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Agro-industrial value chains play a crucial role in the economies of many rural regions, providing employment
and income to millions of producers. However, the initial stages of the chain, particularly harvesting and post-
harvest processes, encounter multiple challenges that hinder the efficiency and sustainability of the production
system [1]. A major issue is the biomass loss resulting from harvesting, storage, and transportation practices. These
losses not only reduce producers profitability but also generate large volumes of organic waste, which, in most
cases, are inadequately managed. Several rural regions, agricultural and agro-industrial residues are often
perceived as valueless waste and are consequently disposed of through unsustainable methods, such as open
burning or uncontrolled dumping. These practices result in significant environmental impacts, including
greenhouse gas emissions, soil and water contamination, and the proliferation of pests and diseases. However,
these residues hold considerable potential for valorization [2]. These residues are considered of raw materials for
new production processes enhancing the sustainability of rural communities. The valorization of agro-industrial
waste presents a viable opportunity for implementing the biorefinery concept in rural areas. A biorefinery is a
system designed to convert biomass into multiple value-added products, including bioenergy, bioplastics,
biofertilizers, and industrially relevant chemical compounds [3]. This approach not only helps mitigate
environmental pollution but also diversifies producers income sources and promotes the development of circular
economies. However, when analyzing biorefineries in rural areas, different approaches must be considered, such
as the type of processes to be implemented, processing scale, type of product to be obtained, and ease of marketing.
The process to be implemented in rural areas must involve technologies that do not require specialized labor.
Therefore, physical processes such as extraction or thermochemical transformations with little control are the most
suitable. The processing scale is key to defining the type of process that can be viable in a rural area. Finally, the
type of product (i.e., food or agricultural products with high demand) that can be marketed in the same region is a
key factor that limits the process proposed in rural biorefineries.

Cocoa is widely consumed worldwide. In 2024, cocoa production was estimated at 2.24 million metric tons, with
a market share of USD 114.7 billion (Gavrilova, 2024). The World Cocoa Foundation (WCF) has reported a total
of cocoa growers in the world 5 6 million, of which 70 to 80% correspond to small producers located in rural zones
[5]. In Colombia, cocoa production is estimated at 73 thousand tons in 2024. However, the cocoa value chain in
Colombia and around the world presents deficiencies in waste disposal and the economic benefits of the products.
In this sense, the aim of this research was to assess the sustainability of various biorefinery schemes by considering
the valorization of the waste generated during the harvest and post-harvest stages. The proposed biorefinery
schemes were designed with a rural-oriented approach to strengthen the cocoa value chain in Colombia. The first
stage involved experimental work, where cocoa samples were collected from one of Colombia most promising
producing regions. A chemical characterization of residues (i.e., extractives, cellulose, hemicellulose, lignin,
pectin, starch, protein and ash) was done including pod husks and leachates generated during fermentation [6].
Different valorization alternatives were evaluated at this stage, including the production of biopesticides, cocoa
butter, bioactive compounds, pectin, animal feed, biogas, and biofertilizers. Figure 1 shows the biorefinery
schemes analyzed. The first biorefinery scenario involved biopesticide, cocoa butter, enriched polyphenolic
compounds, pectin, and biochar production. The second biorefinery scenario was obtaining biopesticide, cocoa
butter, enriched extracts of polyphenolic compounds, pectin, and animal feed. The third biorefinery scenario
considered biopesticide, cocoa butter, enriched extracts of polyphenolic compounds, pectin, biogas, and
biofertilizer production. Cocoa fermentation was carried out in rural areas, considering the relative humidity and
temperature of the region. The fermentation was monitored for 5 days by measuring pH, temperature, °Brix. The
leachate was obtained in the first two days of fermentation and was collected and stored at -4°C without light. The
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leachate was characterized by gas chromatography using the reported method by Brands et al. [7]. The cocoa butter
was extracted using a hydraulic press. Cocoa pod husks were stored at -4°C, dried at 45°C, and ground to a particle
size of 40 mm. Polyphenolic compounds were extracted with 30% v/v ethanol, 40°C, 200 rpm, solid: liquid ratio
1:10 for 3 hours [8]. The extracts were characterized by Total Phenolic Compounds, flavonoids, and antioxidant
capacity using DPPH and ABST [9]. Pectin extraction was performed with citric acid, pH 3, and solid: liquid ratio
of 1:25, 250 rpm, 95°C for 95 min [10]. Pectin was characterized to determine galacturonic acid content, degree
of esterification, and methoxy content [11]. Biochar production was performed at 190°C for 30 min [12]. Biogas
was produced using a volatile solids ratio of cocoa pod husk and inoculum of 0.4, 37°C for 20 days. The biogas
was characterized using a Gasboard 3200P analyzer. The second stage involved process simulation using Aspen
Plus V.14 software to obtain the material and energy balances of the biorefinery schemes. The operating conditions
were defined based on the experimental tests performed. Finally, the third stage considers technical, economic,
environmental, and social analysis. The technical analysis was performed by calculating mass and energy
indicators such as Product yield, annual productivity, Process Mass Intensity, Overall energy efficiency, self-
generation index, and specific energy consumption using the methodology reported by [13]. Economic analysis
was performed to determine the economic feasibility of biorefinery scenarios using the methodology reported by
[14]. The environmental impact of the scenarios was carried out considering a Life Cycle Assessment approach
using the ISO 14040 methodology. A cradle-to-gate approach was considered, where the inventory of the
agronomic stage was obtained from interviews with producers.
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Figure 1. Proposed biorefinery schemes for strengthening the cocoa value chain in rural areas.

