-5 and D-7) and 3D models showed the invariability of the
heating rate to the higher heating value. However, in the case of cocoa pods, the optimum heating
rate was in the range of 6 — 10 K/min.
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Figure 4.25: Surface response models for higher heating value response factor for hydrochar
from cashew peduncle residues.
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Figure 4.26: Surface response models for the higher heating value of hydrochar from cocoa pods
residues.

4.3.2.3 Factor interaction

In terms of the higher heating value of the hydrochars produced from cashew peduncle residues,
no interactions were found between the independent process factors (reaction temperature, heating
rate and reaction time) as shown in Figure 4.27 and in Appendix D-7. Further, the perturbation
chart points to a strong dependency of the higher heating value on the process temperature as
compared to the reaction time. Even though the reaction time influenced the higher heating value
content of the hydrochar, its effect was marginal when compared to the effect of the process
temperature. No combined effect of process temperature and heating rate was observed as shown
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in the interaction plot. However, since the I-beam least significant difference plots overlap, the
difference between process temperature and reaction time predictions is significant. Similarly, the
perturbation plot of the independent factors for the heating value of cocoa pods hydrochar showed
that even though the heating value was affected by all the three process parameters, the effect of
process temperature was dominant with a steeper slope than the effect of reaction time. On the
contrary, the effect of reaction time was marginal with a gentle slope. Process temperature was
involved in multiple interactions with heating rate and reaction time. While the interaction between
the heating rate and process temperature was not significant, the interaction between temperature
and reaction time was significant (Figure 4.28 and Appendix D-10).
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Figure 4.27: Factor interaction for higher heating value response factor for cashew peduncle
hydrochar.

82



Factor Coding: Actual Interaction

Higher Heating value (kJ/kg) 30 B: Heating rate (k/min)
@ Design Points
— = — -95% Cl Bands

X1=A
X2=8 ~
)
g
<
Actual Factor 2
c=45 e
3
S
o
B-2 £
B+ 10 ‘i.‘j
Z 3
<
2
I
18—
T T T T T T T
180 19 200 210 20 230 20
A: Temperature (oC)
Factor Coding: Actual Interaction
Higher Heating value (kJ/kg) 30 C: Reaction time (hrs)
@ Design Points
— — — 95% Cl Bands
28
X1=A
X2=C =
)
&
26
Actual Factor 2
B=6 El
s
S
1 "E" 24—
c+8 3
T
2 3
= 22—
o
T
20—
18—

T T T T T T T
180 190 200 210 220 230 240

A: Temperature (oC)

Figure 4.28: Factor interaction for higher heating value response factor for cocoa pods
hydrochar.

4.3.4 Ash content

4.3.4.1 Ash content as a function of process severity

The ash content of the hydrochars from cashew peduncle and cocoa pods were found to be
generally decreasing with increasing process severity. However, no clear trend was established
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even though the decrease in ash content with increasing process severity was observed. As shown
in Figure 4.29, the linear correlation between ash content and process severity was very weak with
an R? 0f 0.5739 and 0.4983 respectively for cashew peduncle and cocoa pods hydrochars. Both R?
values fell below the acceptable limit of 0.8 for a good linear correlation.

R?=0,5429

R?=0,5739

Ash content of hydrochar (% TS)

4 4,5 5 55 6 6,5 7

Process Severity (log S)

A Cashew peduncle ash @ cocoa pods ash

Figure 4.29: Effect of process severity on the ash content of the hydrochar from cocoa pods and
cashew peduncle residues.
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4.3.4.2 Response surface models

The ash content response factor was found to be dependent on the reaction temperature and the
process reaction time. The model Equations (4.10 and 4.11) for both ash content from cashew
peduncle hydrochars after loss of ignition test and cocoa pods hydrochars were found to be
significant with F-values of 10.81 and 20.5 respectively. The corresponding P-values of 0.0021
and 0.0056 respectively for cashew peduncle and cocoa pods imply the probability of such high
F-values being due to noise was only 21% and 56% respectively. Similarly, the lack of fit F-values
was found to be not significant relative to the pure errors for both residues which is an indication
of goodness of fit of the models to the respective experimental values. The lack of fit F-value of
the cashew peduncle was found to be 1.56 with a corresponding P-value of 0.4534. The lack of fit
F-value and its corresponding P-value of the ash content response factors for cocoa pods was 2.0
and 0.5678 respectively. This indicates that the chances that the lack of fit F-values could be due
to noise for cashew peduncle and cocoa pods were 45.34% and 56.78% respectively. Both models
had characteristically low R? values even though the adjusted and predicted R? were in reasonable
agreement (< 0.2 difference). Both models were linear.

Ash content cashew peduncle = 10.94 — 0.0267 « T — 0.232 = t (4.10)
Ash content ¢coa pods = 10.70 — 0.03 * T — 0.086 = t (4.11)
Both 3-D surface response models for the ash content of cashew peduncle (Figures 4.30) show
decreasing ash content with increasing temperature and reaction time. Similarly, the 3-D surface

response models (Figure 4.31) show decreasing ash content with increasing temperature and
reaction time. The 2-D models are shown in Appendix D-11 and D-12.
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Figure 4.31: Surface response models for ash content of hydrochar from cocoa pods residues.

4.3.4.3 Factor interaction

The perturbation plot in Figure 4.32 and Appendix D-13 showed that the effect of temperature and
residence time on the ash content of the cashew peduncle were the same. In the case of cocoa pods,
the process temperature had a much greater influence on the ash content than reaction time since
the slope of the temperature line was steeper than the slope of the reaction time (Figure 4.33 and
Appendix D-14). In both cases, no factor interaction was observed between the process
temperature and the reaction time. However, the overlapping least significant difference I-beams
lines around the predictions shows that in both cases, the dependence of the ash content on the
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process temperature and process reaction time were not significantly different for cocoa pods
hydrochar and cashew peduncle hydrochar.
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Figure 4.32: Factor interaction for ash content response factor for cashew peduncle residues.
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Figure 4.33: Factor interaction for ash content response factor for cocoa pods hydrochar.

4.4.4 Analysis of the hydrolysate
4.4.4.1 Effect of process severity on the chemical oxygen demand (COD) of the hydrolysate

No clear trend was observed between the COD of the hydrolysate after the carbonization process
and the process severity for cashew peduncle residues (Figure 4.34). Even though the COD of the
hydrolysate from cocoa pods carbonization correlated positively with the process severity, the
correlation can be termed as generally weak (R?> = 0.2687). Similarly, the linear correlation
between process severity and COD of the cashew peduncle hydrolysate was found to be generally
weak (R? = 0.5464) even though a negative correlation can be observed.
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Figure 4.34: Effect of process severity on the COD of the hydrolysate from cocoa pods and cashew
peduncle carbonization.

4.4.4.2 Response surface models

The model equation (Equation 4.12) showed that the COD response factor of the hydrolysate from
cashew peduncle carbonization was dependent on the reaction temperature and reaction time and
not so much on the heating rate. On the other hand, the COD response factor of the hydrolysate
from cocoa pods carbonization was dependent on all three process parameters investigated.

CODCashew peduncle hydrolysate =11698—-0.38*T —11.55%t+ 0.0483 * T = t (412)

CODcocoa pods hydrolysate = 5:75 = 0.091 % T + 14.4 xr — 0.61 x t — 0.069 * T * r + 0.001 *
T? — 0.805 * r? + 0.055 =t + 0.004 * T * r? (4.13)

The model equation for the cashew peduncle was significant with an F-value 11.8 and only 0.9%
chance that this F-value occurred due to noise. Similarly, the lack of fit F-value of 2.77 and a
29.31% chance that such large F-value occurred due to noise meant the model equation was not
significant with respect to the lack of fit. Further, the model has an R? value of 0.7635 with a
reasonable agreement between the adjusted R? value and the predicted R? value of a difference of
less than 0.2.

Regarding the COD of the hydrolysate from cocoa pods carbonization, the model equation
(Equation 4.13) was also significant with an F-value of 23.60 and a 0.5% chance that such an F-
value could occur due to noise. The model equation was not significant with respect to the lack of
fit F-value. The F-value was 0.14 with a 95% chance that this F-value could occur due to noise.
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Meanwhile, the R? of the model was determined to be 0.9692 and a reasonable agreement between
the predicted and adjusted R? values with a difference < 0.2.

The 2D and 3D model graphs for cashew peduncle are presented in Figure 4.35 and Appendix D-
15. While the 2D and 3D graphs point to a higher COD at relatively low process temperature and
reaction time and tapering down with an increase in process temperature and reaction time, the 2D
and 3D graphs for cocoa pods depicts the opposite (Figure 4.36 and Appendix D-16). The COD is
least at relatively low temperature and low heating rate but highest at high temperature but low
heating rate.
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Figure 4.35: Surface response models of the COD of the hydrolysate from cashew peduncle
carbonization.
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Figure 4.36: Surface response models of COD content of the hydrolysate from cocoa pods
carbonization.

4.4.4.3 Factor interaction

The perturbation plot showed that both process temperature and reaction time had similar effect
on the response factor (Figure 4.37 and Appendix D-17). Both correlated negatively with the COD
response factor. On the contrary, the heating rate had little or no effect on the COD response factor.
Factor interaction between the process temperature and reaction time was observed with
overlapping least significant difference I-beam lines. This shows that the predictions are not
significantly different. On the other hand, the perturbation plot for each of the factors for cocoa
pods (Figure 4.38 and Appendix D-18) shows the dependence of the response factor on the process
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parameters under investigation. The effect of temperature and reaction time were almost identical
except that, while the slope of process temperature was positive, that of reaction time was negative.
Strong interaction was observed between process temperature and heating rate. Similarly, the
overlapping least significant difference I-beam lines point to significantly different predictions
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Figure 4.37: Factor interaction for COD response factor for cashew peduncle carbonization.
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Figure 4.38: Factor interaction for the COD of the hydrolysate response factor from cocoa pods
carbonization.

4.4.5 Optimization of the models

The models developed for each of the response factors were optimized to obtain the optimum
operating conditions for each of the residues using Design Expert 12 software. The goal was to
maximize higher heating value response factor of the hydrochar and minimize the ash content of
the hydrochar produced. The hydrochar yield and COD of the hydrolysate were kept in range.
Further, all the process parameters were given equal weightage.

94



The results obtained showed that the optimum operating conditions were not necessarily similar
to the residues investigated (cocoa pods and cashew peduncle). In the case of the cashew peduncle
residues, the optimum operating conditions were; temperature = 240 °C, heating rate = 2.26 K/min,
and reaction time of 7 hrs. This resulted in a hydrochar yield of 36% (input TS), a higher heating
value of 26.99 MJ/kg, and an ash content of 2.9% (output TS) (Figure 4.39) with a result
desirability of 0.995.
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Figure 4.39: Optimization of process parameters for cashew peduncle hydrochar production.

By contrast, the optimum operating conditions for cocoa pods were. The result of the optimization
showed that higher heating value of 28.3 MJ/kg, a yield of 38% (input TS), an ash content of 3.3
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(output TS) and a COD content of the hydrolysate of 29.33 mg/l could be obtained under the

optimized process conditions (Figure 4.40).
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Figure 4.40: Optimization of process parameters for cocoa pods hydrochar production.

96



5. Discussion
5.1 Resource estimation and characterization of residues
5.1.1 Resource potential estimation

Cocoa and cashew nut cultivation will continue to play a vital role in the economy of Ghana.
Ghana’s dependency on cocoa and cashew to earn hard currency to support the local currency and
drive economic development is expected to remain strong. In the coming years, the two crops are
likely to experience higher production levels due to the commitment of government in the recent
past to increase production through the distribution of new planting materials and free fertilizer in
the cocoa sector and the launching of the cashew master plan. An increase in production level and
processing capacities will result in a corresponding linear increase in the residues generated.
However, new planting materials with better yield are expected to exponentially increase crop
residue yield [135].

The re-estimated RCR value for cocoa pods was found to be higher than the RCR values for cocoa
pods reported by Kemausuor et al. [17] and Duku et al. [15]. Duku et al. [15], for instance, used
an RCR for cocoa pods based on an estimate reported by Eisentraut [176], which was not stated
for specific countries. Therefore, one can argue that it could have been an average of several
estimates even though literature searches for country specific RCR for cocoa and cashew residues
did not yield much result. Additionally, the estimated RCR values reported by Eisentruat [176]
were based on a 15% moisture content, which could be rightly assumed to be the equilibrium
moisture content of the pods after air drying. On the other hand, Kemausuor et al. [17], used an
average of two RCR which includes the Eisentruat [176] RCR value of cocoa pods (1). This
suggests that the other RCR value for cocoa pods which culminated in an average RCR of 0.93 is
0.86. Comparatively, this is lower than the estimated cocoa pods RCR of 1.5 used by the FAO'.
Thus, using the full complement of the moisture content of freshly harvested cocoa pods as was
used in this thesis, the RCR is expected to significantly increase the quantity of residues generated.
However, even when the RCR is estimated using a moisture content of 15%, the RCR which is
obtained (2.5) is still higher than the reported RCR value used by Eisentruat [176]. The estimated
RCR is also higher than the default RCR value used in the FAO residue estimation toolkit (1.5).
Applying the estimated RPR resulted in a 250 % increase in cocoa pods potential in Ghana over
previously estimated cocoa pods residue potential on a dry basis. Given the high quantity of cocoa
beans produced annually in Ghana, the difference in RCR estimation is expected to significantly
affect the estimation of the potential quantities of cocoa pods residues generated annually.

Hitherto not considered as a potential residue for bioenergy generation in Ghana, cashew
peduncles residues should now be given attention as a potential resource for bioenergy production
due to the high resource potential. The estimation of the RCR for cashew peduncle residues should
serve as reference point for estimation of cashew peduncle residues.

Aside from the physical and chemical characteristics, the availability of the residues is critical in
siting an energy exploitation facility. Widely spread residues may not help ameliorate

' FAO residue tool 1.0 xIms
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environmental costs, especially when the environmental cost involved in gathering the residues is
very high. This may end up outweighing any perceived environmental benefit. The wide
distribution of cocoa pods and cashew peduncles is due in part to the unavailability of precise data
on the exact location of farms within the country. Even though the spread of cocoa pods and
cashew peduncle residues may be wide, farms may be clustered around certain towns with
proximity. Precise data on farm size and location can be used to disintegrate the cocoa pods and
cashew peduncle residue resource potential. Careful siting of treatment facilities in geographically
proximate locations will aid the collection and processing of the residues at a lower environmental
cost.

