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Abstract 

This dissertation explores valorisation technologies for using cocoa fruit pulp and cocoa pod husks as 

food ingredients. Chapter 1 examined the aroma composition of fresh pulp from four countries of origin, 

identifying a wide range of aroma-active substances with qualitative variations across different pulps. 

Pasteurization and ultra-high temperature treatment were studied in Chapter 2 to prolong the shelf-life 

of cocoa pulp while aiming to maintain its sensory attributes. Enzyme-assisted hydrolyses were 

investigated in Chapter 3 for cocoa pulp processing, focusing on the influence of temperature, enzyme 

activity, and enzyme combinations on different physicochemical parameters. In Chapter 4, the 

fermentation of cocoa pod husks by Pleurotus salmoneo-stramineus was delved into to produce a 

protein- and fibre-rich ingredient, thereby focusing on its techno-functional properties. This dissertation 

provides valuable knowledge for optimising the utilization of cocoa by-products for food applications 

and promoting more sustainable practices in the cocoa supply chain.
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1 Summary 

The cocoa supply chain is challenged by the production of large amounts of by-products, representing 

significant economic losses and missed opportunities for farmers and the food sector. The objective of 

this dissertation was to investigate valorisation technologies for using cocoa fruit pulp and cocoa pod 

husks as food ingredients.  

In Chapter 1, the aroma composition of fresh cocoa pulp from different origins was investigated. The 

aroma-active substances in pulps from Indonesia, Vietnam, Cameroon, and Nicaragua were identified 

using aroma extract dilution analyses (AEDA) combined with gas chromatography-mass 

spectrometry/olfactometry (GC-MS/O). In total, 65 aroma-active substances were determined, of which 

36 were found in all pulps. In higher dilutions, Indonesian cocoa pulp had fatty, cheesy, and phenolic 

notes, while Vietnamese pulp had fatty, green, and smoky notes. Cameroonian pulp was butter-like, 

popcorn-like, flowery, and fruity, and Nicaraguan pulp extract was fruity and flowery, with hints of 

honey, clove, and vanilla. This chapter identified significant variability in the aroma composition of 

cocoa pulps across diverse origins, presenting a broad spectrum of possibilities for food applications. 

Fresh cocoa pulp’s high moisture and sugar contents make it an ideal growth medium for 

microorganisms, posing a high risk of spoilage. Hence, preservation processes are necessary while 

sustaining the quality of the pulp. Chapter 2 focused on the pasteurization and ultra-high temperature 

(UHT) treatment of cocoa pulp and their effects on quality parameters, i.e., sensory properties, dry 

matter content, water activity, total soluble solids, colour, and peroxidase activity. Both thermal 

treatments were successful in the inactivation of enzymes. The colour of pasteurized pulp was 

determined to be akin to fresh pulp, while the UHT-treatment resulted in brownish samples. Sensory 

properties of fresh, pasteurized, and UHT-treated pulps were characterised by descriptive analysis, 

AEDA, and GC-MS/O for identification. The fresh pulp exhibited 74 aroma-active substances, while 

UHT-treated and pasteurized pulp accounted for 66 and 60, respectively. The thermally treated pulps 

remained stable at 4 °C and 23 °C for 24 weeks without a significant growth of microorganisms. During 

storage, the rate of nonenzymatic browning was determined to be higher in samples stored at 23 °C 

compared to those stored at 4 °C. This study demonstrated pasteurization and ultra-high temperature 

treatment as effective methods for preserving cocoa fruit pulp, extending its shelf life with minimal 

alterations in sensory quality and offering valuable insights for the preservation of other side-streams. 

Chapter 3 focused on the use of enzymes to facilitate cocoa pulp processing, for instance in the de-

pulping of beans and the subsequent preservation. This chapter describes the effect of temperature, 

enzyme activity and enzyme combinations on the viscosity, particle diameter (dv,0.9), browning index 
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(BI) and total soluble solids of cocoa pulp by means of Response Surface Methodology and D-optimal 

design. The enzymes investigated were endo-polygalacturonase (P), endo-cellulase (C) and 

hemicellulase (H). The reduction in relative viscosity, the dv,0.9 and the BI fitted a reduced quadratic 

model. When used alone, P led to the highest reduction in viscosity, while C was the least effective. 

Moreover, combinations of P with C and/or H increased the effect on the viscosity. Maximal viscosity 

reductions by 70% were predicted for 300 U P and 300 U H at 40 °C. The dv,0.9 of fresh pulp was 

613 μm. When combined, P, C and H reduced the dv,0.9 to 418 µm (40 °C, 580 U). Moreover, only the 

temperature significantly influenced the BI, where higher temperatures led to higher indices. Lastly, the 

design was successfully validated for the reduction in viscosity and the dv,0.9. The study results suggest 

that P plays the primordial role in the hydrolysis of cocoa pulp, while C and H play more supporting 

ones.  

Chapter 4 studied the fermentation of cocoa pod husks (CPH) by Pleurotus salmoneo-stramineus (PSS) 

to produce a fibre- and protein-rich ingredient, which was investigated after its physicochemical 

composition and techno-functional properties. Fermentation resulted in a significant increase in protein 

content from 7.3 g/100 g DM in CPH to 18.9 g/100 g DM. The water and oil binding capacities of the 

fermented CPH (CPHF) were 3.5 mL/g and 2.1 mL/g, respectively. The particle diameter dv,0,90 of 

CPHF was smaller compared to CPH. Regarding total dietary fibre content, CPHF contained 

73.4 g/100 g DM compared to 63.6 g/100 g DM in CPH. The soluble fibre content was lower in CPHF, 

while the insoluble fibre fraction was higher in CPHF at 71.1 g/100 g DM as to CPH at 53.6 g/100 g 

DM. To investigate a possible use in food matrices, bread doughs with CPH or CPHF were characterised 

for texture, colour and farinographic properties. The dough hardness, consistency and browning index 

increased with the CPH concentration, whereas for CPHF, springiness and peak viscosities declined. 

This study confirmed the capability of PSS to grow on cocoa pod husks, yielding high-quality protein, 

conceivably providing cocoa farmers alternative income streams, and fostering a more sustainable 

cocoa production. 

By focusing on the composition of cocoa fruit pulp and cocoa pod husks, this dissertation explored 

diverse technologies for their valorisation into food ingredients. The aroma analysis highlighted 

qualitative variations in cocoa pulps, offering versatility for creating a wide range of food products. 

Moreover, the investigation of stabilisation processes for cocoa pulp demonstrated the successful 

extension of its shelf life with minimal impact on sensory properties. The enzyme-assisted hydrolyses 

showcased great potential for the efficient separation and processing of the pulp. Finally, the 

fermentation of pod husks by a fungal strain revealed a promising approach to upcycle these into 

protein- and fibre-rich ingredients. Overall, this doctoral thesis contributes valuable knowledge for 

optimising cocoa by-product utilization, reducing economic losses, and promoting sustainable practices 

in the cocoa supply chain. 
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2 Zusammenfassung 

In der Kakaolieferkette fallen viele Nebenprodukten an, die für die Bauern und den Lebensmittelsektor 

erhebliche wirtschaftliche Verluste und verpasste Chancen darstellen. Ziel dieser Doktorarbeit war 

daher die Untersuchung von Aufwertungstechnologien für die Verwendung von Kakaofruchtpulpe und 

Kakaofruchtschalen als Lebensmittelzutaten.  

