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Abstract 

Cocoa pod husks are generated in Côte d’Ivoire, in abundant quantities annually. The 

majority is left as waste to decompose at the plantations. A review of the ultimate and 

proximate composition of CPH resulted in the conclusion that, CPH is a high potential 

feedstock for both thermochemical and biochemical processes. The main focus of the 

study was the utilization of CPH in 10,000 tons/year power plants for generation of energy 

and value-added by-products. For this purpose, the feasibility of five energy conversion 

processes (direct combustion, gasification, pyrolysis, anaerobic digestion and hydrothermal 

carbonization) with CPH as feedstock, were investigated. Several indicators were used for 

the review and comparison of the technologies. Anaerobic digestion and hydrothermal 

carbonization were found to be the most suitable conversion processes. For both 

technologies an analysis was conducted including technical, economic, environmental and 

social aspects. Based on the characterization of CPH, appropriate reactors and operating 

conditions were chosen for the two processes. Moreover, the plants were chosen to be 

coupled with CHP units, for heat and power generation. After the evaluation and 

calculation of the main products and by-products that can be obtained, an economic 

analysis was conducted. Most of the electricity was assumed to be sold to grid (0.10 

USD/kWh), after self-utilization, and the by-products were assumed to be sold as bio-

fertilizers or soil conditioners, in both cases. The prices suggested for the by-products were 

estimated based on their nutrient content. For the economic analysis, total investment 

costs, running costs, revenues and more economic indicators were obtained and calculated. 

Both case study plants were found to be economically feasible (NPV>0). After comparing 

the NPV values, hydrothermal carbonization had higher NPV value, meaning it is more 

profitable. Though, there are many more barriers to overcome for hydrothermal 

carbonization than for anaerobic digestion. Moreover, the two case study plants can help 

with GHG mitigation, since 1,760 - 1,980 tCO2 eq/year can be avoided. Furthermore, 

several social benefits were identified. In conclution, hydrothermal carbonization and 

anaerobic digestion plants, utilizing CPH for energy conversion are feasible and cost viable 

solutions. Although, the governmental support can reduce the risks by assisting in the 

promotion of the by-products markets. 

 

Keywords: Cocoa pod husk, anaerobic digestion, hydrothermal carbonization, techno-
economic feasibility, biogas, hydrochar, bio-fertilizers. 
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1. Introduction 

The access to energy plays an important role in the social prosperity and economic 

development of a country. At present, the highest amount of energy consumed is provided 

by unsustainable fossil fuels resulting in a high increase of greenhouse gas emissions. 

Energy from renewable sources has been the focus of researchers worldwide for several 

years, mainly due to the energy demand growth, high costs of fossil fuels, limited fossil fuel 

reserves, climate change and energy insecurity (IPCC, 2011). Alternative renewable energy 

sources exist and can be utilized for different purposes according to the demand of the 

respective area, such as solar, wind, hydropower, geothermal and biomass. Renewable 

energy sources are clean and sustainable; additionally they can substitute fossil fuels, thus 

reducing the related environmental impacts and most of them are abundant. 

Considerations that affect the choice of renewable energy sources include economic, social, 

safety and environmental needs of the respective area (Koua et al., 2015).  

At the global level there is an increased interest in biomass energy or bioenergy since it is 

accompanied by many advantages. It involves a wide range of alternative feedstocks, 

conversion to energy processes and applications (IPCC, 2011), (McKendry, 2002b). In 

2013, share of renewables in the global total primary energy supply (TPES) was 13.5% 

(1,829 Mtoe), where biomass was the largest renewable energy resource. Worldwide, 

bioenergy provided approximately 10.4% (1,410 Mtoe) of the global TPES (IEA, 2015c). 

This contribution of bioenergy in the global TPES needs to be tripled by 2050, according 

to the International Renewable Energy Agency (IRENA) and the International Energy 

Agency (IEA), in order to avoid exceeding the 2 oC target (IEA, 2015b). Nevertheless, only 

1.7% of world electricity was supplied by biomass in 2013 (IEA, 2015c). 

According to IEA the term biomass refers to ‘‘a range of organic materials recently 

produced from plants, and animals that feed on the plants’’. Biomass includes agricultural 

feed crops, agricultural crop residues and wastes, herbaceous and woody energy crops, 

aquatic plants, and other materials considered as waste such as some municipal wastes; 

these constitute the alternative feedstocks for bioenergy production (IEA, 2007). The 

variety of feedstocks can be utilized by several conversion processes that ultimately lead to 

different end-uses. Biomass can be used for electricity or heat production, for creation of 

clean solid, liquid and gaseous fuels such as transportation and cooking fuels and can 

provide various value-added by-products (IPCC, 2011), (IEA, 2007), (UNEP, 2013). 

Nowadays in the developing countries traditional biomass is widely used in households for 

heating and cooking (IRENA, 2014). 

Biomass use for power generation offers several advantages, especially the utilization of 

waste biomass. Some of the biomass sources are currently considered as waste and they 

are not utilized at any way; extracting energy from the waste biomass is an effective way of 

managing those resources and meet local energy needs. One of the most significant 

benefits of bioenergy is the abatement of greenhouse gas emissions (GHG) and especial 

carbon emissions (Shankar Tumuluru et al., 2011). There is a high amount of GHG 

avoided emissions from the utilization of waste biomass and residues for energy. In 

addition there is a significant advantage with respect to air pollution and related human 

health issues (IPCC, 2011). In developing countries, presently most of the biomass is used 

traditionally for heating and cooking (IRENA, 2014), leading to a high indoor air pollution 
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levels and consequently a number of health issues and even deaths. Moreover, biomass 

sulfur content is relatively lower than coal resulting to a reduction of SOx emissions 

(IPCC, 2011). As a result bioenergy along with the other renewable technologies improve 

the human health and lead to a lower mortality rate from indoor air pollution.  

In most cases power generation from biomass combustion is almost a carbon neutral 

process (IEA, 2007). Figure 1.1 presents the Lifecycle GHG emissions (not including land 

use change emissions), for electricity generation from renewable energy sources and fossil 

fuels. It is clearly seen, that all renewable energy technologies have considerably lower 

GHG emissions (median values 4 – 46 gCO2/kWh) than fossil fuels (median values 

469 – 1,001 gCO2/kWh). Bioenergy has a high amount of avoided emissions especially if 

combined with carbon capture and storage (CCS) (IPCC, 2011).   

 

Figure 1.1: Lifecycle GHG emissions of electricity generation technologies (IPCC, 2011). 

Bioenergy refers to different solid, liquid, and gaseous fuels that can be used for a wide 

range of other sectors besides electricity generation, such as transport, heating and cooking. 

Therefore, there are further reductions in GHG from replacement of fossil fuels in the 

transport sector, and of fossil fuels or traditional biomass for cooking and heating. In that 

way, bioenergy contributes to more efficient land use and a more secure and independent 

energy supply at a local level (IPCC, 2014). 

Bioenergy developments can offer several economic and social benefits. There is a rise of 

market opportunities from local to regional level. Moreover, since clean energy can be 

distributed, already being competitive, there is less need for energy or electricity imports. 

Therefore reducing the energy dependency and the energy costs of a region or country. 

Especially rural areas lacking energy access, under some favorable conditions, there are 

cost savings when using biomass than comparing to fossil fuels use. Furthermore, new 

bioenergy plants means increased localized economic activity and income generation and 

diversification. There are several jobs created from the research phase, to the construction 

phase and to the operational phase of each plant. Thus, the local income is increased and 
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millions of smallholders (farmers), can benefit from energy crops (IPCC, 2014). Overall, 

bioenergy can improve the local livelihood by improving the agricultural techniques, 

increasing the energy access and security, and by income generation.  

Nevertheless, bioenergy has some restrictions and negative impacts depending on the area 

of implementation, mainly in developing countries with inadequate existing laws for water 

and land use. Some of the key risks include deforestation and loss of biodiversity, for crop 

based bioenergy systems. The conditions in each implementation area can determine the 

degree of those impacts (IPCC, 2011), (IEA, 2007). Another issue, for crop based 

bioenergy refers to food security risks. There are several discussions worldwide concerning 

the particular issue but the impact depends on the type of feedstock, the area and several 

other parameters (UNEP, 2013).  Water availability and management constitute another 

possible negative impact of bioenergy in a local level. It again depends on the feedstock, 

the technology adopted and the area of implementation. Biomass production relies on 

water, and need for continuous biomass supply results in an increased water demand. This 

impact can be mitigated or even avoided with proper water management, as to avoid 

exceeded water use and water pollution (IPCC, 2011), (IEA, 2007). Additionally, biomass 

use for energy might include high investment costs depending on the conversion 

technology in use, storage and possible lack of supply due to seasonal variations (Shankar 

Tumuluru et al., 2011). 

Biomass, is widely used in African countries, especially, solid traditional biomass. In 

particular, in the global TPES, Africa accounted for only 5.5%, in 2013, but accounted for 

29.3% of the global solid biomass. At a regional level, the share of renewables in TPES, 

the same year was 49.6% (IEA, 2015c); the same year 68% of the total population in Africa 

used traditional biomass (IRENA, 2014). Traditional biomass consists mostly of 

agricultural residues, urban wastes and wood, thus it has low or no cost and it is for a large 

percentage of the rural population, the only alternative; it is utilized in traditional stoves 

for heating or cooking purposes. Use of traditional biomass involves a number of 

disadvantages such as deforestation and health issues due to indoor air pollution (Janssen 

and Rutz, 2012). Currently in Africa, 47.68% of the total population do not have electricity 

access, out of which 47.6% represents sub-Saharan Africa (REN21, 2014). Africa is 

experiencing an economic growth that can continue increasing if the access to modern 

energy increases. At the same time there is a fast growth of population and hence energy 

demand. Even though the African continent has an abundant amount of renewable 

sources the modern energy development is comparatively low since there is a lack of 

investments and therefore infrastructure. Particularly the bioenergy development is 

exceedingly low, besides the existing high agronomical potential. The exploitation of these 

sources for affordable power supply can lead to a sustainable energy system, and can spur 

the social development and economic growth of the continent (IRENA, 2014). However, 

the efficient management of those resources depends on several stakeholders including the 

political and administrative roles, especially for rural development.  

Most of the West African countries rank among the poorest according to the Human 

Development Index. The region has limited energy access and security and also high 

negative impacts on environment and human health. In 9 out of the 15 West African 

countries, the share of traditional biomass in total final consumption is more than half, 

since only major urban areas have access to modern energy and electrification. These 
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conditions lead to approximately 170,000 deaths per year (REN21, 2014). Thus, it is crucial 

for those countries to increase the energy access and turn towards a more sustainable 

energy system. In West African countries, renewable energy technologies account for 22% 

in electricity generation (IRENA, 2013) out of which approximately 99% of the installed 

capacity represents hydropower (REN21, 2014). According to assessment from IRENA, 

the share of renewables in electricity generation, can increase up to 52% by 2030; this is 

based on the condition that the prices of fossil fuels will continue to rise and the cost of 

renewable technologies will continue to drop (IRENA, 2013). 

This study focuses on bioenergy development in the West African country of Côte 

d’Ivoire. Côte d’Ivoire is a developing country that is experiencing growth population and 

energy demand. The country has abundant renewable energy sources currently unutilized 

(Koua et al., 2015). Côte d’Ivoire is one of the largest cocoa producers globally, producing 

approximately 1.3 to 1.6 million tons per year (The World Bank, 2016), (Faostat, 2015). 

After the cocoa processing, the cocoa pod husks (CPH) are generated as waste. At present 

the CPH are left on plantation sites to decompose resulting to several issues. Therefore, 

CPH is an abundant potential biomass resource that can be utilized for energy production 

(heat, power, cooking fuels etc.) and for the production of various value-added by-

products (Syamsiro et al., 2012). This thesis, will investigate alternative thermochemical 

and biochemical conversion processes for their suitability and feasibility, to utilize CPH as 

feedstock. The final solution will be obtained after taking under consideration technical, 

financial, social aspects, logistics and possible operating issues for the chosen process 

technologies. 

1.1. Objective of the thesis 

The main objective of this study is the development of a solution for cocoa pod husks in 

Côte d’Ivoire to retrieve energy and value-added by-products. In order to achieve this 

objective, the following sub-objectives had to be fulfilled: 

1. Evaluate the potential of CPH as a feedstock for a biochemical or thermochemical 

conversion process. 

2. Investigate alternative thermochemical and biochemical conversion processes, 

using CPH as feedstock, for their suitability based on several indicators and select 

one or more for further investigation.  

3. Examine the feasibility of the selected technologies at the Project Areas, taking 

under consideration the technical aspect, logistics and financial aspects.  

4. Identify the environmental and social impacts along with the barriers of the 

implementation of the suggested solutions. 

1.2. Thesis outline  

This report is structured in nine chapters. Chapter 1 includes an introduction to the 

bioenergy in Africa, the objectives, the scope and limitations of the study, the outline of 

the thesis and an introduction of the company involved in the project. Chapter 2 contains 

a literature review of the studies that refer to CPH value, not only in bioenergy but also 

including its physical and chemical characteristics. Chapter 3 presents a background of 

Côte d’Ivoire, the imports, exports and agriculture sector of the country, the current energy 

situation and policies for energy. In Chapter 3, the areas of interest for the thesis are also 
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described. Chapter 4 describes the methodology followed while developing the particular 

study. It is further divided in five sections: determination of suitable processes, products 

and by-products potential, economic analysis, environmental and social impacts. Chapter 

5 contains the evaluation of the five technologies considered in this study, their 

comparison based on several indicators and the selected technologies.  Chapter 6 presents 

the results regarding the selected technologies, including the biomass supply chain, a 

description of the process and the outputs, the logistics of the by-products, an economic 

analysis, social and environmental impacts and potential barriers for each process. Chapter 

7 includes the conclusions and discussion, while Chapter 8 provides future work 

recommendations. Lastly, Chapter 9 contains the bibliography. 

1.3. Scope and Limitation of the study  

The particular study is limited to the use of Cocoa Pod Husks as a feedstock for a 

thermochemical or biochemical process, in three areas of Côte d’Ivoire. The processes 

chosen will be coupled with a co-generation unit. The heat produced is assumed to be 

utilized in the plant, while the electricity and any value added by-product of the process, 

are to be utilized for revenue generation. The boundaries of the study (Figure 1.2) include, 

the transportation of the CPH to the power plant, the technological aspect of the 

processing of CPH by the chosen technologies, the external distribution of the electricity 

and the transport of the by-products to a third party. The process product refers to the 

main product of the selected process that can be used in a co-generation unit (biogas, 

syngas, biochar etc.) The total investment costs, annual running costs and annual revenues 

are also included. 

 

Figure 1.2: Boundaries of the study. 

1.4. Introduction of the company  

The particular study was introduced by the company Renetech AB, based on the request 

of a Client in Côte d’Ivoire, West Africa. The Client requested a feasibility study regarding 

energy conversion processes for the waste residues of the cocoa processing, cocoa pod 

husks, for energy and value-added by-products production, taking under consideration 

financial and environmental aspects. 
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Renetech AB is located in Sweden, in the center of Stockholm with a branch located in 

Ireland (Renetech Bioresources Ltd). The company’s mission is to be an environmentally 

adapted and sustainable renewable energy producer. Business areas of Renetech AB 

includes research, project development and consultancy for small to large scale projects, 

mostly in Europe and Africa. Renetech AB undertake projects regarding bioenergy, solar, 

hydropower and geothermal energy for electricity, heat, biogas and other vehicle fuels. 

Regarding bioenergy projects, such as this study, the main business focus of the company 

is to recover energy from local resources (waste streams, agricultural or forest residues etc.) 

and except from electricity, heat or transport fuels to retrieve value-added by-products, 

increasing the efficiency and cost effectiveness of their projects. In this project, as 

mentioned, this is also the main aim, according to what the Client requests also.  

2. Cocoa pod husks - Literature review 

2.1. Studies on Cocoa Pod Husks 

For decades now, there have been a number of studies on CPH, establishing several 

alternatives for value adding of this agricultural residue. Several authors studied and 

analyzed the use of CPH for animal feed directly after treatment (Donkoh et al., 1991), 

(Sobamiwa and Longe, 1994), (Aregheore, 2002), combined with maize cobs (Tuah et al., 

1995) or as a potential antioxidant-dietary fiber source (Yapo et al., 2013). The studies 

showed that the feed intake in the diet was increasing, when the levels of CPH were 

increasing and subsequently the cost of feeding was lower, since a waste biomass was 

utilized.  

Moreover, there were several studies for the use of CPH ash as a base for organic fertilizer, 

even on cocoa plantations (Agbeniyi et al., 2011), (Agyeman and Oldham, 1986), (Ajayi et 

al., 2007). Most of the studies in this field were focused on Nigeria and the use of CPH 

ash as soil amendment and as a mean for maize yield increase. The use of CPH ash 

increased the yield and height of the plants (Adeleye and Ayeni, 2010), (Ayeni, 2010), 

(Ayeni et al., 2008), (Osodeke and Onwuke, 2007). Agyeman and Oldham also suggested 

the use of CPH ash in the soap industry, after potash was produced from CPH incineration 

(Agyeman and Oldham, 1986).  

Bonvehı and Coll (Bonvehí and Coll, 1999), determined the potential of CPH as a protein 

source, where it was suggested to be used in food products as ingredient, while Kassim et 

al. (Kassim et al., 2014), investigated CPH along with other non-wood plants as a fiber 

source for the paper and pulp industry. Furthermore there have been many studies done 

that examined the CPH as a source of pectins, under several extraction conditions 

(Vriesmann et al., 2011a), (Chan and Choo, 2013), (Mollea et al., 2008), (Vriesmann et al., 

2011b). 

Moreover, there have been studies examining the bioenergy potential of CPH. Agyeman 

et al. referred to CPH as a very effective source of fuel for incineration (Agyeman and 

Oldham, 1986); the combustion of the residue was also tested by Syamsiro et al. with CPH 

as pellets (Syamsiro et al., 2011), (Syamsiro et al., 2012). The use of CPH in order to 

increase the properties of sawdust and coal pellets was also examined (Forero-Nuñez et 

al., 2015), where the addition of CPH increased the durability of the pellets. 
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There were several studies that investigated the potential of CPH for biochar production 

and several useful chemical compounds (Mansur, 2014), (Duku et al., 2011), (Odesola and 

Owoseni, 2010), (Mansur et al., 2014), showing that it is a rich biomass with several 

benefits. Moreover, the carbonization of CPH for the production of activated carbon was 

also examined (Cruz et al., 2012). Lastly, the potential of CPH for ethanol (Thomsen et al., 

2014) and biogas was tested (Thomsen et al., 2014), (Rico et al., 2014), (Darwin, 2013) and 

the use of CPH ash for transesterification of oil from soybeans to biodiesel (Ofori-Boateng 

and Lee, 2013).  

2.2. Cocoa pod husks characteristics 

Cocoa beans represent the only commercially valuable product of a cocoa plantation and 

their production and export plays a significant role in the economy of Côte d’Ivoire. The 

cocoa fruit or cocoa pod consists of two main parts, the cocoa beans and the cocoa pod 

husk (Figure 2.1). The cocoa pods need around 5 months from the flowering to ripeness, 

when they are harvested twice a year by hand with machetes or knives, by the farmers. The 

typical seasons of harvesting are October to February, and May to July. Nevertheless, 

changes in the local weather patterns could affect dramatically the yields and harvest 

periods. For the particular study it is assumed that the seasons of harvesting are the 

aforementioned. Within approximately a week to 10 days after harvesting, the pods are 

cracked open carefully, typically using a wooden club, to retrieve the wet beans covered in 

sweating. After this step, the beans are piled up and covered by banana leaves to undergo 

fermentation process for 2 to 5 days; this process is mostly done in a different location 

from the plantation, but can be done at the plantation too. Later on, the cocoa beans are 

mostly sun-dried to 7.5% moisture content. Lastly, the dry cocoa beans are bagged and 

ready for delivery, through cooperatives, as a basic ingredient of chocolate, cocoa butter 

etc. The cooperatives are intermediates between the smallholders and the chocolate 

industries (ICCO, 2016).  