5.1.2 Physical and chemical composition analysis
5.1.2.1 Proximate analysis

The utilization of cocoa and cashew residues is strongly governed by the residues' physical and
chemical characteristics. Even though some authors have prescribed wholly thermal or biological
treatment methods, care must be taken in applying the results. Additionally, the high moisture
content of cocoa pods makes thermal treatment expensive. A significant amount of energy must
be expended first to dry the pods before any thermal treatment can be applied. Cocoa pods are
known to contain high lignin content [126]. Anaerobic digestion and fermentation's inability to
handle lignin-rich substrate leading to lower ethanol and gas output has been widely reported
[106]. Further, the high content of theobromine which makes digestion of cocoa pod meals by
ruminant a challenge according to Ofori-Boateng et al. [48] could also limit the amount of energy
that can be extracted using anaerobic and aerobic fermentation methods.

The characteristically high moisture content of the cocoa pods and cashew peduncle was expected
since these were obtained fresh from the field and not subjected to any form of pretreatment before
their transportation to Germany. Since most of the moisture is not chemically bound to the
chemical constituents of the residues, it could serve a useful purpose in the anaerobic digestion
and hydrothermal carbonization process. The amount of process water needed to decrease the total
solid concentration in both anaerobic digesters and hydrothermal carbonization process to obtain
optimum operating conditions will be reduced substantially. Further, moisture in the
lignocellulosic substrate is expected to increase the contact area between the microbes and the
surface area of the substrate by increasing the area of attachment. This exposes large areas of the
substrates to microbes to attach themselves leading to increased methanogenic activity. As
reported by Fujishima et al. [110], decreasing the moisture content of dewatered sewage sludge
had a detrimental effect on volatile solids removal efficiency, biogas production, and carbohydrate
removal efficiency. This result was corroborated by Liotta et al. [177] when they investigated the
effect of moisture content and particle size on the biogas yield of carrot waste under wet mesophilic
anaerobic conditions. They reported a 4.3 and 40.8% decrease in final methane yield in semi-dry
and dry conditions when compared to wet mesophilic anaerobic digestion conditions.

The higher heating values were similar for all three residues. The HHV of cocoa pods especially
agreed with what has been reported in the literature [31,57]. The HHV of the cocoa pods, cashew
peduncle, and cashew bagasse were found to be comparable to wood (18 MlI/kg) [178] but
significantly higher than municipal solid waste (12 MJ/kg) [179]. Further comparison with
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charcoal which is carbonized wood, however, showed that the HHV of all the residues was lower
than that of charcoal (30.6 MJ/kg) [180].

The results of the proximate analysis of the cocoa pods and cashew peduncle residues compared
favorably with other feedstock for anaerobic digestion and hydrothermal carbonization like food
waste [181] and cattle manure paunch [157]. On the contrary, the results differed significantly
from the proximate analysis of some of the widely used anaerobic digestion substrates like maize
silage [182] which has lower moisture content and higher dry matter content of about 33.3% and
sewage sludge which has a dry matter content of about 1% [183].

5.1.2.2 Ultimate analysis

In an anaerobic digestion process, the carbon to nitrogen ratio (C/N) of the substrates is of key
importance. This is because carbon serves as a source of feed for the methanogenic bacteria to
convert to methane gas, a low carbon to nitrogen ratio leads to the starvation of the methanogenic
bacteria. Further, the production of ammonia from the nitrogen sources serves to act as a buffer to
control the process pH by neutralizing the organic acids produced. However, excess ammonia also
leads to process inhibition by shifting the pH of the reaction medium into the alkaline region,
which is unsuitable for the methanogenic activity. On the contrary, a high C/N ratio leads to the
production of less ammonia to serve as a buffer for controlling the process pH. This leads to
acidification due to the accumulation of volatile fatty acids by reducing the pH of the process.
Thus, optimum C/N ratio in the range of 20 — 30 is essential for biogas production as reported by
several authors [184,185]. The C/N ratio of cashew bagasse was similar to reported C/N ratio of
cashew bagasse by Santos et al. [186] but differed from the reported C/N ratio by Silva et al.
[187]. The C/N ratios of cashew peduncle and cashew bagasse fell within the proposed optimum
C/N ratio, thus making them suitable substrate for anaerobic digestion. However, the C/N ratio of
cocoa pods fell outside of the optimum C/N ratio marginally.

The Oxygen-Carbon (O/C) and Hydrogen-Carbon (H/C) ratios are used as measures to determine
the level of coalification and energy densification. Reduction in the O/C ratio shows the occurrence
of decarboxylation and dehydration reaction in the HTC process [188]. Further, the plot of O/C
and H/C of fuels reflects the degree of carbonization [189]. The high O/C and H/C ratio of the
residues is thus an indication of the uncarbonized state of the biomass. Subsequent carbonization
may lead to its reduction.

5.1.2.3 Fiber analysis

The result of the fiber analysis shows the presence of lignin in the structural carbohydrates in all
three residues albeit in varying quantities. The chemical structure of lignin which is made of
complex irregular polyphenolic polymers renders anaerobic digestion ineffective in degrading it
[190]. Thus, the presence of high content of lignin in the structural carbohydrate of all the residues
especially cocoa pods that had the highest lignin content could be inhibitory to the anaerobic
digestion process. The fiber analysis of cocoa pods was similar to those reported by Vriesmann
and Petkowicz [191] but significantly lower than values reported by Thomsen et al. [126], who
reported a lignin and hemicellulose content of about 37.2% and 9.9% respectively
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A notable difference in lignin, cellulose, and hemicellulose content was observed for cashew
peduncle and cashew bagasse. The difference in structural carbohydrates content of cashew
peduncle and cashew bagasse could be due to the mechanical extraction process. The mechanical
process of separating the hydrolysates in the cashew peduncle involves crushing and pressing. The
mechanical extraction of the juice is analogous to mechanical pretreatment of milling before
anaerobic digestion. Mechanical pretreatment (milling) is reported to disrupt the lignin-
carbohydrate matrix leading to the accessibility of hemicellulose and cellulose thus altering the
compositional fraction. Further, due to the difference in relative hardness and the anatomical and
physical characteristics of starch and the structural carbohydrates, lignin could be fractionated
during grinding of fresh biomass resulting in its accumulation in the smaller particle sizes [192].
Similar results of increasing hemicellulose, cellulose, and lignin content in smaller particle size as
a result of different biomass has been reported [192-195]. The Hemicellulose and cellulose
content of cashew bagasse compared favorably with reported values, however the lignin content
differed significantly [186,187]. Comparatively, Reis et al. [196] reported a much higher cashew
bagasse lignin content of 43.28% than the reported values of other authors including what was
obtained in this study.

5.1.2.4 Major and minor mineral content

The presence of minor minerals in the residues could aid in the digestion process by acting as
micronutrients or essential supplements for bacteria growth. However, the presence of heavy
metals may rather inhibit the anaerobic digestion process by poisoning the bacteria [197,198]. This
notwithstanding, the presence of major nutrients in the digestate is essential for plant growth and
could, therefore, aid its application as a soil amendment when applied as compost. The major
elements known to inhibit the digestion process such as mercury, cadmium, or chromium were
either undetected because of their concentration or were not present. This eliminates the possibility
of inhibition of the anaerobic digestion assay due to the absence of these heavy metals. On the
contrary, the presence of all the other minerals could serve as important trace metal supplements
for the growth of the methanogenic bacteria. This means all the residues may possess the ability
to release essential trace elements automatically to enhance bacteria growth and the anaerobic
digestion process.

In the hydrothermal carbonization process, the effect of the mineral content on the carbonization
conversion process is not yet understood and may, therefore, be assumed to have minimal effect
in the absence of any comprehensive data to the contrary. However, it can affect the fuel properties
of the hydrochar especially when the minerals remain in the solid-phase or are attached to the
solids instead of dissolving in the liquid state. For instance, the presence of potash in cocoa pods
makes it unsuitable to extract energy through direct combustion [30,62]. The mineral component
of biomass is non-combustible and as such present themselves in the form of ash after the
combustion process. During combustion, some of the minerals are oxidized resulting in the
formation of new compounds. For instance, potassium is oxidized to potassium carbonate (K2COs3)
popularly referred to as potash during combustion. The conversion of the potassium in the cocoa
pods to potash presents a very serious problem during combustion due to its highly corrosive
nature. Thus, its ability to affect the performance and durability of the canisters/combustion
chamber could be highly significant. Further, slagging and fouling are major problems in the use
of solid fuels. Fuels with low slagging and fouling indices are mostly preferred to fuel with high
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fouling and slagging indices. Since the mineral content directly affects the fouling and slagging
indices, lower mineral concentration of the substrates is mostly desired in the hydrothermal
process. However, the role of minerals in catalyzing intermediate reactions and aiding product
selectivity during hydrothermal carbonization is not yet understood. Thus, further research is
needed to establish the effect of major and minor minerals on product selectivity and yield of the
hydrochar.

5.2 Anaerobic digestion
5.2.1 Theoretical biomethane potential (BMP) and bench-scale BMP assay

Theoretical biomethane potential is a particularly useful tool to determine the biodegradation
potential of the organic fraction of biomass. It also serves as the theoretical limit of biogas potential
beyond which further biogas production is not possible. In comparison with other results from the
literature, the result of the theoretical BMP of cocoa pods was found to be much higher by 47%
than the result obtained by Thomsen et al. [126] using the Buswell equation. This could be due to
the different methods used in determining the theoretical BMP of the substrates. While Thomsen
et al. [126] calculated the biomethane potential based on the individual compositional constituent
of starch, cellulose, hemicellulose, and protein, leaving out the lignin fraction, the approach used
in this study was based on the elemental constituent of the cocoa pods. The difference in the
approach lies in the avoidance or inclusion of the lignin component in the cocoa pods in estimating
the theoretical BMP. Given that the lignin component accounts for 21% of the structural
carbohydrates, this will inadvertently affect the results when it is either omitted or included in the
theoretical BMP estimation. This could be the reason why the result obtained in this study was
similar to the result obtained by the same authors when they used the Chemical Oxygen Demand
(COD) equations [126]. The COD method, just like the elemental analysis, measures the total
organic carbon in the biomass which includes lignin. The effect, therefore, is a higher estimation
of BMP. Taking out the lignin content in the estimation of the theoretical BMP even though it may
result in lower theoretical BMP estimation, it nonetheless presents an overly optimistic view about
the degradability of cocoa pods unless the presence of lignin is taken into consideration in the
computation of the biodegradability index of cocoa pods. In contrast, the theoretical BMP of
cashew peduncle and cashew bagasse were similar despite the slight difference in lignin content
observed.

Often theoretical BMP serves as a useful indicator however, the results must be confirmed through
experiment. The actual BMP of cocoa pods obtained in this study (191 1(N)/kgVS) compared
favorably with results obtained by Ward-Doria et al. [54], who reported a cumulative BMP of 200
ml/gVS for untreated cocoa pods but slightly higher (8%) than results obtained by Acosta et al.
[190] who reported a biomethane potential of cocoa pods to be 173 1/kgV'S using two different
inocula. In the case of cashew peduncle and cashew bagasse, the actual BMPs were no longer
similar. The significant difference in biogas potential between cashew peduncles and cashew
bagasse could be due to the amount of readily digestible sugars in the cashew juice which
represents about 15% of the peduncles mass. During the processing of cashew peduncles into juice
or alcohol, a significant fraction of the juice that contains the sugars are squeezed out leaving the
fibrous residues which constitute the bagasse. This is reflected in the fiber analysis where a large
fraction (21%) of the residues constituted the hemicellulose fraction of bagasse as compared to
9.36% for the cashew peduncle. As noted by several authors, even though the hemicellulose
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fraction is degradable, the rate is rather slow and requires a longer residence time to degrade [199—
201].

In comparison with other feedstock, the actual BMP of cocoa pods and cashew peduncle except
cashew bagasse was similar to the BMP result obtained for the organic fraction of municipal solid
waste [202] and chopped banana peels, rambutan and longan wastes and but significantly lower
by about 40% than ground banana peels [203].

5.2.2 Kinetics of the digestion process

The kinetic parameters of the BMP assay were determined by fitting the experimental data to two
popular kinetic models. The empirical modified Gompertz model which is widely used to model
anaerobic fermentation reactions, and the modified first-order kinetic model which assumes the
feedstock to be composed of two fractions — fast degrading fraction and slow degrading fraction
and considers the digestion process from a process engineering point of view comprising of 2
instead of the widely reported 4 steps. Thus, the name of the model, dual-pool 2-step kinetic model.
The choice of the second model was based on the chemical properties of the residues which showed
the presence of structured carbohydrates suggested a pool of slow degrading components made of
up the hemicellulose and cellulose fractions. The correlation coefficient R? for both models were
above 0.90 for all the residues, an indication that both models could be used to predict the methane
yield of the substrates. The results show that even though the modified Gompertz model fitted the
data well as shown in Figure 5.5, there were wide deviations of the model from the kinetic data at
two key points. At start-up when the reaction time is zero, the Gompertz model predicts a greater
than zero biogas yield for all three residues. Further, the experimental data curve seems to be
pointing to an increase beyond the 28 days while the kinetic model asymptotically approaches the
maximum methane potential. Thus, the deviation between the Gompertz model and the
experimental results for all the substrates beyond the 28 days retention time is likely to become
more pronounced which will affect the respective R? of the residues. Therefore, the ability of the
Gompertz model to predict biogas production beyond the 28 days retention time is called into
serious question. Unlike the modified Gompertz model, the dual-pool 2-step model accurately
predicts gas yield at start-up and shows the propensity to predict gas yield beyond the 28 days
retention time. Thus, the dual-pool 2-step model could be accepted as the better model of the two
to accurately predict gas production from the anaerobic digestion assay of cocoa pods, cashew
peduncle, and cashew bagasse. Generally, the dual-pool 2-step model is expected to perform better
in predicting the biogas yield from lignocellulosic substrates than general organic feedstock.