Kakaopulpe kann in Lebensmitteln wie Konfitüren, Fruchtzubereitungen und Getränken eingesetzt 

werden. Im ersten Kapitel dieser Arbeit wurde die Aromazusammensetzung von frischer Kakaopulpe 

verschiedener Herkunft untersucht. Die aromaaktiven Substanzen in Pulpen aus Indonesien, Vietnam, 

Kamerun und Nicaragua wurden mittels Aromaextraktverdünnungsanalysen (AEDA) in Kombination 

mit Gaschromatographie-Massenspektrometrie/Olfaktometrie identifiziert. Insgesamt wurden 65 

Substanzen nachgewiesen, von denen 36 in allen Pulpen gefunden wurden. In den höheren 

Verdünnungen wurde die indonesische Kakaopulpe als überwiegend fettig, käsig und phenolisch 

wahrgenommen, während die vietnamesische Pulpe hohe FD-Faktoren mit fettigen, grünen und 

rauchigen Noten aufwies. Die kamerunische Kakaopulpe zeichnete sich durch butterartige, 

popcornartige, blumige und fruchtige Geruchsqualitäten aus, während der nicaraguanische 

Pulpenextrakt vor allem fruchtig, blumig mit honig-, nelken- und vanilleartigen Nuancen wirkte. Es 

konnte nachgewiesen werden, dass die Aromazusammensetzung von Kakaopulpen unterschiedlicher 

Herkunft stark variiert und somit eine große Vielfalt an Möglichkeiten für Lebensmittelanwendungen 

bietet. Der hohe Feuchtigkeits- und Zuckergehalt frischer Kakaopulpe macht sie zu einem idealen 

Wachstumsmedium für Mikroorganismen, was ein hohes Verderbsrisiko darstellen. Daher sind 

Konservierungsmaßnahmen erforderlich, die die Qualität der Pulpe erhalten. In Kapitel 2 wurden die 

Pasteurisierung und die UHT-Behandlung von Pulpe aus Kamerun erforscht und ihre Auswirkungen 

auf die Qualitätsparameter Sensorik, Trockensubstanzgehalt, Wasseraktivität, gesamte lösliche 

Feststoffe, Farbe und Peroxidase-Aktivität beschrieben. Beide Verfahren inaktivierten erfolgreich die 

Enzyme. Zudem entsprach die Farbe der pasteurisierten Pulpe derjenigen der frischen, während die 

UHT-Behandlung zu bräunlicheren Proben führte. Die sensorischen Eigenschaften der frischen, 

pasteurisierten und UHT-behandelten Pulpen wurden durch eine beschreibende Analyse und die 

Identifizierung der Aromastoffen charakterisiert. Frische Pulpe wies 74 aromaaktive Substanzen auf, 

während in UHT-behandelten und pasteurisierten Proben 66 bzw. 60 Aromastoffe identifiziert wurden. 

Thermisch behandelte Pulpen waren bei 4 °C und 23 °C 24 Wochen lang stabil, ohne dass es zu einem 

signifikanten Mikroorganismenwachstum kam. Während der Lagerung wurde eine höhere Rate der 

nicht-enzymatischen Bräunung bei den bei 23 °C gelagerten Proben im Vergleich zu den bei 4 °C 
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gelagerten Proben festgestellt. Diese Studie zeigte, dass Pasteurisierung und UHT-Behandlung 

wirksame Methoden zur Konservierung von Kakaopulpe sind, die die Haltbarkeit bei minimaler 

Veränderung der sensorischen Qualität verlängern und wertvolle Erkenntnisse für die Konservierung 

anderer Nebenprodukte liefern. Kapitel 3 befasste sich mit dem Einsatz von Enzymen als potenzielle 

Hilfsmittel für die Verarbeitung von Kakaopulpe, z. B. bei der Entpulpung der Bohnen. Dieses Kapitel 

beschreibt die Auswirkungen von Temperatur, Enzymkonzentration und Enzymkombinationen auf die 

relative Viskosität, den Partikeldurchmesser (dv,0,9), den Bräunungsindex (BI) und die gesamten 

löslichen Feststoffe von Kakaopulpe mittels Response Surface Methodology und D-Optimal Design. 

Die untersuchten Enzyme waren Endo-Polygalakturonase (P), Endo-Cellulase (C) und Hemicellulase 

(H). Die Verringerung der Viskosität, des dv,0,9 und des Bräunungsindex befolgten ein reduziertes 

quadratisches Modell. Bei der alleinigen Verwendung von P wurde die Viskosität am stärksten 

reduziert, während C am wenigsten wirksam war. Darüber hinaus verstärkte die Kombination von P 

mit C und/oder H die Wirkung auf die Viskosität. Maximale Viskositätssenkungen um 70 % wurden 

für 300 U P und 300 U H bei 40° C vorhergesagt. Der dv,0.9 des frischen Materials betrug 613 μm. Bei 

der Kombination von P, C und H verringerte sich der dv,0.9 auf 418 µm (40° C, 580 U). Hinsichtlich des 

BI der enzymatisch behandelten Proben erwies sich nur der Einfluss der Temperatur als signifikant, 

wobei höhere Temperaturen zu einem höheren BI führten. Das Design wurde erfolgreich für die 

Verringerung der Viskosität und des dv,0,9 validiert. Die Ergebnisse deuten darauf hin, dass P die 

wichtigste Rolle bei der Hydrolyse von Kakaopulpe spielt, während C und H eher unterstützend wirken. 

Kapitel 4 befasste sich mit der Fermentation von Kakaofruchtschalen (CPH) durch Pleurotus salmoneo-

stramineus (PSS) zur Herstellung von einer ballaststoff- und proteinreichen Zutat. Die Fermentation 

führte zu einem signifikanten Anstieg des Proteingehalts von 7,3 g/100 g Trockensubstanz (TS) in CPH 

auf 18,9 g/100 g TS. Die Wasser- und Ölbindekapazität der fermentierten CPH (CPHF) betrug 3,5 mL/g 

bzw. 2,1 mL/g. Der Gesamtballaststoffgehalt betrug 73,4 g/100 g TS in CPHF und 63,6 g/100 g TS in 

CPH. Die Menge der löslichen Ballaststoffe betrug 2,3 g/100 g TS in CPHF und 10,1 g/100 g TS in 

CPH; die unlösliche Fraktion machte 71,1 g/100 g TS bzw. 53,6 g/100 g TS aus. Um eine mögliche 

Verwendung in Lebensmittel zu untersuchen, wurden Brotteige mit CPH oder CPHF hergestellt und 

hinsichtlich Textur, Farbe und farinographischer Eigenschaften charakterisiert. Die Teighärte, die 

Konsistenz und der BI nahmen mit der CPH-Konzentration zu, während bei CPHF die Elastizität und 

die Spitzenviskosität abnahmen. Diese Studie bestätigte die Fähigkeit von PSS, auf Kakaoschalen zu 

wachsen und dabei hochwertige Zutaten zu liefern, die den Kakaobauern alternative 

Einkommensquellen bieten und eine nachhaltigere Kakaoproduktion fördern könnten. 

Diese Dissertation konzentrierte sich auf die Zusammensetzung von Kakaofruchtfleisch und 

Kakaofruchtschalen und untersuchte verschiedene Verarbeitungstechnologien für deren Aufwertung zu 

Lebensmittelzutaten. Die Analyse der Aromazusammensetzung zeigte qualitative Unterschiede in 
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Kakaopulpen auf, die sich für die Herstellung einer breiten Palette von Lebensmitteln eignen. Die 

Untersuchung von Stabilisierungsverfahren für Kakaopulpe belegte zudem die erfolgreiche 

Verlängerung ihrer Haltbarkeit bei minimaler Beeinträchtigung der organoleptischen Eigenschaften. 