The chemical composition of cocoa pod husk was determined as follows: 28.37+2.84% extractives, 34.15+0.78%
cellulose, 19.56+0.85% hemicellulose, 8.46+0.54% lignin, 15.94+1.98% starch, and 1.97+0.05% ash. During the
first two days of fresh bean fermentation, 31 mL of leachate per kilogram of beans was generated, with acetic acid,
ethanol, and butanol concentrations of 16.82%, 6.56%, and 4.25%, respectively. The extracted polyphenolic
compounds exhibited a high flavonoid content, with significant amounts of theobromine and caffeic acid. The
antioxidant capacity of these polyphenol-rich extracts suggests their potential application in the food,
pharmaceutical, and agricultural industries, particularly as a fungicide. The pectin extraction yield was
11.63+£2.27%. The characterization of galacturonic acid content, degree of esterification, and methoxy content
confirmed pectin’s suitability for use in the food industry as a gelling agent. Experimental results on biochar,
biogas, and animal feed production were consistent with those reported in the open literature.

The techno-economic and environmental assessment of the proposed biorefinery scenarios was done to elucidate
the best option to upgrade cocoa and cocoa residues. The scenario with biochar production applying the slow



pyrolysis process was the best option to upgrade cocoa residue since the product yield was higher than the results
obtained in the other scenarios (i.e., animal feed and biogas). Moreover, biochar is the best option from the
economic and environmental perspectives since this solid material has a high selling price and high capacity to
capture carbon dioxide. The second scenario was the animal feed product. The scenario with the lowest techno-
economic and environmental performance was the biogas production since the revenues are lower compared to
the other scenarios.

The authors express their gratitude to the project “Mejoramiento de cadenas de valor agricolas a partir del uso
sostenible de sus residuos en biorrefinerias, BIOSOS-CV” code 59879. This research is the result of the research
work developed through the project “Fortalecimiento de la cadena de valor del cacao en Narifio y Caldas a través
del concepto de biorrefinerias sostenibles para incrementar la gobernanza territorial” code 109206 of the call
Convocatoria orquideas: Mujeres en la ciencia 2024.

References

[1] A. Ali, C. Xia, N. B. Ouattara, I. Mahmood, and M. Faisal, “Economic and environmental
consequences’ of postharvest loss across food supply Chain in the developing countries,” J Clean Prod,
vol. 323, p. 129146, Nov. 2021, doi: 10.1016/J.JCLEPR0O.2021.129146.