 

Figure 2.1: Cocoa fruit parts (adapted from (ICCO, 2016)).   
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After the harvest of the cocoa fruits, the cocoa pod husks, which account for 

approximately 75% of the total cocoa fruit, are left mostly at the plantation in large piles, 

for 3 – 6 months. They are basically left as waste, to decompose which causes except from 

foul odor, soil contamination and plant diseases such as black pod rot. This makes CPH 

an environmental and waste management challenge (Vriesmann et al., 2011a). Only a small 

percentage of the farmers, are composting some of the CPH by themselfs (ICCO, 2016). 

All the above, imply a large amount of husk residues that need to be properly utilized, not 

only for reduction of the environmental effects, but also for economic advantages for the 

cocoa business. In this report, the potential for energy production and value added 

products from CPH (Appendix I), a process based agricultural residue, will be investigated.  

Table 2.1: Chemical composition of CPH (Aregheore, 2002), (Mansur, 2014), (Mansur et 

al., 2014), (Daud et al., 2013), (Kassim et al., 2014). 

Chemical composition [%wt] 

Cellulose 35 – 35.8 

Hemicellulose 36.5 – 37.5 

Lignin 14 – 15 

Pectin 6 – 6.2 

The moisture of the CPH, right after the beans are removed, can be 75 – 89% and the ash 

content around 2 – 3% (Vriesmann et al., 2011a), (Duku et al., 2011).  Table 2.1 presents 

the chemical composition of CPH (Aregheore, 2002), (Mansur, 2014), (Mansur et al., 

2014), (Daud et al., 2013), (Kassim et al., 2014). The chemical energy, stored in biomass, 

is contained in cellulose, hemicellulose and lignin components. CPH has a high 

holocellulose content (hemicellulose and cellulose), with the hemicellulose being greater 

than cellulose, in contrary to woody biomass (McKendry, 2002a). On the other hand, he 

lignin content is quite low, comparatively. All this need to be taken under consideration 

when choosing a suitable energy conversion process. 

Table 2.2: Ultimate composition of CPH (Forero-Nuñez et al., 2015), (ECN, 2016), 

(Mohammad Hariz et al., 2013). 

Ultimate composition 

[wt %] dry daf 

Carbon (C) 43.8 – 49.8 51 – 55 

Hydrogen (H) 4.9 – 5.8 5.4 – 5.9 

Oxygen (O) 33.7 – 35 37 – 38.5 

Nitrogen (N) 1.2 – 1.6 1.8 – 3.4 

Sulfur (S) 0.17 – 0.2 0.2 – 0.22 

Table 2.2 presents the ultimate composition of CPH, as obtained from literature (Forero-

Nuñez et al., 2015), (ECN, 2016), (Mohammad Hariz et al., 2013), for dry and dry ash free 

(daf) CPH. Compared to coal, biomass generally has a lower carbon, nitrogen and sulfur 

content, but also has higher hydrogen and oxygen content; that is the case for CPH as well. 

The carbon, hydrogen and sulfur content tend to increase the heating value of the material, 

while the nitrogen and oxygen content can lower it (UNEP, 2013). The molar ratios of 

CPH are considered for the process selection, since different processes have different 

requirements of the feedstock. 
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Table 2.3: Proximate composition of CPH (Donkoh et al., 1991), (Aregheore, 2002), 

(Vriesmann et al., 2011a), (Syamsiro et al., 2011), (Daud et al., 2013), (ECN, 2016). 

Proximate composition [wt%] 

Moisture (dry) 7.35 – 13.5 

Ash (dry) 8.4 – 13.2 

Volatile Matter (daf) 70 – 74.1 

Fixed carbon (daf) 25.9 – 30 

Crude fiber (dry) 22 – 35 

Crude protein (dry) 6 – 9.2 

In Table 2.3, the proximate composition of CPH is shown (Donkoh et al., 1991), 

(Aregheore, 2002), (Vriesmann et al., 2011a), (Syamsiro et al., 2011), (Daud et al., 2013), 

(ECN, 2016). Moisture content of a biomass is defined as the observed weight loss when 

under standard conditions, the biomass is dried. High moisture can lead to a low 

conversion efficiency for many conversion processes. The volatile matter refers to the 

biomass weight lost as vapor or gases and ash represents the organic residue after the 

biomass is burnt, under standard conditions (UNEP, 2013); CPH has a high amount of 

volatile matter compared to coal (Forero-Nuñez et al., 2015) and relatively high amount of 

ash compared to wood (McKendry, 2002a). Lastly, Table 2.4 presents the calorific values 

of dry and dry ash free CPH (Syamsiro et al., 2012), (ECN, 2016). CPH has an LHV value 

similar to wood (18.6 MJ/kg), higher than wheat straw (17.3 MJ/kg) but considerably lower 

than coal (34 MJ/kg) (McKendry, 2002a). 

Table 2.4: Calorific values of CPH (Syamsiro et al., 2012), (ECN, 2016). 

Calorific values 

[MJ/kg] dry daf 

LHV 17.9 18.6 

HHV 19 19.9 

3. Côte d’Ivoire  

3.1. Background of the country 

Côte d’Ivoire is a West African country and member of Economic Community of West 

African States (ECOWAS). The country is located at 08° 00 N latitude and 05º 00 W 

longitude, and is bordered by Burkina Faso and Mali to the North, by Ghana to the East, 

and by Guinea and Liberia to the West while on the South lies the Atlantic Ocean, as can 

be seen by Figure 3.1. Côte d’Ivoire has land area of a 322,462 km2, divided in 14 districts 

and a total population of 22.67 million as of 2014, which accounts for 6.8% of the total 

ECOWAS population (REN21, 2014). According to World Bank there is an annual 2.4% 

growth in population (The World Bank, 2016). The urban population of the country, 

represents 50.3% of the total population, while the rural 49.7%. The political capital is 

Yamoussoukro (population 355,573) and the economic and administrative capital is 

Abidjan. Abidjan is the largest city of Côte d’Ivoire with a population 4,395,243 (CIA, 

2016), (INS, 2016). Out of the total population, 46.3% were below poverty line in 2015 
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(The World Bank, 2016), with 56.8% coming from rural and 35.9% from urban 

population (Tape et al., 2015). 

 

Figure 3.1: Map of Côte d’Ivoire (Maps of World, 2016). 

Côte d’Ivoire has a climate that transitions from equatorial and tropical along the coast, to 

semiarid north of the country. The country experiences three seasons, the dry and warm 

season from November to March, the dry and hot season from March to June and the wet 

and hot season from June to November. The seasons can be distinguished mostly from 

the rainfalls and winds, than from the temperature change. The annual rainfall ranges from 

1,200 to 2,800 mm, with larger amount of rainfall along the coast, and the heavier rains 

occur usually from June to October. The temperatures annually range from 10 to 40 oC 

with an average of 25 to 30 oC, and the hottest months are March to May. The highest 

temperatures are experienced along the coast of Côte d’Ivoire, and the daily range of 

temperature is smaller compared to the northern parts. Lastly, the average annual relative 

humidity is 70% at the north and 85% at the south (FAO, 2016). The terrain of Côte 

d'Ivoire is mostly flat in the south, including some swampy areas and limited hills less than 

200 meters height. In the west part of Côte d'Ivoire, chains of mountains exist with the 

highest summit reaching 1,752 meters (Nimba Mountain). The total land area of the 

country, includes a forest area (32.7% of total area), that from the north to south gradually 

slopes down. The agricultural area, in 2013, was 64.8% of the total land area (FAO, 2016), 

(GTZ, 2009). 

The economy of the country is greatly dependent on agriculture, in which sector 

approximately 65% of the population is engaged, even though only 23% of the total land 

is currently cultivated (The World Bank, 2016); most of the plantations belong to 

smallholders (FAO, 2016). Agriculture contributed to country’s GDP in 2013, the tune of 

approximately 26%, where the total GDP was 34.25 billion USD (1,511 USD/capita). 

Furthermore, there was an 8.5% GDP growth in 2014. Moreover, industry accounted for 

around 21.5% and services (construction, transport, communications, trade etc.) for 52.5% 
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of the total GDP (The World Bank, 2016), (CIA, 2016), (GTZ, 2009). The major industries 

of the country and the number of branches, in 2015, are shown in Table 3.1 (INS, 2016). 

The Table shows that most of the branches belong to tobacco and agrifood industries and 

the least to manufacturing of equipment and machinery. 

Table 3.1: Industry branches in Côte d'Ivoire, 2015 (INS, 2016). 

Large industrial branches 2015 

Extractive industries 1,872 

Tobacco and agrifood 3,213 

Textile and leather 239 

Wood and furniture 1,491 

Paper industries 333 

Petroleum, chemical, rubber and plastic 1,514 

Glass, ceramic and construction materials 222 

Metal industries 427 

Manufacture of machinery and equipment 32 

Electricity, gas and water 657 

 

3.2. Agriculture in Côte d’Ivoire 

Figure 3.2 (Faostat, 2015) presents the land use in Côte d’Ivoire. More than 70% of the 

land is covered by forest, permanent meadows and pastures, which include land used 

permanently to grow herbaceous forage crops, or land with growing wild plants. Rest of 

the land is arable area and permanent crops. Land with permanent crops includes land 

cultivated with long-term crops, such as cocoa and coffee, which are not replanted for 

several years. Lastly, arable is land under temporary agricultural crops or meadows, under 

market and gardens (Faostat, 2015). 

 

Figure 3.2: Land use in Côte d’Ivoire (Faostat, 2015). 

In the agricultural sector Côte d’Ivoire has high annual production of yams, cassava, sugar 

cane, rice, plantains and cocoa beans (Table 3.2). Other agricultural crops include maize, 

cotton, cashew nuts, coffee beans, palm oil etc. (Faostat, 2015). The highest export 

Arable land
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Permanent 
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and 
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commodity is cocoa beans, followed by cocoa products (e.g. cocoa butter), cashew nuts, 

palm oil, bananas etc.; the cocoa beans generate 3.5 % of the country’s export receipts 

(INS, 2014). Therefore cocoa production is clearly an important part of the Ivorian 

economy. 

Table 3.2: Top agriculture crops production in Côte d’Ivoire, 2013 (Faostat, 2015). 

Crops Thousand tons 

Yams 5,732 

Cassava 2,436 

Sugar cane 1,969 

Rice 1,934 

Plantains 1,624 

Cocoa beans 1,449 

Cotton 778 

Maize 661 

Côte d'Ivoire is one of the largest cocoa producers globally, supplying more than 35% of 

the world cocoa with an average production of 1.3 to 1.7 million tons per year (The World 

Bank, 2016), (Faostat, 2015). In Table 3.3 the production of cocoa since 2010 of the 

country, can be seen. In 2015 a significant increase occurred, with a 35.9% increase since 

2010 and 2.3% since 2014 (Faostat, 2015), (Conseil du Café Cacao, 2016). According to 

the Council of Cafe and Cocoa, the expected production in 2016 should be above 1.7 

million tons, even though there is an increase in tree mortality the last years (Conseil du 

Café Cacao, 2016). This increase is expected due to the ‘‘Cocoa Fertilizer Initiative’’ that 

followed the cocoa tree mortality rise in 2012. The initiative is funded by the World Cocoa 

Foundation (WCF), Council of Café and Cocoa, and several fertilizer suppliers. It is 

implemented in partnership with Sustainable Trade Initiative (IDH) (IDH, 2016).  

An experiment was conducted in Côte d'Ivoire and Ghana, which indicated that in Côte 

d'Ivoire after the use of fertilizers, the yield increased by 32% the first year and an average 

130% (from the previous year) the following. The price of fertilizers without any subsidies, 

in the country, is approximately 400 USD/ha with an estimation of dropping to 300 

USD/ha the following years. It should be noted that for production of 1,000 cocoa beans 

there is a need of an average 300 kg of chemical fertilizer (Ruf and Bini, 2011).  

According to IDH, at present mostly farmers in South-West and West Côte d’Ivoire are 

using fertilizers, where the expansion of cocoa cultivation is more recent and the farmers 

are younger (below 50 years old). Hence, approximately less than 50% of Ivorian cocoa 

producers are using fertilizers. Most of the cocoa farmers do not use fertilizers due to the 

high costs, several argue that the plantations are too young (<10 years old) and some are 

lacking knowledge of fertilizer use (Ruf and Bini, 2011), (Ruf et al., 2014). 

Table 3.3: Cocoa production in Côte d'Ivoire, 2010-2015 (Faostat, 2015), (Conseil du Café 

Cacao, 2016)  

Annual cocoa production 

Year 2010 2011 2012 2013 2014 2015 

Million tons 1.31 1.51 1.49 1.45 1.74 1.78 
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3.3. Imports and exports 

According to the Economic Complexity Index (ECI), presently Côte d’Ivoire represents 

the 82nd largest export economy globally. The top imports include refined petroleum, crude 

oil, construction materials and cement. On the other hand, the top exports are refined 

petroleum, crude oil and cocoa beans.  

 
Figure 3.3: Evolution of foreign trade from 1992 to 2012 of Côte d’Ivoire (INS, 2014). 

Figure 3.3 presents the evolution of foreign trade of Côte d’Ivoire from 1992 to 2012 (INS, 

2014). As seen, there is a growing trend for both imports and exports of the country since 

1992. In 1995 during a post-devaluation period the trade balance had a decline but started 

an uptrend until 1999, when imports and exports started rising. After this year, due to the 

socio-political crisis in the country, trade balance experienced a 12% decrease in 2000. 

During 2002 there was an increase more than 100% compared to the year before and a 

peak in exports occurred, while imports dropped. The same trend is seen in 2006. During 

2010 there was a trade balance drop due to imports, followed by a high increase in 2011. 

Lastly, in 2012 there was a remarkable reduction of 8.1% compared to the previous year, 

which was followed by a slight increase in 2013. 

Table 3.4: Commodity exports of Côte d’Ivoire, 2013 (INS, 2014). 

Food and 
beverages 

Million 
tons 

Billion 
USD 

Industrial 
products 

Million 
tons 

Billion 
USD 

Other 
goods 

Million 
tons 

Billion 
USD 

Bananas 354.8 0.803 Rubber 316.1 4.041 Tobacco 3.7 0.345 
 

Cashew nut 
 

449 
 

1.844 
Wood 

products 

 

494.7 
 

1.107 
Perfumes, 
cosmetics 

 

65.2 
 

0.838 

Sugar 
products 

 

47.3 
 

0.102 
 

Cotton 
 

151.8 
 

1.445 
Cleaning 
products 

 

97.7 
 

0.454 

 

Coffee 
 

118 
 

1.119 
Refined 

petroleum  

 

3,234.1 
 

14.988 
 

Footwear 
 

44.8 
 

0.395 

Cocoa beans 1,112.6 14.227 Crude oil 1,234.3 5.095  
 

 
Other 

 

 

 
 

29.3 

 

 
 

0.401 

Cocoa 
products 

 

319.6 
 

5.554 
Paper and 
cardboard 

 

38.5 
 

0.302 

Palm oil 240.5 1.045 Cement 101.5 0.079 
 

Other 
 

499 
 

1.704 
Plastic 

products 

 

41.2 
 

0.504 
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Table 3.4 presents the exports of food, beverages, industrial products and other consumer 

goods of Côte d’Ivoire in 2013. The total amount of exports was 56.39 billion USD out of 

which 57.9% were exports to other African countries. Out of the food and beverages, 

mostly cocoa beans contributed financially, accounting for 53.9% of this type of exports, 

with an 11% increase compared to 2012 (INS, 2014). From industrial products and other 

commercial goods refined petroleum and crude oil were the highest exports followed by 

rubber.  

The respective imports of food, beverages, industrial products and other consumer goods 

in 2013, are presented in Table 3.5 (INS, 2014). The total amount of imports was 85.9 

billion USD out of which 34.5% were imports from other African countries. Out of the 

food and beverages, mostly rice is imported, while from industrial products and other 

commercial goods, refined petroleum and crude oil were the highest imports. Côte d’Ivoire 

mostly imports from Nigeria, France, China and USA. On the contrary the country exports 

mostly to Nigeria, Ghana, France, Germany and USA (INS, 2014). 

Table 3.5: Commodity imports of Côte d’Ivoire, 2013 (INS, 2014). 

Food and 
beverages 

Million 
tons 

Billion 
USD 

Industrial 
products 

Million 
tons 

Billion 
USD 

Other 
goods 

Million 
tons 

Billion 
USD 

Meat 79.9 0.449 Essential oils 5.6 0.327 Tobacco 8.6 0.752 

Dairy and 
eggs 

 

26.9 
 

0.461 
 

Fertilizers 
 

322 
 

0.821 
Medicine  

11.9 
 

1.328 
 

Fish 
 

298.2 
 

1.963 
 

Plastics 
 

189.6 
 

1.48 
Machinery, 
appliances 

 

12.4 
 

0.095 
 

Wheat 
 

540.3 
 

1.134 
Paper and 
cardboards 

 

111.3 
 

0.631 
Clothing, 
footwear 

 

18.3 
 

0.254 

 

Rice 
 

830.8 
 

2.509 
Construction 

materials 

 

2,050.2 
 

0.975 
 

Books 
 

4.4 
 

0.128 

Ready 
food  

 

30.9 
 

0.483 
 

Cement 
 

1,890 
 

0.738 
Plastic 

products 

 

7.6 
 

0.107 
 

Drinks 
 

60.6 
 

0.364 
 

Iron and Steel 
 

262.9 
 

1.481 
Telecom 

equipment 

 

4.7 
 

0.859 

 
 

Other 

 

 
380.2 

 

 
1.286 

Refined 
petroleum 

 

3,691.9 
 

16.464 
Road 

vehicles  

 

273.2 
 

5.351 

Crude oil 3,546 15.547  

Other 
 

453.7 
 

23.585 
Other 1,608.8 6.337 

 

3.4. Current energy situation 

In 2013 the TPES of Côte d’Ivoire was 13.09 Mtoe, while the total final energy 

consumption was 7.21 Mtoe. Figure 3.4 and 3.5 present the TPES (excluding electricity 

trade) and the final consumption by fuel. As seen in Figure 3.4, the TPES of Côte d’Ivoire 

constituted mostly from biomass and waste (9,639 ktoe), followed by crude oil (3,904 ktoe), 

natural gas (1,599 ktoe) and hydro (149 ktoe). Additionally, the same year the total final 

energy consumption included biofuels and waste (5,183 ktoe), crude oil (1,447 ktoe), 

electricity (437 ktoe) and natural gas (139 ktoe) (IEA, 2016). The Biofuels and waste 

category mostly includes firewood and charcoal, which are consumed in high amount 

traditionally for cooking or heating purposes (UNDP, 2014).  
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Figure 3.4: TPES (excluding electricity trade) in 2013, Côte d’Ivoire (IEA, 2016). 

 

Figure 3.5: Total final energy consumption by fuel in 2013, Côte d’Ivoire (IEA, 2016). 

Figure 3.6 shows the consumption of each fuel, by sector. Biofuels and waste, were 

consumed mostly in households (4.644 ktoe) and only a small amount by industry 

(540 ktoe). Crude oil was mostly consumed by transport sector (854 ktoe), followed by 

industry (250 ktoe), residential sector (139 ktoe), agriculture and forestry (96 ktoe). It was 

least used in the commercial sector (80 ktoe) and for non-energy uses (27 ktoe). Lastly, the 

total natural gas (139 ktoe) was consumed by industry (IEA, 2016). The 90% consumption 

of firewood and charcoal by the domestic sector relies on the fact that only 6% of total 

population are using improved cook stoves.  

The fuels used for cooking in Côte d’Ivoire are presented in Figure 3.7. Solid biomass in 

traditional stoves account for 85.9% of the fuels used. The rest of the biomass is utilized 

from a number of industries for self-generation, with 80 MW total installed capacity 

(REN21, 2014). Firewood and charcoal are the types of solid biomass mostly used in 

households. Though, their use is associated with negative impacts to environment and 

human health due to incomplete combustion (UNDP, 2014). In Côte d’Ivoire the indoor 

smoke exposure affects many people, including children, and results to approximately 

20,000 deaths per year (REN21, 2014).  
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Figure 3.6: Consumption of each fuel by sector, in Côte d’Ivoire, 2013 (IEA, 2016). 