5.2.3 Pilot-scale experiment and the application of the kinetic model

The result of the pilot-scale BMP study pointed to an increase in biogas yield for all three
substrates. This could be due to the longer hydraulic retention time when compared to the result
of the 500 ml assay. The effect of retention time on biogas yield has been well documented in the
literature. Longer hydraulic retention time allows the microbial community enough time to
acclimatize and populate. On the contrary, shorter retention time in batch mode may leave behind
undigested substrate, while in continuous or semi-continuous mode, a shorter retention time could
lead to the washing out of the acetoclastic and methanogenic bacteria necessary for the conversion
of organic substrates into intermediates and thereafter into biogas. Further, it has been proven that
shorter hydraulic retention time could lead to the overloading and subsequently the accumulation
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of volatile fatty acids in the reaction medium which could lead to system instability and failure.
This explanation holds, so long as the biogas yield is marginal and can be predicted using kinetic
models. A substantial increase in biogas yields like what was observed for cashew peduncle and
cashew bagasse assay could not, however, be due to only the increase in hydraulic retention time.
Much so when the increase cannot be predicted with the kinetic parameters developed earlier. The
substantial increase in biogas yield for the two substrates (cashew peduncle and cashew bagasse)
could be due to the source of inoculum used. The effect of inoculum source on biogas yield has
been the subject of investigations by several authors [162,204,205]. While some researchers
reported no significant increase in biogas yield, others have also reported a marginal but significant
increase in biogas yield which can be primarily attributed to the type of inoculum used. As pointed
out by Elbeshbishy et al. [204], the source of inoculum brings with its difference in bacteria
population, substrate adaptation, and residual anaerobic biodegradable substrate. Thus, the change
in inoculum source during the pilot-scale study could have resulted in higher substrate adaptability
and or higher methanogenic bacteria population and could be the reason for the substantial increase
in biogas yield for cashew peduncle (57%) and cashew bagasse (90%). In comparison with results
from the literature, Pozdniakova et al. [162], reported a significant difference in methane yield of
category 2 animal by-products when they studied the effect of different inocula sources on the
BMP. Similarly, Rajput and Shiekh [205] reported a significant difference in yield of biogas when
they studied the effect of two inocula sources on the biogas yield of sunflower meal and wheat
straw. As a result of the substantial increase in biogas yield from the two substrates (cashew
peduncle and cashew bagasse), the kinetic constants obtained from the bench-scale study could
not be used to predict the biogas yield accurately. Recently Santos et al. [186], reported significant
difference in the biogas yield of cashew bagasse anerobic assay using two different inoculum and
concluded that industrial sludge inoculum was better than sewage sludge inoculum. This
corroborates findings made in this study that biomethane assay of cashew peduncle and cashew
bagasse was dependent on the source of inoculum used. Unlike the cashew peduncle and cashew
bagasse substrates, the source of inoculum did not have any effect on the biogas yield of cocoa
pods. Thus, the increase in biogas yield could be due to only the longer hydraulic retention time
used. This also explains the ability of the dual-pool 2-step kinetic model using the previously
determined constants to correctly predict the final cumulative biogas yield of the cocoa pods.

5.2.4 Effect of hydrothermal pretreatment on fiber analysis of pretreated cocoa pods

Hydrolysis of the complex carbohydrates has been widely reported as the limiting step in the
anaerobic digestion of lignocellulose feedstock [118,164,206]. This is mainly due to the role that
lignin plays in the cell wall of most plants. Apart from giving rigidity to the cell wall it also binds
the cellulose and hemicellulose through covalent linkages, thus making it very difficult for bacteria
to access the hemicellulose and cellulose component. The lignin content in the cell wall can be
correlated to the rigidity of the cell wall, which renders it insusceptible to anaerobic digestion.
Additionally, the accessibility of the cellulose and hemicellulose by the bacteria media during the
anaerobic digestion process is severely limited to the lignin content in the residues. Thus, enhanced
solubilization of the cellulose and hemicellulose fractions into their basic fermentable units can
only be achieved through either the removal of lignin, hydrolysis or degradation of lignin into its
polyphenol components or softening of lignin to make the cellulose and hemicellulose more
accessible.
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Th reduction in the hemicellulose fraction of the pretreated cocoa pods was consistent with the
general theory. The hydrolysis of hemicellulose into its main component xylan, galactan, and
mannose of the cocoa pods which is evident from the negative correlation between the process
severity and the percentage of hemicellulose in the cocoa pods fibers after pretreatment is
consistent with and supports earlier findings that hemicellulose degradation is enhanced by the
higher process severity. This is largely expected as the activation energy of the hemicellulose is
reported by Jin [73], to be much lower than cellulose. As a result, partial thermal degradation of
hemicellulose is reported to occur at temperatures below 200 °C, while complete hydrolysis of
hemicellulose could occur between 200 and 230 °C. For instance, Costa et al. [118], reported the
hydrolysis efficiency of 21% during hydrothermal pretreatment of sugarcane bagasse at 200 °C
and 10 min and postulated further that if all the sugars produced were coming from the
hemicellulose fraction, then the hydrothermal pretreatment process achieved a 61% process
efficiency. This is possible due to the spatial structure of hemicellulose and the low degree of
polymerization which allows for its complete degradation under subcritical condition. Wang et al.
[120] reported a higher degree of solubilization of hemicellulose than cellulose when they
hydrothermally pretreated rice straw prior to anaerobic digestion. The solubilization of
hemicellulose at higher process temperatures below 240 °C during hydrothermal pretreatment was
also reported by Sun et al. [81] when they hydrothermally pretreated Eucalyptus urophylla between
100 — 240 °C for 30 minutes. The degree of solubilization was correlated to the degree of
crystallinity of the remaining fibers after the pretreatment process. An indication that while
hemicellulose was degraded, the thermal process had little effect on the degradation of cellulose
below 240 °C.

Similarly, the reduction in cellulose fraction of the pretreated cocoa pods fibers with increasing
process severity could be due to the changing fraction of hemicellulose in the fibers of cocoa pods
and limited hydrolysis of cellulose fraction. Cellulose is a complex polymeric substance
comprising of several glucose monosaccharides. By convention, cellulose is degradable under
anaerobic conditions. However, as stated earlier accessibility of the cellulose in the plant cell wall
is limited by the presence of lignin in lignocellulosic materials. Aside this, cellulose is crystalline
and thus difficult to degrade at subcritical conditions as reported by Fan et al. [207]. Due to this,
limited hydrolysis has been reported using hydrothermal pretreatment.

The increase in lignin content of the pretreated samples should not be understood to mean an
increase in the nominal amount of lignin in the pretreated cocoa pods samples but compositional
changes of the structural carbohydrates. As reported by Harmsen et al. [114], lignin undergoes
structural changes rather than solubilization during hydrothermal treatment below 200 °C.
Therefore, the chemical structure of lignin which is an amorphous polyphenol compound
composed of three precursors — coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol [208]
undergoes structural changes during thermal treatment resulting in its softening. The subsequent
thermal degradation of lignin after softening is reported to begin at 200 °C albeit slow at a rate of
less than 0.15 wt%/°C [86]. Further, an increase in temperature 200 - 275 °C, is reported to lead to
the depolymerization of lignin into aromatic hydrocarbons, phenolic, and hydroxyphenyl
compounds [86]. However, the depolymerization of lignin to produce phenols [209] and furfural
[210] and HMF at higher process severity is undesired in the anaerobic digestion process. This is
because phenols [211] and furfurals [164] are known to be toxic to the anaerobic digestion process.
Their presence could severely inhibit the digestion process resulting in total failure of the process
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or reduced biogas yield. Even when there is significant depolymerization at higher process
severity, the possibility of repolymerization of some of the depolymerized monomers during
cooling into pseudo lignin compounds as reported by Zhuang et al. [212] is a major drawback of
hydrothermal pretreatment.

5.2.5 Effect of hydrothermal pretreatment on biogas yield

The biogas study experiment confirmed the efficacy of the hydrothermal pretreatment. No trend
was observed between the biogas yield and the process severity over the entire range of process
conditions of temperature and residence time considered. However, an interesting trend emerged
in that the biogas yield of the cocoa pod residues increased significantly at treatment conditions
below a severity of 3.0. This was largely expected due to the possibility of the lignin binding the
hemicellulose and cellulose components of the cell wall thereby making the cellulose and
hemicellulose less accessible. Further, the hydrolysis of hemicellulose during subcritical
hydrothermal conditions has already been explained under section 5.2.4. These combined to
enhance the biogas yield after pretreatment. The result is comparable to the result obtained by
other researchers working on different substrates/residues. For instance Di Girolamo et al. [119],
reported a 10%, 7%, 23% and 4% increase in yield at pretreatment conditions of 150 °C/10 min,
150 °C/20min, 180 °C/10 min and 180 °C/20 min respectively. Mendez et al. [213], also reported
an increase of 64% in biogas yield after hydrothermal pretreatment of microalgac Chlorella
vulgaris biomass at 160 °C and 10 minutes corresponding to a process severity of 2.76. When the
process severity was increased above 3.0, serious process inhibition resulting in either reduced
biogas yield or complete cessation of the entire anaerobic digestion process was observed. At a
process severity of 3.5 and 3.7 corresponding to process conditions of 185 °C and reaction times
of 10 minutes and 17 minutes was quite an anomaly. The completely failed biogas assay could
only be explained as being due to the length of the treatment time. During higher process severity
(4.23), even though the biogas assay did not fail, the biogas yield was only 25% of the actual
biogas yield of the untreated samples. This was largely expected due to the start of the lignin
degradation at 220 °C. The degradation of the lignin could have led to the production of toxins
(phenols and furfural) which inhibited the process. However, at the process severity of 4.71
corresponding to a temperature of 200 °C and a reaction time of 15 minutes resulted in a 10%
increase in biogas yield. This was an anomaly as one would have expected biogas yield to further
reduce due to lignin degradation and the production of toxins. Other researchers like Ferreira [214],
also reported greater solubility at a temperature of 220 °C but shorter reaction time (I min)
resulting in a 21% increase in the biogas yield of pre-treated sample.

5.2.6 Continuous co-digestion and mono digestion studies
5.2.6.1 Effect of feed composition on biogas yield, process stability, and synergetic effect

The promotional effect of cocoa pods, cashew peduncle, and cashew bagasse when co-digested
with maize silage was studied. The result shows that the higher biogas yield from the co-digested
cashew peduncle when compared with the co-digested cashew bagasse and co-digested cocoa
pods, could be due to the presence of the readily digestible sugars in the cashew peduncle as
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explained earlier. The readily digestible sugars decompose into volatile fatty acids under anaerobic
conditions. As a result of the fast acidogenesis reaction of the carbohydrate leading to the
production of volatile fatty acids, an acidic medium was created that could have resulted in
speeding up the hydrolysis of the fibers in the maize silage into their basic monomers. This could
explain why the specific biogas yield for cashew peduncle was higher than that of cashew bagasse
at all feed composition investigated. This can also explain the antagonistic effect observed for
cashew bagasse:maize silage feed composition. In the case of the cashew bagasse, the juice
containing the readily digestible sugars had already been extracted leaving behind the fibrous
material which then digested slowly. Despite the general increase in the specific biogas yield of
the co-digested cashew peduncles, the dependence of the synergetic index on the feed composition
was striking even though it could not be easily explained, as no clear trend was established. The
statistically significant specific biogas yield for 50:50, 70:30 and 90:10 cashew peduncle-maize
silage feed composition could be due to several possible reasons such as;
1. Some sort of chemical balance between the hydrolysis reaction and acidogenesis reaction
was established at these feed compositions,
2. The mineral balance between mineral release and absorption could have been enhanced at
these feed compositions leading to significantly higher biogas yield.

The insignificant promotional effect of cocoa pods at feed composition of 50:50, 60:40, and 70:30
could largely be attributed to the promotional effect of the Co, Mo, Ni, and Fe found in cocoa pods
which are lacking in maize silage [215]. The antagonistic effect observed at 80:20 and 90:10 feed
composition could be due to the overloading of the reactor, which resulted in an increase in the TS
concentration. This shows that the promotional effect of cocoa pods as a co-substrate for maize
silage digestion was limited by the percentage of cocoa pods in the feed composition. The results
are comparable to reported synergetic effect but the insignificant gas yield from co-digested maize
silage and red chicory waste by Cortesi et al. [182], who attributed the promotional effect to
improvement in the kinetics of the digestion process instead.

The digestion process stability observed for all the three residues could be due in part to the low
OLR that was chosen for the co-digestion experiment. The presence of micronutrients in the cocoa
pods, cashew bagasse, and cashew peduncle residues could have also contributed to ensuring that
the bacteria community had an insitu source of essential trace elements to enhance their growth
thus requiring no trace element supplementation even though the hydraulic retention time and the
duration of the experiment were short. It remains to be seen the effect of long-term digestion at
higher organic loading rate will have on process stability without external trace element
supplement on the co-digestion of cocoa pods, cashew peduncle, and cashew bagasse with maize
silage.

5.2.6.2 Effect of increasing the organic loading rate (OLR) on specific biogas yield and process
stability of mono digested substrates.

Prabhudessai et al. [216], reported a failed BMP test for cashew peduncle residues due to extreme
acidification as a result of rapid hydrolysis during the initial phase of the digestion process at an
OLR of 3.0 kgVS/m*-day in a tubular flow digester. The result obtained in this study showed that
the digestion of cashew peduncle residues was possible in a CSTR reactor at OLR of 3.0
kgVS/m?.day. Despite the rapid hydrolysis of the cashew peduncle, the gas production rate was
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observed to be relatively stable at OLR of 2.5 and 3.0 kgVS/m’-day with a cumulative specific
biogas potential of 410 and 421 I(N)/kgVS-added and corresponding methane content of 51% and
52% respectively. Process inhibition was only observed when the OLR was increased to 3.5
kgVS/m3-day, which plunged gas production from a peak of 14.9 I(N) on day 61 to 0.81 I(N) on
day 81. 4.4. On the contrary, biogas production was stable at OLR of 3.5 and 4.0 kgVS/m>-day for
cashew bagasse and up to 5 kgVS/m’-day for cocoa pods. This supports the findings of
Prabhudessai [217], who reported stable digestion of phase-separated cashew peduncle (cashew
bagasse) at OLR of 3.0 and 4.0 in a tubular flow reactor. Additionally, as noted earlier in section
5.2.6.1 of this thesis, the accumulation of minerals in the cashew bagasse and cocoa pods as
compared to the cashew peduncle could have contributed to the process stability. The minerals
probably served as a major source of trace elements for the bacteria community at higher OLR.
Whereas phase separation led to a more stable digestion process, specific biogas yield was lower
when compared with the digestion of the whole cashew peduncle, thus requiring some sort of
balance to be found. In the case of the cocoa pods, the stable digestion process of cocoa pods at
higher OLR could be attributed to the following reasons;

1. The balance between acidogenesis and acetogenesis reaction was primarily due to the
relatively slow hydrolysis of the carbohydrates. This could be due to the high amount of
structured carbohydrates in the fibers (54%) when compared to the cashew peduncle and
cashew bagasse. Thus, the rate of production and consumption of the VFAs were in
harmony.

2. The presence of major and minor minerals in cocoa pods could have served as a readily
available source of trace minerals for the growth of the bacteria community. Thus, unlike
maize silage [215] and other agricultural residues that experiences process instability at
higher OLR due to lack of trace element, the high concentration of major and minor
minerals in cocoa pods ensured that no external trace metal supplementation was required.

3. The absence of inhibitory minerals in the cocoa pods such as mercury and lead could have
also contributed to the stable digestion of the cocoa pods.