Der Einsatz von enzymunterstützten Hydrolysen stellte ein großes Potenzial für die effiziente Trennung 

und Verarbeitung der Pulpe dar. Schließlich zeigte die Fermentation von Kakaofruchtschalen durch den 

Pilz Pleurotus salmoneo-stramineus einen vielversprechenden Ansatz, um diese in protein- und 

ballaststoffreiche Zutaten umzuwandeln. Insgesamt liefert diese Doktorarbeit wertvolle Erkenntnisse 

zur Optimierung der Verwertung von Kakao-Nebenprodukten, zur Verringerung wirtschaftlicher 

Verluste und zur Förderung nachhaltiger Praktiken in der Kakaolieferkette.
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5 General introduction 

5.1 Theobroma cacao L. 

Theobroma cacao L (theos gr. = god, broma gr. = food, “food of the gods”) or cocoa is an evergreen 

tree from the family of Malvaceae. It originated in the Amazon basin, yet it is often believed to have 

been domesticated in Mesoamerica by the Mokaya people (Patiño 2002; Powis et al. 2007). In the 

1520s, colonisers returning from the New World introduced cocoa as a bitter beverage into Europe. 

After the incorporation of sugar and milk, as well as the subsequent widespread of chocolate, the 

Spanish monopoly on cocoa production became uncertain, and cocoa cultivation soon expanded to the 

Italian, Dutch and Portuguese colonies. (Minifie 1981).  

Cocoa is a shade-loving crop that grows up to a size of 10 – 15 m but is usually cut to 4 – 8 m to ease 

the harvest of cocoa fruits (also referred to as cocoa pods) (Figure 1). The cocoa flowers grow on the 

trunk and branches (cauliflory) and are pollinated artificially or by the Forcipomyia flies. After 

pollination, the flowers develop into fruits. Cocoa fruits need around 5–6 months to be fully developed 

and will most likely be 15 – 30 cm long and 300 – 500 g in weight. However, cocoa pods can vary 

considerably between varieties, origin, and season. Ripe cocoa pods contain approximately 20 – 60 

seeds. Each cocoa tree carries 20 to 50 fruits per harvest, depending on the region, climate, variety, and 

age of the tree. These begin to bear fruits after 3 years and can produce fruits until the age of around 40 

years, when they need to be replaced (Beckett et al. 2017). Tropical climates with temperatures around 

18 to 32 °C, humidities between 70 – 90%, altitudes below 1000 m as well as sufficient rainfall 

throughout the year (1000 – 4000 mm) are necessary for the cultivation of cocoa. Therefore, cocoa 

plantations lie primarily between 20° north and 20° south of the Equator (Afoakwa 2010). In most 

producing countries, the cocoa harvest takes place twice a year. The main harvest season is around 

October and a smaller harvest is carried out around March (Beckett et al. 2017).  
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Figure 1 Cocoa tree with cocoa pods growing on the tree stem and the branches (Reproduced 

with permission of the Fraunhofer Institute for Process Engineering and Packaging IVV). 

5.2 Cocoa production and trade 

Cocoa is a crucial agricultural export and a significant part of the economies of various countries in 

West Africa, South America, and South-East Asia (Afoakwa 2010). The International Cocoa 

Organization reported a worldwide cocoa bean production of around 4.9 million tonnes in the 

2021/2022 cocoa season (ICCO 2022). Currently, the seven largest producers are Côte d’Ivoire (Ivory 

Coast), Ghana, Ecuador, Cameroon, Nigeria, Brazil, and Indonesia. They account for more than 90% 

of the world's production (Figure 2) (ICCO 2022). In the last decades, the largest cocoa importers were 

the Netherlands, Germany, and the United States, importing 0.99 Mt, 0.44 Mt, and 0.37 Mt, 

respectively, in 2020. However, there has been an increase in the demand for cocoa beans from new 

emerging markets such as Malaysia (0.38 Mt in 2020) (Bermudez et al. 2022).  

 

Figure 2 Production of cocoa beans in the cocoa season 2021/2022 as reported by ICCO (2022) 
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The cocoa sector provides livelihoods for approximately 50 million people worldwide. An estimate of 

6 million farmers grow cocoa and 90% of cocoa farms comprise areas of five hectares or less. An 

estimated 70% of the grown cocoa is produced by smallholders, who often live on less than US$ 2 per 

day and depend on cocoa for up to 90% of their income (Bermudez et al. 2022). Farmers are the first 

actors in the cocoa supply chain, which ends with billions of consumers buying the finished chocolate 

and cocoa-containing products via retailers. The supply chain is primarily prevailed by the cocoa 

processors and traders, comprising a rather small number of companies with an entrenched influence 

on the whole supply chain (Voora et al. 2019; Fountain and Huetz-Adams 2020). Due to the large 

bargaining power of these companies, farmers may be reduced to the role of ‘price takers’, limiting 

their access to financial support, market information and agricultural aid (Gayi and Tsowou 2017). 

The cocoa sector faces further challenges. One of them is the huge loss of biomass prior to harvest. An 

estimated 30% of the world’s cocoa is lost to pests and diseases (Beckett et al. 2017). An additional 

challenge is the conversion of farms to other crops as a result of cocoa farmers’ low incomes, making 

cocoa compete with commodities like palm oil, coffee, rubber, citrus and cloves (Gayi and Tsowou 

2017; Beckett et al. 2017). Furthermore, climate change is predicted to negatively affect the cocoa value 

chain, as some regions will show lower cocoa productivity or even become unsuitable for its cultivation 

(Bunn et al. 2017). Further factors leading to changes in the cocoa supply chain can be of a political 

and social nature (Bermudez et al. 2022). For instance, international conflicts have led to reduced 

availability of fertilisers, sharply increasing their prices and making them unaffordable for many 

farmers (Confectionery Production 2022; Tridge 2021; Global Agriculture and Food Security Program 

2021). Strong changes in cocoa prices create risks for all actors of the value chain. However, farmers 

are at the highest risk, as they cannot regulate the market prices, are at the mercy of weather events and 

increasing production costs, and are less flexible in their supply to varying price fluctuations (Hütz-

Adams and Schneeweiß 2018). Therefore, valorisation technologies for the cocoa by-products are 

imperative to reduce economic losses, provide cocoa farmers alternative income streams and foment a 

more sustainable cocoa production, while offering interesting ingredients to the food sector.  

5.3 Cocoa by-products 

The transformation of cocoa beans into cocoa liquor for chocolate-making takes place in two successive 

stages: the pre-processing and the post-processing (Castro-Alayo et al. 2019). Along the chain, several 

side streams accumulate (Figure 3). Upon opening the cocoa fruits, the cocoa pod husks (CPH) and the 

cocoa placenta are the first fractions to be discarded. CPH, representing the major fraction of the fruit 

and making up to 80% of the total dry weight, are either discarded in the fields or burned by the farmers 

(Lu et al. 2018). Fungi are the main responsible for the breakdown of CPH due to their capacity to 

metabolise complex fibrous structures (Rahim et al. 2015). Nonetheless, the accumulation of larger 

amounts of CPH-biomass, often in combination with humid climatic conditions, can foment the 
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proliferation of phytopathogenic fungal strains (Watson et al. 2013). This poses a risk of infection to 

healthy cocoa trees and, ultimately, a reduction in the cocoa yield. Next in the processing chain, the wet 

cocoa beans are fermented. A spontaneous fermentation process begins immediately as cocoa fruits are 

opened (Chagas Junior et al. 2020). A sour-sweet juice exudes from the fresh beans during the 

processing in the field, transportation to the fermentation sites, and is principally drained during cocoa 

fermentation (Santos et al. 2014). This juice is known as cocoa honey and is sometimes referred to as 

cocoa sweating, exudado, or as miel de cacao or mel du cacau for its translation to Spanish and 

Portuguese (Santos et al. 2014; Balladares et al. 2016; Vuyst and Leroy 2020; Díaz-Muñoz et al. 2020). 