 

Figure 3.7: Fuels used for cooking in Côte d’Ivoire (REN21, 2014). 
 

3.4.1. Oil and gas 

Côte d’Ivoire produces both oil and gas, and their extraction remains a significant 

economic factor for the country. The Ivorian sedimentary basin consists of two zones, the 

onshore and the offshore area. The onshore area represents 2.5% of the country’s territory 

covering 8.000 km2. The offshore area is up to 150 km wide and stretches from east to 

west. In Figure 3.8 the oil and gas blocks of Côte d’Ivoire can be seen. Out of a 28 in total, 

24 are assigned to oil and gas companies and 4 remain free blocks. The proved Ivorian oil 

and gas reserves are approximately 100 million barrels and 28 million cubic meters, 

respectively (CIA, 2016). 

In 2013 the production of natural gas was 74,403 TJ, out of which 91.3% (67,935 TJ) was 

consumed for electricity generation and the remainder was consumed by industry. 

Côte d’Ivoire neither imports nor exports any natural gas at present (IEA, 2016). In 

average, there are 4 million cubic meters of gas produced per day (Energie, 2016). The 

same year the oil production accounted for 4.5 million tons. The share of oil products for 
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2013 is shown in Figure 3.9. As seen, the highest production amount regards to Diesel and 

Crude oil (IEA, 2016). Approximately, there is a production of 50,000 – 55,000 barrels per 

day (REN21, 2014), (Energie, 2016).  

 

Figure 3.8: Oil and gas blocks in Côte d’Ivoire (Energie, 2016). 

Côte d’Ivoire, imports and exports oil products. In 2013, 3.9 million tons were imported 

and 3.1 million tons were exported. The highest amount of oil product imports refers to 

Crude oil and mostly Crude oil and Jet kerosene are exported (UNDP, 2014). Côte d’Ivoire 

has trade relations mostly with other African countries and Europe (Conseil du Café 

Cacao, 2016).  

 
 
Figure 3.9: Oil products in 2013, Côte d’Ivoire (IEA, 2016). 

3.4.2. Electricity generation – Power sector  

In Côte d’Ivoire there is a continuous and almost exponential increase in electricity 

consumption, since 1960. This increase is a consequence of the population increase and 

the high economic growth (Koua et al., 2015). Despite that rising demand, electrification 

rate is still low, 55.8% of the total population. In particular, 88.1% of total urban 

population and only 29% of total rural population have electricity access (The World Bank, 

2016). Moreover, there is a high number of outages for around 300 hours per year (WEC, 

2016), (IEA, 2014). Presently electricity is primarily generated by thermal power plants 

(76%), consuming mostly natural gas and only 24% is generated from renewable sources, 

mostly hydro. The total electricity generation in 2013 was 7.71 TWh, which corresponds 

to 0.27 MWh per capita. Figure 3.10 presents the electricity generation by fuel in 2013. As 
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seen, the electricity generated by thermal power plants using natural gas (5,306 GWh) is 

excessively more than by oil (466 GWh). From the renewable sources, electricity is 

generated mostly by hydro (1,727 GWh) and only a small amount by biomass (68 GWh) 

(IEA, 2016).  

 

Figure 3.10: Electricity generation by fuel, in Côte d’Ivoire, 2013 (IEA, 2016). 

Figure 3.11 provides the electricity consumption by sector in 2013. The total electricity 

consumption was 5,079 GWh, while the electricity network losses were approximately 

21.3% (1,473 GWh). Almost half of the electricity was consumed by households and the 

rest by the industry and commercial sector (IEA, 2016). The authority in charge of 

regulating the electricity sector is currently the Autorité Nationale de Régulation du Secteur 

de l’Électricité (“ANARÉ”) (ANARÉ, 2016). 

 
 
Figure 3.11: Electricity consumption by sector, in 2013, Côte d’Ivoire (IEA, 2016). 

Côte d’Ivoire’s current installed capacity is a bit more than 1.6 GW, out of which natural 

gas makes up 1 GW and hydropower, the remainder. From the total installed capacity, 

61% is gas thermal plants and 36.3% hydroelectric plants (Figure 3.12). A significant share 

of electricity in the country is generated by Independent Power Producers (IPP) (ANARÉ, 

2016). The transmission and distribution of electricity is not a state monopoly of the 

Compagnie Ivoirienne d’Électricité (CIE), anymore. Any IPP can generate and sell 

electricity to the grid, after personal agreement with the government. Figure 3.13 presents 

the Ivorian electricity distribution system (ANARÉ, 2016). The grid electricity prices in 

2013 where 200 USD/MWh for the residential sector, 205 USD/MWh for the services 

sector and 165 USD/MWh for the industry sector (IEA, 2014). Currently, Côte d’Ivoire 

imports (only from Ghana) and exports electricity. The export partners are Ghana, Mali, 
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Burkina Faso and Benin (ANARÉ, 2016). In particular, in 2013 the country imported 

59 GWh and exported 696 GWh (IEA, 2016).  

 

Figure 3.12: The electricity distribution system of Côte d’Ivoire (ANARÉ, 2016). 

The Ivorian natural sources of renewable energy are abundant. As shown in Figure 3.13, 

renewable energy technologies currently account for 38% of the total grid-connected 

installed capacity. The principal use of energy in Côte d’Ivoire is biomass, even though 

95.6% of renewable installed capacity is hydroelectric (Climatescope, 2015). As 

aforementioned, 72% of the total final energy consumption is biofuels and waste, mostly 

solid biomass in households (IEA, 2016). 

 
Figure 3.13: Installed power capacity by source, 2014, Côte d’Ivoire (Climatescope, 2015). 
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There are four Ivorian thermal power plants currently existing (Table 3.6) with a total 

installed capacity of 921 MW. The major electricity producers are Compagnie Ivoirienne 

de Production d’Electricité (CIPREL), Azito Energie and Aggreko. CIPREL power plants 

contributed 36% to the national production, in 2014 followed by Aggreko (20%) and Azito 

Energie power plants (17%) (ANARÉ, 2016). 

Table 3.6: Thermal power plants in Côte d’Ivoire (ANARÉ, 2016).  

Thermal power plant Capacity [MW] Availability rate [%] 

Abidjan (CIPREL) 3x33 and 2x111 90.19 

Vridi (CIPREL) 4x25 73.26 

Abidjan (Azito Energie) 2x150 67.64 

Abidjan (Aggreko) 40, 30, 30 and 100 98.63 

In addition, six hydroelectric plants generate electricity in Côte d’Ivoire, at the four large 

rivers namely, Bandama, Komoé, Sassandra and Cavalla River. The hydroelectric plants 

with a total capacity of 606 MW, are presented in Table 3.7 (ANARÉ, 2016).  

Table 3.7: Hydroelectric Plants in Côte d’Ivoire (ANARÉ, 2016). 

Hydroelectric plant Capacity [MW] 

Ayame I 22 

Ayame II 30 

Kossou 174 

Taabo 210 

Buyo 165 

Faye 5 

The grid-connected non-hydro renewables, include a 3 MW waste-to-energy anaerobic 

digestion plant and handles 200,000 tons of municipal solid waste per annum, in the city 

of Bingerville (CDM, 2016). Moreover, there are three biogas digesters belonging to the 

industrial sector, with 2,100 m3 total capacity. One of them in Toumodi, belongs to the 

Ivorian Company of Tropical Technology and the remained two in Ferkessedougou, to 

the Industrial Complex Exploitation of Cattle. Furthermore, in primary schools and 

canteens at north Côte d’Ivoire, there are five biogas plants with 15 m3 total capacity 

(Koua et al., 2015). Lastly, a 42 MW Biomass Plant is currently under construction in 

Aboisso (REN21, 2014), with 2 units of 21 MW that should be completed by 2017. It is 

planned to provide only electricity to the national grid, from palm oil and industrial 

plantations residues (CDM, 2016). 

3.5. Policies for energy 

Côte d’Ivoire has set sustainable goals for 2020 and 2030, but has not defined yet an energy 

policy to promote renewable energy. Generally the policy changes in the country seem to 

be slow. In particular, there is a lack in both fiscal and legal framework for promotion and 

implementation of renewable energy (Koua et al., 2015). There are no official incentives 

except for a reduced rate of VAT for solar panels (Climatescope, 2015). In 2012 the 

government agreed on an energy plan, which has as priority investments on large 

hydropower and fossil-fuel power plants, with a goal to achieve a 15% share of renewables 

in final energy consumption by 2015, rising to 20% by 2030 (REN21, 2014).  
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The strategic plan of 2013-2030, is focusing on the development of the country’s electricity 

sector and identified 66 projects which require high investments, in order to expand power 

capacity and renovate the transmission and distribution network (Ministère des Mines, du 

Pétrole et de l'Energie, 2011).   

3.6. Areas of interest 

The study focuses on three areas namely Gagnoa, Guiglo/Bloléquin and 

Soubré/Méagui as seen in Figure 3.14. Gagnoa department is located at Central-West Côte 

d’Ivoire and belongs to Gôh region. The total population of the department is 602,097. 

Guiglo department is situated at West of the country and belongs to Cavally region and 

the total population of the department is 176,688. Cavally region also includes the 

Bloléquin department, with a total population of 123,336. Soubré department is located at 

South-West Côte d’Ivoire and belongs to Nawa region. The total population of the 

department is 464,554. Méagui department is also situated in Nawa region; it has a total 

population of 320,975 (INS, 2016). For the rest of the report Gangoa department will be 

addressed as ‘‘Project Area 1’’, Guiglo and Bloléquin as ‘‘Project Area 2’’ and Soubré and 

Méagui as ‘‘Project Area 3’’. 

 

Figure 3.14: Areas of interest for the study. 

The number of cacao smallholders (farmers) and cooperatives in each ‘‘Project Area’’ and 

the average cocoa beans and husks production annually and per smallholder are shown in 

Table 3.8 (Conseil du Café Cacao, 2016). The calculation of cocoa pod husks was based 

on the amount of cocoa beans produced (Conseil du Café Cacao, 2016) and the technical 

parameters of Centre National de Recherche Agronomique (CNRA) and Centre de 

Coopération Internationale en Recherche pour le Développement (CIRAD) which state 

that, 1 ton of dried and fermented cocoa beans originally come from 3 tons of fresh beans 

that constitute approximately 25% of the whole cocoa pod weight. Therefore, 1 ton of 
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dried and fermented cocoa beans results to 9 tons of CPH remained (CNRA, 2016), 

(CIRAD, 2016). Project Area 3 has almost double CPH generation than the other Project 

Areas in total. That is due to the high production of cocoa in Soubré which is often referred 

as ‘‘cocoa belt’’.  

Table 3.8: Average annual cocoa beans and cocoa pod husks production, number of 

smallholders and number of cacao cooperatives for each ‘‘Project Area’’ (Conseil du Café 

Cacao, 2016).  

 

Project 

Area 

 

Cocoa 

beans 

[tons/year] 

 

Cocoa beans 

[tons/farmer] 

 

Cocoa pod 

husks 

[tons/year] 

 

Cocoa pod 

husks 

[tons/farmer] 

 

No of 

farmers 

 

No of 

cooperatives 

1 96,000 1.5 864,000 13.5 64,000 240 

2 44,000 1.6 396,000 14.1 28,000 143 

3 272,000 2.3 2,448,000 20.4 120,000 220 

There is a great potential of the CPH to be used for energy production and value added 

products, as some researchers already investigated. One of the desired outputs of the 

processes studied further, at later chapters is electricity. Table 3.9 presents the estimated 

electricity consumption at the Project Areas based on the proportion of people below 

poverty line that do not have access to electricity. According to World Bank database, the 

consumption in Côte d’Ivoire was 240 kWh/capita in 2012 (The World Bank, 2016). 

Moreover, since 2005 there was a constant average annual growth of approximately 4.5% 

per year, except 2011 due to the political situation of the country. Assuming the same 

growth the consumption in 2016 should be approximately 286 kWh/capita.  

Table 3.9: Poverty value and electricity consumption in each Project Area (The World 

Bank, 2016), (FAO, 2016). 

 

Project Area 
 

Poverty [%] 
Electricity consumption 

[GWh/year] 

1 53.3 80.4 

2 41 50.6 

3 37.4 140.6 

4. Methodology 

After the literature review, as explained in Chapter 2, all the information on the CPH 

characteristics and energy potential are gathered and the Project Areas are also chosen, as 

presented in Chapter 3. This chapter presents the methodology followed to achieve the 

objectives of the study. It is divided in four sections: determination of suitable processes, 

products and by-products potential, economic analysis and environmental and social 

impacts. 

4.1. Determination of suitable processes 

This section is mostly based on literature review of several sources, such as journal articles, 

regarding thermochemical and biochemical conversion processes and their characteristics. 

The alternative processes under investigation are direct combustion, gasification, pyrolysis, 
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hydrothermal carbonization and anaerobic digestion. At this level, the research is 

approached from a qualitative aspect, based on the existing information on each 

technology process. The selection of the final technologies depends upon various factors 

and indicators. The steps that are followed during this phase are: 

1. A number of indicators are chosen for the comparison of the technologies: The 

indicators are: 

a. Maturity and commercialization 

b. Efficiency 

c. Scalability 

d. Feedstock requirements 

e. Products and product use 

f. Main costs 

2. Several aspects of each technology process are studied and discussed, technical and 

economical.  

3. The suitability of the technologies is examined, for the specific feedstock 

characteristics and Project Areas. This step is considering all the characteristics of 

the feedstock and what possible products can be obtained from it, from each 

process. The Project Areas affects the choice, from the aspect of product demand, 

process requirements etc. 

4. A comparison between the involved technologies is presented based on the 

indicators used. Additionally a comparison table is created for an overview of the 

indicators and how each process scores. 

5. One or more technologies are chosen as more suitable. 

4.2. Products and by-products potential 

Once the most suitable processes are chosen, the study forwards to the next step which 

involves the modelling of the plants and the potential products, and by-products. During 

this phase several assumptions are made based on literature review. Firstly, the supply chain 

of the biomass is analyzed including transport and storage of CPH. For this analysis the 

physical and chemical properties of CPH are taken into account. The total input of CPH 

is assumed to be 10,000 tons per year. This value is determined based on the logistics, since 

the higher the amount the more the farmers involved, making the biomass supply chain 

more complex. Particularly, the transport of CPH is considered from the smallholders to 

the plants, including: 

1. Type of vehicles. 

2. Fuel costs (considered in the economic analysis). 

Regarding the storage of the biomass, the suitable type of storage is chosen based on the 

moisture and density of the feedstock, and also on economic factors. The loading and 

unloading of the biomass is also considered. 

At the next step, the chosen processes are presented from a theoretical perspective, 

including several information. Later on, the plant characteristics are chosen based on 

literature and calculations are done, including: 

1. Size of the plant. 

2. Type of the reactor. 
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3. Operational conditions (temperature, pressure etc.). 

4. Product utilization and treatment. 

It is followed by, a logistics analysis (storage and transport) of the value added by-products 

occurs. For this analysis the chemical and physical properties of the by-products is 

considered along with economic factors (included in the economic analysis).  

4.3. Economic analysis 

This step refers to the economic analysis of one of the chosen technologies. The methods 

used in the economic analysis are Net Present Value (NPV), Internal Rate of Return (IRR) 

and Payback time (PBT). Firstly, the total investment cost and annual costs are considered 

based on literature review.  

NET PRESENT VALUE 

The NPV is used in order to evaluate the feasibility of the case studies. It is a method that 

calculates the present value of cash flows at a determined time period. The time period is 

assumed separately for the selected processes. A positive NPV value shows that the project 

is profitable. NPV is calculated from Equation 1 (Investopedia, 2016): 

𝑁𝑃𝑉 = ∑
𝐶𝑡

(1 − 𝑖)𝑡
−

𝑇

𝑡=0

𝐶𝑜 

In Equation 1, 𝑖 refers to the discount rate [%], T is the time period [years], 𝐶𝑡 refers to 

the cash flow [USD] and 𝐶𝑜 is the total investment cost [USD]. The discount rate is 

assumed to be 5%. Moreover, for the cash flow the depreciation of the plant is taken under 

consideration and is calculated as the total investment costs divided by the economic 

lifetime of the plant (Deublein and Steinhauser, 2008).  

INTERNAL RATE OF RETURN 

The IRR is the discount rate when the NPV value is equal to zero. That simply means that 

IRR is a value when the cash flows of the project are equal to the costs. Generally, the 

higher the IRR, the more desirable the project. It is mathematically calculated from 

Equation 2 (Investopedia, 2016): 

𝑁𝑃𝑉 = 0 → ∑
𝐶𝑡

(1 − 𝑖)𝑡 −

𝑇

𝑡=0

𝐶𝑜 = 0 

PAYBACK TIME 

The payback time depicts the number of years needed for the total investment costs to be 

recovered. It is calculated by Equation 3 (Investopedia, 2016): 

𝑃𝐵𝑇 =  
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑡 𝑐𝑜𝑠𝑡

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠 − 𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑠𝑡𝑠
 

4.4. Environmental and social impacts 

Finally, there is an assessment of social and environmental impacts and barriers of each 

chosen technology. The assessment is based on literature review. 
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5. Evaluation of alternative technologies 

Biomass, a plant derived organic material, can be converted into several forms of energy 

and products through various alternative processes. The choice of the suitable conversion 

process is based on several factors, such as the desired end-use applications and 

requirements, type and quantity of the feedstock, infrastructure, economic conditions, 

social and environmental impacts, system stakeholders etc.; some of these will be briefly 

discussed.  

 

Figure 5.1: Thermochemical and biochemical processes and their intermediate energy 

carriers (adapted from (UNEP, 2013)). 

There are two main process technologies for energy generation, the thermochemical and 

biochemical processes. The thermochemical processes include combustion, gasification, 

pyrolysis, hydrothermal liquefaction, gasification and carbonization (upgrading). The 

biochemical processes include anaerobic digestion and fermentation (McKendry, 2002b). 

Those processes produce three types of primary fuels, solid, liquid and gaseous fuels that 

can be converted to electricity, heat or can be used as transportation and cooking fuels, 

fertilizers etc. (McKendry, 2002b), (UNEP, 2013), as shown in Figure 5.1. 

The type and characteristics of the biomass feedstock affects the choice of the technology 

for several reasons. A high moisture biomass, such as CPH, cannot be used efficiently in 

combustion or gasification without pre-treatment for lowering the moisture content, but 

can be used in a wet process instead e.g. anaerobic digestion. In general, a particular 

feedstock has specific benefits and drawbacks for each process technology. The available 
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energy of a particular feedstock is the same, irrespective to the technology but the energy 

that will be recovered vary with the technology chosen.  

The end-use application can also affect the choice. If the desired output, for example, is 

liquid transport fuels – ethanol, biodiesel etc. – gasification is not the appropriate 

technology. Instead, fermentation or pyrolysis would be more suitable. If the desired 

output is electricity and heat (CHP) or just electricity, almost all the technologies can 

effectively and economically be used. Certainly other factors can also affect the final choice, 

such as the project area (e.g. water availability) and the need for pre-treatment, which 

affects the economics. 

The financial issues associated with each technology, starting from the capital costs to the 

annual costs, play a major role in technology selection. This is a complicated issue that 

could be examined entirely and in depth, separately for each conversion process. In the 

concept of this study, the economic aspect will be taken under consideration, but only for 

one of the selected technologies a detailed analysis will be presented (UNEP, 2013).   

As comprehended, the selection of the appropriate conversion technology is governed by 

a combination of an amount of information, for each of them. Since all the aforementioned 

factors are different for every technology, a combination of a number of indicators will be 

used for the final selection. The indicators will be discussed later on in the chapter. 

5.1. Thermochemical conversion processes 

5.1.1. Direct combustion 

Direct combustion (Figure 5.2) is the burning of a fuel such as biomass, with the help of 

an oxidizer. The oxidizer is commonly air, but can be also pure oxygen (UNEP, 2013). 