5.2.5 Comparison between specific biogas and biomethane yield of batch and continuous study

The result of the semi-continuous study confirmed the specific biogas and biomethane yield of the
cashew peduncle, cashew bagasse, and cocoa pods albeit with some notable differences. A
reduction of about 16% was observed between the specific biogas yield of cocoa pods at OLR of
2.5 kgVS/m?3-day and the batch studies. However, the methane content of the biogas was similar
(50%). As the OLR was increased from 2.5 — 5.0 kgVS/m®.day-added, marginal decrease in
specific biogas yield was observed. The decrease in biogas yield with increasing OLR could be
predicted with a linear regression equation (Equation 5.1) with a coefficient of linear regression
(R?) 0f 0.8472.

Y = —20.205x + 333.25 5.1
Where Y is the biogas yield, and X is the OLR
This notwithstanding, the biomethane content remained relatively constant (50%) except at OLR

of 4.0 and 4.5 kgVS/m*-day where a marginal increase in biomethane content to 52% was
observed.
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Similarly, the specific biogas yield for cashew peduncle and cashew bagasse in semi-continuous
mode differed with the result obtained during the bench-scale studies. Substantial increase in
specific biogas yield was observed when compared with the results obtained with the 500 ml
Ankom bottles. For instance, at OLR of 2.5 kgVS/m?-day, the specific biogas yield for cashew
bagasse and cashew peduncle increased by 36.11 and 22.6% respectively. This as explained earlier
could be due to the source of the inoculum as different inocula were used in both cases. In
comparison with the large reactor (30 1) study, a decrease in specific biogas yield was observed.
The specific biogas yield decreased by about 13% and 19% respectively. However, in both cases,
the reduction in biogas yield could not be easily predicted with a regression model, unlike cocoa
pods. The specific biomethane yields were also similar in both cases.

The reduction in specific biogas and biomethane yields for all the three residues as OLR was
increased could be attributed directly to the hydraulic retention time that stayed constant as OLR
was increased. This is consistent with literature that an increase in the organic loading rate at the
expense of hydraulic retention time leads to a reduction in gas output.

5.3 Hydrothermal carbonization
5.3.1 Yield of hydrochar

The trend of decreasing yield at higher process severity observed in the result was generally
expected. This could be because an increase in process temperature first of all acts to quickly dry
up the moisture entrained in the cell wall of the substrate and catalyze solubilization of the
hemicellulose component between 180-200 °C and cellulose at a higher temperature above 200
°C. Even though higher temperatures up to 240 may not be able to solubilize the lignin component,
the softening of the lignin components aids the solubilization of the hemicellulose and cellulose
component leading to higher solubilization. Thus, at higher process temperatures, increased
solubilization as a result of increased hydrolysis is expected. Subsequently, dehydration and
increase in residence time led to the carbonization reaction where multiple simultaneous reactions
(decarboxylation, condensation polymerization, and aromatization) take place to modify the
mainly C-H-O chemical bonds to become C-H at higher temperature thus reducing the molecular
weight of the char. Similar results of decreasing yield as a result of temperature and reaction time
increase were obtained by Danso-Boateng et al. [218], Donar et al. [91] and Saqib et al. [181] who
worked on hydrothermal carbonization of fecal sludge, hazel nutshells, and olive residues and food
waste respectively. This notwithstanding, the correlation between the process severity and the
yield response factor was weak. This could be because due to the effect heating rate has on the
whole process. For instance, at process severity of 6.55 attained with a temperature of 240 °C and
4.5 hrs but at different heating rates of 10 K/min and 2 K/min resulted in hydrochar yields of 28
and 40% respectively. A higher heating rate affected the yield of the hydrochar due probably to
the increased hydrolysis during the heating phase of the reaction. The rapid temperature increase
has been reported to aid the hydrolysis of cellulose and hemicellulose through the softening of the
lignin. This is evident from the model equation of the response factor for the cashew peduncle.
Apart from process temperature and heating rate, the 2" order polynomial function (Equation 5.5)
also depends on the heating rate and is also seen to have multiple interactions with process
temperature although the predictions were not significant. However, the high R? value of the model
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equation makes the model equation reliable in predicting the response factor. Contrary to results
obtained for the cashew peduncle, the linear function (Equation 5.4) obtained for the response
factor for cocoa pods could not be relied upon. This is due to the low R? value which is less than
0.8. The significant interaction between process temperature and reaction time of both cocoa pods
and cashew peduncle hydrochar yield supports the general theory.

5.3.2 Higher heating value

The strong linear correlation between the HHV response factors for both cocoa pods and cashew
peduncle hydrochar and the process severity was expected and did not deviate from the general
theory. Higher process severity as a result of higher process temperature and longer reaction time
has been reported to have a direct effect on the heating value of the hydrochar. This is supported
by the theory that higher process severity results in the polymerization and aromatization reaction
which leads to the C-H-O bonds becoming C-H bonds. The expulsion of the oxygen molecule
from the C-H-O bonding does not only lead to the loss of molecular weight, but it also leads to a
relatively higher heating value. Further the enrichment of carbon due to the migration of oxygen
and hydrogen molecules into the liquid phase as reported by Basso et al. [219], potentially also
increases the higher heating value of the hydrochars. Result of the higher heating value of the
cocoa pods and cashew peduncle residues were in agreement with results reported by other
researchers such as Kim et al. [87], who reported increasing higher heating values for hydrochars
from pure hemicellulose, cellulose, and lignin with increasing process temperature. Similar results
of increasing HHV at higher treatment severity were also reported by Basso et al. [101,219],
working on organic municipal waste and Grape marc agricultural residues respectively and Zhang
et al. [220], working on fruit waste.

5.3.3 Ash content

The ash content of the hydrochar is an important fuel property which indicates the amount of slag
which is expected after combustion. The result of the ash content of cocoa pods and cashew
peduncle hydrochars was anomalous to some reported literature. Generally, the ash content of the
hydrochar is expected to increase with increased process severity as a result of the increased
hydrolysis of cellulose and hemicellulose leading to a higher concentration of the minerals in the
resulting hydrochar [101,219]. However, the result obtained showed a negative linear correlation
between the ash content and process severity. Thus, an increase in process severity for both
substrate (cocoa pods and cashew peduncle) resulted in lower ash content. This could be explained
by the fact that the pH of the hydrolysate after the carbonization process was acidic in the range of
3.50 — 4.84 (Appendix B, Table B-3 and Table B-4). An increase in process severity resulted in
lower pH values which could be due to the formation of volatile fatty acids due to the increased
hydrolysis of the feedstock. Further, at the start of the carbonization processes, the measured pH
of the substrates inside the reactor after the addition of the process water were all found to be in
the acidic region. It is thus hypothesized that the acidic medium before, during, and after (cooling)
the reaction phase could have resulted in leaching of some of the minerals into the liquid phase.
This hypothesis is supported by the fact that an acidic medium in the range of (3.5 — 8.0) has been
reported to aid the leaching of phosphorus from solid-phase fecal matter into the hydrolysate.
Lievens et al. [221], also reported the reduced leaching rate with an increase in the pH of the
solvent. Further, the successful leaching of potassium into the liquid phase of water at room
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temperature has been reported by Afrane [49], who used water at room temperature to leach out
92.73%, 7.13% and 0.14% respectfully of potassium, calcium and sodium ions from cocoa pods
ash. Thus, the combined effect of low pH of the hydrolysate and water as a solvent could account
for the leaching of the minerals into the liquid phase especially after the carbonization which
resulted in lower ash content of the hydrochar.

5.3.4 Chemical oxygen demand (COD) of hydrolysate

The COD which is a measure of the amount of oxygen required to chemically oxidize organic and
inorganic compounds is a particularly important indicator of the safety level of wastewater
discharged into the biosphere. A high COD level is an indicator that the wastewater must be further
treated before discharge. The measured COD levels of the hydrolysate varied 25.19 —45.25 g/1 for
cashew peduncle HTC hydrolysate and 22.67 — 34.97 g/ for cocoa pods HTC hydrolysate. The
COD of the hydrolysate of both cocoa pods and cashew peduncles were found to be variable with
no clear trend. This variability in the COD of the hydrolysate is corroborated by Basso [222], who
also reported variable TOC results when he investigated the hydrolysate from HTC of grape marc,
grape skin and grape seeds. This is partly due to the high level of reactivity of some of the
intermediates formed in the liquid phase which could result in the formation of gaseous
compounds. This notwithstanding, a marginal increase in COD levels of cocoa pods HTC
hydrolysate with respect to increasing the process temperature was observed which was similar to
the results obtained by Danso-Boateng et al. [218]. A similar result of increasing COD with
increasing process temperature was obtained by Makeld et al. [223] when they investigated the
process water qualities after HTC of chemical sludge from pulp and board mill. This was however
different for the cashew peduncles, where a general decrease in COD levels was observed. The
marginal increase in COD levels of cocoa pods HTC hydrolysate could be due to increased
leachate of the inorganic compounds from the solid phase hydrochar into the liquid phase as
explained earlier in section 5.3.3. This undoubtedly will increase the COD of the hydrolysate. This
is not the case with the COD of the cashew peduncle hydrolysate. The generally negative
correlation between process severity and the COD of the hydrolysate partially agreed with the
results obtained by Basso [222], decreasing TOC at 180 °C and varying reaction time for grape
marc seeds and grape marc whole fruit. The high COD at low process severity for the cashew
peduncle could be due to the low level of carbonization at low process severity such that limited
hydrolysis has taken place especially with the hemicellulose fraction leading to increased dissolved
organic compounds in the liquid phase. This is consistent with the theory that the low carbonization
takes place at low process severity characterized by especially short reaction time. As the process
severity increases, multiple reactions leading to carbon densification as well as the formation of
gaseous compounds is expected to rob the liquid phase of some of the intermediates leading to
lower COD. Further, the low amount of the minerals in the cashew peduncle as compared to cocoa
pods could explain the reason behind the marked difference in the COD levels of their respective
hydrolysate. As pointed out in section 4.19, cocoa pods had significantly higher quantities of major
and minor minerals thus any effect of leaching is expected to be more prominent in cocoa pods
than in the cashew peduncle.
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6. Conclusion and recommendations
6.1 Local and regional Impact of study on access to electricity

Cocoa beans export is the mainstay of two of West Africa’s largest economies — Ghana and Cote
d’Ivoire, accounting for a significant fraction of their Gross Domestic Product (GDP), and in the
process providing employment for many people. Lately, cashew nut cultivation and export have
in both countries seen an upsurge, driven by the high demand for the nuts on the international
market. From all indications, the cultivation of cocoa beans and cashew nut will continue to
increase in response to strong demand for natural confectionery products, food, and cosmetic
products in general. Due to this, cocoa pods and cashew peduncles will most likely see an increase
in its generation leading to serious consequential effects such as an increase in their greenhouse
emission potential [175]. Using the same methodology as described under section 3.14, emissions
from untreated cocoa pods could reach about 6,000 kt COzeq. and 30,000 kt CO2eq. by 2030 in
Nigeria and Cote d’Ivoire, respectively. Similarly, Ghana’s emission from cocoa pods could reach
about 15,100 kt CO2eq. by the same year if left untreated. Ironically, access to modern fuels for
cooking in Ghana and Cote d’Ivoire as of 2016 according to the World Bank open-source data was
21.71% and 18.23% respectively. This means many people in both countries do not have access
to modern fuels to meet their domestic fuel needs. This could explain in part the high annual
deforestation rate in Ghana (2%) and Cote d’Ivoire (3%) which are driven primarily by the direct
or indirect use of woodfuels as a major source of fuel in these countries. The continuous expansion
of agricultural lands could also be a leading course of deforestation in both countries.

Further, access to electricity is a major challenge in the sub-region. Even though Ghana has an
impressive high population with access to electricity (86%) as of 2018, a third of the rural
population in Ghana do not have access to electricity (Worldbank data). The situation in Cote
d’Ivoire is even worse. Close to 2/3™ (64%) of the rural population do not have access to electricity.
Given the nexus between access to modern energy and access to electricity in attaining most of the
sustainable development goals, action must be taken towards ensuring the rural population in these
countries have access to modern fuels for cooking and access to electricity.

Results of the anaerobic digestion of cocoa pods and cashew peduncle residues present a bright
opportunity in harnessing modern, clean, and sustainable energy for utilization at the national level
or in rural communities in the Sub-region. Using the results obtained for the continuous mono-
digestion of the cocoa pods and cashew peduncle residues at OLR of 2.5 kgVS/m’-day and the
resource assessment the electricity generation potential of cocoa pods and cashew peduncle
residues is estimated for four countries in West Africa where cocoa and cashew are cultivated
(Table 6.1) based on the following assumptions;
1. The regional climate conditions and crop yield are similar thus the calculated RCR could
apply to the countries cultivating cocoa and cashew
2. Similar cultivars of Theobroma cacao and cashew Anacardium occidentale species are
cultivated in the Sub-region.
The energetic potential is calculated based on the heating value of biogas with 50% methane
content (6 kWh/m®) [224] using Equation 6.1

E = ¥I'M; yiHn (6.1)
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Where M is the resource potential of residue (kgVS), y is the biogas yield, and H is the heating
value of the biogas with 50% methane content and i is the type of crop residue and 1 is the electrical
conversion efficiency (0.3) for biogas.

The impact of using cocoa pods and cashew peduncle as a substrate for biogas production is
significant in Ghana and Cote d’Ivoire than in Nigeria and Cameroun. About a quarter (26%) of
the rural population in Ghana without access to electricity can be potentially fed with electricity
from biogas generated from only cocoa pods and cashew peduncles. This is significant in many
respects. Firstly, the decentralized nature of cocoa beans and cashew nut cultivation means that
isolated grid systems can be set up in hard to reach or remote communities without access to
electricity. Further, any increase in access to electricity in rural communities will also impact on
access to electricity at the national level. Thus, the attainment of universal access to electricity in
Ghana can be achieved. Meanwhile, Cote d’Ivoire is seen to have the largest impact due to high
production figures of cocoa beans and cashew nuts. The power generated from the cocoa pods and
cashew peduncles can potentially meet the per capital power needs of about 44% of the rural
population without access to electricity in Cote d’Ivoire. Nigeria and Cameroun have the least
impact due in part to the low production of cocoa beans and cashew nuts and by extension cocoa
pods and cashew peduncles and the significantly higher population of Nigeria. However, given the
low per capita consumption of electricity in Nigeria, about 2 million people could be potentially
impacted when cocoa pods and cashew peduncle residues are utilized.