[2] B. Koul, M. Yakoob, and M. P. Shah, “Agricultural waste management strategies for environmental
sustainability,” Environ Res, vol. 206, p. 112285, Apr. 2022, doi: 10.1016/J.ENVRES.2021.112285.
[3] Y. Duan et al., “Sustainable biorefinery approaches towards circular economy for conversion of

biowaste to value added materials and future perspectives,” Fuel, vol. 325, p. 124846, Oct. 2022, doi:
10.1016/J.FUEL.2022.124846.

[4] N. G. Gavrilova, “Contemporary global production and consumption of cocoa: An assessment,” in IOP
Conference Series: Earth and Environmental Science, 2021. doi: 10.1088/1755-1315/839/2/022095.

[5] M. S. Beg, S. Ahmad, K. Jan, and K. Bashir, “Status, supply chain and processing of cocoa - A review,”
Trends Food Sci Technol, vol. 66, pp. 108-116, Aug. 2017, doi: 10.1016/J.TIFS.2017.06.007.

[6] C. A. Cardona-Alzate, M. Ortiz-Sanchez, and J.-C. Solarte-Toro, “Design strategy of food residues
biorefineries based on multifeedstocks analysis for increasing sustainability of value chains,” Biochem
Eng J, p. 108857, Feb. 2023, doi: 10.1016/J.BEJ.2023.108857.

[7] M. Brands, P. Gutbrod, and P. Dérmann, “Lipid Analysis by Gas Chromatography and Gas
Chromatography-Mass Spectrometry,” Methods Mol Biol, vol. 2295, pp. 43-57, 2021, doi: 10.1007/978-
1-0716-1362-7_4.

[8] T. Belwal, C. Cravotto, S. Ramola, M. Thakur, F. Chemat, and G. Cravotto, “Bioactive Compounds
from Cocoa Husk: Extraction, Analysis and Applications in Food Production Chain,” Foods 2022, Vol.
11, Page 798, vol. 11, no. 6, p. 798, Mar. 2022, doi: 10.3390/FOODS11060798.

[9] B. Ozturk, C. Parkinson, and M. Gonzalez-Miquel, “Extraction of polyphenolic antioxidants from
orange peel waste using deep eutectic solvents,” Sep Purif Technol, vol. 206, no. March, pp. 1-13, 2018,
doi: 10.1016/j.seppur.2018.05.052.

[10] L.C. Vriesmann, R. F. Tedfilo, and C. Lucia de Oliveira Petkowicz, “Extraction and characterization of
pectin from cacao pod husks (Theobroma cacao L.) with citric acid,” LWT, vol. 49, no. 1, pp. 108-116,
Nov. 2012, doi: 10.1016/J.LWT.2012.04.018.

[11] M. Ortiz-Sanchez, J.-C. Solarte-Toro, J.-A. Gonzélez-Aguirre, K. E. Peltonen, P. Richard, and C. A.
Cardona-Alzate, “Pre-feasibility analysis of the production of mucic acid from Orange Peel Waste under
the biorefinery concept,” Biochem Eng J, p. 107680, Jun. 2020, doi: 10.1016/j.bej.2020.107680.

[12] C.H. Tsai, W. T. Tsai, S. C. Liu, and Y. Q. Lin, “Thermochemical characterization of biochar from
cocoa pod husk prepared at low pyrolysis temperature,” Biomass Convers Biorefin, vol. 8, no. 2, pp.
237-243, Jun. 2018, doi: 10.1007/S13399-017-0259-5/FIGURES/2.

[13] G. Ruiz-Mercado, “Sustainability Indicators for Chemical Processes: II. Data Needs,” Ind Eng Chem
Res, pp. 1-20, Jan. 2012, Accessed: Jan. 29, 2023. [Online]. Available:
https://www.academia.edu/33646792/Sustainability Indicators_for_Chemical_Processes II_Data Need
S

[14] MaxS. Peters and Klaus D. Timmerhaus, Plant Design and Economics for Chemical Engineers - Max S.
Peters, Klaus D. Timmerhaus, Ronald E. West - Google Libros, First edition. 2003. Accessed: Jun. 14,
2021. [Online]. Available:
https://books.google.com.co/books/about/Plant_Design_and_Economics_for_Chemical.html?hl=es&id=
3uVFkBBHyP8C&redir_esc=y