The chemical energy stored in the feedstock is converted to heat in the flue gases at 

temperatures of 800 – 1,000 oC range. These gases, can be utilized for either heating 

activities or converted to mechanical power in steam turbines and generate electricity 

(McKendry, 2002b). A by-product of the process is the remained ash, which under some 

circumstances can be utilized as fertilizer (UNEP, 2013). Direct combustion represents 

over 90% of the biomass conversion technologies used globally. Hence, it is a mature 

technology and commercially available, for scales from few MW up to more than 100 MW 

(IRENA, 2012).  

 

Figure 5.2: Direct combustion of biomass. 

This technology is less efficient than some of the rest, since it requires a high amount of 

energy for feedstock pre-treatment. Direct combustion, is a dry process and it is feasible 

only to burn biomass with less than 50% moisture content; depending on the feedstock 
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characteristics, drying might be necessary. The higher the moisture content of the biomass, 

the more carbon monoxide (CO) is produced during combustion (McKendry, 2002b). In 

general, direct combustion releases comparatively higher amount of emissions 

(UNEP, 2013). Moreover, some types of combustors require 50 mm maximum particle 

size, thus reducing the size of the feedstock input is necessary (IRENA, 2012).  

5.1.2. Gasification 

Gasification (Figure 5.3) is the partial combustion of biomass, with the help of a gasifying 

agent, at high temperatures, for the production of a gaseous product known as producer 

gas or syngas (McKendry, 2002b). In the end, some amounts of tar and char will also be 

produced, depending on the gasifier type (UNEP, 2013). Several configurations of 

gasification exist presently, with different gasifying agents, temperature and pressure levels 

etc. The gasification process can take place at atmospheric pressures and higher pressures. 

The heat for the process, can be either indirect or direct. Moreover, there are three main 

classifications, namely, entrained flow, fixed or fluidized bed gasifiers. Also based on the 

direction of the air or oxygen flow, they can be classified as downdraft, updraft or cross 

draft gasifiers. Depending on the type, there are different benefits and drawbacks, and the 

size range varies from <10 kW (Downdraft fixed bed gasifier) to >500 MW (Entrained 

flow gasifier). 

The gasifying agent, or oxidation agent, can be air, steam, oxygen or even a mixture of 

these. The cheapest gasifier types are the air gasifiers but the product has a high amount 

of nitrogen (N2), and low calorific value (5 – 6 MJ/m3). The steam or oxygen gasifiers, are 

more expensive and not so commercial at present, but they produce syngas with high 

hydrogen (H2) and carbon monoxide (CO) concentrations and quite higher calorific value 

(9 – 19 MJ/m3) (IRENA, 2012). 

Producer gas is an output of air gasification at relatively lower temperatures and consists 

of carbon monoxide, carbon dioxide (CO2), hydrogen and some hydrocarbons. On the 

other hand, syngas is produced at higher temperatures from steam or oxygen gasification 

and mostly consists of CO and H2. In case of air gasification, significant amount of N2 and 

some amounts of CO2 and H2 will be present also. Temperatures in the range of 800 – 

1000 oC result in production of producer gas, whereas temperatures between 1200 and 

1400 oC result in syngas (UNEP, 2013). 

Syngas can be utilized in boilers, internal combustion engines, gas turbines and fuel cells 

for power generation or combined heat and power. It can also be used for production of 

synthetic natural gas or liquid biofuels (Fischer-Tropsch synthesis). In most cases, cleaning 

of the gas is necessary, for removal of impurities (UNEP, 2013), (IRENA, 2012). 

The biomass gasification process involves many benefits, but also limitations. It is an 

established technology, which can provide a high calorific value product, has better energy 

capture than combustion and pyrolysis, and releases low emissions (UNEP, 2013). The 

particle size, ash and moisture content requirements and the feeding system are some of 

the limitations. High moisture biomass feedstocks, require high amount of energy for 

drying, thus increasing the energy requirements of the process. If the moisture content is 

within limits (<15% to maximum 50%) but still quite high, the product gas has lower yield 

and energy content. Gasifiers have also limitations regarding the particle size of the 

feedstock, which vary with the type of gasifier, from 6 to 100 mm; hence, pre-treatment is 
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needed increasing the energy needs of the process and the cost (IRENA, 2012), (Sadaka, 

2010). 

 

Figure 5.3: Gasification of biomass. 

5.1.3. Pyrolysis  

Pyrolysis (Figure 5.4), is the process where at around 400 – 700 oC, biomass is converted 

in the absence (or limited supply) of air, into liquid, gaseous and solid fractions (McKendry, 

2002b). In fast pyrolysis, the primary product (>80%), is the liquid fraction, known as bio-

crude or bio-oil, which can be either used as transport fuel or it can be converted into 

electricity and heat (UNEP, 2013). Approximately, 70-80% of the feedstock energy 

content passes to the bio-oil (Libra et al., 2011). The calorific value of the bio-oil is 

approximately 15 – 18 MJ/kg, at a moisture of ~25% (Pantaleo, 2014).  Pyrolysis bio-oil 

properties are similar to crude oil properties, but the bio-oil needs to be treated before use 

as a fuel, since it is contaminated with acids. Thus, without upgrading of the bio-oil it is 

also difficult to be transported or stored. This ultimately can increase the cost greatly 

(IRENA, 2012).  

 

 

Figure 5.4: Pyrolysis of biomass. 

The amount of solid fraction, namely biochar or charcoal, is higher when the temperatures 

are lower (~ 400 oC) and the residence time in the reactor is high (UNEP, 2013). Pyrolysis 

biochar burns in higher temperature than the initial feedstock and has around 40 – 50% 

more energy density; it can be used for electricity and heat generation (IRENA, 2012) and 

also as a soil amendment. On the other hand, the gas fraction is higher at low temperature 

pyrolysis but low residence time (McKendry, 2002b). A gas cleaning unit is necessary, for 
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impurities removal, before use (Jahirul et al., 2012). The calorific value of the biochar is 

approximately 32 MJ/kg whereas the gaseous product has around 15 MJ/kg (Pantaleo, 

2014).  

The volatile matter, fixed carbon, moisture and ash content, all influence the product 

yields. High fixed carbon results in higher production of biochar, whereas high volatile 

matter increases the gas and bio-oil yields. Moreover, a high hemicellulose biomass is the 

most suitable as pyrolysis feedstock. High moisture content increases the bio-oil yield 

reducing the gaseous and solid product yields (Jahirul et al., 2012). Lastly, pyrolysis is a 

subset of the gasification process (IRENA, 2012) meaning that the pre-treatment 

requirements of the feedstock are the same as for gasification.  

5.1.4. Hydrothermal Carbonization 

Hydrothermal carbonization (HTC) is a thermochemical process which converts biomass 

into a solid carbon-rich fuel, known as HTC biochar or hydro-char (Lu et al., 2012). HTC 

is a spontaneous and exothermic process, once it is activated (Libra et al., 2011). This 

process can simulate the coalification process in nature, since the biochar produced has 

quite similar elemental ratios with lignite (Poerschmann et al., 2015). HTC is a wet process, 

thus advantageous for high moisture feedstocks (Erdogan et al., 2015). 

During that process, the feedstock is fully immersed under hot subcritical water, at 

temperatures ranging from 180 - 350 oC and autogenous pressures (Lu et al., 2012). The 

pressure is following the saturation vapour pressure of the process temperature, meaning 

above 4MPa (DBFZ, 2013). The process leads to both lower hydrogen and oxygen content 

of the feedstock (Libra et al., 2011). HTC is mainly dependent on the temperature, the 

characteristics of the feedstock, the retention time and the pH value (Libra et al., 2011). As 

seen in Figure 5.5, there are three products formed after the process, mainly biochar and 

process water containing dissolved organics and inorganics and a gaseous product. 

At typical process temperatures such as 220 oC, around 80% of the feedstock carbon is 

recovered in the biochar, 15% is dissolved in the process water and 5% is recovered in the 

gaseous phase (Stemann et al., 2013a). It should be noted, that HTC process offers higher 

biochar yields that pyrolysis, followed by higher organic compounds in the liquid phase 

and fewer gases (Libra et al., 2011). 

The HTC biochar is a brown coal-like, hydrophobic substance that can be used for energy 

purposes (Poerschmann et al., 2015) and as soil amendment (Hu et al., 2010). Hydro-char 

has also, good dewatering properties and a high calorific value (Stemann et al., 2013a). In 

the process water, the liquid phase, various organic compounds are present (acetic acid, 

alkenes etc.) (Baratieri et al., 2015). The process water can be recirculated and increase the 

process efficiency, since it has high total organic carbon (TOC), but it cannot be released 

without pretreatment (Stemann et al., 2013b). There have been studies that showed the 

HTC process water can be used as fertilizer (Erdogan et al., 2015), but the market is not 

fully open yet due to toxicity issues, based on the feedstock (Thorin et al., 2014). The 

gaseous products comprises mainly of CO2 (around 92%) and small amounts of CO, CH4 

and H2 and it can be used as synthesis gas (Libra et al., 2011). 

 



30 
 

 

Figure 5.5: Hydrothermal carbonization of biomass. 

5.2. Biochemical conversion processes 

During biochemical or biological conversion, biomass is exposed to certain 

microorganisms, which through metabolic activity convert it into fuels. The most common 

biochemical processes are anaerobic digestion and fermentation, where biogas and ethanol 

are produced, respectively. Both processes are known, mature processes and are used 

commercially. For this study, only anaerobic digestion will be taken under consideration 

since ethanol is mostly used effectively for products in the transport sector. 

Anaerobic digestion is a process (Figure 5.6), which occurs in the absence of oxygen in a 

container, the digester. The organic matter of the biomass is degraded, through a series of 

biological reactions, with the help of microorganisms. The biomass can have high moisture 

levels such as food processing waste, livestock manure, wet agricultural residues etc. and 

the process can be especially efficient (Guerrero-Lemus and Martınez-Duart, 2013); 

therefore, there is no drying needed for the process, which is the case for most conversion 

technologies (Gebrezgabher et al., 2010). High lignin content biomass, like wood, are not 

suitable for anaerobic digestion (Wellinger et al., 2013).  

 

 
Figure 5.6: Anaerobic digestion of biomass. 

The products of the process include a clean gas, consisting mostly of CH4 and CO2, known 

as biogas and a sludge, known as digestate (Gebrezgabher et al., 2010). Approximately 50 

- 60% of the energy content in the organic material of the biomass, is converted to biogas. 

The yield of biogas produced depends on the composition of the biomass substrates, 

mostly on the organic material of the dry matter and on the ambient conditions of the 

digester (UNEP, 2013). Substrates that consists mostly of oils and fats, are responsible for 

very high methane yields, but they require longer retention times and larger digester 
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capacities compared to substrates mostly consisting of carbohydrates and proteins 

(Wellinger et al., 2013). 

The produced biogas, can be used as a fuel with or without upgrading; upgrading of biogas, 

is the removal of CO2, so the quality can increase up to natural gas quality. It can be used 

in spark ignition gas engines, gas turbines and boilers. Prior to use it should be checked if 

the gas meets the standards of each of these applications. The energy capture is higher 

when biogas is used in a cogeneration unit, which produces both heat and electricity (CHP) 

(McKendry, 2002b); the heat can be fed back to the digester or can be used for either 

heating or cooling purposes. Biogas can also be used as transport and cooking fuel (UNEP, 

2013). 

The second product of anaerobic digestion, the digestate, is a nutrient-rich product that 

can be returned to the ground as soil amendment and bio-fertilizer, replacing chemical 

fertilizers and leading to a higher crop yield (Appels et al., 2011). The amount of nitrogen 

(N), phosphorous (P) and potassium (K) makes it appealing and high value, especially for 

farmers, such as in Côte d’Ivoire (GTZ, 1999a). The digestate needs to be pumped 

therefore there might be a need of size reduction to <12mm, depending on the feedstock 

(BPEX, 2012).  

5.3. Comparison of alternative technologies 

As aforementioned, a combination of a number of indicators is used for the final selection 

of the conversion processes suitable for CPH as feedstock, in Côte d’Ivoire. Each indicator 

is presented separately along with the ‘‘score’’ of each process. 

MATURITY AND COMMERCIALIZATION 

Regarding the maturity and commercialization of the considered technologies, as an 

indicator of comparison, 9 levels namely Technology Readiness Levels (TRL), are 

recognized. TRL is a measure of how the technology evolves, during its development and 

operations. The TRL levels are (Yang, 2014) presented briefly.  

In TRL 1, only basic research has been done and basic principles are observed. The 

process is still under research for fundamental understanding and experimental work still 

occurs, based on observations. TRL 2 represents a step up from basic research (TRL 1), 

to applied research. The basic principles are known and the first applications occur, based 

on several assumptions; there might even be lack of proof for supporting those 

assumptions. Mostly, there are analytical studies that emphasize on better understanding 

of the science. At TRL 3 level, active R&D is initiated. Laboratory-scale studies are 

designed and experimental work is done, in order to provide validation on various 

predictions of the technology. Basically the viability of the technology is shown and if it is 

ready to proceed to the development phase.  

The technology reaches the TRL 4 level, after the proof-of-concept is ready. At this level, 

the basic technological components are tested together to establish if they work together 

as a system. Stand-alone prototyping and testing occurs. When a technology reaches level 

TRL 5, the fidelity and the environment of the system change as similar to the actual final 

application and more rigorous testing is done. The system is almost prototypical and the 

scientific risks are identified. At TRL 6 level, the model is a fully functional prototype in a 
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relevant environment. The actual development of the technology is begun, as an 

operational system. Improvement of the cost model is also expected during this stage. 

TRL 7 level requires a demonstration of a working prototype or model, in a relevant 

environment. At the completion of this level, an important amount of automation is 

anticipated if it is required by the cost model. It is anticipated that, from 24-hour 

production the unexpected issues will arise. During TRL 8 level the technology is tested 

and fully qualified for implementation. This level represents the end of the systems’ 

development phase. True implementation costs are also determined. Any need for 

improvement is also identified. Lastly, at TRL 9 level, the technology is a fully proven 

technology and is considered mature. It reaches this level after working at a range of 

operating conditions for several amount of time. The costs, inputs and outputs are fully 

known. 

Table 5.1: Technology Readiness Levels of the conversion processes considered (Thrän, 

2015), (DBFZ, 2014), (KIC InnoEnergy, 2015), (Verhoef, 2015). 

Conversion process TRL level 

Direct combustion 9 

 

Gasification 

Fixed bed 8 – 9  

Bubbling fluidized bed 4 – 5  

Circulating fluidized bed 9 
 

Pyrolysis 
Fast pyrolysis 6 – 7 

Slow pyrolysis 9 

Anaerobic digestion 8 – 9  

Hydrothermal carbonization 7 

Table 5.1 presents the TRL level of the conversion processes considered in this study. As 

seen, direct combustion, fixed and circulating fluidized bed gasification, slow pyrolysis and 

anaerobic digestion are mature, established technologies and commercially available. 

Hydrothermal carbonization is not such a mature technology but is at the end of the 

development phase. On the other hand, fast pyrolysis and bubbling fluidized bed, despite 

their benefits, they are the less mature comparatively and time is required for them to exit 

development phase. 

EFFICIENCY 

Between the processes considered in this study, the higher carbon efficiency belongs to 

hydrothermal carbonization, where it ranges between 90 – 99% and it is followed by 

anaerobic digestion, with 50%. The remained thermochemical processes (combustion, 

pyrolysis and gasification), have a much lower carbon efficiency comparatively, around 

30% (Titirici et al., 2007). Moreover, the electrical efficiency of the processes was 

considered (not in CHP). The lowest efficiencies come from direct combustion, pyrolysis 

and anaerobic digestion, with ranges 15 – 30%, 22 – 25% and 20 – 30%, respectively. 

Gasification follows, with a range of 22 – 35% and the highest comes from hydrothermal 

carbonization which leads to electrical efficiency >30% (Guerrero-Lemus and Martınez-

Duart, 2013). 
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SCALABILITY 

The scalability of the plant is in line with the TRL of each process (Thrän, 2015). Direct 

combustion, gasification and anaerobic digestion are scalable processes since they are 

mature technologies. Bubbling fluidized bed gasification and direct combustion coupled 

with Stirling engine though are still in not scalable. Hydrothermal carbonization and 

pyrolysis have limited scalability since they are still in demonstration phase. 

FEEDSTOCK REQUIREMENTS 

As aforementioned every process has different requirements regarding the feedstock. 

Gasification, direct combustion and pyrolysis are dry processes, hence, drying of the CPH 

is necessary. On the other hand, anaerobic digestion and hydrothermal carbonization are 

wet processes that can utilize high moisture feedstocks. Each process has particular 

requirements of the feedstock size also as shown in Table 5.2, which can potentially 

increase the energy requirements of the process (IRENA, 2012). 

Table 5.2: Feedstock requirements for each considered process (IRENA, 2012). 

 
Indicators 

Direct 
combustion 

 
Gasification 

Anaerobic 
digestion 

 
Pyrolysis 

Hydrothermal 
carbonization 

Particle size 6 – 50 mm 6 – 100 
mm 

30 – 50 
mm 

2 – 5 
mm 

None 

Moisture content 10 – 50% 15 – 59% 65 – 99,9% <20% >50% 

 

PRODUCTS AND PRODUCT USE 

The main products of each process were discussed earlier in this chapter. All the processes 

have several products that can be utilized either for heat and power generation, or as value 

added products for sale or export. Anaerobic digestion, pyrolysis and hydrothermal 

carbonization show more potential based on this indicator. Direct combustion and 

gasification can provide only heat, power and cooling with a CHPC cycle and potential 

fertilizer from the remaining ash. For avoiding repetition the complete list of products and 

by-products are given in the final comparison (Table 5.4). 

MAIN COSTS 

Table 5.3 presents the main associated costs of each process, namely total investment costs 

(TIC) and levelized cost of electricity (LCOE) for both CHP and electricity only (EL), 

along with fixed and variable operation and maintenance costs (O&M). It should be noted 

that the total investment costs of biomass technologies can vary significantly by country 

(IRENA, 2012). 

Direct combustion involves the least TIC as expected since it is the most mature and 

commercial of the processes. On the other hand, hydrothermal carbonization involves the 

highest TIC, again expected since there is no commercial plant currently. LCOE. As for 

the O&M costs, both fixed and variable, the lowest refer to direct combustion and 

gasification, while the highest to pyrolysis and hydrothermal carbonization. The LCOE 

value for hydrothermal carbonization is not available in bibliography since the 

demonstration plant is not generating electricity. Thus, it is assumed that the value is 

between the average ranges for gasification and pyrolysis, which are also not fully mature 

technologies; in the same way the O&M costs are chosen.  
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Table 5.3: Main cost of the considered processes (IPCC, 2011), (IRENA, 2012), (Libra et 

al., 2011), (Guerrero-Lemus and Martınez-Duart, 2013), (IEA ETSAP, 2010b), (Erlach, 

2014). 

 

Cost/Process 
Direct 

combustion 

 

Gasification 
Anaerobic 

digestion 

 

Pyrolysis 
Hydrothermal 

carbonization 

TIC – EL 

[USD/kW] 

 

1,800 – 4,200 
 

2,500 – 5,700 
 

2,200 – 4,400 
 

2,700 – 5,400 
 

2,800 – 5,800 

TIC – CHP 

[USD/kW] 

 

2,600 – 5,200 
 

3,400 – 6,800 
 

3,300 – 5,600 
 

3,700 – 6,600 
 

3,900 – 7,700 

LCOE – EL 

[USD/kWh] 

 

0.06 – 0.21 
 

0.07 – 0.24 
 

0.06 – 0.20 
 

0.07 – 0.22 
 

0.07 – 0.24 

LCOE – CHP 

[USD/kWh] 

 

0.07 – 0.29 
 

0.11 – 0.28 
 

0.09 – 0.27 
 

0.10 – 0.28 
 

0.10 – 0.28 

Fixed O&M 

[% TIC] 

 

3.2 – 5 
 

3 – 6 
 

2 – 7 
 

2 – 7 
 

3 – 7 

Variable O&M 

[USD/MWh] 

 

3.8 – 4.8 
 

3.5 – 3.9 
 

4 – 4.4 
 

4 – 5  
 

4 – 5  

 

FINAL COMPARISON AND CHOICE OF PROCESSES 

Based on all the above Table 5.4 was created and presents with green color, where each 

process scores high according to each indicator, and with red color, where they score low. 