In the alternative scenario of using all the technical resource potential of cocoa pods and cashew
peduncle residues to produce hydrochar, the impact on access to electricity in rural communities
does not change much in all three countries when compared with biogas. The potential of
hydrochars to replace charcoal as an alternative domestic fuel was evaluated. As shown in Table
6.1, about 24% of the charcoal produced in Ghana annually can be replaced with hydrochars from
cocoa pods and cashew peduncle residues. This is important for two reasons. Firstly, given that
the conversion factor of fuelwood to charcoal is about 5:1 (Energy Commission, 2019), the
potential savings of forestry product’s use in charcoal production is 5 folds. Secondly, the potential
emissions savings will be double in that the saved forest will act as a buffer for carbon
sequestration, even as the utilization of the residues also saves carbon dioxide emissions arising
from the untreated residues. Cote d’Ivoire has the greatest impact where the annual production of
charcoal could be entirely substituted with hydrochar from cocoa pods and cashew peduncles.
Even though the impact of charcoal substitution is marginal in Nigeria, the other benefit of
reducing greenhouse gas emissions should at least serve as a driving force.
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Table 6. 1: Impact of energetically valorizing cocoa pods and cashew peduncle residues in

Ghana, Nigeria, and Cameroun (Data from world bank open-source and FAOstat).

unit Ghana Cote d'Tvoire  Nigeria Cameroun
Average (2008 — 2018) cocoa |t 805,061 1,581,714 350,728 269,136
beans production
Average (2008 — 2018) cashew | t 49,151 519,844 356,858 -
nuts production
per capita electricity | kWh 351 276 144 280
consumption
Rural population, 2018 % 43.94% 49.22% 50% 43.63%
Total population, 2019 29,767,000 25,069,000 130,000,000 25,216,000
Rural population without access | % 33% 63% 78% 79%
to electricity, 2017
Biogas potential of cocoa pods | m*/a 206,368,582 405,455,083 96,672,351 68,990,070
Biogas potential of cashew | m*/a 12,252,856 129,591,946 88,961,155 -
peduncle
Electricity generation potential | kWh/ 393,518,588 963,084,652 334,140,311 124,182,126
of cocoa pods and cashew | a
peduncle
Potential population that could 1,121,136 3,489,437 2,320,419 443,508
be impacted
Actual  population  without 4,316,274 7,773,545 76,390,860 8,691,375
access to electricity
Impact on the population | % 26 45 3 5
without access to electricity
Impact of using cocoa pods and cashew peduncle residues to produce hydrochar
Hydrochar potential of cocoa | t/a 288,776 567,362 125,806 96,539
pods
hydrochar potential of cashew | t/a 10,206 107,948 72,830 0
peduncle
Electricity generation potential | kWh 385,746,047 866,204,594 252,329,612 124,751,766
of cocoa pods and cashew
peduncle (kWh)
Potential population that could 1,098,992 3,138,422 1,752,289 445,542
be impacted
Actual  population  without 4,316,274 7,773,545 76,390,860 8,691,375
access to electricity
Impact on the population | % 25 40 2 5
without access to electricity
Total hydrochar potential kt 299 675 199 97
charcoal consumption in 2018 kt 1265 488 4,550 503
potential charcoal substitution | % 24 138 4 19
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6.2 Prospects of setting up a bioenergy production facility in Ghana

Several government of Ghana’s policy instruments are replete with renewable energy production
specific strategies and targets. The target as pointed out under section 2.1 of this thesis were driven
in part by the lack of adequate capacity to produce electricity in the recent past and greenhouse
gas emission abatement. The success of achieving the targets was hinged on the passage of the
renewable energy law which brought into effect the feed-in tariff (Act 832). Apart from mandating
the public utility regulatory commission to fix the feed-in tariff, the law also mandated the purchase
of electricity from renewable energy sources by both the generation and distribution companies.
The passing of the renewable energy law and the fixing of the feed-in tariff generated some initial
excitement in the renewable energy space leading a lot of prospective renewable energy companies
to sign power purchasing agreement with government. The excitement generated did not live up
to expectation as the hard reality of the solvency of the generating and distribution companies were
called into serious question. The state organizations in charge of generation and distribution were
saddled with huge debt, thus calling into question their ability and capacity to pay. Several of the
project are therefore still on the drawing board failing to take off. As a result, the achievement of
the government targets have been called into serious question. Further, because of overcapacity in
the electricity generation space currently forcing government of Ghana to issue a caveat on the
issuance of new power purchasing agreement (PPA) means new projects in renewable energy may
be difficult to take off in the immediate future. However, in issuing the caveat, government made
a special case for waste to energy project. This means bioenergy projects such as the conversion
of cocoa pods and or cashew bagasse into biogas or hydrochar could be considered and benefit
from the feed-in tariff of 18.45/kWh (US cent). In addressing some of the key challenges of signing
individual PPAs, government since 2020 has reverted to the subjecting all future PPAs to
competitive bidding. In a situation like that, procurement notice for power blocs with special
blocks for specific renewable energy technologies will be issued. The lowest bidder providing the
lowest levelized cost of electricity generation will be selected.

In the specific instance of using cocoa pods and cashew residues as feedstock for a bioenergy
production facility, the business model must be comprehensive to make it attractive. Depending
on only the sales of power as the only revenue stream may not be attractive enough considering
the huge investment cost needed to setup the plant. The levelized cost of electricity (LCOE)
generated from biogas from cocoa pods and cashew peduncle in Ghana was determined using
Equation 6.2 [225].

M
I+ E?=1w] 62)

LCOE=[ e

=114t

Where LCOE is the levelized cost of electricity generation, GHS (Euro); I = fixed capital
investment (Euro); M is the operation and maintenance cost (Euro); E is the Electricity generation
rate (MWh); r is the discount rate, % per annum; n is the life of the plant, years.

In calculating the LCOE, the following assumptions were made.

1. In the absence of reference figures for utility scale biogas plant investment cost and annual
operation and maintenance cost, German industry reference figures were used [225].
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Table 6.2: parameters used to determine the LCOE.

The exchange rate between the Euro and Ghana cedis was fixed at 1 Euro = 6.460 GHS as

Bank of Ghana discount rate of 14% per annum was used.
A biogas plant is expected to last for about 30 years.

The plant capacity factor was fixed at 80%°
Grid emission factor of 0.46 in 2018 [5].
Revenue from sales of process heat and organic fertilizer are not considered.
Cost of feedstock was negligible.

Cost of transportation of feedstock was not considered.

Parameter Unit Scenario | Scenario 2
Plant capacity kW 1000 1000
CAPEX for biogas | GHS/kWh 26,000 26,000
plant

Life of biogas plant | Years 30 30
Share of dept % 100 80
Discount rate % 30 30
OPEX for biogas | GHS/kWh 1,043.84 1,043.84
plant

Share of equity % 0 20
Expenditure on fuel | GHS/kg 0 0

LCOE GHS/kWh 0.6753 0.5700
LCOE Euro/kWh 0.1045 0.0882

In comparison with the prevailing cost of electricity in Ghana, the levelized cost of generating
electricity from cocoa pods and cashew peduncle residues was about 100% above the current
lifeline tariff. However, the cost was lower than the tariff for non-residential and the current feed-
in tariff for bioenergy technologies (Table 6.3). This means even if the government finds it
expensive to buy electricity generated from cocoa pods and cashew peduncle because of the
peculiar situation of having a lot of residential users in the lifeline tariff consumption zone, private
industry players may find it attractive to invest in it.

2 https://www l.oanda.com/currency/converter/.

3
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Table 6.3: Comparison between LCOE and tariff structure in Ghana.

Power consumption Amount (GHC/kWh)
LCOE cocoa pods and cashew 0.6758
peduncle power plant
2019 lifeline tariff for | 0 — 50 kWh/month 0.3078
residential consumers [226]
2019 Non-residential [226] 0 —300 kWh/month 0.7532
2019 Non-residential tariff | 301 — 600 kWh/month 0.8014
[226]
2016 feed-in tariff [227] 0.9667

Additional revenue stream apart from the sales of power, heat an organic fertilizer could be the
sales of carbon emission credits. Emission reduction due to generating power from renewable
energy sources could amount to about GHC 180,000 per annum. Sales of avoided emission from
the treatment of cocoa pods and cashew residues could also amount to about 6 million Ghana
cedis. When these are factored into a full feasibility study, it is likely to affect the profitability
and sensitivity matrix leading to a more a successful project.

6.3 Conclusion

Cocoa pods and cashew peduncle residues generated in Ghana were investigated for the bioenergy
energy production potential. The assessment took into consideration the resource potential of the
residues. The result of the resource assessment study led to the following conclusions.

1.

The recalculated RCR values of 9.3 (wet basis) and 2.5 (dry basis) resulted in a theoretical
resource potential of about 7.2 x 10° t/a and 1.945 x 10° t/a of cocoa pods respectively.
This represents a 250% increase over the previously reported estimate and a 60% increase
in resource potential over the estimates by the Food and Agricultural Organization.

The RCR of cashew peduncle residues which had not been previously estimated resulted
in an estimated RCR of 6.04 on a wet basis and 1.5 on an air-dried basis. The corresponding
theoretical potential based on the current cashew nut production level in Ghana was
estimated as 0.226 x 10° t/a (wet basis) and 0.075 x 10° t/a (dry basis). However due to
competing demands for the resources locally and the possibility of recovering the biomass
from the farm, the technical potential for cocoa pods was estimated to be about 3.564 x 10°
t/a (wet basis). The technical potential of the cashew peduncle was estimated to be about
0.1017 x 10° t/a (wet basis).

The geographical spread of the resources, especially cocoa pods, was estimated on a
regional basis and with the highest potential resources concentrated in the former Western,
Ashanti, and former Brong Ahafo regions in order of magnitude, respectively. Due to the
lack of regional segregated data on regional cashew production levels, the geographical
spread of the cashew peduncle generation could not be readily assessed. This
notwithstanding the map of cashew growing areas in Ghana suggest that the bulk of cashew
residues could be in the former Brong Ahafo region of Ghana.
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4. The combined effect of the resource potential and geographical spread of the residues point
to some potential hotspots for the establishment of a bioenergy production facility. This
means any potential bioenergy production facility with the intension of using cocoa and
cashew residues as potential feedstock may consider siting the plant in either the Western
Region were cocoa pods residues abound, or in the former Brong Ahafo Region where
there is a high possibility of getting both residues.

The energetic pathways to produce bioenergy from cocoa pods and cashew residues were
investigated. The selection of the pathways was heavily influenced by the physical and chemical
characteristics of the cocoa pods and cashew peduncle residues. The high moisture content of the
cocoa pods and cashew residues meant direct thermal combustion was not going to be a good
option. Further analysis of the mineral content also showed the possibility of high quantities of
slag and the added possibility of the slag being alkaline, in the case of cocoa pods due to the high
presence of potassium which converts to potassium carbonate during combustion. The result of
the physical and chemical characteristics thus served as a guide to reject the direct combustion of
the residues. The choice of conversion pathways was also dependent on the possibility of utilizing
the results in a developing country contest since this type of residues is generally found in
developing countries. Thus, overly high-tech technologies were rejected. This resulted in the
choice of anaerobic and subcritical hydrothermal carbonization pathways.

Based on the result of the anaerobic digestion study, the following conclusions can be drawn.

1. Cocoa pods and cashew peduncle are good substrates for anaerobic digestion albeit with
notable difference in the biogas yield and process stability. The results showed that the
digestion of cocoa pods was still possible despite the high C/N ratio without any significant
inhibition. This notwithstanding, the lignin content of the cocoa pods especially limited the
biodegradability and subsequently the biogas yield of the cocoa pods.

2. The kinetic data were found to fit both the modified Gompertz kinetic model and the dual-
pool 2-step kinetic model with the latter having a better fit. The result of the bench-scale
study (500 ml) was further confirmed by the result in a much larger reactor (30 1). Thus,
the kinetic parameters established using the bench-scale apparatus could be directly applied
to the model the digestion process is much bigger reactors. On the contrary, the biogas
yield of cashew peduncle residues in its raw state and the fibers of the cashew peduncle
(bagasse) differed under different experimental conditions. The biodegradability index in
both cases significantly increased when a much larger digester (30 1) was used. Even
though the dual pool 2-step model fitted the kinetic data better than the modified Gompertz
model, using the model to predict the gas yield in the larger reactor was not possible due
to the significant increase in biogas yield. This anomaly could be due to better adaptation
of the methanogenic bacteria in the larger reactor or susceptibility of cashew peduncle
residues to the change in the inoculum. Therefore, the kinetic parameters established using
the bench-scale apparatus were of no significance and cannot be relied on for any design
purpose.

3. The enhanced biodegradability of cashew peduncle residues in a larger reactor meant that
pretreatment of the residues was not necessary since the main effect of pretreatment is to
increase the biogas yield
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4. The biogas yield of cocoa pods could be enhanced using hydrothermal process under mild
process severity. Lower temperature and shorter retention/reaction time could be used to
soften the lignin component of the lignocellulosic structure of the biomass leading to the
hydrolysis of the hemicellulose and cellulose which would have otherwise been bound in
the structural carbohydrate. The studies further confirmed the inhibitory potential of
pretreating biomass at harsh process conditions characterized by higher heating
temperature and longer retention time. The reported failure of the anaerobic digestion
process after pretreatment of cocoa pods at higher process severity in this thesis confirmed
earlier reports by other authors. The optimum process condition found to enhance the
biogas yield was process temperature of 150 °C and treatment 15 minutes resulting in a
biogas yield of 526 1(N)/kgVS which represents 57% of the theoretical yield and an 47%
increase over the biogas yield of the untreated cocoa pods. Using the lignin content of the
pretreated samples and the cumulative specific biogas yield as response factors, two
regression models were developed. The linear regression model (Equation 4.14) which was
developed can be used to predict the lignin content of cocoa pods pretreated under
hydrothermal conditions, while the quadratic model (Equation 4.15) can also be used to
predict the biogas yield of the pretreated cocoa pods substrates under hydrothermal
conditions.

5. The result of the semi-continuous studies in mono digestion mode of the individual
substrate showed that while cocoa pods could be digested as a mono substrate at an organic
loading rate up till 5 kgVS/m®.day without any process inhibition, the same cannot be said
of cashew peduncle. The digestion of cashew peduncle residues was strongly influenced
by the hydrolysis constant. Thus, at higher OLR above 3.0 kgVS/m®.day, the anaerobic
digestion process could not be sustained resulting in serious process inhibition which led
to a cessation of biogas production. On the contrary, the bagasse of the cashew peduncle
could be digested above an OLR of 4.0 kgVS/m3.day.