The term cocoa honey refers primarily to the liquid fraction of the cocoa mucilage, distinct from the 

cocoa pulp, which denotes the whole unfermented mucilaginous layer around fresh cocoa beans 

(Guirlanda et al. 2021b). The collection and valorisation of cocoa honey to foods was presumed to be 

economically viable. In estimation, a farm with an average productivity of 300 kg of dry cocoa seeds 

per ha could generate 0.59 kg of cocoa honey per kg of dry cocoa seeds (Anvoh et al. 2009; Kongor et 

al. 2018). Nonetheless, the collection of cocoa honey is challenged by its rapid quality decay due to the 

high microbial loads on the fruits and in the surroundings. Therefore, in rural cocoa-producing 

communities reliant on manual labour, scaling up the cocoa honey collection would demand 

advancements such as using stainless steel equipment to improve efficiency and minimize 

microbiological contaminations (Guirlanda et al. 2021a, 2021b). In addition, the ongoing fermentation 

of the fresh cocoa beans causes the pulp to be liquefied and lost on farms. Adding to the loss of a 

valuable raw material, its release can contaminate the soil and water, as well as increase the risk of pest 

infestation (Dwapanyin 1991). In contrast to cocoa honey, collecting cocoa pulp follows a more 

controlled and less artisanal process, frequently involving the use of industrial equipment and 

designated collection rooms for better hygiene management (Schwan, Lopez 1988; Guirlanda et al. 

2021a). Additional steps, such as washing the cocoa fruits prior to opening and the subsequent 

preservation of the pulp, can be more easily incorporated, contributing to higher pulp's shelf-life. 

Further along the chain, the fermented and dry cocoa beans are cleaned to remove foreign materials. 

This is followed by a heat pre-treatment and/or a roasting step. Subsequently, the beans are processed 

to remove the shells, which also accrue as by-products. The cocoa bean shells are rich in dietary fibre 

and have gained attention for their potential in the chemical, food, and environmental industries, as well 

as for their health benefits (Soares and Oliveira 2022; Martínez et al. 2012). Among the cocoa by-

products, the bean shells have been described to contain the highest protein content, making them a 

potential source of protein for animal and human nutrition (Soares and Oliveira 2022). Lastly, after de-

shelling the beans, the obtained cocoa nibs are ground to cocoa mass for use in chocolate and 

confectionary (Beckett et al. 2017). 
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Figure 3 Pre-processing and processing of cocoa fruits from the harvest to finished products 

(adapted from Soares and Oliveira 2022) 

5.4 Cocoa pulp 

5.4.1 Chemical composition and possible uses 

The mucilaginous pulp is made of spongy parenchymal cells, which contain sap cells rich in sugars, 

citric acid, and salts. Cocoa pulp is acidic and has been attributed pH-values below 3.9. It contains 

approx. 79 - 86% water, 11-13% sugars (D-glucose, D-fructose and sucrose), 0.77–2.50% non‐volatile 

acids and 0.02–0.04% volatile acids (Roelofsen 1958; Pettipher 1986; Schwan and Wheals 2004; 

Igbinadolor and Onilude 2013). The pulp’s major polysaccharides are pectin (3.7-6.6%), hemicellulose 

(1.5-2.8 %) and cellulose (4.7-5.1%) (Pettipher 1986). The pectin fraction comprises 62.5% (w/w) 

galacturonic acid, with 4.9% arabinose, 16.3% galactose, 4.1% glucose, 1.4% xylose, 2.6% mannose, 

and 8.2% rhamnose (Oloye et al. 2023). The total dietary fibre in cocoa pulp amounts to approximately 

16.9 g per 100 g of dry matter and mainly consists of soluble dietary fibre (approximately 95%) 

(Martínez et al. 2012). The protein and ash contents are low in cocoa pulp and range between 0.42–

0.50% and 0.40–0.50%, respectively (Igbinadolor and Onilude 2013). Cocoa pulp has been reported to 
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exhibit some antioxidant activity and possesses a content of phenolic compounds of 103.76 mg gallic 

acid equivalents in 100 g of pulp (Endraiyani et al. 2017).  

In some cocoa-producing countries, e.g. Brazil, the consumption of cocoa pulp, cocoa honey and foods 

made therewith has been reported. Figueira et al. (1993) described the incorporation of cocoa pulp into 

jellies, alcoholic beverages, vinegar, and processed juices. Additionally, cocoa pulp has been integrated 

into fermented beverages, such as probiotic drinks (Puerari et al. 2012; dos Santos Filho et al. 2019), 

wine (Dias et al. 2007) and beer (Nunes et al. 2020). As in its report of October 10th 2019, under Article 

14, the European Food Safety Authority (EFSA) approved cocoa pulp —subjected to pasteurization and 

freezing— as a traditional food (TF) for use within Europe as fruit pulp for final consumers or as fruit 

ingredient for fruit preparations, confectionary, juices and edible ice cream (European Food Safety 

Authority 2019). Furthermore, in Europe, the chocolate industry has used cocoa pulp to replace the 

added sugar in chocolate-like products (Vieira et al. 2018; Alfred Ritter GmbH & Co. KG 2021; Lindt 

und Sprüngli GmbH). Additionally, the company Hang zur Sonne GmbH launched a fizzy cocoa pulp 

drink, a cocoa pulp ice tea and a pulp sparkling wine to the German market (Hang zur Sonne GmbH 

2023). In the Netherlands, a cocoa pulp-based beverage is commercialised under the name “Kumasi” 

(Kumasi Drinks 2023). Moreover, in Switzerland, the company Koa commercialises cocoa pulp juice 

produced in Ghana (Koa 2022). 

5.4.2 Aroma composition of cocoa fruit pulp 

Cocoa pulp has been described to have a pleasant fresh-fruity and floral flavour, making it highly 

interesting for food applications (Pino et al. 2010; Soares and Oliveira 2022). Nonetheless, the sum of 

literature focusing on the aroma composition of cocoa pulp, especially on the fresh material, remains 

scarce, as the focus has been mainly set on the cocoa beans and the role of the pulp during fermentation 

(Chetschik et al. 2018). Interestingly, the floral or fruity character of the cocoa fruit pulp has been linked 

to the fine flavour attributes of the beans. It was proposed that aroma-active substances migrate into the 

seeds during fermentation and are detectable in the beans post-fermentation and drying, thereby 

influencing the final chocolate flavour quality (Eskes et al. 2007; Eskes et al. 2018; Ali et al. 2014). 

Amongst the fine flavour attributes in cocoa beans, some substances can be traced back to the cocoa 

fruit pulp, which contains fluctuating concentrations of terpenes, alcohols and esters (Pino et al. 2010; 

Kadow et al. 2013).  

Pino et al. (2010) first reported the volatile composition of fruit pulps from the Theobroma genus from 

Colombia, including cocoa pulp, by headspace solid-phase microextraction gas chromatography mass 

spectrometry (HS-SPME CG-MS). The authors identified sixty-six different volatile organic 

compounds (VOCs), with the aroma-active VOCs 2-heptyl acetate, 2-pentyl acetate and linalool 

detected in the highest concentrations. Kadow et al. (2013) quantified the VOCs of pulp and beans of 
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two fine flavour cocoa varieties (SCA6, EET62) and a bulk cocoa type (CCN51), linking also fine or 

flavour cocoa bean notes to the pulp's flavour characteristics. Monoterpenes found in SCA6 as well as 

methylketones, secondary alcohols and their respective esters, found in EET62, were shown to be 

prospective fine aroma substances originating in the pulp. Further flavour substances found in cocoa 

pulp are linalool and β-ocimene (Kadow 2020). Hegmann et al. (2020) investigated how the season and 

ripening stage affect the pulp aroma of five cocoa varieties from Costa Rica using HS-SPME GC-MS. 