From Table 5.4 it is apparent that anaerobic digestion and hydrothermal carbonization 

score high in most of the indicators. Direct combustion scores low in almost all the 

indicators, even though it is the most widely used thermochemical conversion. For direct 

combustion, gasification and pyrolysis that the feedstock can be more efficiently utilized 

dry, the high ash content of CPH in dry basis (up to 13.2%) can be an issue.  

HTC is as aforementioned, quite similar to pyrolysis in terms of products, although it is 

more efficient. Regarding the carbon efficiency, HTC has 3 times higher than the rest 

thermochemical processes. It can also provide one of the highest electrical efficiencies 

among all. Therefore, even though pyrolysis is also quite promising HTC seems a more 

appropriate choice, for the particular study, considering that it is also a wet process. 

After considering all the indicators, in line with the characteristics of CPH, the Project 

Areas and the requests of the Client, it was decided to investigate further the feasibility of 

anaerobic digestion and hydrothermal carbonization. The products and by-products 

contributed highly to this decision since they potentially have a lower market risk for the 

areas considered. This selection does not suggest that the rest of the processes should not 

be studied for CPH as input or Côte d’Ivoire as an area.  

However, both processes involve certain barriers. Anaerobic digestion has the downsides 

of the long reaction time and the malodor. The advantage of it being a well proven, mature 

technology that is used widely in Africa can overcome the drawbacks. One condition could 

be that the plant should be built in a certain distance from populated area so that the odor 

is not considered a problem. 

HTC is a proven technology, still in demonstration phase at present, but within a 5 years 

period it could reach TRL 9. Lastly, it has higher TIC and O&M costs, slightly higher than 
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gasification and pyrolysis. Though, the main products and by-products can be sold for 

revenue generation. 

Table 5.4: Comparison of all the processes considered for each indicator. 

 

Indicators 

 

Direct 
combustion 

 

 

Gasification 

 

Anaerobic 
digestion 

 

Pyrolysis 

 

Hydrothermal 
carbonization 

Carbon conversion 

efficiency 

 

30% 
 

30% 
 

50% 
 

30% 
 

90% 

Electrical efficiency 

(not in CHP) 

 

15 – 30% 
 

22 – 35% 
 

20 – 30% 
 

22 – 25% 
 

>30% 

Scalability Yes Yes Yes Limited Limited 

 

Feedstock 

requirements 

Particle 

size 

 

6 – 50 mm 
 

6 – 100 mm 
 

30 – 50 mm 
 

2 – 5 mm 
 

None 

Moisture 

content 

 

10 – 50% 
 

15 – 59% 
 

65 – 99,9% 
 

<20% 
 

>50% 

 

 

 

Products 

 

 
 

Heat 

Steam, Ash 

 

 
 

Syngas, Char, 

Liquids, Ash 

 

 

Biogas, Liquid 

/solid 

fertilizers 

 
 

Charcoal,  

Bio-oil 

Gaseous 

product 

Hydrochar, 

Process liquid 

(high 

inorganics 

/organics) 

Gaseous 

product 
 

 

 

Products use 

 

 

Electricity 

Heat/Cooling 

Fertilizer 

 

 

Electricity 

Heat/Cooling 

Fertilizer 

Electricity, 

Heat/Cooling, 

Fertilizer, 

Transport 

fuel, Cooking 

fuel, water for 

irrigation 

 

Electricity, 

Heat/Cooling, 

Transport fuel 

Cooking fuel, 

Soil 

conditioner 

 

Electricity, 

Heat/Cooling, 

Fertilizers, 

Cooking fuel, 

Soil 

conditioner 

Cost Low High Low High High 

6. Analysis and results 

6.1. Biomass supply chain 

The biomass supply chain (Appendix III) is one of the most significant issues and a barrier, 

several times, when considering a biomass fueled plant for energy supply (Rentizelas et al., 

2009). Biomass logistics includes every operation and unit that is necessary for the 

transportation and storage of the feedstock and it is based on the suitability and availability 

of the feedstock (Wellinger et al., 2013). The suitability of CPH was discussed in an earlier 

chapter. The availability of the feedstock refers to how easily accessible and sufficient is 

the feedstock for the time of operation of the power plants (Wellinger et al., 2013). The 

cocoa plantations are widespread at the Project Areas and the smallholder farming 

complicates the collection and transport of CPH. Moreover, CPH is a seasonal feedstock 

and a continuous supply over the yearly operation of the plant can be a challenge. There 

are two harvesting periods (ICCO, 2016): 

 Big harvest period (October-February) where 80% of the annual amount of cocoa 

is produced. 

 Small harvest period (May-July) where 20% of the annual amount of cocoa is 

produced. 
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At an earlier chapter, the number of cacao farmers and cooperatives in each ‘‘Project Area’’ 

and the average cocoa beans and husks production per year and per farmer were shown in 

Table 3.8 (IDH, 2016). In Côte d’Ivoire, a fraction of the farmers are not in collaboration 

with cooperatives and are selling their beans as independent farmers (Fair Labor 

Association, 2012). The assumptions made in this study for each Project Area are shown 

in Table 6.1. The calculations were performed for a power plant with CPH input of 10,000 

tons per year; the number of cooperatives involved is calculated based on this amount of 

CPH needed. The total number of farmers involved in Project Area 1 and 2 is much higher 

than in Project Area 3 due to the fact that the production of CPH per farmer in the latter, 

is almost 50% more (Table 3.8). 

Table 6.1: Number of farmers and cooperatives associated for each Project Area.  

 
 

Project Area 
No of farmers per 

cooperative 

No of cooperatives 

involved 

Total No of farmers 

per Area 

1 190 4 760 

2 240 3 720 

3 250 2 500 

For the biomass supply chain several scenarios were considered and based on the current 

situation in Côte d’Ivoire, the most realistic was chosen. Although, it should be noted that 

the scenario needs to be validated through discussion with all the stakeholders before 

implementation. 

6.1.1. Transport of cocoa pod husks 

The most complex part of the biomass supply chain is the transport of the feedstock 

(Wellinger et al., 2013) from the smallholders to the power plants. Long transport distances 

are associated with higher transport costs which affect the economics of the power plants. 

The transport of the feedstock to the plants involves several aspects that need to be 

considered, such as (Wellinger et al., 2013): 

 distance between plantation and power plant 

 intermediate parties 

 road access 

 transport system  

 

Figure 6.1: Biomass supply chain (smallholder to power plant). 
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The transport of CPH from the smallholders to the power plant is divided into two stages, 

transport from the smallholders to the cooperatives and transport from the cooperatives 

to the power plants, as shown in Figure 6.1. It can be done by using a third party logistics 

company or using the cooperatives’ current vehicles (Rentizelas et al., 2009). It is assumed 

that the cooperatives’ current vehicles are used, for this study.  

TRANSPORT FROM THE SMALLHOLDER TO THE COOPERATIVE 

The truck type that can be used for moving CPH from each smallholder to the 

cooperatives, is assumed to be old typical pickup trucks that has a weight capacity of 3 

tons. These trucks are operated by the cooperatives. The roads near the plantations in Côte 

d’Ivoire, are mostly dirt roads thus the velocity that the trucks can reach cannot be high 

and medium or heavy duty trucks cannot access them. The information regarding the 

pickup trucks of the smallholders are shown in Table 6.2 (Oak Ridge National Laboratory, 

2015). The fuel consumption is taken higher than a new pickup truck, since it is assumed 

that the vehicles currently owned are old. 

Table 6.2: Smallholders to cooperatives vehicles characteristics (Oak Ridge National 

Laboratory, 2015). 

Old typical pickup truck (Class 2) 

Weight capacity 3,000 [kg] 

Fuel consumption / empty 0.13 [l/km] 

Fuel consumption / loaded 0.16 [l/km] 

Speed / empty 30 [km/h] 

Speed / loaded 20 [km/h] 

The average distance between the smallholders and cooperatives is taken as 10 km. Since 

the number of farmers per cooperative is high, it is assumed that a certain percentage of 

them are located within 5, 10 and 15 km from the cooperatives (Figure 6.3). It is assumed 

that, in all Project Areas, most of the smallholders are located within 5 and 10 km; these 

values are used for the transport cost calculations later on. In total 760, 720 and 500 

farmers need to be involved, from Project Area 1, 2 and 3, respectively. 

 

Figure 6.2: Number of smallholders within certain km distance from cooperatives, for the 

three Project Areas. 
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Table 6.2 presents the number of round trips needed from each farmer to their cooperative 

annually, in each Project Area according to the harvest period. These were calculated based 

on the number of farmers, the CPH demand (10,000 tons per year input) and the 

generation of CPH per farmer (Table 3.8). Those trips are assumed to be made by the 

cooperatives and not the farmers. 

Table 6.3: Number of round trips annually, per farmer and Project Area. 

Period Project Area 1 Project Area 2 Project Area 3 

Trips during Big harvest 3 4 7 

Trips during Small harvest 1 1 2 

Total trips per farmer per year 4 5 9 

TRANSPORT FROM THE COOPERATIVES TO THE PLANT 

After the CPH reach to the cooperatives, it is assumed that there is no intermediate storage 

and that the feedstock is directly unloaded manually on medium standard trucks (Class 6), 

with a weight capacity of 12 tons. The cooperatives will afterwards move the CPH to the 

power plants using the particular trucks. The information regarding this type of truck are 

presented in Table 6.4. 

Table 6.4: Cooperatives to power plant vehicles characteristics (Oak Ridge National 

Laboratory, 2015). 

Medium standard truck (Class 6) 

Weight capacity 12,000 [kg] 

Fuel consumption empty 0.19 [l/km] 

Fuel consumption loaded 0.24 [l/km] 

Speed / empty 30 [km/h] 

Speed / loaded 20 [km/h] 

The average distance between the cooperatives and the plant is taken as 30 km. The same 

distance is assumed for all the Project Areas. Table 6.5, shows the number of trucks, 

therefore the number of round trips, and the respective amount of CPH moved to the 

power plants per month. This is considered the same for all three Project Areas since the 

CPH input is the same. The values below were obtained from calculations which were 

based on the annual needed input, the availability of the feedstock and the capacity of the 

trucks. 

Table 6.5: Number of truck movements per month from the cooperatives to the power 

plant, per period and the respective tons. 

Big harvest Small harvest 

Month [tons/month] [trucks/month] Month [tons/month] [trucks/month] 

Jan 1,116 93 May 1,488 124 

Feb 1,008 84 Jun 1,440 120 

Oct 1,488 124 Jul 1,142 96 

Nov 1,212 101 Total 4,070 340 

Dec 1,106 93  
Total number of trucks: 835 trucks/year Total 5,930 495 
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6.1.2. Storage of cocoa pod husks 

Once the trucks reach the power plants, unloading and transfer of CPH to the appropriate 

storage space follows. Storage facilities accumulate the feedstock for a later use, when it is 

not available for daily supply, and minimizes degradation. The storage of the feedstock is 

another critical aspect of the biomass logistics and the type of the facility depends on the 

physical characteristics of the biomass (Wellinger et al., 2013). In this case, the CPH is 

unloaded near the storage and manually positioned on inclined belt conveyors (Figure 6.3) 

connected to the stotage silos. Belt conveyors offer the advantages of low required power 

and high throughput; they are usually enclosed for better dust control.  

Regarding the storage in the case of CPH, since the moisture is high when received at the 

plant (~50%), wet storage is suitable. Compared to dry storage, wet storage has certain 

advantages (Ren et al., 2006): 

 Reduced dry matter loss 

 High product uniformity 

 Reduced risk of fire 

 

Figure 6.3: Inclined belt conveyor (Elcom, 2016). 

The chosen wet storage facility for the CPH is tower silos. Tower silos are cylindrical 

standing containers, where the input of the material occurs from the top of the structure. 

That is advantageous, since biomass is well compressed by its own weight and also stored 

air-tightly; though the construction cost of this silo type is higher than other types, such as 

flat or tube silos (Deublein and Steinhauser, 2008). They are typically constructed from 

concrete or steel, with the height of the silo exceeding the diameter. Particularly a more 

suitable choice, for this study, is the concrete tower silo (Figure 6.4), due to its higher 

durability even though slightly more expensive than the steel silos.  

According to the supply of the feedstock discussed above, the daily input to the digester, 

the moisture of the biomass (~50%) and the bulk density (625 kg/m3 at 50% moisture 

(Widyotomo et al., 2008)), four silos of 780 m3 space (4.1 m diameter and 18 m height) are 

required. These can store up to 1,900 tons of CPH, which is the higher than the amount 

needed for the months that cannot be supplied (1,740 tons), so there is an inventory buffer 

provided for 1,900 tons. 

During storage of a wet feedstock, dry matter losses occur to the amount of 2.5 – 5% per 

year (Ren et al., 2006); thus it is assumed that the CPH has a moisture of 50% when exiting 
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from the storage. The feedstock exits the silos through another belt conveyor at is 

transferred for pre-heating. 

 

Figure 6.4: Concrete tower silos (Hoffmann, 2016). 

6.2. Anaerobic digestion 

The boundaries of the system considered in this study, are presented in Figure 6.5. The 

three subsystems that will be fully examined are the supply chain of the biomass, the 

anaerobic digestion process of the case study plant, and the logistics of the products. The 

suggested power plant includes anaerobic digestion process coupled with a co-generation 

(CHP) unit (Appendix I, II), which provide as outputs electricity that can be sold to the 

grid, while a part of it can be used by the power plant, heat for self-use and digestate. The 

digestate will be separated afterwards, to a liquid and solid fraction and then sold as bio-

fertilizers to a 3rd party, where it will be packed to bags and given for commercialization. 

This study, though, does not consider the cultivation and harvest of CPH. The 

stakeholders of this project include, the local authorities, cooperatives, smallholders 

(farmers) and the population of the Project Areas.  

The energy balance of the system is also considered for the overall system: 

𝐸 = 𝐸𝑜𝑢𝑡 − 𝐸𝑖𝑛 

where 𝐸𝑖𝑛is the energy required in the system and 𝐸𝑜𝑢𝑡 is the useful energy that is leaving 

the system including the energy value of the biogas and the by-products and the heat and 

electrical energy produced. 

 
Figure 6.5: Boundaries of the system considered for anaerobic digestion of CPH. 
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6.2.1. Anaerobic digestion process 

The anaerobic digestion process consists of four steps (Figure 6.6), based on the type of 

bacteria; hydrolysis, acidogenesis, acetogenesis and methanogenesis.  

 
Figure 6.6: Anaerobic digestion process (adapted from (de Mes et al., 2003)). 

During the first phase of hydrolysis, bacteria (namely fermentative) convert long chain 

organic compounds (lipids, carbohydrates and proteins) into short chain soluble forms. In 

the second phase, acidogenesis and acetogenesis take place, where acetogenic bacteria, 

convert the intermediates of the fermentative bacteria into alcohols, organic acids, acetic 

acid (CH3COOH), hydrogen sulfide (H2S), carbon dioxide (CO2) and hydrogen (H2). 

Those bacteria create the anaerobic environment that is essential for the next step. During 

the last phase, methanogenesis, methanogenic bacteria convert the previous products into 

carbon dioxide and methane (UNEP, 2013), (de Mes et al., 2003). 

There are several factors that affect the anaerobic digestion plant design and thus the 

biogas production: 

MOISTURE – PARTICLE SIZE 

The input biomass can have high moisture (>80%), as discussed, such as manure, 

agricultural residues etc. If the raw biomass has dry matter 5 – 15%, there is no need for 

any pretreatment, but if the feedstock has >15% dry matter, as CPH, the biomass need to 

be shred in order for it to be pumped (BPEX, 2012). As for the particle size, it can also 

affect the anaerobic digestion rate and the biogas yield. Studies have shown that methane 

yield is improved with a decreasing particle size from 100mm to 2mm (Ward et al., 2008). 

PROCESS TEMPERATURE 

One of these factors, is the process temperature which affects the stability of the process 
and the speed; it is a significant factor since the microorganisms used have different 
optimal temperatures. The microorganisms cannot produce heat that is sufficient for the 
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digestion, therefore external heat is needed. The three types of anaerobic digestion based 
on the temperature are (UNEP, 2013), (BPEX, 2012): 

 Psychrophilic digestion: Takes place at ambient temperatures (~20 oC). With this 
process the output is relatively low but the cost is also low. 

 Mesophilic digestion: Takes place at 25 - 45 oC and needs initial heat input. The 
stability of the process is good and the gas yield is high, that is why many facilities 
are working currently in these range of temperatures. 

 Thermophilic digestion: Takes place at 50 - 60 oC and needs continuous heat 

input. It provides the highest biogas yield of the three, but is more expensive and 

somewhat sensitive to irregularities. 

Studies have shown that higher temperature, increase the digestion rate and reduce the 

retention time, whilst requiring smaller reactor volumes for the same amount of waste. 

Generally, temperature affects anaerobic digestion positively leading to higher methane 

yields; nevertheless, there is not a high difference at the range of 30 – 60 oC (UNEP, 2013), 

(Ward et al., 2008). 

TEMPERATURE CHANGES 

The process is fairly sensitive to changes in temperature, which is the reason most of the 
plants are built underground; the fluctuations between day and night temperatures does 
not affect as such in that case.  

Depending on the process temperature, the fluctuations that are not inhibitory are (GTZ, 
1999a):  

 Psychrophilic digestion: ± 2°C/h 

 Mesophilic digestion: ± 1°C/h 

 Thermophilic digestion: ± 0,5°C/h 

RETENTION TIME 

Hydraulic retention time (HRT), is the time that the biomass remains in the digester, for 

the process to be completed and it highly depends on the type of biomass, the process 

temperature and the reactor geometry. The retention time cannot be neither too low nor 

too high. HRT can be defined accurately only for batch-type digesters, while for the 

continuous type it can be estimated by dividing the reactor volume by the daily input rate. 

There are typical ranges of HRT depending on the temperature of the digestion and the 

type of the reactor. For the psychrophilic digestion, the retention time can be up to several 

months, for mesophilic up to 60 days (usually 20 - 40 days) and for thermophilic digestion 

is usually 15 - 20 days (GTZ, 1999a), (BPEX, 2012). 

PH VALUE 

The pH value affects the bacteria that take part in the process. The acetogenic and 

methanogenic bacteria has different optimal pH values. The acetogenic bacteria can 

metabolize organic material in pH levels 5.5 – 6.5 while the methanogenic bacteria need a 

pH around neutral value (6.5 – 7.5). If the pH is reduced below 6.2 the medium can have 

a toxic effect on the methanogenic bacteria, hence, the pH level is normally kept around 7 

(UNEP, 2013). For this reason, the two-stage process exists, where hydrolysis and 

acidification is done in one stage and methanogenesis in another stage (Ward et al., 2008). 
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C/N RATIO 

Another factor that can have either inhibitory or positive effect in anaerobic digestion 

process, is the carbon/nitrogen (C/N) ratio. It is an important factor for the stability of 

the process. An optimal C/N ratio for high methane yields is considered within the range 

25 to 32. A high C/N ratio results to N deficiency while a low ratio – excess N – can have 

an inhibitory effect (UNEP, 2013).  CPH has a range of C/N ratio 28 – 34, which is very 

promising for anaerobic digestion (Forero-Nuñez et al., 2015), (ECN, 2016), (Mohammad 

Hariz et al., 2013). 

AVAILABLE NUTRIENT AND INHIBITORY FACTORS 

The bacteria used in anaerobic digestion, need some organic substances. Biomass, except 

for carbon, hydrogen and oxygen, contains some amounts of nitrogen, sulfur (S), 

potassium (K), phosphorous (P), magnesium (Mg), calcium (Ca) and other trace elements 

(iron, nickel etc.). Those substances cannot be neither too high nor too low, for the process 

not to be inhibited. Nitrogen and ammonia can have an inhibitory effect, especially during 

the fermentation process. Nitrogen is highly inhibitory in the form of ammonium-nitrogen 

at 1,700 mg per liter of substrate, while ammonia is inhibitory in a concentration level of 

the 200-300 mg per liter substrate. Lastly, for the rest of the inhibitors, Table 6.6 presents 

the limit concentration for each of them (UNEP, 2013).  