6. Notable reductions in specific biogas yield of the bench-scale studies, large scale digester
(30 1) and the semi-continuous studies were observed in the case of cocoa pods residues at
OLR of 2.5 kgVS/m?.day. Further reduction in biogas yield was observed when the OLR
was increased from 2.5 — 5.0 kgVS/m3.day and this could be predicted with linear
regression equation (Equation 4.16). On the contrary, while an increase in the biogas yield
of cashew peduncle and cashew bagasse was observed between the semi-continuous
studies and the bench-scale experiments, a reduction in biogas yield was observed between
results of the larger reactor and the semi-continuous reactor. The methane content was
found to be similar in all cases.

7. The suitability of cocoa pods and cashew peduncle residues as co-substrates for maize
silage digestion studies confirmed that while cashew peduncle could serve as a promoter
of biogas yield, the promotional effect was dependent on the feed composition. In other
words, the fraction of the cashew peduncle in the feed composition was important to obtain
a significant increase in biogas yield. On the contrary, even though no significant change
in biogas yield was observed, cocoa pods residues could serve as an important source of
insitu mineralization of the digestion process resulting in no need for external mineral
supplementation.

Similarly, the following conclusions can be drawn from the results of the hydrothermal
carbonization study.
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1. Result of the hydrothermal carbonization study shows that cocoa pods and cashew
peduncle residues can be successfully carbonized into solid fuels.

2. The carbonization of the cocoa pods and cashew residues were heavily affected by the
process conditions. The effect of three process parameters studied and the characteristics
of the hydrochar produced showed varied response to changing process parameters.
Additionally, the interactive effect of the process parameters on selected process response
variables differed among the selected process variables and differed between the substrates
(cocoa pods and cashew peduncle).

3. While the yield of the hydrochar from cocoa pods correlated linearly with the process
temperature and reaction time, the yield of hydrochar from the cashew peduncle could be
correlated with a quadratic model. Further, while the heating rate did not influence the yield
of cocoa pods hydrochar, the heating rate was found to not only influence the yield of
cashew peduncle hydrochar but also involved in multiple interactive effects with both the
process temperature and reaction time. Thus, the effect of heating rate cannot be ignored
in predicting the yield of hydrochar from the cashew peduncle.

4. The carbonized cocoa pods and cashew peduncle residues resulted in generally increased
higher heating values when compared to the higher heating of the untreated substrates.
While the higher heating value response factor correlated positively with the process
temperature and reaction time in the case of both substrates, the heating rate was found to
influence the higher heating value response factor in the cocoa pods. Additionally, no
interactive effect was observed between the process parameters in the case of the cashew
peduncle. However, in the case of cocoa pods, a significant interactive effect was found
between process temperature and heating rate.

5. The ash content of the hydrochar reduced with increasing process severity. Further, the ash
content of the hydrochar can be modeled by a linear equation in both cases. The effect of
heating rate was minimal in both cases and thus was not factored into any of the resulting
equations. Additionally, the interactive effect between the process temperature and reaction
time was insignificant.

6. In both cases, the dependence of the COD of the hydrolysate and the severity of treatment
were weak. However, both model equations can adequately predict the COD of their
respective hydrolysate. The interactive effect of the process temperature and the heating
rate for both models pointed to significantly different predictions.

7. Different optimum operating conditions were obtained for cocoa pods and cashew
peduncle residues. Optimum operating conditions for the production of hydrochar from
cashew peduncle were a temperature of 240 °C, heating rate of 2.26 K/min, and reaction
time of 7 hrs. On the other hand, the optimum operating conditions for cocoa pods were
temperature of 240 °C, heating rate of 9.16 K/min, and reaction time of 6.3 hrs.

6.4.2 Recommendations

Based on the results obtained from the investigation carried out and the limitations of the study,
the following are recommendations for further research.

1. Time and resource constraints could not allow the study of the synergetic effect or
otherwise of co-digesting cocoa pods and cashew peduncle residues. Semi-continuous co-
digestion of cocoa pods and cashew peduncles could be interesting due to the fact that the
rapidly digesting cashew peduncle residues could serve as an insitu catalyst to increase the
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digestibility of the cocoa pods thus having a promotional effect on the amount of biogas
produced. Additionally, the balanced utilization of the VFAs by the cocoa pods could
ensure process stability, while the process could also benefit from the insitu mineral content
of cocoa pods. The synergetic or antagonistic effect of co-digestion can serve a particularly
good design purpose in any future cocoa pods and cashew peduncle residues combined
with bioprocess engineering.

Continuous mono digestion studies could only be carried to up to 5 kgVS/m>.day for cocoa
pods and 4 kgVS/m’.day for cashew bagasse. Continuous mono digestion studies
especially for cocoa at higher OLR as well as cashew bagasse to determine the failure point
will serve good design purpose.

Further studies to determine the effect of the hydrothermal pretreatment on continuous
digestion assay was severely limited by the size of the hydrothermal process equipment
used for the experiments. Using 1 | reactor for the experiment did not offer much in terms
of quantities of substrate that could be treated especially for continuous experiments. Using
a large reactor could have served a better purpose. Further studies to evaluate the enhanced
biogas yield of hydrothermal pretreatment of cocoa pods will inform industrial application
of the hydrothermal pretreatment process especially for cocoa pods.

To date, not much is known about the effect of particle size on the carbonization of
lignocellulosic substrates. The current study could not evaluate the effect of particle size
on the fuel properties of the hydrochar. Even though the particle size has been correlated
to the degree of hydrolysis in past experiments, its direct effect on hydrochar formation
and subsequent characteristic of the fuel is not well investigated.

A study using 100 1 pilot-scale batch hydrothermal process was planned. However,
resource constraints did not that that possible within the life of this study. Results of pilot
studies on hydrothermal carbonization are scarce in literature. Besides, in moving from
laboratory scale to industrial scale, results of pilot scale studies are needed to validate
laboratory/bench-scale results and inform critical design parameters. It will therefore be
interesting to validate the results of the bench-scale studies carried on cocoa pods and
cashew peduncle residues. Further studies on semi-continuous hydrothermal carbonization
studies will go further to inform the choice of critical design parameters.
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Theses on the dissertation

1.

2.

10.
11.

Cocoa pods and cashew peduncle residues are left untreated in Ghana and pose a significant
environmental risk.

The RPR methodology was used to estimate the cocoa theoretical and technical potential of
cocoa pods and cashew peduncle residues.

Anaerobic digestion assay shows that even though the digestion of cocoa pods and cashew
peduncle was possible, digestibility of cocoa pods was low due to the high lignin content.
Cashew peduncle residues on the other hand is readily digestible however its digestibility is
sensitive to the inoculum used.

Kinetic parameters obtained for cocoa pods digestion are applicable to large reactors and can
be used as useful design parameters. However, due to the sensitivity of the cashew peduncle
to the choice of inoculum, the kinetic parameters obtained during the desktop batch anaerobic
digestion is limited in its application especially when there is a change in inoculum.

Mild sub critical hydrothermal pretreatment of cocoa pods has the potential of increasing the
biogas yield of cocoa pods by softening the lignin leading to enhanced hydrolysis and increased
biogas yield. Sever sub critical hydrothermal pretreatment conditions above a severity of 3.5
is generally not good for cocoa pods and does not improve its digestibility, rather process
inhibition is to be expected.

Mono digestion of cashew peduncle is only possible up to an OLR of 3.0 kgVS/m>.day in a
CSTR. However, phase separation of cashew peduncle will result in stable digestion up to an
OLR 4.0 kgVS/m*.day. Mono digestion of cocoa pods is stable up to an OLR of 5.0
kgVS/m?.day.

Feed composition plays a significant role in the synergetic potential of cashew peduncle as a
co-substrate to maize silage. However, no synergetic effect is expected when cocoa pods is
codigested with maize silage.

Using surface response models, the effect of process temperature, reaction time and heating
rate on the yield, heating value and ash content of the hydrochar was studied.

Hitherto not considered as an important process parameter, heating rate has an effect on the
higher heating value of cocoa pods hydrochar, yield of cashew peduncle hydrochar and the
COD of the hydrolysate after the carbonization of cocoa pods.

Influence of process parameters were specific to the both the substrate type and response factor
Hydrothermal carbonization can be used to valorize cocoa pods and cashew peduncle residues
resulting lower ash content and higher HHV even though notable reduction in yield is
observed.
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Abschlussarbeiten zur Dissertation

1.

. Kakaoftriichte und Cashewstielreste werden in Ghana unbehandelt gelassen und stellen

ein erhebliches Umweltrisiko dar.
Die RPR-Methode wurde verwendet, um das theoretische und technische Potenzial von
Kakaofriichten und Cashewstielresten fiir Kakao abzuschitzen.

. Der anaerobe Verdauungstest zeigt, dass die Verdaulichkeit von Kakaofriichten aufgrund

des hohen Ligningehalts gering war, obwohl die Verdauung von Kakaofriichten und
Cashewstielen moglich war. Cashew-Stielreste sind dagegen leicht verdaulich, ihre
Verdaulichkeit ist jedoch empfindlich gegeniiber dem verwendeten Inokulum.
Kinetische Parameter, die fiir den Aufschluss von Kakaofriichten erhalten wurden, sind
auf grofle Reaktoren anwendbar und konnen als niitzliche Entwurfsparameter verwendet
werden. Aufgrund der Empfindlichkeit des Cashewstiels gegeniiber der Wahl des
Inokulums sind die kinetischen Parameter, die wihrend des anaeroben Aufschlusses der
Desktop-Charge erhalten werden, in ihrer Anwendung begrenzt, insbesondere wenn sich
das Inokulum dndert.

Eine milde unterkritische hydrothermale Vorbehandlung von Kakaofriichten hat das
Potenzial, die Biogasausbeute von Kakaofriichten durch Erweichen des Lignins zu
erh6hen, was zu einer verbesserten Hydrolyse und einer erhdhten Biogasausbeute fiihrt.
Schwere unterkritische hydrothermale Vorbehandlungsbedingungen iiber einem
Schweregrad von 3,5 sind im Allgemeinen nicht gut fiir Kakaofriichte und verbessern
ihre Verdaulichkeit nicht, vielmehr ist eine Prozesshemmung zu erwarten.

Eine Monoverdauung des Cashewstiels ist in einem CSTR nur bis zu einer OLR von 3,0
kgVS / m3 Tag moglich. Die Phasentrennung des Cashewstiels fithrt jedoch zu einer
stabilen Verdauung bis zu einem OLR von 4,0 kgVS / m3. Tag. Die Monoverdauung von
Kakaofriichten ist bis zu einer OLR von 5,0 kgVS / m3 Tag stabil.

Die Futterzusammensetzung spielt eine wichtige Rolle fiir das synergetische Potenzial
des Cashewstiels als Co-Substrat fiir Maissilage. Es wird jedoch kein synergetischer
Effekt erwartet, wenn Kakaofriichte mit Maissilage mitverdaut werden.

Unter Verwendung von Oberfldchenreaktionsmodellen wurde der Einfluss von
Prozesstemperatur, Reaktionszeit und Heizrate auf die Ausbeute, den Heizwert und den
Aschegehalt des Hydrochars untersucht.

Bisher nicht als wichtiger Prozessparameter angesehen, hat die Heizrate einen Einfluss
auf den héheren Heizwert von Kakaofrucht-Hydrochar, die Ausbeute an Cashewstiel-
Hydrochar und den CSB des Hydrolysats nach der Carbonisierung von Kakaofrucht.

. Der Einfluss der Prozessparameter war sowohl fiir den Substrattyp als auch fiir den

Antwortfaktor spezifisch

Die hydrothermale Karbonisierung kann verwendet werden, um Kakaofriichte und
Cashewstielreste aufzuwerten, was zu einem niedrigeren Aschegehalt und einem hoheren
HHYV fiihrt, obwohl eine merkliche Verringerung der Ausbeute beobachtet wird.
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Appendices

Appendix A: Hydrothermal pretreatment of cocoa pods

A-1: Design of the hydrothermal pretreatmnet experiment.

A Temperature °C Numeric 135.50 234.50 -1 <> 150.00 +1 < 220.00 185.00 28.58

B Reaction time min Numeric 17.07-1+5.00 +1+« 15.00 10.00 4.08

A-2: Fiber analysis after hydrothermal pretreatment.

Temperatue | Residence . Final NDF ADF ADL cellulose Hemicellulose,

time, min Severity PH %

°C %
220 5 4.23 413 7130 68.62 35.64 3298 2.68
150 5 2.17 491 7424 6498 29.07 3591 9.26
135 10 2.03 511 71.64 66.47 29.75 36.71 5.18
185 3 2.98 451 7427 69.07 32.94 36.13 5.20
220 15 4.71 425 7136 68.88 36.21  32.67 2.48
234 10 4.95 426 7023 67.88 34.99 32.90 2.35
185 10 3.50 436 71.05 70.07 33.14 3693 0.98
185 10 3.50 447 69.92 67.82 31.60 36.21 2.10
150 15 2.65 481 7343 69.01 32.16 36.85 441
185 10 3.50 451 7136 6559 31.03 34.56 5.77
185 17 3.73 434 7253 66.00 31.59 3441 6.53
185 10 3.50 442 70.78 66.52 31.75 3477 4.26
185 10 3.50 449 7125 6829 32.02 36.27 2.96
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Appendix B: Experimental design of Hydrothermal carbonization study

B-1: Box Behnken HTC experimental Design with 3 central position.

Process temperature  Heating rate

Reaction time

Sud Run (°C) (K/min) (hrs)
4 1 240 10 4.5
14 2 210 6 4.5
1 3 180 2 4.5
6 4 240 6 1
7 5 180 6 8
5 6 180 6 1
15 7 210 6 4.5
10 8 210 10 1
11 9 210 2 8
12 10 210 10 8
8 11 240 6 8
13 12 210 6 4.5
2 13 240 2 4.5
3 14 180 10 4.5
9 15 210 2 1
B-2: Factor coding for HTC RSM design.
. - . Coded Coded Std.
Factor  Name Units Type Minimum Maximum Low High Mean Dev.
0 . -1 o +1 <
A Temperature °C ~ Numeric 180.00 240.00 180.00  240.00 210.00 22.68
. . . -1 & +1 &
B Heating rate k/min Numeric 2.00 10.00 .00 10.00 6.00 3.02
Reaction . -1 +1 -
C time hrs  Numeric 1.00 8.00 1.00 3.00 4.50  2.65
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B-3: Raw data on yield, heating value ash content and yield after hydrothermal carbonization of
cashew peduncle.