The authors showed that the total aroma diversities and the aroma intensities of the pulps increased 

during ripening. Moreover, during the dry season, the aroma profiles of the pulps were more diverse, 

whereas the aroma intensity was higher in the wet season. The authors also reported a 10-fold increase 

in the concentration of linalool in cocoa pulp obtained during the rainy season.  

In the aforementioned studies, the actual contribution of the identified volatiles to the overall aroma of 

cocoa pulp wasn’t confirmed through gas chromatography-olfactometry (GC-O) combined with 

dilution to odour threshold techniques, such as aroma extract dilution analysis (AEDA). This helps 

identify aroma compounds with low odour thresholds that may be overlooked by the concentration-to-

threshold ratio concept if the sensory aspect in the experimental setting is not taken into account (Blank 

2002). To better understand the aroma quality of cocoa pulps and their influence on the beans during 

fermentation, Chetschik et al. (2018) investigated the aroma-active substances in three cocoa pulps by 

AEDA and GC-MS/O. Experiments were carried out with two cocoa pulp varieties from Costa Rica 

(UF654 and CCN51) and one from Colombia (FSV41). AEDA showed 37 aroma-active substances in 

the three cocoa pulps. Regarding the flavour dilution (FD) factors, the cocoa pulp of CCN51, often 

considered as bulk cocoa, was perceived with lower aroma intensities than the varieties FSV41 and 

UF564, which were perceived with more intense floral and fruity notes. In addition to linalool, 2-

phenylethanol can contribute to the floral aroma of fresh cocoa fruit pulp. The authors described 

concentrations of 250 μg·kg-1 of 2-phenylethanol and 14 μg·kg-1 of linalool in fresh cocoa pulps. Even 

though linalool was determined in fresh pulp, the concentration did not surpass the threshold 

concentration and, seemingly, only 2-phenylethanol influenced the floral aroma. The substance 3-

methylbutyl acetate (isoamyl acetate) was determined to be present above the threshold concentration, 

which added a fruity character to the pulp. Moreover, the same study confirmed that the concentration 

of aromatic alcohols, terpenes, and esters may vary during the fermentation process. Linalool was 

shown to be produced in the pulp and the beans, with concentrations increasing with the fermentation 

time (Chetschik et al., 2018). In a more recent study, Klis et al. (2023) reported a total of 32 aroma 

compounds in Ecuadorian cocoa pulp, which were detected olfactometrically by means of GC–

MS/MS–O. While linalool and 2-phenylethanol were confirmed, the substances ethyl acetate, acetoin, 

1-octanol, hexanoic acid and decanoic acid were described for the first time in cocoa pulp. Moreover, 

a panel described cocoa pulp with the attributes acidic, fruity, citrus and apple-like, highlighting its 
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potential for non-alcoholic beverages (Klis et al. 2023). Therefore, understanding the flavour of cocoa 

pulps, as well as how this is affected by the pulps’ processing, is key to its success as a food ingredient. 

 

Figure 4 Aroma compounds found in fresh cocoa pulp from different origins. 

5.4.3 Processing of cocoa fruit pulp 

Although cocoa pulp is necessary for the fermentation of fresh cocoa beans, previous reports suggest 

that a fraction can be removed from these without having negative effects on their later quality (Schwan, 

Lopez 1988; Bangerter et al. 1991; Amanquah 2013). Particularly, excessive amounts of pulp can lead 

to over-acidification and a reduced bean quality. For this reason, researchers have previously studied 

various pulp preconditioning methods, including pod storage, bean spreading, and the partial de-pulping 

of fresh beans (Afoakwa et al. 2013; Rohan 1963; Schwan and Wheals 2004). Mechanical de-pulpers, 

commonly used in the processing of various fruits, make use of a rotating shaft pressing the fruit 

material against a cylinder with perforations, separating seeds and pulp based on size (Lozano 2006; 

Ridho et al. 2016). Commercial de-pulpers, as used in the cocoa juice industry, can remove 17-20% of 

the fresh seed weight (Passos et al. 1989). Nevertheless, mechanical de-pulpers present some 

disadvantages, as they can potentially damage the fruit seeds and result in incomplete pulp separation, 

resulting in pulps with inhomogeneous consistencies and broken seeds (Ridho et al. 2016). Therefore, 

in the processing of cocoa fruits, de-pulpers may leave loose pulp on the seeds, impairing the aeration 

of the fermenting cocoa bean mass, causing under-fermentation or leading to prolonged fermentation 

times (Schwan and Wheals 2004). A possible approach to overcome these challenges is the use of cell-

wall degrading enzymes, a common practice in the processing of fruits (Aziz et al. 2009; Srivastava and 

Tyagi 2013). Pectinolytic, hemicellulolytic or cellulolytic enzymes may help break down the 

polysaccharides in cocoa pulp, reducing viscosity and facilitating its separation. Studies have reported 

that the addition of a technical pectinase in a 0.2% (w/w) solution increased the cocoa pulp yield by 

approximately 23% compared to mechanical de-pulping. This enzymatic treatment also reduced the 
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total fermentation time and the acidity of cocoa beans (Freire et al. 1990; Freire et al. 1996). The 

breakdown of pectin chains by enzymes may lead to a decrease in viscosity, making the pulp suitable 

for post-processing applications such as pasteurized juices, soft drink production, or the development 

of concentrates (Meersman et al. 2017; Nunes et al. 2020).  

In spite of the cocoa pulp’s inherent acidity limiting the growth of microorganisms to lactic and acetic 

bacteria, moulds, and yeasts, its shelf-life is short. (Vuyst and Weckx 2016). The preservation of cocoa 

fruit pulp remains a significant operational challenge due to its high moisture and sugar content, as well 

as the elevated microbial load, naturally found on cocoa fruits together with poor artisanal post-harvest 

conditions in farms (Vuyst and Weckx 2016; Soares and Oliveira 2022). Recent findings by Firdaus et 

al. (2022) highlighted the importance of preserving cocoa pulp, showing that untreated cocoa pulp 

syrups exhibited limited safety for consumption after five days. Therefore, mild processing technologies 

for preserving the pulp (and the derived products) with minimal effect on its characteristics are required. 

In light of this, the potential of thermal technologies like pasteurization, a method effective for products 

with a pH value of 4.5 or less (Ashurst et al. 2017), was described in the past. In cocoa-producing 

countries, to preserve fresh cocoa honey and prevent its degradation during transport before processing, 

it can be frozen at temperatures from -18 to -20 °C (Santos et al. 2014). Prior to freezing, cocoa honey 

may be pasteurized at 70 °C for 20 minutes (Leite et al. 2019). Alternatively, the processing and 

commercialisation of cocoa honey may involve a homogenization step and a moderate pasteurization 

at 77°C for 1 minute (Ortiz and Jaimes Jaimes 2005). Subsequently, preservatives sorbate and benzoate 

are added, followed by packaging and rapid cooling at 10 °C for 8 minutes. Moreover, Quimbita et al. 