Table 6.6: Limit concentration of anaerobic process inhibitors (UNEP, 2013). 

Substance Concentration [mg/l substrate] 

Calcium 8,000 
Sodium 8,000 

Magnesium 3,000 
Zinc 350 – 1,000 

Chromium 200 – 1,000 
Nickel 100 – 1,000 
Copper 10 – 250 

Sulfide (as Sulfur) 200 
Cyanide 2 

6.2.1.1. Anaerobic digestion plant characteristics 

The suggested power plant (Appendix I, II) is a semi - continuous anaerobic digestion 

plant coupled with a co-generation (CHP) unit (Figure 6.7). The biogas plant characteristics 

are considered the same for all three Project Areas. The daily input is approximately 30 

tons of CPH and the process is chosen as thermophilic (~55 oC). Thermophilic digestion 

provides a lower pathogenic risk than the rest, since it eliminates more pathogens, due to 

the higher temperature. Moreover, thermophilic digesters feature smaller volumes as the 

retention time for the process is shorter, but the gas production is higher than mesophilic 

reactors. On the other hand, they are more sensitive to temperature changes and can have 

instabilities (Deublein and Steinhauser, 2008). 

The pressure in the reactor is slightly higher than the atmospheric pressure. The biomass 

enters the process, presumably, at 50% moisture and 5% ash content; the composition and 

characteristics of the substrate were discussed at a previous chapter (Chapter 2). The 

amount of total solids (TS) of the substrate should be maximum 35%, for the 

methanogenesis in thermophilic digestion, not to be inhibited (Wellinger et al., 2013). In 
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order for the substrate to have maximum 35% TS, the addition of water is necessary; hence 

for 30 tons of CPH, 13 tons of water are required. The necessary process water, is assumed 

to be covered from daily recirculation of the digestate, which increases the biogas quantity 

and quality (Deublein and Steinhauser, 2008).  

 

Figure 6.7: Proposed biogas plant process diagram. 

As Figure 6.7 shows, the biomass first is mechanically pre-treated in an electric shredder. 

In anaerobic digestion, the size of the substrate can affect the quality and quantity of the 

biogas. Reduced particle size, decreases the floating layers formation in the biogas reactor. 

Mechanical pretreatment is used, for reducing the size of the feedstock and simultaneously 

increasing the specific surface area (Wellinger et al., 2013). According to studies (Ward et 

al., 2008) an optimum size can be 2 – 100 mm. Afterwards, the shredded CPH gets pre-

heated to 55 oC, using heat from the CHP unit, in order to avoid temperature fluctuations 

in the digester. It is then pumped to the digesters. The suggested plant includes two 

horizontal plug flow digesters (Figure 6.8), incorporating a biogas storage volume, with 20 

years lifespan.  

The particular type of digester is chosen, since plug flow digesters are commonly used for 

solid substrates (> 11% total solids) (IRENA, 2012).  The size of the digesters is calculated 

based on the daily volume of substrate entering the digesters and the hydraulic retention 

time (HRT). Retention time is the amount of time that the substrate stays in the digester. 

The HRT is assumed as 15 days, an average value for plug flow digesters and thermophilic 

operation (Sharpe et al., 2013). The capacity of each digester is then calculated from 

Equation 4 (Wellinger et al., 2013): 

𝑉 (𝑚3) = 𝐻𝑅𝑇 ∗ 𝑆𝑑(
𝑚3

𝑑𝑎𝑦
) 
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In Equation 4, V is the capacity of the digester, HRT is the hydraulic retention time and 

𝑆𝑑 is the substrate daily input (CPH and water). The density of cocoa pod husk, is 625 

kg/m3, thus 30 tons/day corresponds to 48 m3/day. In the daily substrate, the water added 

is also included, 13 m3/day, hence the total substrate is 𝑆𝑑  =48 + 13= 61 m3/day so 𝑆𝑑  = 

30.5 m3/day per digester. From (1) the capacity of each digester is calculated from 

Equation 5, to be: 

                                       𝑉 (𝑚3) = 15 (𝑑𝑎𝑦𝑠) ∗ 30.5 (
𝑚3

𝑑𝑎𝑦
) = 457.5𝑚3 .    

Each digester is assumed to include in 80% of their volume, the active volume and 20% is 

the gas holder. Although for safety reasons, the digester should always be oversized, thus 

the final volume capacity of each digester is chosen as 600 m3.  

 

Figure 6.8: Plug flow digester (Marchaim, 1992). 

In a semi - continuous systems, the substrate is fed into the reactor at the same time that 

the digestate is unloaded and the biogas production is continuous and constant. For dry 

digestion (>15% total solids) and for CPH as feedstock, one-stage horizontal plug flow 

digesters are suitable (Wellinger et al., 2013). Two-stage digesters can also be implemented, 

but the costs and required knowledge skills are higher (Deublein and Steinhauser, 2008). 

In a plug flow reactor, the digestion material passes through as a unit and is not mixed with 

the rest of the mass (Wellinger et al., 2013). Each step of the process, occurs consecutively, 

in these digesters; hydrolysis, acidogenesis, acetogenesis and methanogenesis. They can be 

also vertical, but in horizontal plug flow digesters high TS substrates can be loaded (Sharpe 

et al., 2013). They are long narrow reactors – approximately the length 5 times as long as 

the width - with the inlet and outlet at opposite ends (Wellinger et al., 2013). Compared to 

the continuous stirred-tank reactor (CSTR), plug flow reactors are more efficient, since 

they allow each step of the process to occur at the optimal conditions (e.g. methanogenesis 

at pH>7) (Sharpe et al., 2013). 

Another important parameter is the organic loading rate (OLR), which presents the 

amount of volatile solids that are treated in the digester daily; it is expressed in kg VS/m3 

reactor per day. The OLR is calculated from (Wellinger et al., 2013): 

𝑂𝐿𝑅 =
𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑖𝑛𝑝𝑢𝑡 (

𝑘𝑔

𝑑𝑎𝑦
)×𝐷𝑀(%)×𝑉𝑆(% 𝑜𝑓 𝐷𝑀)

𝐷𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3)
= 14.3 𝑘𝑔𝑉𝑆/𝑚3 reactor volume per 

day. 

For a stable digestion process, it is essential to have a constant temperature in the digester; 

therefore digesters are insulated and heated, so to compensate and reduce heat losses. The 

temperature of the process is kept at 55 oC and the operation pressure should be higher 

than the atmospheric in order to avoid any explosion danger. The heating system is chosen 
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as on-vessel system, i.e. heat exchangers on the vessel walls; practically, the wall area is a 

heat-transfer surface (Kossmann et al., 1999b). The substrate will be mixed by transverse 

agitators in order to prevent formation of floating layers or sediments on the bottom of 

the digester (Wellinger et al., 2013), (Deublein and Steinhauser, 2008). 

There are two outputs of the process, biogas and digestate, which are treated and utilized 

separately. The quality and composition of the digestate, depends highly on the feedstock 

and the retention time. The feedstock is the one that determines the nutrients in the 

digestate and a longer retention time leads to less organic content (Deublein and 

Steinhauser, 2008). The digestate can be used as it is produced or after processing, 

depending on the requirements of the end use. One of the most simple and low cost 

processes of the digestate is the separation of the solid and liquid phase, using a screw 

press separator. These separators are usually used in medium and large scale biogas plants 

(Wellinger et al., 2013), (IEA, 2015d), such as in this case. 

 

Figure 6.9: Principal constituents in solid and liquid digestate fractions after separation 

(adapted from (Wellinger et al., 2013)) and typical NPK of cocoa pod husks (Marcel et al., 

2011). 

After separation, the liquid fraction, known also as liquor, is pumped to the storage while 

the fibrous fraction is pumped for further drying. The liquid fraction of the digestate, 

contains around 0.5 – 1% dry matter (Sharpe et al., 2013), while the solid fraction 

approximately 30% (IEA, 2015d). Figure 6.9, presents the NPK of CPH (Marcel et al., 

2011) and the approximate principal constituents of the liquid and solid fraction 

(Wellinger et al., 2013). Most of the nutrients pass on to the liquid fraction (potassium, 

ammonium and nitrogen), however almost 60% of the phosphorous in the substrate, is 

obtained in the fibrous fraction. P represents P2O5, while K represents K2O. 

The liquid fraction can be used as a liquid fertilizer (irrigation and hydroponic agriculture), 

since it contains a range of various nutrients, mainly during the dormant season. This liquor 

cannot be discharged into water without proper treatment and the charges are higher when 

thermophilic temperatures are used (Deublein and Steinhauser, 2008). On the other hand, 

the solid fraction, after drying to 20% moisture, can be applied as soil amendment and 
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fertilizer in agriculture; the heat for drying can be provided by the CHP unit (Wellinger et 

al., 2013). For the solid digestate positive-displacement pumps (reciprocating pumps) are 

used, since the solid content is high, while the liquid digestate is pumped by centrifugal 

pumps (Deublein and Steinhauser, 2008), (Kossmann et al., 1999b).  

Table 6.7: Typical composition of biogas (Wellinger et al., 2013), (Deublein and 

Steinhauser, 2008), (Arthur et al., 2011), (Salomon and Lora, 2009).  

Components Percentage [%] 

Methane (CH4) 45 – 75 

Carbon dioxide (CO2) 25 – 40 

Hydrogen (H2) 1 – 3 

Nitrogen (N2) 0.5 – 2.5 

Oxygen (O2) 0.1 – 1 

Ammonia (NH3) 0.1 – 0.5 

Hydrogen sulfide (H2S) 0.1 – 0.5 

Carbon monoxide (CO) 0 – 0.1 

The main output of the anaerobic digestion process, the biogas, is continuously leaving the 

digesters and is moved through pipes in one CHP unit for co-generation, after cleaning. 

For safety reasons it is crucial that the pressure is monitored and regulated and that valves 

are installed. The valves are used as isolating elements and for shutoff, if necessary. The 

main biogas valve should be installed near each digester (Kossmann et al., 1999b). 

Approximately 50 - 60% of the energy content in the organic material of the biomass, is 

converted to biogas, which is a gas mixture of CH4, CO2, H2S, NH3, small amounts of 

vapor H2O and some malodor organics. The yield of biogas produced, depends on the 

composition of the biomass substrates, mostly the organic material of the dry matter and 

on the ambient conditions of the digester. Essentially the biogas yield of the same 

substrates can be different (UNEP, 2013). The gas composition also varies depending on 

the type of biomass composition, the digester conditions and the retention time (Arthur et 

al., 2011). The average composition of biogas is shown in Table 6.7. Since the biogas 

consists mostly of CH4, its calorific value depends highly on CH4 (35.8 MJ/kg) (Wellinger 

et al., 2013), (Arthur et al., 2011), (Salomon and Lora, 2009). Additionally, higher 

concentration of CO2 content lowers the calorific value of the gas (Deublein and 

Steinhauser, 2008). Some general features of biogas are also shown in Table 6.8. 

After the process, the biogas is moved to the cleaning unit for the removal of hydrogen 

sulfide which is necessary for utilization in CHP unit. This necessity lies on the fact that if 

the biogas is burnt when containing hydrogen sulfide (H2S), the equipment of the engine 

can be damaged. The limit values for trouble-free operation of the unit, depends on the 

recommendations of the manufacturer; average limit values are 100 – 500 mg/Nm3 

(Deublein and Steinhauser, 2008). The clean biogas from both digesters, after the 

impurities and H2S are removed, through desulphurization, is fed to the CHP unit in order 

to generate electricity and heat. Biogas burns with a clear, clean flame and there is no soot 

or slag formation. The CHP unit considered, is a four-stroke engine (reciprocating engine) 

with digitally operated spark ignition, with electrical efficiency 35% and thermal efficiency 

50%. It is a suitable option since it is within the range of the engine needed, is proven and 

widely used, has low exhaust emissions, up to 95% availability and has 60,000 hours life 
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span (Wellinger et al., 2013). As discussed above, the heat generated will be utilized for the 

heating needs of the plant itself. 

Table 6.8: General features of biogas (Deublein and Steinhauser, 2008). 

Biogas features 

Ignition temperature 650 – 750 [oC] 

Critical pressure 75 – 89 [bar] 

Critical temperature – 82.5 [oC] 

Normal density 1.2 [kg/m3] 

6.2.1.2. Biogas plant outputs 

This paragraph presents the assumptions and calculations done and the results obtained, 

from the anaerobic digestion of CPH. These results represent all three Project Areas, as 

explained above. 

BIOGAS 

The main output of anaerobic digestion process is biogas. As aforementioned, 15 tons of 

CPH per day is the input feedstock, per digester, along with 6.5 tons/day of recirculated 

process water. The amount of biogas produced per day per digester is calculated based on 

some assumptions, which were formed on bibliography mentioned earlier: 

1. CPH has 50% moisture and 5.5% ash 

2. Organic dry matter (ODM) of the CPH is 90% of total solids 

3. 45% of carbon (C) in the ODM of the CPH 

4. 55% of C is biodegraded 

5. Biogas composition is calculated based on Buswell equation 

6. The plant will work 24 hours per day for 334 days per year (8,000 hours/year) 

Firstly, the biogas composition was calculated based on Buswell equation, since the C, H, 

O, N and S composition is known and the results are shown in Table 6.9. These values are 

used for the further calculations, along with each compounds’ molar mass. The equation 

provides except from the biogas composition, the maximum CH4 fraction that can be 

present in the biogas. It is calculated from the same equation assuming that 100% of the 

biogas is CH4 and CO2. In the case of CPH at 50% moisture, the maximum possible CH4 

composition is 53%. It should be noted, that the Buswell equation is theoretical, thus the 

composition would be slightly different in reality, but provides a good approximation. 

Specifically, the CO2 quantity in the biogas, is considerably lower than the one resulted 

from Buswell equation, due to its high solubility in water (de Mes et al., 2003). The formula 

is based on the stoichiometry of the input matters’ degradation. The Buswell equation 

(Equation 6) is (Jördening and Winter, 2005): 

𝐶𝑐𝐻ℎ𝑂𝑜𝑁𝑛𝑆𝑠 + (
4𝑐−ℎ−2𝑜+3𝑛+2𝑠

4
) 𝐻2𝑂 → (

4𝑐+ℎ−2𝑜−3𝑛−2𝑠

8
) 𝐶𝐻4 +

(
4𝑐−ℎ+2𝑜+3𝑛+2𝑠

8
) 𝐶𝑂2 + 𝑛𝑁𝐻3 + 𝑠𝐻2𝑆   
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Table 6.9: Chemical composition of biogas from cocoa pod husks based on Buswell 

equation. 

Chemical compound [%] Molar mass [g/mol] 

CH4 51.7 16.04 

CO2 47.2 44.01 

NH3 0.9 17.03 

H2S 0.2 34.08 

For the calculation of the amount of biogas produced per ton of CPH, firstly the amount 

of carbon biodegraded is calculated (Appendix I). The ODM of 1 ton CPH is 450 kg and 

the amount of carbon in ODM is 45%, thus 202.5 kg/ton CPH. Now, 55% of this carbon 

is biodegraded (BDC) hence 111.375 kg of C is converted to biogas per ton of CPH. The 

weight of methane carbon is calculated, based on Buswell composition, from Equation 7: 

                                                𝐶𝐻4−𝐶 = 𝐵𝐷𝐶 ∗ 𝐶𝐻4(%)=57.63                                        

The methane weight is calculated from Equation 8, based on the molar mass of CH4 and 

C; C has an atomic mass of 12.01. 

                                                𝐶𝐻4(𝑘𝑔) = 𝐶𝐻4−𝐶 ∗  (
16.04

12.01
) = 76.97                                   

This amount corresponds to 4,798.6 moles of CH4. In Standard Temperature and Pressure 

(STP), 1 mol of CH4 refers to 22.4 L, hence 1 ton of CPH produces 107.49 m3 of CH4.  

With the same procedure the amount of CO2, NH3 and H2S in the biogas, are also 

calculated and are presented in Table 6.10. As seen from the Table 6.10, from 1 ton of 

CPH, 208.1 m3 of biogas is produced (51.7% CH4). The density of the biogas is assumed 

to be 1.1 kg/Nm3 and the calorific value approximately 19 MJ/m3 (Wellinger et al., 2013), 

(Deublein and Steinhauser, 2008). The amount of CH4 produced (107.49 m3/ton CPH at 

50% moisture) corresponds to 239 L CH4/ kg VS, which is in line with the value Rico et 

al. (2014) retrieved by batch trials, 250 L CH4/ kg VS. Therefore when implemented, the 

expected amount can be expected around this values. It should be noted also that the cocoa 

husks showed the highest methane yield in comparison with several organic wastes such 

as sludge and dairy manure (Rico et al., 2014). 

Table 6.10: Biogas production per ton of fresh cocoa pod husk. 

Chemical compound [m3/ton CPH@50%moisture ] 

CH4 107.49 

CO2 97.97 

NH3 1.95 

H2S 0.69 

Total amount of biogas 208.1 

As a result, every day from both digesters, there is a production of 6,243 m3 of biogas in 

total. This production, obviously cannot be constant every day, it is expected that there 

will be some fluctuations, in the biogas production (Wellinger et al., 2013), (Deublein and 

Steinhauser, 2008). This amount of biogas, will enter the CHP unit, as discussed above; 19 
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MJ/m3 corresponds to 5.28 kWh/m3 of biogas. For the CHP unit, it is assumed that 

(Wellinger et al., 2013): 

1. 40% of biogas is converted to electricity. 

2. 50% of biogas is converted to heat. 

3. The CHP unit is working 8,000 hours/year and 24 hours/day. 

The electricity supply is important for a biogas plant. It needs to be continuous, reliable 

and at a uniform voltage, so that the operation is stable and correct. In average 10 – 20% 

of the generated electricity, from the CHP unit, is utilized by the biogas plant itself 

(Wellinger et al., 2013), (Deublein and Steinhauser, 2008), while the rest is sold to the grid. 

It is assumed, that the proposed plant, will utilize 12% of the generated electricity, an 

average value for plug flow digesters and high TS feedstocks (Wellinger et al., 2013). The 

daily electricity and heat generation, at full load operation, is shown in Table 6.11. The 

commercial size generator will be 550 kW and the annual amount of electricity generated 

is 4,401,746 kWh, from which 3,873,536 kWh will be sold to the grid. 

Table 6.11: Electricity and heat generation at full load of the case study biogas plant. 

Unit Electricity Heat Losses 

[kWh/day] 13,178.9 16,473.6 3,294.7 

[kW] 549.1 686.4 137.3 

Typically, when all the biogas is utilized in a co-generation unit, 20 – 40% of the heat 

produced is used to heat the digesters. The heat supply needs to be continuous so the 

stable operation of the digesters is guaranteed. In winter the heat demand is considerably 

higher than during the summer (Wellinger et al., 2013). Heat is also utilized for pre-heating 

of the substrate and for drying of the fibrous digestate. Hence, it is assumed that in average, 

45% of the heat produced is provided back to the process. Table 6.12 presents the heat 

and electricity that will be provided back to the process. 

Table 6.12: Heat and energy requirements of the case study biogas plant. 

Biogas plant requirements [kWh/day] 

Heat 7,413 

Electricity 1,581 

Lastly, a gas reserve is required within the biogas plant or a small diesel generator, for the 

beginning of the operation when no biogas is produced yet and when the production is 

low (Wellinger et al., 2013). 

DIGESTATE 

The second product of anaerobic digestion is the digestate. In this case, from every ton of 

CPH there is a production of approximately 0.89 tons of digestate, hence the daily 

production is 19.8 tons per reactor. Approximately 7 – 25% of the digestate, represents 

the fibrous fraction after separation and the rest 75 – 93% the liquid fraction (Wellinger et 

al., 2013). The daily production of liquid and fibrous digestate is shown in Table 6.13. The 

liquid fraction of the digestate, remained as fertilizer for sale is shown, after considering 

the process water recirculated back to the process, after the digestate separation. For 
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further calculations, it is assumed that there is a daily production of 10.1 tons of liquor and 

3.2 tons of dried fibrous digestate per reactor. 