Tempera Heating Reaction HH Energy  Final Initial
ture rate time Yield V Ash  COD intensity  pH pH
% %

°C K/min hr TS Ml/kg Yield g/l

0 0 0.0 100 1671 80 . 1.00 - -

240 10 45 0.32 2699 329 2580 1.61 416 391
210 6 45 037 2479 495 31.50 1.48 3.89 415
180 2 45 0.32 23.82 581 3260 1.43 3.65 413
240 6 1.0 026 2593 495 2440 1.55 390  4.18
180 6 8.0 0.38 23.88 3.65 27.50 1.43 352 4.03
180 6 1.0 024 2195 6.82 4890 1.31 340  4.07
210 6 45 0.36 25.12 3.85 2720 1.50 398 410
210 10 1.0 0.34 2397 475 2875 1.43 418 440
210 2 8.0 043 2546 4.11 29.70 1.52 394 393
210 10 8.0 040 25.07 340 2220 1.50 3.56 438
240 6 8.0 0.30 26.86 291 2330 1.61 387  3.95
210 6 45 0.36 2455 4.68 31.10 1.47 410 446
240 2 45 0.35 2632 293 29.00 1.58 437 445
180 10 45 0.32 24.63 420 33.15 1.47 350  4.20
210 2 1.0 0.39 24.82 405 39.80 1.49 3.68 413
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B-4: Raw data on yield, HHV and Ash content of hydrochar from cocoa pods.

Tempera Heating Reaction HH Energy  Energy  Final Initial
ture rate time Yield V Ash  content  intensity pH pH
% %

°C K/min hr TS Ml/kg Yield MJ

0 0 0.0 100 16.71 17.30 1.00 - -
240 10 4.5 28 27.00 329 7.70 1.55 4.84 547
210 6 4.5 39 2479 495  9.00 1.31 4.61 571
180 2 4.5 46 23.82 581 9.50 1.17 445 729
240 6 1.0 49 2593 495 11.70 1.35 4.60  5.85
180 6 8.0 57 2388 3.65 11.80 1.17 452 513
180 6 1.0 44 2195 6.82 640 1.06 4.60 574
210 6 4.5 39 2512 385 9.1 1.31 4.60 582
210 10 1.0 53 2397 475 11.70 1.25 430 526
210 2 8.0 49 2546 411 12.11 1.40 459 552
210 10 8.0 47 2507 399 11.80 1.41 4.62 539
240 6 8.0 38 2686 291 10.70 1.59 482 577
210 6 4.5 49 2455 468 1130 1.30 4.57 546
240 2 4.5 40 2632 293 950 1.35 4.82 5.17
180 10 4.5 58 2463 420 12.70 1.27 435 535
210 2 1.0 54 2482 406 11.70 1.22 436 530
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Appendix C: Surface response models for hydrothermal pretreatment of cocoa pods.

lignin (%)
lignin (%)

P 224

T T T T T T T T T T T T T T
150 180 m 10 150 200 2 20 5 T 9 n 13 15

A Temp (20} B men time [min}

C-1: Perturbation plot of lignin response factor after hydrothermal pretreatment of cocoa pods.
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Interaction

38 _| B: rxn time (min)
36
34 _|
=
=
=
=y
- 32 |
30 |
28 |

T T T T T T T
150 160 170 180 190 200 210 220

A: Temp (oC)

C-2: Factor interactions between lignin content of the pretreated samples and the reaction.
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Waming! Factar ineabved inmuliple interactions.

C-3: Perturbation plot of specific biogas yield response factor after hydrothermal pretreatment of

cocoa pods.
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Interaction

800 _| B: rxn time (min)

Gas output (L/kgVS)

-200
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C-4: Factor interaction between process temperature and reaction time for specific biogas yield
of hydrothermally pretreated cocoa pods.
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Gas output (L/kgVS)

B: rxn time (min)

150 160 170 180 190 200 210 220
A: Temp (oC)

C-5: 2D surface response plot of specific biogas output response factor against the reaction time
and process temperature.
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Appendix D: Surface response models for hydrothermal carbonization of cocoa pods and cashew
peduncle residues

Factor Coding: Actusl Yield (%)

Yield (%)
@ Design Points

o02ae874 [ 027919
X1=A
x=8

8: Heating rate (k/min)
-

10 240

A: Temperature (0C)

Factor Coding Actual Yield (%)
Yield (%)
@ Oesign Poines

0201574 [ 027919
X1=A
xX2=C

C: Reaction time (hrs)

D-1: 2-D surface response plot for the yield of cashew peduncle hydrochar during varying
process conditions.
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Factor Coding: Actual

Yield (%)
@ Design Points

2o I 50
X1=A
X=C

Actual Factor

B=6 2}

Yield
Color points by value of

Yield :

2o [

C: Reaction time (hrs)

Predicted

Yield (%)

A: Temperature (oC)

Predicted vs. Actual

a5

a0

D-2: 2-D response surface models (A) and plot of actual and predicted yield response values (B)

for cocoa pods hydrochar.
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D-3: Perturbation plot of the process parameters with respect to cashew peduncle hydrochar
yield.
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Factor Coding: Actual

Perturbation

Yield (%)
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55
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D-3: Perturbation plot of the process parameters with respect to the yield of cocoa pods

hydrochar.
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Factor Coding: Actual

Higher Heating value (kJ/kg)

Higher Heating value (iJ/kg)
@ Design Points.

219474 [ 269863
xi=c
X2=a

Actual Factor
B=6

A: Temperature (oC)

C: Reaction time (hrs)

Factor Coding: Actual Higher Heating value (kJ/kg)

Higher Heating value (i/kg)
@ Design Points

21.9474 [ 269863
X1=A
X2=8

Actual Factor

c=45 [Ro]

B: Heating rate (k/min)

180 200 210 220 240

A: Temperature (oC)

D-4: 2-D surface response plot for the HHV of cashew peduncle hydrochar.
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Factor Coding: Actual Cube

A Higher Heating value (kJ/kg) Higher Heating value (k/kg)
X1=A
. 29 2689
x3=c

Predicted values shown

B+ 10 [ 2279 2574

z -0

£

2

g

8

o 2394 2689/ C+:8
I

“  Reaction time (hrs)

B-:2 2279 2574 C1

A 180 A: Temperature (0C) Ari240

Predicted vs. Actual

B Higher Heating value

Color points by value of
Higher Heating value:

21.95 [ 2699 26|
=

Predicted
I

D-5: Box plot of HHV of cashew peduncle hydrochar (A) and plot of predicted HHV response
values vrs the actual HHV response values.
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Factor Coding: Actual Higher Heating value (kJ/kg)

Higher Heating value (K//kg)
@ Design Points.
1875 [ 28.18
X1=A 8
X2=B
z
Actual Factor £
=15 2
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g
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A: Temperature (0C)

D-6: 2-D Surface response models for HHV of cocoa pods hydrochar.
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D-7: Plot of predicted vrs atual (A) and box plot HHV response factor for cocoa pods hydrochar.
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Perturbation
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D-8: Perturbation plat of process parameters for HHV of cashew peduncle hydrochars.
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D-9: Perturbation plot of process parameters for HHV of cocoa pods.
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Predicted vs. Actual

Predicted

Actual

Ash content (%0S)

B: Heating rate (k/min)

180 190 200 210 220 230 240

A: Temperature (0C)

D-10: Predicted vrs actual values for ash content response factor (A) and 2-D surface response
plot for ash content response factor for cashew peduncle hydrochar.
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A Predicted vs. Actual

Predicted
L

Factor Coding: Actual Ash content (%0S)

Ash content (%0S)
@ Design Points

25 [ 57
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Actual Factor

Cc=45 ]
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A: Temperature (0C)

D-11: Predicted vrs actual values for ash content response factor (A) and 2-D surface response
plot for ash content response factor for cocoa pods hydrochar.
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D-12: Perturbation plot of process parameters for cashew ash content of cashew peduncle
hydrochar.
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D-13: Perturbation plot of process parameters for cocoa pods ash content of cocoa pods
hydrochar.
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A Predicted vs. Actual
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D-14: Predicted vrs actual values for the COD response factor (A) and 2-D surface response plot
for ash content response factor for cashew peduncle hydrolysate after hydrothermal
carbonization.
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Predicted vs. Actual
cop
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D-15: Predicted vrs actual values for ash content response factor (A) and 2-D surface response
plot for ash content response factor for cocoa pods hydrolysate after hydrothermal carbonization.
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D-16: Perturbation plot of process parameters for cashew Ash content of cashew peduncle after
hydrothermal carbonization.
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D-17: Perturbation plot of process parameters for COD content of cocoa pods hydrolysate after
hydrothermal carbonization.
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Appendix E: Continuous digestion results
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E-1: Daily biogas and biomethane production from co-digested cashew peduncle (A), cashew
bagasse (B) and cocoa pods (C) with maize silage and mono digested maize silage (D).
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Biogas production from mono digested cashew peduncle, cashew bagasse and cocoa pods at
varying OLR starting at 2.5 kgVS/m®.day but constant hydraulic retention time.
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E-2: Daily biogas and biomethane production from mono digested cashew peduncle (A), cashew
bagasse (B) and cocoa pods (C).
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Band 14

2. Rostocker Bioenergieforum

Innovationen fir Klimaschutz und wirtschaftliche Entwicklung.
Tagungsband, erschienen im Oktober 2008, ISBN 978-3-86009-044-2

Band 15

7. Rostocker Abwassertagung

Fortschritte auf dem Gebiet der Abwasserentsorgung.

Tagungsband, erschienen im November 2008, ISBN 978-3-86009-045-9



Band 16

Christian NoR

Strémungsstrukturen kleiner naturnaher FlieRgewasser unter Bericksichtigung
von Turbulenztheorie und Dispersionsmodellen.

Dissertation, erschienen im Januar 2009, ISBN 978-3-86009-054-1

Band 17

Ralf Schréder

Entwicklung von Méglichkeiten zur Messung der N2-Ubersattigung sowie
Methoden zur Reduzierung der Schwimmschlammbildung.

Dissertation, erschienen im Februar 2009, ISBN 978-3-86009-055-8

Band 18

Elmar Wisotzki

Bodenverfestigungen mit Kalk-Hittensand-Gemischen.
Dissertation, erschienen im April 2009, ISBN 978-3-86009-059-6

Band 19

Ramez Mashkouk

Untersuchungen zur Adsorption und biologischen Aktivitat an Aktivkohlefilter
unter den Bedingungen der Wasseraufbereitung im Wasserwerk Rostock.
Dissertation, erschienen im April 2009, ISBN 978-3-86009-060-2

Band 20

Torsten Birkholz

Handlungserfordernisse und Optimierungsansatze fir kommunale Ver-
und Entsorgungsunternehmen im Zusammenhang mit demografischen
Veranderungen im landlichen Raum aufgezeigt an einem Beispiel in
Mecklenburg-Vorpommern.

Dissertation, erschienen im Mai 2009, ISBN 978-3-86009-061-9

Band 21

12. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfallwirtschaft.

Tagungsband, erschienen im Juni 2009, ISBN 978-3-86009-062-6

Band 22

Thomas Fritz

Entwicklung, Implementierung und Validierung eines praxisnahen Verfahrens
zur Bestimmung von Biogas- bzw. Methanertragen.

Dissertation, erschienen im Oktober 2009, ISBN 978-3-86009-065-7



Band 23

3. Rostocker Bioenergieforum

Bioenergie — Chance und Herausforderung fir die regionale und globale
Wirtschaft.

Tagungsband, erschienen im Oktober 2009, ISBN 978-3-86009-065-8

Band 24

Muhammad Mariam

Analyse von Gefahrenpotenzialen fur die Trinkwasserversorgung
der Stadt Rostock unter besonderer Berlicksichtigung von
Schadstoffausbreitungsvorgangen in der Warnow.

Dissertation, erschienen im Februar 2010, ISBN 978-3-86009-078-7

Band 25

Manja Steinke

Untersuchungen zur Behandlung von Abwassern der
Fischverarbeitungsindustrie.

Dissertation, erschienen im Juni 2010, ISBN 978-3-86009-085-5

Band 26

13. DIALOG Abfallwirtschaft MV

Die Kreislauf- und Abfallwirtschaft im Wandel. Wohin gehen die rechtlichen und
technischen Entwicklungen?

Tagungsband, erschienen im Juni 2010, ISBN 978-3-86009-087-9

Band 27

4. Rostocker Bioenergieforum

Zukunftstechnologien fir Bioenergie

Tagungsband, erschienen im Oktober 2010, ISBN 978-3-940364-12-8

Band 28

Dirk Banemann

Einfluss der Silierung und des Verfahrensablaufs der Biomassebereitstellung auf
den Methanertrag unter Bericksichtigung eines Milchsaurebakteriensiliermittel
Dissertation, erschienen im Januar 2011, ISBN 978-3-86009-087-9

Band 29

14. DIALOG Abfallwirtschaft MV

Abfall als Wertstoff- und Energiereserve

Tagungsband, erschienen im Juni 2011, ISBN 978-3-940364-18-0

Band 30
5. Rostocker Bioenergieforum
Tagungsband, erschienen im November 2011, ISBN 978-3-940364-20-3



Band 31

8. Rostocker Abwassertagung

Erhéhung der Effektivitat von Abwasserentsorgungsanlagen
Tagungsband, erschienen im November 2011, ISBN 978-3-86009-120-3

Band 32
6. Rostocker Bioenergieforum
Tagungsband, erschienen im Juni 2012, ISBN 978-3-940364-27-2

Band 33

Ishan Machlouf

Untersuchungen zur Nitratelimination bei der Trinkwasseraufbereitung unter
Berlicksichtigung syrischer Verhaltnisse

Dissertation, erschienen im Mérz 2013, ISBN 978-3-86009-204-0

Band 34

Ralph Sutter

Analyse und Bewertung der EinflussgroRen auf die Optimierung der
Rohbiogasproduktion hinsichtlich der Konstanz von Biogasqualitat und -menge
Dissertation, erschienen im Méarz 2013, ISBN 978-3-86009-202-6

Band 35

Wolfgang Pfaff-Simoneit

Entwicklung eines sektoralen Ansatzes zum Aufbau von nachhaltigen Abfallwirt-
schaftssystemen in Entwicklungslandern vor dem Hintergrund von Klimawandel
und Ressourcenverknappung

Dissertation, erschienen im Mai 2013, ISBN 978-3-86009-203-3

Band 36
7. Rostocker Bioenergieforum
Tagungsband, erschienen im Juni 2013, ISBN 978-3-86009-207-1

Band 37

Markus Helftewes

Modellierung und Simulation der Gewerbeabfallaufbereitung vor dem
Hintergrund der Outputqualitat, der Kosteneffizienz und der Klimabilanz
Dissertation, erschienen im Oktober 2013, ISBN 978-3-86009-402-0

Band 38

Jan Stefan Riha

Detektion und Quantifizierung von Cyanobakterien in der Ostsee mittels
Satellitenfernerkundung