(2013) suggested the use of pasteurization processes for the thermal stabilisation of cocoa honey under 

similar operational conditions (77 or 85 °C for 1 minute and 88 °C for 15 seconds). This process 

included an additional chemical stabilisation with sodium metabisulfite and ascorbic acid to prevent 

browning. Pasteurization was also investigated with a focus on its effect on the total phenolic content 

of cocoa pulp (Endraiyani et al. 2017). This study revealed minimal changes in the total phenolics 

during an 8 week storage at different temperatures, with colder storage conditions showing better 

preservation of the quality. However, the aforementioned studies did not assess the effects of thermal 

stabilisation on the organoleptic quality and aroma composition of cocoa pulps, highlighting an evident 

gap in knowledge and underscoring the necessity for subsequent studies. 

5.5 Cocoa pod husks (CPH) 

For every ton of cocoa beans, up to ten tons of cocoa pod husks (CPH) are generated (wet weight) 

(Vriesmann et al. 2011). CPH comprise the epicarp, mesocarp, endocarp, and a sclerotic portion (Figure 

5) (Campos-Vega et al. 2018). Regarding their composition, dried CPH contain low amounts of fat and 

protein. Reports on CPH indicated 76.6 g/kg crude protein in the dry matter, 325 g/kg crude fibre and 

101 g/kg ash (Sobamiwa and Longe 1994; Vriesmann et al. 2011; Martínez et al. 2012). The 
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carbohydrate and fibre fraction of CPH include 19.7-26.1% cellulose, 8.7-12.8% hemicelluloses, 14-

28% lignin, and 6.0-12.6% pectin (Donkoh et al. 1991). The high amount of lignin in CPH leads to a 

woody texture, which makes them hardly digestible for humans and complicates their utilization in food 

products (Vásquez et al. 2019). Among the CPH fractions, the epicarp is the most lignified layer and 

contains the highest amounts of total ash, calcium, potassium, and phosphate. Moreover, the mesocarp 

exhibits the highest content (about 50%) of crude fibre and cellulose, whereas the endocarp contains 

about 60% of the pectins (Sobamiwa and Longe 1994). Pectin can be extracted from CPH through 

various methods, such as hot water or citric acid extraction (Vriesmann et al. 2011; Vriesmann et al. 

2012). Depending on the extraction method, the degree of pectin esterification, and acetylation may 

vary, affecting its viscosity and gel-forming properties (Yapo and Koffi 2013). Diverse applications for 

the pectin extracted from CPH have been proposed, e.g. as an emulsifier, elastic coating for food, 

cosmetics, and pharmaceutical products, as well as a stabiliser, texturizer, or lecithin substitute in foods 

(Bernaert et al. 2020). Some more applications for the use of the pod husks exist. For instance, CPH 

have been used in animal feed (Sobamiwa and Longe 1994; Donkoh et al. 1991), as a feedstock for 

soap making (Gyedu-Akoto et al. 2015), and used as an alternative energy source (Agyeman and 

Oldham 1986). Other applications of CPH include the incorporation into food systems (Vriesmann et 

al., 2011) and the biofuel production (Vásquez et al., 2019). Nevertheless, the use of cocoa pods for 

human nutrition and as food ingredients has not yet been fully explored, urging the need for additional 

studies with a focus on the valorisation of CPH. This could provide cocoa farmers with new sources of 

income while encouraging better waste management practices on the farms.  

 

Figure 5 Cross-section of a fresh cocoa fruit, showing the individual parts of the cocoa fruit husk, 

including epicarp, mesocarp, sclerotic part, and endocarp (Reproduced with permission of the 

Fraunhofer Institute for Process Engineering and Packaging IVV).
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6 Objective of the thesis 

While cocoa beans possess commercial importance, the cocoa fruit pulp and the cocoa pod husks have 

traditionally been considered by-products. The principal objective of this doctoral thesis is to explore 

valorisation technologies for these and characterise them for possible uses as food ingredients, aiming 

to contribute to sustainable practices in the cocoa supply chain. This thesis is divided into four chapters, 

three focusing on the pulp and one on the pod husks. 

A broad variety of pulp-based products in the producing countries emphasizes cocoa pulp's promising 

application potential in the European food sector, largely due to its appealing tropical flavour. However, 

the emerging cocoa pulp market misses a comprehensive understanding of the influence of origin on 

the pulp’s quality. In the first chapter of this dissertation, the focus is set on investigating how the origin 

of cocoa fruits influences the aroma composition of the pulp. This chapter aims to identify the aroma-

active compounds in cocoa pulps from different origins, laying a foundation for developing tailored 

food products for diverse markets and consumer preferences.  

A significant challenge in bringing cocoa fruit pulp to the European market is its short shelf-life, making 

it susceptible to spoilage and a potential hazard for consumers. The impact of processing on cocoa pulp's 

sensory quality and microbial stability for food applications remains largely unknown. Addressing the 

challenge of the short shelf-life of cocoa pulp, Chapter 2 explores the effects of widespread stabilisation 

technologies, such as pasteurization and UHT-treatment, on the sensory quality, colour, and microbial 

stability of cocoa pulp, identifying their suitability in the preservation of the pulp for transport and 

commercialisation.  

Investigating effective de-pulping and processing technologies for cocoa pulp is vital to optimise yields 

and minimize waste. However, conventional fruit de-pulpers often struggle to remove the tightly 

adhering mucilaginous layer without compromising bean quality. Recognising the need for efficient 

processing technologies for cocoa pulp, Chapter 3 investigates the influence of cell-wall degrading 

enzymes (endo-polygalacturonase, endo-cellulase, and hemicellulase), activities, and incubation 

temperature on the pulp’s relative viscosity, particle diameter and distribution, colour, and total soluble 

solids content, as a mean to facilitate the pulp’s recovery and later processing. 

Fungi play a key role in degrading cocoa pod husks (CPH), but the uncontrolled accumulation of CPH-

biomass, particularly in humid climates, can promote the proliferation of phytopathogenic fungal 

strains. Chapter 4 explores the potential transformation of cocoa pod husks, characterised by woody 
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structures, into protein- and fibre-rich ingredients through fungal fermentation, concentrating on the 

techno-functional properties of the resulting ingredients. This approach aims to make cocoa pod husks 

available for human nutrition and food products. 

Concisely, this doctoral thesis endeavours to advance the understanding and application of valorisation 

technologies for cocoa by-products, encouraging sustainability, minimising waste, and creating new 

opportunities for farmers and food producers. 



Chapter 1 

21 

Chapter 1: Aroma Properties of Cocoa Fruit Pulp from Different 

Origins 

Summary: Various cocoa pulp-based products already exist in cocoa-producing countries, 

demonstrating great potential for its utilization in Europe. Nonetheless, information on the influence of 

origin on the pulp’s quality for diverse food products is missing. In this chapter, the aroma-active 

substances of fresh cocoa fruit pulp from different origins, namely Indonesia, Cameroon, Vietnam, and 

Nicaragua, were studied by means of aroma extract dilution analyses in combination with gas 

chromatography-mass spectrometry/olfactometry for identification. The identified aroma-active 

compounds were corroborated using HS-SPME-GC-MS/O and SBSE-GC-MS/O. Overall, 65 different 

aroma-active substances could be determined with factors of dilution (FD) ranging between 2 and 1024. 

The odorants trans-4,5-epoxy-(E)-decenal, 2- and 3-methylbutanoic acid, 3-(methylthio)propanal, 2-

isobutyl-3-methoxypyrazine, (E,E)-2,4-nonadienal, (E,E)-2,4-decadienal, 4-vinyl-2-methoxyphenol, δ-

decalactone, 3-hydroxy-4,5-dimethylfuran-2(5H)-one, dodecanoic acid, and linalool showed the overall 

highest FD factors in the pulp extracts. Cocoa pulp from Vietnam was perceived to have the highest 

aroma diversity, while Cameroonian pulp presented the lowest. Additionally, Cameroonian cocoa pulp 

exhibited the lowest FD factors, suggesting lower concentrations of aroma-active substances. This study 

demonstrated that the aroma composition of fresh cocoa pulp may vary between different origins, 

enabling a broad range of food applications. 