Table 6.13: Minimum and maximum daily production of fibrous and liquid digestate, of 

the case study biogas plant. 

Daily 
production 

Fibrous fraction 
[tons/reactor] 

Liquid fraction 
[tons/reactor] 

Minimum 1.4 4.9 

Maximum 8.4 11.9 

The amount of NPK in digestate is comparable to that of chemical fertilizers, which makes 

it appealing (GTZ, 1999a), especially for smallholders. Currently, in Côte d’Ivoire, there is 

no specific digestate regulations, for applying as fertilizer. The digestate fertilizers can be 

used in cocoa plantations, where 20kg N, 10kg K and 4kg P are removed, for the 

production of 1,000 kg of dried cocoa beans (Agbeniyi et al., 2011).  

Table 6.14: Estimated NPK of liquid and fibrous fertilizer from cocoa pod husks 

(Marcel et al., 2011).  

Component [kg/ton] Liquid fertilizer Solid fertilizer  
(before drying) 

Solid fertilizer  
(after drying) 

N 3.3 1.4 49.3 

P 0.5 0.8 6.2 

K 17 5.7 12.4 

The application of bio-fertilizers, should aim to provide up to 60% of the nutrients needed 

for a crop and the rest from a chemical manufactured fertilizer. That is desirable so that, 

if there are variations in the digestate, there would be a sufficient supply of the nutrients. 

Therefore, based on Figure 6.8, the NPK of the fibrous and liquid digestate are presented 

in Table 6.14. The above lead to the conclusion that the fertilizers produced annually, from 

the proposed anaerobic digestion can provide fertilizer: 

 for the production of 4,080 tons of dry cocoa beans 

 for 1,800 – 2,700 farmers (1.5 – 2.3 tons DCB/farmer depending on the Area) 

 for 6,800 hectares (for an average 600 kg DCB/ha (ICCO, 2016)) 

Consequently, the cocoa producers can be the market target for the plant owners and the 

providers of the feedstock simultaneously.  

6.2.1.3. Monitoring of biogas plant 

Anaerobic digestion is a process that can be affected by several factors, as mentioned in 

an earlier chapter. Consequently, process monitoring is necessary, so that the stability of 

the process is maintained. There are several potential operational issues that can occur 

through the lifetime of a biogas plant, even a total crash of the plant, which lead to financial 

consequences (IEA, 2013).  

Biogas needs to be cleaned and the highly corrosive H2S needs to be removed, before 

entering the CHP unit. Therefore it is important that the removal of H2S is monitored 

since repairs to the cogeneration unit can be quite expensive (Sharpe et al., 2013).  
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One of the most notable issues is the safety issue. Biogas is mainly composed of CH4 and 

CO2, where CH4 in concentrations 6 - 15% with air create an explosive mixture. Moreover, 

it is difficult to detect it since it is an odorless gas, which increases the hazard. Thus, special 

safety features and caution from employees are important and necessary for a safe 

operation of a biogas plant. It should be mentioned though, that the fire and explosion 

risk of a biogas plant is less than with a natural gas plant (Deublein and Steinhauser, 2008). 

Furthermore, leaks from the piping systems and the digesters can be hazardous along with 

methane slip from the CHP unit after incomplete biogas combustion (Wellinger et al., 

2013). Not only CH4 can be dangerous, since in danger to health and even death can occur 

from toxification of suffocation, when some gases increases more than the Threshold 

Limit Value (TLV) as seen in Table 6.15. 

The process monitoring can provide an overall picture of the anaerobic digestion process, 

identify instabilities at an early stage and prevent a potential crash of the power plant. The 

level of the monitoring can be simple or more complex and expensive. A typical process 

monitoring of a biogas plant includes, the recording of the most important parameters, 

such as temperature, pH, OLR etc., where from their documentation, irregularities can be 

identified quickly. The most important part of the process that needs to be monitored are 

the biogas pipes, moving the biogas from the digesters to the CHP unit (IEA, 2013). 

Table 6.15: Threshold limit values of gases components in biogas (Deublein and 

Steinhauser, 2008). 

Component TLV [ppm] 

Hydrogen sulfide (H2S) 10 

Carbon monoxide (CO) 50 

Chlorine (Cl2) 0.5 

Carbon dioxide (CO2) 5,000 

  

6.2.2. By-products logistics 

After the end of the anaerobic digestion process and the drying of the fibrous digestate, 

both digestate fractions are assumed to be temporarily stored until their transport to third 

parties for packaging and commercialization (Appendix III).  

The density of the dried fibre is approximately 220 kg/m3 (Shirani and Evans, 2012) and 

of the liquid fraction is 1,000 kg/m3 (Deublein and Steinhauser, 2008). It is assumed that, 

both fibrous and liquid digestate are stored for maximum a week until they are transported. 

That basically means a maximum of 40 tons dry fibrous digestate and 141.4 tons of liquid 

digestate. Thus approximately, a storage of 182 m3 for the dry fibrous digestate and a 

storage of 142 m3 for the liquid digestate, are required. The liquid fertilizer is assumed to 

be stored in collapsible bags of 12 m3, therefore 12 collapsible bags are required, but more 

than 12 should be purchased. 

Regarding the by-products chain, the study is focusing only on their transport until a third 

party (Figure 6.10), where they will be packed to small containers or bags, for 

commercialization. The dry fibrous digestate is assumed to be transported to a 3rd party 

maximum 30 km from the plant, while the liquid fertilizer will be transported to another 

3rd party maximum 20 km from the plant. Those values were chosen based on literature, 
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in order for the by-products logistics to be feasible and economically viable (Wellinger et 

al., 2013), (Deublein and Steinhauser, 2008). Both are assumed to be transported with 

standard medium trucks (Class 6) with a weight capacity of 12 tons each (Table 6.4), 

however the liquid digestate is assumed to be stored in collapsible bags of 12,000 L 

capacity, as aforementioned, and then loaded on the trucks.  

 

 

Figure 6.10: Logistics of the digestates. F: Fibrous digestate and L: Liquid digestate.  

Table 6.16 presents the number of trucks that are required transport both by-products per 

month and the respective amount. It is assumed that during the supply months (except 

March, April, August and September) the trucks that supply the CPH to the biogas plant, 

will get loaded with the fibrous and liquid bio-fertilizer and transport them to the 3rd parties 

(Appendix II). The days when biomass is not supplied, empty trucks will arrive to the 

biogas plant to load the bio-fertilizers. In this way, the transport costs and the emissions 

released from the trucks, are reduced. Figure 6.11, presents the possible trips between the 

cooperatives, biogas plant and 3rd parties. 

 

 

Figure 6.11: Possible trips for transport of cocoa pod husks and bio-fertilizers (Blue 

arrows: loaded trucks, Yellow arrows: Empty trucks). 
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Table 6.16: Number of trucks per month for the transport of digestate and the respective 

amount. 

         Liquid digestate        Fibrous digestate 

Month Trucks [tons] Trucks [tons] 

January 52 624 16 192 

February 28 336 10 120 

March 48 576 15 180 

April 50 600 16 192 

May 53 636 16 192 

June 50 600 16 192 

July 28 336 10 120 

August 52 624 16 192 

September 46 552 15 180 

October 53 636 17 204 

November 50 600 16 192 

December 53 636 16 192 

Total 563 6,756 179 2,148 

6.2.3. Economic analysis 

Economic analysis refers to a procedure that the opportunity of a particular project is 

assessed, by taking under consideration costs and benefits. It should be performed for 

every investment project, at an early stage so that inopportune investments can be 

identified (Ocneanu and Bucşă, 2014). In this chapter, calculations are carried out on: 

1. Total investment cost (TIC). 

2. Annual costs.  

3. Annual Revenues. 

4. Economic feasibility of the project (Net present value (NPV), Internal rate or 

return (IRR), Payback period (PBT)).  

6.2.3.1. Total investment cost 

Total investment cost, is a one-time cost, which comprises of two main cost types, direct 

(DC) and indirect costs (IC). TIC includes also cost from other outlays such as startup 

costs but they will not be considered. Regarding the direct costs, for the biogas plant the 

main equipment that is necessary to be purchased are the digesters, CHP unit, electric 

shredder, collapsible bags, biogas cleaning unit etc. is included in the Purchased equipment 

costs (PEC). The Equipment installation cost consists of the transportation and associated 

insurance from the factory, labor costs, unloading and handling, supports and foundations 

along with several other construction expenses. Included in the Equipment installation cost 

is the installation of the biomass and bio-fertilizers storage too, where the total storage cost 

is 39,624 USD. The value of 12 USD/m3 of storage (Deublein and Steinhauser, 2008) 

seems reasonable for a West African country, so the costs of storing the CPH and the 

fibrous digestate are shown in Table 6.17. Regarding the liquid fertilizer, presumably 20 

bags are required to be purchased, with 180 USD each (average market price), 
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corresponding to a total cost of 3,600 USD.  The cost for Instrumentation, control and piping 

includes all the associated costs with the control and monitoring systems and the items and 

labor required for the piping of the plant. The Electrical materials and installation expenses 

consist of the purchase costs, labor and installation for distribution lines, substations, 

control centers, area lighting and power supplies in case of emergency. Lastly, the Civil, 

architectural and structural work refers to expenses related to roads, pavements, landscaping, 

parking lots and buildings at the area of the biogas plant (Amigun and von Blottnitz, 2009). 
 

Table 6.17: Cost for CPH and fibrous storage construction. 

Stored item Storage size [m3] Cost [USD] 

CPH 4 x 780 37,440 

Fibrous digestate 1 x 182 2,184 

Liquid digestate 20 x 12 3,600 

The higher amount of the indirect costs, comes from Engineering and supervision, which 

involves expenses for the plant drawings and design, engineering costs, engineering 

inspection and supervision, consultant fees etc. Under Other construction expenses, costs for 

temporary operations, equipment and facilities are included. Also, the fees for the 

contractor are a part of this expenses (Amigun and von Blottnitz, 2009).  

Table 6.18: Total investment costs of the case study biogas plant (IRENA, 2012), 

(Wellinger et al., 2013), (Deublein and Steinhauser, 2008), (Amigun and von Blottnitz, 

2009), (Darrow et al., 2015), (IEA ETSAP, 2010a). 

Cost element Fraction of PEC or DC Cost [USD] % of TIC 

Direct costs 

Purchased equipment 60.4 % DC 1,333,000 56.9 

Equipment installation 23 % of PEC 306,590 13.09 

Instrumentation, control 
and piping 

6 % of PEC 79,980 3.41 

Electrical materials and 
installation 

8 % of PEC 106,640 4.55 

Land purchase 2 % of PEC 26,660 1.14 

Civil, architectural and 
structural work 

26.5 % of PEC 353,245 15.08 

Total DC  2,206,115 94.2 

Indirect costs 

Engineering and 
supervision 

4% of DC 88,000 3.71 

Other construction 
expenses (contractors etc.) 

1% of DC 22,000 0.94 

Contigencies 1.2% of DC 26,400 1.13 

Total IC  136,400 5.8 

Total investment cost  2,342,515  

Table 6.18 presents an approximation of the direct and indirect costs during a biogas plant 

construction; the costs are presented as fraction of the Purchased equipment cost (PEC) 

or the direct costs (DC) (Amigun and von Blottnitz, 2009), which were estimated based 
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on literature.  The Purchased equipment cost is estimated based on literature as 

approximately 60% of DC and 50 – 70% of TIC. Moreover, the estimation was based on 

the size of the biogas plant while also considering the country of implementation. 

Therefore it is estimated as 3,400 USD/kWe that corresponds to 1,870,000 USD total 

installed cost (IRENA, 2012), (Deublein and Steinhauser, 2008), (Darrow et al., 2015), 

(IEA ETSAP, 2010a). The purchase costs for the electric shredder and the cleaning unit 

are included. Moreover the collapsible storage bags for the liquid fertilizer are included. 

The total installed cost of the CHP is taken as 600 USD/kWe which corresponds to a CHP 

unit cost of 330,000 USD (Wellinger et al., 2013), (IEA ETSAP, 2010b), (Deublein and 

Steinhauser, 2008), (Darrow et al., 2015).  

6.2.3.2. Annual costs 

The annual cost, known also as operational, recurrent or running costs, are of equal 

importance to be estimated as the total investment cost. Those two cost estimation, can 

help with the evaluation of the investment feasibility and the profitability of a project 

(Amigun, 2008). The recurrent costs include two types of costs, the variable and fixed 

costs. The variable costs include the cost of purchasing the biomass, its handling and 

transportation, the operation and maintenance of the plant (O&M), the handling and 

transportation of the bio-fertilizers, all the associated labor costs (management, salaries, 

health insurances etc.) and miscellaneous costs that can occur. The packaging of the 

fertilizers is not included in the annual costs since, it is assumed that it will be transported 

to a 3rd party where it will get packed to bags and reach the market. On the other hand, the 

fixed costs include the insurance of the plant and the taxes. It is assumed that there is no 

loan, therefore no annual interest. Those costs are shown in Table 6.19. 

Table 6.19: Annual costs of the case study biogas plant. 

         Annual costs            [USD/year] % of TIC % of annual 

Transport costs 19,654 0.84 12.13 

Labor costs 46,850 2 28.28 

O&M 70,275 3 42.42 

Taxes and insurance 11,713 0.5 7.07 

Biomass purchase 15,075 0.64 9.1 

Miscellanious 1,650 0.05 1 

Total  165,662 7.07  

Some of the annual costs were assumed as a percentage of the total investment cost or the 

annual costs. The labor costs are assumed to be 2% of TIC which corresponds to almost 

29% of the annual running costs of the biogas plant. The labor costs, refer the employees 

of the plant along with the drivers of the trucks; the employees of the biogas plant are 

assumed to be approximately 10 (Lovrenčec, 2010).  Moreover the O&M costs is assumed 

to be 3.3% of TIC or approximately 43% of the annual costs. The insurance and taxes of 

the plant and the miscellaneous costs were assumed as 0.5% of TIC and 0.7% of the annual 

costs, respectively (Deublein and Steinhauser, 2008). The biomass purchase value was 

calculated with the assumption that, even though CPH is a waste residue, a 1.5 USD/ton 

wet CPH would be paid to the farmers; it was also considered that more than 10,000 tons 
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will be purchased annually as a buffer for the operation of the biogas plant. Depreciation 

is taken under consideration while calculating the cash flow later on. 

The annual transport costs, include only the fuel consumption of the Class 2 and 6 trucks. 

They are calculated for the maximum distances discussed above. At present the price of 

diesel in Côte d’Ivoire is 0.98 USD/l (Global petrol prices, 2016). It is considered that out 

of 179 trucks needed for transporting the fibrous digestate and the 563 trucks for 

transporting the liquid fertilizer, 117 and 367, respectively, are part of the trucks delivering 

the CPH to the plant; the rest of the trucks refer to the 4 months that there is no biomass 

supply. For the calculations it was assumed that the loaded trucks have a speed of 20 km/h, 

while the empty trucks have 30 km/h.  

Table 6.20: Costs included in transport costs. 

Trips / Cost [USD/year] Project Area 1 Project Area 2 Project Area 3 

Farmers to cooperatives 1,813 2,863 5,371 

Cooperatives to/from plant 9,296 9,296 9,296 

Plant to 3rd parties 3,912 3,912 3,912 

3rd parties to cooperatives 3,097 3,097 3,097 

Total 18,118 19,168 21,676 

Table 6.20 presents the costs for transporting the CPH, from the smallholders to the 

cooperatives, transport from/to the cooperatives and from/to the 3rd parties, for each 

Project Area (Appendix II). Regarding the ‘‘Farmers to cooperatives’’ transport costs, it is 

based on data provided already in Table 6.3 and Figure 6.3. In Table 6.20 the transport 

cost includes an average value for the three Project Areas. For a clearer view of the Project 

Areas the annual costs per area of implementation are shown in Table 6.21. As expected, 

the increased transport costs for Project Area 3 lead to higher annual costs. Though, the 

difference in running costs for the three Areas is not high (~ 7% of TIC). 

Table 6.21: Annual cost of the case study biogas plants per Project Area. 

Project Area Annual costs [USD/year] [% of TIC] 

1 163,681 7 

2 164,731 7.03 

3 167,239 7.14 

6.2.3.3. Revenues 

The revenues of the biogas plants are generated from the sales of electricity and bio-

fertilizers. There are no policies for carbon credits currently in Côte d’Ivoire, but if there 

is in the future it could generate additional income. The operational hours of the case study 

biogas plants are assumed to be 8,000 hours per year and it is assumed that both digesters 

are operating during those hours. The total annual revenues are shown in Table 6.22 and 

are the same for the three Project Areas. The cash flows (Table 6.23) are calculated after 

taking under consideration the depreciation of the plant and 20% taxation. The 

depreciation is assumed, for the calculations, as the total investment cost divided by the 

economic lifetime (15 years) of the plant (Deublein and Steinhauser, 2008). The cash flows 

are higher for the biogas plant suggested in Project Area 1.  



58 
 

Table 6.22: Annual revenues of the case study biogas plant. 

Revenues [USD/year] 

Electricity 387,353.6 

Liquid fertilizer 67,468 

Fibrous fertilizer 85,504 

Total revenues 540,325.6 

Total revenues after depreciation and taxation 463,494 

The revenues from the electricity are calculated based on the amount of electricity that is 

available to be sold to the grid, after the self-use. This amount is 3,873,536 kWh per year 

which corresponds to 88% of the total electricity generation and the price that the 

electricity price is assumed as 0.10 USD/kWh. During the implementation of a project like 

this, according to the new Electricity Code in Côte d’Ivoire, this price will be decided 

between the government and the Independent Power Producer (IPP) (ANARÉ, 2016).  

The price of the fibrous and liquid fertilizers are assumed as 40 and 10 USD/ton, 

respectively (Mahar, n.d.), (Barth, 2010). Those values were based on average prices for 

K2O (360 USD/ton), P2O5 (400 USD/ton) and NH4 (600 USD/ton) (Valentas et al., 2015). 

The suggested prices of the bio-fertilizers, are much lower that the chemical fertilizer prices 

in Côte d’Ivoire (Ruf and Bini, 2011). Thus, potentially many farmers could purchase bio-

fertilizers in order to increase the production of their plantations, since one of the reasons 

they hesitate to purchase fertilizers are the high prices (Ruf et al., 2014).  

Table 6.23: Cash flows per Project Area, from case study biogas plants. 

Project Area Cash flow [USD/year] 

1 299,813 

2 298,763 

3 296,255 

 

6.2.3.4. Economic feasibility of the case study biogas plant 

Table 6.24 presents the indicators considered for evaluating the economic feasibility of the 

biogas case study in the three Project Areas. The fact that the NPV value is positive for all, 

represents that the investments are economically feasible (Investopedia, 2016). The NPV 

value will be higher if subsidies exist, which denotes higher benefits. Moreover, the IRR 

value in all cases is higher than the interest rate assumed, supporting the results from the 

NPV calculation. Lastly, the payback time arose as 7.8 – 7.9 years, an average value for a 

biogas plant (Wellinger et al., 2013), (Deublein and Steinhauser, 2008). In simple words, in 

7.8 to 7.9 years, 100% of the total investment cost will be recovered if the three biogas 

plants are implemented.  

The NPV value is higher for the biogas plant in Project Area 1. This denotes that the 

implementation is more profitable for this Area. The higher IRR and the lower PBT imply 

a less risky investment compared to Project Areas 2 and 3. This does not alter the fact that 

all three investments are economically feasible. 
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Table 6.24: Economic indicators of the case study biogas plants. 