Dissertation, erschienen im Oktober 2013, ISBN 978-3-86009-403-7



Band 39

Peter Helmke

Optimierung der Verarbeitungs-, Gebrauchs- und Entsorgungseigenschaften
eines naturfaserverstarkten Kunststoffes unter Berticksichtigung automobiler
Anforderungen

Dissertation, erschienen im November 2013, ISBN 978-3-86009-404-4

Band 40

Andrea Siebert-Raths

Modifizierung von Polylactid (PLA)fur technische Anwendungen
Verfahrenstechnische Optimierung der Verarbeitungs-und Gebrauchseigenschaften
Dissertation, erschienen im Januar 2014 ISBN 978-3-86009-405-1

Band 41

Fisiha Getachew Argaw

Agricultural Machinery Traffic Influence on Clay Soil Compaction as Measured
by the Dry Bulk Density

Dissertation, erschienen im Januar 2014 ISBN 978-3-86009-406-8

Band 42

Tamene Adugna Demissie

Climate change impact on stream flow and simulated sediment yield to

Gilgel Gibe 1 hydropower reservoir and the effectiveness of Best Management
Practices

Dissertation, erschienen im Februar 2014 ISBN 978-3-86009-407-5

Band 43

Paul Engelke

Untersuchungen zur Modellierung des Feststofftransports in Abwasserkanalen:
Validierung in SIMBA®

Dissertation, erschienen im Februar 2014 ISBN 978-3-86009-408-2

Band 44

16. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfall- und Ressourcenwirtschaft
Tagungsband, erschienen im April 2014, ISBN 978-3-86009-410-5

Band 45
8. Rostocker Bioenergieforum, 19.-20. Juni 2014 an der Universitat Rostock
Tagungsband, erschienen im Juni 2014, ISBN 978-3-86009-412-9

Band 46

Abschlussbericht Projekt CEMUWA - Climate protection, natural resources
management and soil improvement by combined Energetic and Material
Utilization of lignocellulosic agricultural WAstes and residues
Projektbericht, erschienen im September 2014, ISBN 978-3-86009-413-6



Band 47
8. Rostocker Baggergutseminar, 24.-25. September 2014 in Rostock
Tagungsband, erschienen im September 2014, ISBN 978-3-86009-414-3

Band 48

Michael Kuhn

Mengen und Trockenriickstand von Rechengut kommunaler Klaranlagen
Dissertation, erschienen im Oktober 2014 ISBN 978-3-86009-415-0

Band 49

9. Rostocker Abwassertagung, Infrastruktur- und Energiemanagement —
ein Geschwisterpaar der Wasserwirtschaft 12. November 2014 in Rostock
Tagungsband, erschienen im November 2014, ISBN 978-3-86009-416-7

Band 50

Mulugeta Azeze Belete

Modeling and Analysis of Lake Tana Sub Basin Water Resources Systems,
Ethiopia

Dissertation, erschienen im Dezember 2014 ISBN 978-3-86009-422-8

Band 51

Daniela Dressler

Einfluss regionaler und standortspezifischer Faktoren auf die Allgemeingdiltig-
keit 6kologischer und primarenergetischer Bewertungen von Biogas
Dissertation, erschienen im Oktober 2014 ISBN 978-3-86009-424-2

Band 52
9. Rostocker Bioenergieforum, 18.-19. Juni 2015 in Rostock
Tagungsband, erschienen im November 2014, ISBN 978-3-86009-425-9

Band 53

Nils Engler

Spurenelementkonzentrationen und biologische Aktivitat in NaWaRo-Biogas-
fermentern

Dissertation, erschienen im September 2015 ISBN 978-3-86009-427-3

Band 54

Thomas Schmidt

Méglichkeiten der Effizienzsteigerung bei der anaeroben Vergarung
von Weizenschlempe

Dissertation, erschienen im Oktober 2015 ISBN 978-3-86009-428-0



Band 55

Thomas Dorn

Principles, Opportunities and Risks associated with the transfer of environmen-
tal technology between Germany and China using the example of thermal was-
te disposal

Dissertation, erschienen im Dezember 2015 ISBN 978-3-86009-429-7

Band 56

Uwe Holzhammer

Biogas in einer zukiinftigen Energieversorgungsstruktur mit hohen Anteilen
fluktuierender Erneuerbarer Energien

Dissertation, erschienen im Dezember 2015 ISBN 978-3-86009-430-3

Band 57

17. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfall- und Ressourcenwirtschaft,
15. Juni 2016 in Rostock,

Tagungsband, erschienen im Juni 2016, ISBN 978-3-86009-432-7

Band 58
10. Rostocker Bioenergieforum, 16.-17. Juni 2016 in Rostock
Tagungsband, erschienen im Juni 2016, ISBN 978-3-86009-433-4

Band 59

Michael Friedrich

Adaptation of growth kinetics and degradation potential of organic material in
activated sludge

Dissertation, erschienen im Juli 2016 ISBN 978-3-86009-434-1

Band 60

Nico Schulte

Entwicklung von Qualitatsprifungen fir die haushaltsnahe Abfallsammlung im
Holsystem

Dissertation, erschienen im Juli 2016 ISBN 978-3-86009-435-8

Band 61

Ullrich Dettmann

Improving the determination of soil hydraulic properties of peat soils at different
scales

Dissertation, erschienen im September 2016 ISBN 978-3-86009-436-5

Band 62

Anja Schreiber

Membranbasiertes Verfahren zur weitergehenden Vergarung

von feststoffreichen Substraten in landwirtschaftlichen Biogasanlagen
Dissertation, erschienen im Oktober 2016 ISBN 978-3-86009-446-4



Band 63

André Kortel

Entwicklung eines selbstgangigen statischen Verfahrens zur biologischen Stabili-
sierung und Verwertung organikreicher Abfélle unter extrem ariden Bedingungen
fir Entwicklungs- und Schwellenlander, am Beispiel der Stadt Teheran
Dissertation, erschienen im Oktober 2016 ISBN 978-3-86009-447-1

Band 64

Ayman Elnaas

Actual situation and approach for municipal solid waste treatment in the Arab
region

Dissertation, erschienen im Oktober 2016 ISBN 978-3-86009-448-8

Band 65

10. Rostocker Abwassertagung, Wege und Werkzeuge fiir eine zukunftsfahige
Wasserwirtschaft im norddeutschen Tiefland, 8. November 2016 in Rostock
Tagungsband, erschienen im November 2016, ISBN 978-3-86009-449-5

Band 66

Gunter Weilbach

Mikrowellen-assistierte Vorbehandlung lignocellulosehaltiger Reststoffe
Dissertation, erschienen im November 2016 ISBN 978-3-86009-450-1

Band 67

Leandro Janke

Optimization of anaerobic digestion of sugarcane waste for biogas
production in Brazil

Dissertation, erschienen im Mai 2017 ISBN 978-3-86009-454-9

Band 68
11. Rostocker Bioenergieforum, 22.-23. Juni 2017 in Rostock
Tagungsband, erschienen im Juni 2017, ISBN 978-3-86009-455-6

Band 69

Claudia Demmig

Einfluss des Erntezeitpunktes auf die anaerobe Abbaukinetik der Gerust-
substanzen im Biogasprozess

Dissertation, erschienen im Juli 2017, ISBN 9978-3-86009-456-3

Band 70

Christian Koepke

Die Ermittlung charakteristischer Bodenkennwerte der Torfe und Mudden
Mecklenburg-Vorpommerns als Eingangsparameter fiir erdstatische
Berechnungen nach Eurocode 7 / DIN 1054

Dissertation, erschienen im Juni 2017, ISBN 978-3-86009-457-0



Band 71

Sven-Henning Schlémp

Geotechnische Untersuchung und Bewertung bautechnischer Eignung
von Millverbrennungsschlacken und deren Gemischen mit Béden
Dissertation, erschienen im Juni 2017, ISBN 978-3-86009-458-7

Band 72

Anne-Katrin Grol3e

Baggergut im Deichbau — Ein Beitrag zur geotechnischen Charakterisierung
und Erosionsbeschreibung feinkérniger, organischer Sedimente

aus dem Ostseeraum zur Einschatzung der Anwendbarkeit

Dissertation, erschienen im Juni 2017, ISBN 978-3-86009-459-4

Band 73

Thomas Knauer

Steigerung der Gesamteffizienz von Biogasanlagen durch thermische
Optimierung

Dissertation, erschienen im Juli 2017, ISBN 978-3-86009-460-0

Band 74

Mathhar Bdour

Electrical power generation from residual biomass by combustion

in externally fired gas turbines (EFGT)

Dissertation, erschienen im August 2017, ISBN 978-3-86009-468-6

Band 75

Johannes Dahlin

Vermarktungsstrategien und Konsumentenpraferenzen fir Dinger und Erden
aus organischen Reststoffen der Biogasproduktion

Dissertation, erschienen im September 2017, ISBN 978-3-86009-469-3

Band 76

Soren Weinrich

Praxisnahe Modellierung von Biogasanlagen

Systematische Vereinfachung des Anaerobic Digestion Model No. 1 (ADM1)
Dissertation, erschienen im Mé&rz 2018, ISBN 978-3-86009-471-6

Band 77

18. DIALOG Abfallwirtschaft MV

Aktuelle Entwicklungen in der Abfall- und Ressourcenwirtschaft
Tagungsband, erschienen im Juni 2018, ISBN 978-3-86009-472-3

Band 78
12. Rostocker Bioenergieforum
Tagungsband, erschienen im Juni 2018, ISBN 978-3-86009-473-0



Band 79

Tatyana Koegst

Screening approaches for decision support in drinking water supply
Dissertation, erschienen im Juni 2018, ISBN 978-3-86009-474-7

Band 80

Liane Miller

Optimierung des anaeroben Abbaus stickstoffhaltiger Verbindungen durch den
Einsatz von Proteasen

Dissertation, erschienen im September 2018, ISBN 978-3-86009-475-4

Band 81

Projektbericht Wasserwirtschaft

KOGGE — Kommunale Gewasser Gemeinschaftlich Entwickeln

Ein Handlungskonzept fiir kleine urbane Gewasser am Beispiel

der Hanse- und Universitatsstadt Rostock

Projektbericht, erschienen im September 2018, ISBN 978-3-86009-476-1

Band 82

Adam Feher

Untersuchungen zur Bioverfuigbarkeit von Mikronahrstoffen fiir den
Biogasprozess

Dissertation, erschienen im Oktober 2018, ISBN 978-3-86009-477-8

Band 83

Constanze Uthoff

Pyrolyse von naturfaserverstarkten Kunststoffen zur Herstellung eines
kohlenstoffhaltigen Fllstoffs flir Thermoplasten

Dissertation, erschienen im November 2018, ISBN 978-3-86009-478-5

Band 84

Ingo Kaundinya

Prifverfahren zur Abschatzung der Langzeitbestandigkeit von Kunststoff-
dichtungsbahnen aus PVC-P fiir den Einsatz in Dichtungssystemen

von Stral3entunneln

Dissertation, erschienen im Dezember 2018, ISBN 978-3-86009-484-6

Band 85

Eric Mauky

A model-based control concept for a demand-driven biogas production
Dissertation, erschienen im Januar 2019, ISBN 978-3-86009-485-3

Band 86

Michael Kroger

Thermochemical Utilization of Algae with Focus on hydrothermal Processes
Dissertation, erschienen im Februar 2019, ISBN 978-3-86009-486-0



Band 87
13. Rostocker Bioenergieforum
Tagungsband, erschienen im Juni 2019, ISBN 978-3-86009-487-7

Band 88
12. Rostocker Abwassertagung
Tagungsband, erschienen im September 2019, ISBN 978-3-86009-488-4

Band 89

Philipp Stahn

Wasser- und Nahrstoffhaushalt von Bdden unter Mischkulturen und
Trockenstress

Dissertation, erschienen im Juli 2019, ISBN 978-3-86009-489-1

Band 90

BioBind: Luftgestiitzte Beseitigung von Verunreinigungen durch Ol

mit biogenen Bindern

Projektbericht, erschienen im September 2019, ISBN 978-3-86009-490-7

Band 91

Jirgen Muller

Die forsthydrologische Forschung im Nordostdeutschen Tiefland:
Veranlassung, Methoden, Ergebnisse und Perspektiven
Habilitation, erschienen im Oktober 2019, ISBN 978-3-86009-491-4

Band 92

Marcus Siewert

Bewertung der Olhavarievorsorge im deutschen Seegebiet auf Grundlage
limitierender Randbedingungen — Ein Beitrag zur Verbesserung

des Vorsorgestatus

Dissertation, erschienen im November 2019, ISBN 978-3-86009-492-1

Band 93

Camilo Andrés Wilches Tamayo

Technical optimization of biogas plants to deliver demand oriented power
Dissertation, erschienen im Februar 2020, ISBN 978-3-86009-493-8

Band 94

Robert Kopf

Technisches Benchmarking mit Standortqualifikationsstudie biochemischer
Energieanlagenprojekte (Beispiel Biogas)

Dissertation, erschienen im Februar 2020, ISBN 978-3-86009-494-5

Band 95

14. Rostocker Bioenergieforum und 19. DIALOG Abfallwirtschaft MV
Tagungsband, erschienen im Juni 2020, ISBN 978-3-86009-507-2
DOI https://doi.org/10.18453/rosdok_id00002650



Band 96

Safwat Hemidat

Feasibility Assessment of Waste Management and Treatment in Jordan
Dissertation, erschienen im Juli 2020, ISBN 978-3-86009-509-6

Band 97

Andreas Heiko Metzing

Verdichtung von ungebundenen Pflasterdecken und Plattenbelagen -
Untersuchungen zur Lagerungsdichte des Fugenmaterials
Dissertation, erschienen im Juli 2020, ISBN 978-3-86009-510-2

Band 98

Ying Zhou

Research on Utilization of Hydrochars Obtained by the Organic Components of
Municipal Solid Waste

Dissertation, erschienen im November 2020, ISBN 978-3-86009-515-7

Band 99

Mathias Giel3ler

Ein prozessbasiertes Modell zur wirtschaftlich-technischen Abbildung von
Abwasserunternehmen — Beispielhafte Anwendung fir eine landliche Region
mit Bevolkerungsriickgang

Dissertation, erschienen im November 2020, ISBN 978-3-86009-516-4

Band 100

Dodiek lka Candra

Development of a Virtual Power Plant based on a flexible Biogas Plant and a
Photovoltaic-System

Dissertation, erschienen im Dezember 2020, ISBN 978-3-86009-518-8

Band 101

Thomas Zeng

Prediction and reduction of bottom ash slagging during small-scale combustion
of biogenic residues

Dissertation, erschienen im Dezember 2020, ISBN 978-3-86009-519-5
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Band 102

Dissertation
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