Keywords: Theobroma cacao L.; by-product; aroma; aroma extract dilution analyses; gas 

chromatography olfactometry; mass spectrometry 
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Chapter 2: Thermal stabilisation of cocoa fruit pulp — Effects on 

sensory properties, colour and microbiological stability 

Summary: Stabilisation is crucial for preserving fresh cocoa pulp, as the high water-activity and sugar 

content of fresh pulp pose high risks for spoilage. To extend the cocoa pulp’s shelf-life while preserving 

its quality, pasteurization and ultra-high temperature (UHT) treatment were employed. Various quality 

parameters were investigated, including sensory properties, dry matter content, water activity, total 

soluble solids, colour, and peroxidase activity. Both technologies effectively deactivated enzymes, as 

indicated by the absence of peroxidase activity. Pasteurized pulp retained a colour like the fresh pulp, 

whereas UHT-treated pulp exhibited a more brownish tone. Sensory analysis and identification of 

aroma-active volatile organic compounds by GC-MS/O revealed distinct aroma profiles. Fresh pulp had 

the highest intensity in an unripe banana-like attribute, while UHT-treated pulp was more intense in a 

tropical fruit-like attribute. Pasteurized pulp closely resembled the fresh pulp. In fresh cocoa pulp, 74 

aroma-active regions were determined, while UHT-treated and pasteurized pulps exhibited 66 and 60, 

respectively. Thermally treated pulps, stored at 4 °C and 23 °C for 24 weeks, showed no significant 

microbial growth. Non-enzymatic browning was more pronounced at 23 °C, resulting in higher 

browning indices. Pasteurization and UHT treatment proved effective for stabilising cocoa pulp, 

extending shelf-life, and inducing minimal changes in sensory properties. This chapter provides 

valuable insights into the thermal stabilisation of cocoa by-products, contributing to sustainability and 

the development of innovative food products. Considering the microbiological inactivation, the 

retention of aroma-active regions, and the sensory attributes, UHT treatment followed by cold storage 

was selected as the recommended process for cocoa pulp preservation. 

Keywords: Cocoa pulp, Thermal treatment, Sensory quality, Aroma extract dilution analysis, Gas 

chromatography-olfactometry/mass spectrometry 
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Chapter 3: Enzyme-assisted hydrolysis of Theobroma cacao L. pulp 

Summary: Effective technologies are vital to remove the tightly adhering cocoa pulp without affecting 

the beans’ quality, optimise the pulp yield and facilitate further processing. This chapter describes the 

effects of temperature, enzyme activity and enzyme combinations on the viscosity, particle diameter 

(dv,0.9) and particle size distribution, browning index (BI) and total soluble solids of cocoa pulp by using 

the cell-wall degrading enzymes endo-polygalacturonase (P), endo-cellulase (C) and hemicellulase (H). 

A reduced quadratic model fitted the relative reduction in viscosity, the dv,0.9 and the BI. P showed the 

strongest influence on the viscosity, while C proved the least effective. Moreover, synergistic effects 

were observed when combining P with C and/or H. Maximal reductions in viscosity by 70% with 300 U 

P and 300 U H at 40° C could be predicted. When combined, P, C and H reduced the dv,0.9 to 418 µm 

(40 °C, 580 U) compared to the dv,0.9 of fresh pulp, which was 613 μm. The BI was only affected 

significantly by the temperature, and the terms corresponding to enzyme activity and combinations were 

eliminated by backward regression analysis. Validation trials confirmed the models obtained for the 

relative reduction in viscosity and the dv,0.9. This chapter offers important knowledge for the enzyme-

assisted processing of cocoa pulp, increasing the sustainability of the cocoa supply chain through its 

valorisation and offering food producers innovative ingredients.   

Keywords: Cocoa pulp, D-optimal design, enzyme-assisted de-pulping, by-products, valorisation, 

pulp processing 
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Chapter 4: Fermentation of cocoa pod husks with Pleurotus salmoneo-

stramineus for food applications 

Summary: The primary by-product of the cocoa industry, the cocoa pod husks (CPH), were 

investigated for their suitability as a growth medium to produce food ingredients. A fungus from the 

Basidiomycetes class was selected, as these were reported to be able to metabolise lignin and grow on 

woody structures. The strain of choice was Pleurotus salmoneo-stramineus (PSS), which after 8 days 

submerged cultivation resulted in a novel ingredient (fermented cocoa pod husks or CPHF) 

characterised in this chapter. The biomass of PSS was evaluated by means of ergosterol, an indicator of 

fungal growth. After 8 days of submerged cultivation, the mycelium comprised 54% of the total 

biomass. Moreover, fermentation proved successful in increasing the protein content in CPH. CPHF 

had a protein content of 18.9 g/100 g DM compared to 7.3 g/100 g DM in CPH. CPHF also exhibited a 

high biological value of 86 for the protein, as well as water and oil binding capacities of 3.5 mL/g and 

2.1 mL/g, respectively. CPHF’s particle diameter dv,0,90  was 373 μm, while this was 526 μm in CPH. 

In terms of total dietary fibre, CPHF contained 73.4 g/100 g DM, whereas CPH had 63.6 g/100 g DM. 

The soluble fibre content proved notably lower in CPHF at 2.3 g/100 g DM compared to 

10.1 g/100 g DM in CPH, with the insoluble fraction accounting for 71.1 g/100 g DM and 

53.6 g/100 g DM, respectively. Furthermore, the integration of CPH and CPHF into food applications 

was investigated. Bread doughs incorporating different concentrations of either CPH or CPHF were 

assessed for texture, colour, and farinographic properties. With increasing CPH concentration, dough 

hardness, consistency, and browning index rose. Conversely, for CPHF, springiness and peak 

viscosities decreased. This study demonstrates the successful conversion of CPH into nutritious and 

functional ingredients using PSS fermentation, showcasing potential for upcycling this cocoa by-

product. 

Keywords: cocoa fruit, ergosterol, fermented by-products, fungal mycelium, techno-functional 

properties 
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7 Concluding remarks and outlook 

On the whole, the demand and production of cocoa beans have experienced a steady growth over the 

years. In 2023, the global cocoa market was valued to approximately US$ 15.16 billion. The total cocoa 

sales are predicted to grow at 4.7% CAGR from 2023 to 2033, increasing the market valuation to US$ 

23.98 billion by the end of 2033 (Choudhury 2022). While cocoa beans are broadly utilized, the full 

potential of the total fruit remains untapped (Campos Vega et al. 2020). Considering that the beans 

amount to 21-23% of the cocoa fruit, the whole fruits could be valued at a much higher price if all 

fractions could be commercialised. However, data on these other fractions' market size is hitherto 

unavailable, so their market values still need to be defined (Campos Vega et al. 2020). Moreover, 

meeting the increasing demand for cocoa without compromising the environment remains difficult. 

Especially, as cocoa production is regarded as unsustainable and has been associated with the 

deforestation and the destruction of primary forests (Fountain and Huetz-Adams 2020; Potts et al. 2017). 

Accordingly, the European Parliament, Council of the European Union (6/9/2023), introduced on June 

2023 Regulation (EU) 2023/1115 on deforestation-free products. The new regulation aims to avoid that 

listed products (e.g. cocoa and coffee) Europeans buy, use, and consume contribute to deforestation and 

forest degradation, intending to reduce carbon emissions and improve the sustainability of the various 

imported products. Consequently, this implies the need to optimise the cocoa supply chain. One potential 

approach to improve the sustainability of cocoa production involves the valorisation of side streams, 

putting into context the work carried out in this dissertation.  

In a more focused scope, this dissertation laid important groundwork for the valorisation of the cocoa 

pulp and the cocoa pod husks, thereby assisting food producers in using these as new ingredients. Aroma 

analyses carried out in Chapter 1 revealed differences in the aroma compositions and qualities in cocoa 

pulps from four different origins. While some aroma-active substances were confirmed, such as linalool 

and 2-phenylethanol, others were detected in cocoa pulp for the first time, laying important foundations 

for future research. Moreover, the variations in aroma composition support the previous assumption that 

cocoa pulp aroma mirrors the fruits’ quality, assisting in categorising them as either fine or flavour or 

as bulk cocoa (Eskes et al. 2007). Ergo, by evaluating the pulps’ aroma composition, future correlations 

with the quality of the cocoa beans, the resulting chocolate, and the quality of the other cocoa fractions 

may be possible. With this in mind, the integration of online sensor technologies for the detection of 

characteristic aroma compounds might be applied directly on the farms as a mean to monitor the fruits’ 

quality (Koehne et al. 2023). This could provide information on the suitability of the fruit’s pulp for 

certain food applications or even offer a tool to monitor the microbial state of the material by the 

detection of microbially-formed VOCs, such as indole. Consequently, this would ease the selection of 
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cocoa fruits and complement human sensory on-site. Despite the results of this chapter being highly 

promising for the cocoa pulp valorisation, evaluations were limited to qualitative analyses and 

identification. Particularly as AEDA does not provide a definitive indication of which substances have 

the most significant impact on the overall aroma profile. Likewise, the FD factors ascribed in AEDA do 

not consider physiological impressions influencing the perception of odour character or the sensory 

thresholds of odour-active compounds in the food matrix (Marsili 2020). Based on the work carried out 

in this dissertation, there remains a knowledge gap that needs to be addressed by the quantification of 

aroma-active substances in cocoa pulps together with aroma reconstitution experiments, and the 

determination of odour activity values (OAV). Future endeavours should also include fruits from 

additional origins, different seasons, and diverse genetic backgrounds, helping establish the industrial 

processing of cocoa fruit pulp in different cocoa-producing regions.  

To obtain high quality cocoa pulp with extended shelf-life, processing sites near farms may be 

beneficial, as the prolonged storage of cocoa fruits (e.g. during transportation to a processing centre) 

negatively affects the pulp yield (Afoakwa et al. 2013). That being the case, the economic challenges 

for small-scale cocoa pulp producers in Ghana were reported to include high haulage costs due to 

scattered cocoa farms, commonly with poor infrastructure (Adomako 2006). In view of this, it is of 

industrial and scientific interest to develop optimal processes for the preservation of cocoa pulp using 

easily accessible technologies. Chapter 2 of this dissertation demonstrated that pasteurization and ultra-

high temperature treatment are suitable technologies for preserving cocoa pulp with minimal changes in 

organoleptic quality. The thermally treated pulps could be kept at 4 °C and 23 °C for 24 weeks without 

showing significant microbiological growth. This can be advantageous for the haulage of the processed 

cocoa pulp in comparison to cool transportation, as dispatching at a higher temperature might help 

improve energy efficiency and help maintain the costs low. Notwithstanding, thermally treated cocoa 

pulp still contains high concentrations of water, representing cost and logistic challenges for transport. 

Hence, drying technologies may offer alternatives for the pulp’s preservation. Guirlanda et al. (2023) 

recently indicated that spray-drying may be suitable for the large-scale stabilisation of cocoa honey, 

with a lower heat exposure compared to other drying technologies. Additionally, the concentration of 

cocoa pulp through the evaporation of water may help increase the dry matter content of the pulp and 

reduce, thus, shipping costs. Nevertheless, the influences of the drying and concentration technologies 

on the organoleptic quality of cocoa pulp, as well as the costs associated with this processing, remain 

largely unclear. It is sensible to assume that the separation and preservation of cocoa pulp may be 

supported by an enzyme-assisted processing, as described in Chapter 3. By applying cell-wall degrading 

enzymes, such as endo-polygalacturonase, the physicochemical characteristics of the pulp might be also 

modified to meet requirements for certain processes and applications (e.g., the production of clear pulp 

concentrates). As to the pulp’s recovery, enzymatic hydrolysis could support loosening the tightly 

adhering fibrous layer around the fresh cocoa seeds, improving the pulp yields, preventing seed damage 

during separation as well as reducing their fermentation time. While there are studies on the benefits of 
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the partial de-pulping of cocoa beans on their final quality, the amount of pulp around these may vary 

significantly between cultivars, ranging from 5% to 26% of the fruit weight (Adams et al. 1982; Dias et 

al. 2007). Because of this, there isn't a universal standard on how much pulp can be separated, and 

processing protocols will need to be adjusted accordingly, independently of the choice of separation 

technology. Furthermore, the primary concern for cocoa producers will continue to be ensuring the 

proper fermentation of the cocoa beans, as these are still the profit-making fraction of the fruits. Put 

differently, after an eventual de-pulping, it has to be ascertained that enough pulp remains available for 

fermentation. In the context of enzyme-assisted de-pulping, a complete removal of the pulp is the likely 

outcome due to its liquefaction. This approach could be particularly valuable in countries where cocoa 

beans are deemed of lower quality for chocolate production or where cocoa bean fermentation is not 

conducted, such as Indonesia (Ariningsig 2020). In such cases, utilizing the unfermented de-pulped 

cocoa beans for alternative purposes like cocoa butter, soaps, cosmetics, and more could be considered 

(Adomako 2006).  

Fungal fermentation proved a fascinating approach to upcycle cocoa pod husks into protein- and fibre-

rich ingredients. Nonetheless, this approach is accompanied by some limiting factors. First, several 

aspects related to food law and food safety also need to be considered (Steiß 2024). According to 

Regulation (EU) 2015/2283 (Regulation (EU) 2015/2283 of the European Parliament and of the Council 

2015), fungal mycelium belonging to the Basidiomycota division is considered a novel food under 

Article 3(2)(ii), encompassing foods derived from microorganisms, fungi, or algae or isolated or 

produced from them. While certain products within this category have received Novel Food approval, 

such as mycelium-based shiitake fermented pea and rice proteins for use in various products, including 

baked goods and cocoa/chocolate items, the approval process for other fungi would require separate 

applications under Articles 10-12 of Regulation (EU) 2015/2283. It is also important to note that cocoa 

pod husks (CPH) themselves may be classified as Novel Food, as their consumption in significant 

quantities before May 15, 1997, is not well-documented (Regulation (EU) 2015/2283). Furthermore, 

potential residues and contaminants in CPH, such as Cadmium, need closer examination prior to their 

widespread use for human consumption (Vanderschueren et al. 2021).  

Overall, this doctoral thesis provides valuable knowledge for optimising cocoa by-product utilization, 

reducing economic losses, and promoting sustainable practices in cocoa production. Recognising the 

challenges posed by the dynamics of the cocoa supply chain, this dissertation emphasizes the need for 

continued research to address gaps in quantification, scalability, infrastructure development and 

regulatory approval. Ultimately, a concerted effort is required to ensure that the knowledge generated in 

this work can be effectively translated into practical solutions within the cocoa industry.
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