Project Area NPV [USD] IRR [%] PBT [years] 

1 769,441.9 9.53 7.8 

2 758,543.3 9.47 7.84 

3 732,511.1 9.32 7.9 

6.2.4. Social and environmental impacts  

An anaerobic digestion plant provides a wide range of environmental and social benefits 

for the stakeholders of the system. The main product of the process, biogas, is a renewable, 

high quality fuel that can be used efficiently as for electricity generation, thus reducing the 

GHG emissions and import dependency, as discussed above (UNEP, 2013). Especially for 

biomass that instead of decomposing it is utilized as feedstock (CPH) in anaerobic 

digestion the environmental benefits are greater and a negative value feedstock, is 

transforming waste to profit (GTZ, 1999a). Biomass that decomposes, release methane 

into the atmosphere while methane is a GHG with a greenhouse potential 25 times more 

than CO2 (Deublein and Steinhauser, 2008); moreover, during combustion of biogas, CH4 

is converted into CO2 and water (Wellinger et al., 2013). Another environmental advantage 

is the protection of the water resources and groundwater along with the soil protection 

and enhance (UNEP, 2013). Nevertheless, in developing countries, like Côte d’Ivoire, the 

hygienic conditions are also improved through the pathogens reduction too, since a large 

amount of CPH will not be left to rot; those result to less expenditures for health related 

issues (Arthur et al., 2011). 

As aforementioned, the digestate can be used as high quality fertilizer, which has benefits 

not only based on the improved quality but from the economic aspect also; the substitution 

of chemical fertilizers offers economic benefits through savings (Arthur et al., 2011). If the 

fertilizer is used at the cocoa plantations and increase the production, there is a beneficial 

continuous cycle for the plant owners, the local community and the smallholders. 

According to a study from Sustainable Initiative trade, involving fertilizer addition to cocoa 

plantations in Côte d’Ivoire, the production increased by 32% the first year and the 

following year 145% from the previous (Ruf and Bini, 2011). Moreover, the price of the 

bio-fertilizer is much lower than the current fertilizer values in the country (Ruf et al., 

2014), meaning that more farmers can afford it.  

Furthermore, the creation of a new power plant means additional income sources for the 

local population (UNEP, 2013), since it is expected to create approximately 10 – 20 jobs 

(Lovrenčec, 2010), from unskilled workers to high qualified positions and there is 

additional income for the farmers involved in the biomass supply chain. This can provide 

a significant change, since in Côte d’Ivoire there is a high unemployment rate (The World 

Bank, 2016); therefore, the local community is highly benefited. 

On the other hand, biogas plants have a number of drawbacks. Continuous biogas plants 

need constant operation which leads to more often need for maintenance and the capital 

costs are not as low as a direct combustion plant (Salomon and Lora, 2009). Moreover, the 

energy needs (input) of a biogas plant can change significantly due to several reasons, but 

it is mostly susceptible to the environmental conditions changes (Appels et al., 2011). 

Biogas plants can generate bad odor and noise; the odor is higher when animal manure is 

digested, therefore in the case of CPH is not considered a big issue. Nevertheless, 
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consideration needs to be given to the potential high noise from compressors, pumps etc. 

(Wellinger et al., 2013). Finally, the digestate market is not fully established yet which 

provides a small uncertainty when it comes to investments (Salomon and Lora, 2009). 

6.2.5. Barriers 

A biogas plant, like any other plant can have potential issues and barriers due to various 

constraints. The most significant potential barrier is the uncertainty of the availability and 

supply of the biomass in several years (Deublein and Steinhauser, 2008). In the case of 

CPH though this is somewhat difficult to happen, since it is currently abundant; there is a 

probability though, that within the years of operation the biomass supply chain might 

change. The logistics have a high risk also since many stakeholders are associated together 

(Wellinger et al., 2013). Another important constraint can be the limited availability of 

water, which is required for the continuous operation of the plant, hence it is suggested 

that a biogas plant is constructed relatively close to a water source (Wellinger et al., 2013). 

The same attention should be given to the distance of the grid connection point, from the 

plant. For the suggested case study  to be economically profitable, it is of great importance 

that the plant is built at an area, that within 20 km there is a 3rd party for the delivery of the 

liquid fertilizer. If the distance is more than 20 km the transport and labor costs will 

increase the annual costs rapidly, making the investment not feasible (Wellinger et al., 

2013), (Deublein and Steinhauser, 2008). 

Regarding possible operational issues, of a biogas plant, as mentioned above, the biogas 

needs to be cleaned and the highly corrosive H2S needs to be removed, before entering the 

CHP unit. Therefore it is important that the removal of H2S is monitored since repairs to 

the cogeneration unit can be quite expensive (Sharpe et al., 2013). One of the most notable 

issues, of a biogas plant, is the safety issue. Biogas is mainly composed of CH4 and CO2, 

where CH4 in concentrations 6 - 15% with air create an explosive mixture. Moreover, it is 

difficult to detect it since it is an odorless gas, which increases the hazard. Thus, special 

safety features and caution from employees are important and necessary for a safe 

operation of a biogas plant. It should be mentioned though, that the fire and explosion 

risk of a biogas plant is less than with a natural gas plant (Deublein and Steinhauser, 2008). 

Furthermore, leaks from the piping systems and the digesters can be hazardous along with 

methane slip from the CHP unit after incomplete biogas combustion (Wellinger et al., 

2013). Not only CH4 can be dangerous, since in danger to health and even death can occur 

from toxification of suffocation, when some gases increases more than the Threshold 

Limit Value (TLV) as seen in Table 6.15. 

6.2.6. Avoided emissions 

Anaerobic digestion offers great potential in reduction of GHG. The biogas produced 

replaces fossil fuel energy for heat and power generation and the bio-fertilizers replace the 

chemical fertilizers. Methane emissions are also avoided by diverting the CPH wastes from 

the plantations, where they are left to decompose. The supply chain and the by-products 

chain emit also GHG emissions but these are not calculated at the present study. 

Furthermore, a number of trucks are used for both chains, reducing the amount of 

emissions if different truck were to be used for each. For the calculations it is assumed that 

natural gas is replaced by biogas for heat and power generation (only the electricity avoided 
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emissions are calculated), since natural gas is the dominant fuel in conventional plants, in 

Côte d’Ivoire (ANARÉ, 2016).  

Based on IEA (2015a) the avoided emissions factor is considered as 0.4 tCO2 eq/MWh, 

for power generation. Regarding the avoided emissions associated with the NPK fertilizers 

the values considered are 2.792 kg CO2 eq/kg N, 0.738 kg CO2 eq/kg P2O5 and 0.352 kg 

CO2 eq/kg K2O (Bieńkowski et al., 2015). Hence the avoided emissions from the case 

study biogas plant are presented in Table 6.25.  

Table 6.25: Avoided emissions of the biogas case study. 

Avoided emissions [tCO2 eq/year] 

Electricity 1,760.7 

N tot 995.1 

P 9.1 

K 17.5 

Total 2,782.4 

6.3. Hydrothermal carbonization 

The boundaries of the system considered for HTC, are presented in Figure 6.12. The three 

subsystems that are examined are the supply chain of the biomass, the hydrothermal 

carbonization process in the plants and the logistics of the products. As for anaerobic 

digestion, this study, does not consider the cultivation and harvest of CPH. The biomass 

supply chain discussed above (Paragraph 6.1) remains the same for the HTC process, since 

the biomass amount and properties are the same and the average distances are assumed 

the same. The energy balance of the system, is considered here, also, for the overall system, 

as discussed above: 

𝐸 = 𝐸𝑜𝑢𝑡 − 𝐸𝑖𝑛 

 
Figure 6.12: Boundaries of the system considered for hydrothermal carbonization of 

CPH. 
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6.3.1. Hydrothermal carbonization process 

Hydrothermal carbonization, as aforementioned, is a thermochemical process which 

converts wet biomass into a solid carbon-rich fuel (Lu et al., 2012). HTC is also known as 

wet pyrolysis, hot compressed water treatment and artificial coalification. This process 

involves treating the feedstock, fully immersed under hot subcritical water, at temperatures 

ranging from 180 - 350 oC and autogenous pressures for typically 2-6 hours (Lu et al., 

2012). The pressure, is following the saturation vapor pressure of the process temperature, 

meaning above 4MPa (DBFZ, 2013). There are three products formed after the process, 

mainly biochar and process water containing dissolved organics and inorganics and a 

gaseous product (Erlach, 2014). 

HTC is a spontaneous and exothermic process, once it is activated (Libra et al., 2011) and 

it can simulate the coalification process in nature, since the biochar produced has quite 

similar elemental ratios with lignite (Poerschmann et al., 2015). It is critical for the process 

that the process water is sufficient since, the chemical and physical properties of the water 

will significantly change, with temperature increase and will ultimately resemble the 

properties of organic solvents (Lu et al., 2012). Due to the high pressures though, the water 

does not evaporate, as happens to other thermochemical processes, making the process 

suitable for wet feedstocks (> 50% moisture), such as CPH (Stemann et al., 2013b). HTC 

process is ideal for feedstock with low lignin content, but high cellulose and hemicellulose 

contents (Rohal, 2013) such as CPH. The reactions taking place in the process are not yet 

fully investigated yet. The main chemical reaction that is associated with the HTC process 

is (DBFZ, 2013): 

𝐶6𝐻12𝑂6 → 𝐶6𝐻20 + 5𝐻2𝑂 

The heat of reaction can be calculated by the following reaction, where the self sustaining 

heat regime condition is fulfilled (Equation 9):  

ℎ𝑟𝑒𝑎𝑐 ≥ 245 ∗ 𝑒1.2∗𝑊 

where ℎ𝑟𝑒𝑎𝑐 is the heat of reaction in J/g and W is the water content (Stemann and Ziegler, 

2011). Typical operational conditions are 180-220 ºC process temperature and 17 - 24 bar 

pressure. HTC process, is currently in development and demonstration phase, which 

introduces difficulties regarding its implementation (DBFZ, 2013). There are several 

parameters that influence the HTC process, which are presented below:  

PROCESS WATER 

As discussed above, it is crucial that all the biomass is fully submerged in water; if there is 

biomass above the surface it does not carbonize. Moreover, in subcritical conditions such 

as HTC process, water suppresses radical free reactions and promotes the ion chemistry. 

There have been studies showing that the process medium can also be oil, but it does not 

accelerate the process as much as water (Funke and Ziegler, 2010). 

TEMPERATURE  

Temperature affects the yields and characterization of the products. The carbon content 

of the HTC-biochar, increases with temperature rise (DBFZ, 2013), while H, O and S are 
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decreasing with increasing temperature, thus molar O/C and H/C ratios also decrease. 

Regarding the aqueous phase, TOC drops with a rise in temperature (Erdogan et al., 2015). 

RESIDENCE TIME 

HTC process, is a relatively slow process since residence time can range from minutes to 

days. A longer residence time, increases the reaction severity, but with shorter residence 

times, the higher heating value of the biochar is higher.  (Funke and Ziegler, 2010). The 

reaction severity is defined (Equation 10):   

𝑓 = 50 ∙ 𝑡0.2 ∙ 𝑒−
3500

𝑇  

where T is the temperature and t the residence time. With increasing reaction severity, the 

carbon content of the hydrochar is higher (Robbiani, 2013). Moreover, a low residence 

time leads to a lower hydrochar yield, while an increase, can decrease the molar O/C and 

H/C ratios (Erdogan et al., 2015). 

PH VALUE 

Generally, during HTC process there is a drop of the pH observed. For a proper simulation 

of the natural coalification, the pH value needs to be kept as lower than neutral, preferably 

weakly acidic (pH<7) (Funke and Ziegler, 2010). 

PRODUCTS 

HTC process, leads to three basic products, a solid product, the HTC-biochar, the aqueous 

or liquid phase and the gaseous phase. The physical and chemical composition of the 

feedstock, affects the yield and composition of each phase. At typical process temperatures 

such as 220 oC, around 80% of the feedstock carbon is recovered in the biochar, 15% is 

dissolved in the process water and 5% is recovered in the gaseous phase (Stemann et al., 

2013a). It should be noted, that HTC process offers higher biochar yields that pyrolysis, 

followed by higher organic compounds in the liquid phase and fewer gases (Libra et al., 

2011). 

The HTC-biochar is a substance similar to brown coal with a higher calorific value (up to 

32 MJ/kg (Rohal, 2013) and carbon content (>60%) than the raw biomass (DBFZ, 2013), 

which makes it a favorable feed for combustion, gasification and pyrolysis (Stemann et al., 

2013a). Furthermore, it has lower molar O/C and H/C ratios than the raw biomass 

(Stemann et al., 2013a). The hydrochar can be used for energy purposes, as a soil 

amendment and as an adsorbent for heavy metal ions (Hu et al., 2010), (DBFZ, 2013). 

Due to the structure of the hydrochar, it can also be pelletized or briquetted (DBFZ, 2013). 

The cell structure of the feedstock is destroyed and functional groups that contain oxygen 

are removed, making the HTC-biochar hydrophobic. Thus, mechanical dewatering is 

facilitated, which is not as energy intensive as thermal drying (Erlach et al., 2011). If the 

dewatering takes place at reaction temperature, the water content of the hydrochar product 

is expected lower (Stemann and Ziegler, 2011). HTC-biochar is advantageous since it has 

a low sulfur and heavy metals content, high efficiency of incineration and it does not 

degrade. Moreover, hydrochar leads to low logistics costs, since it has high energy density 

(Rohal, 2013). 

The liquid phase product, includes high organic and inorganic substances dissolved in it, 

from the biomass decomposition (DBFZ, 2013).  These substances include fatty acids, 
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sugars, acetic acid, alkenes, aldehydes etc. (Baratieri et al., 2015) but also minerals such as 

N, P and K  (Erdogan et al., 2015). The organics and inorganics can potentially be valuable 

after recovery, even though it is a costly process (Funke and Ziegler, 2010). The high 

amount of dissolved minerals (N,P,K) in the aqueous phase provides a high potential of it 

being used as fertilizer or as a feedstock for anaerobic digestion (Erdogan et al., 2015). The 

process water has high amount of total organic carbon (TOC) between 8 – 36 g/l, and is 

acidic, with a pH 3-5.5 (Erlach, 2014).  

Regarding the gaseous product, it refers to a small amount, compared to the solid and 

liquid products (Libra et al., 2011). It is mainly composed by CO2 (>90%), CO, CH4, H2 

and traces from other CxHy (Funke and Ziegler, 2010), as seen in Table 6.26. The 

separation of the gaseous phase is complicated and in combination with the low yield, limit 

its application, hence it is mostly released to the atmosphere (Liu et al., 2013).  

Table 6.26: Typical composition of the hydrothermal carbonization gaseous product 

(Funke and Ziegler, 2010). 

Composition 

CO2 92.6 % 

CO 6.5 % 

CH4 0.3 % 

H2 0.6 % 

CxHy Traces 

According to several studies, (Oliveira et al., 2013), (Erdogan et al., 2015), (Reza et al., 

2014a), HTC process can be combined efficiently with anaerobic digestion. The output 

material of the biogas plant, the digestate, can be an input material to HTC, combined with 

the raw biomass (used in biogas plant). After the HTC process, a part of the process water 

can be recirculated to the biogas plant (Figure 6.13). This combination, due to the high 

TOC of the liquid phase, can generate higher methane yields (Oliveira et al., 2013).   

 
Figure 6.13: Integration of anaerobic digestion and hydrothermal carbonization (Oliveira 

et al., 2013). 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4189747/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4189747/
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6.3.1.1. HTC plant characteristics  

The suggested power plant is a continuous hydrothermal carbonization plant, coupled with 

a co-generation (CHP) unit (Figure 6.15). The same characteristics refer to all case HTC 

plants in the three Project Areas.The daily input, is the same in this case also, approximately 

30 tons of CPH (or 1.25 tons per hour) and the process temperature range is chosen as 

200 - 220 oC. This corresponds to a pressure range of 15.5 – 23.2 bar. Moreover, the 

retention time is assumed as 6 – 8 hours. 

As Figure 6.15 shows, the biomass is firstly mixed with the recirculated process water to 

create a slurry. The biomass is assumed to enter the process at 50% moisture and 5% ash 

content; the composition and characteristics of the feedstock were discussed previously at 

Chapter 2. The feedstock, at the feeding section, is heated to the process temperature and 

pressurized. During the reactor heating, the process water is kept at liquid phase, using 

pressure regulators. The biomass to water ratio needs to be comparatively low, so that 

there is no biomass settling of blocking during the feeding. It should not be too low 

though, since higher biomass to water ratio increases the yield of the main solid product 

(Stemann et al., 2013b). The amount of total solids (TS) of the input slurry, should be 

maximum 40% (Erlach, 2014), thus, the addition of 2.5 tons of water per hour is necessary; 

this corresponds to a water to biomass ratio 2:1. Moreover, the biomass is also mixed in 

the reactor, with the steam obtained from the CHP unit. The steam is provided at the same 

pressure as the pressure in the reactor. 

 

Figure 6.14: HTC process water resirculation (Stemann et al., 2013b). 

The amount of water, is assumed to be covered from daily recirculation of the process 

water that exits the HTC reactor, increasing the hydrochar yield and the efficiency of the 

process (Stemann et al., 2013b). The process water can be recirculated, in consecutive runs 

of the process, after separation from the solid phase. By recirculating the process water 

(Figure 6.14), the acidity of the process increases, increasing the efficiency of the process, 

reducing the heat requirements, decreasing the costs and the use of distilled water, a 

necessity of the process (Wirth et al., 2011). 



66 
 

 

Figure 6.15: Proposed hydrothermal carbonization plant process diagram. 

The volume of the reactor is calculated based on the volume of the slurry entering 

(feedstock and water); this amount corresponds to ¾ of the reactors’ volume (Robbiani, 

2013). The feedstock as discussed in a previous chapter has a density of 625 kg/m3 at 50% 

moisture (Widyotomo et al., 2008) and the biomass to water ratio is 1:2. Moreover, the 

reactor is continuous with a residence time of 6 hours. Thus, the reactor volume is chosen 

as 30,000 L. Since the reactor is chosen as continuous (Figure 6.16), the feeding of biomass 

will occur at high pressures, which needs to be regulated. The type of reactor is chosen as 

continuous due to the higher efficiency and due to the daily amount of feedstock input 

(Robbiani, 2013). Studies have shown that plug forming feeders and specialized pumps are 

suitable systems (Erlach, 2014). Feeding will take place at the same time that the products 

will exit the reactor. For a stable process, it is essential to regulate the temperature and 

pressure. The heat and electricity requirements of the process are covered by the CHP 

unit. 

 

Figure 6.16: Continuous HTC reactor (Adapted from (Kuhles, 2014)). 
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After the process finishes - after 6 – 8 hours from the feeding – the process water, gas and 

hydrochar exit the reactor. The gas can be released, since it is negligible compared to the 

avoided emissions due to the process (Hu et al., 2010).  

The hydrochar slurry exiting the reactor has 85 – 90% moisture and it goes through 

mechanical dewatering with a press, for moisture reduction. The hydrochar that is included 

in the slurry is hydrophobic, meaning it cannot increase its moisture more.  Mechanical 

dewatering is less energy intensive than thermal drying, where the moisture is evaporated 

from the feedstock (Erlach, 2014). After mechanical dewatering, the moisture is reduced 

by 70% (Erlach et al., 2011) and the removed process water is one of the by-products of 

the process. The process water, which includes a high amount of organics and inorganics, 

is separated and the necessary amount is provided back to the process, while the rest is 

stored to be sold as fertilizer. The hydrochar after mechanical dewatering has a moisture 

of 30% and it is further dried at 105 oC, until a 10% moisture content. The properties of 

the dewatered and dried HTC biochar, are significantly better than the raw biomass 

(Robbiani, 2013). Further on, a part of the hydrochar is combusted in a biomass-fired 

boiler (Erlach, 2014) coupled with an extraction steam turbine (Figure 6.17) for electricity 

generation and for covering the steam and heat requirements of the system (Berge et al., 

2015). The rest of the dry hydrochar can be further pelletized, briquetted or can be sold as 

it is (Child, 2014). 

 

Figure 6.17: Extraction steam turbine (adapted from (Vatopoulos et al., 2012)).  

6.3.1.2. HTC plant outputs 

As aforementioned, the amounts entering the reactor are: 

 1.25 tons/h of CPH 

 2.5 tons/h recirculated process water 

 0.21 tons/h of steam 

From the reactor it is assumed that 98.3% of the outputs is the hydrochar slurry, while 

only 1.7% is the gaseous product. Those correspond to 3.89 tons/h hydrochar slurry and 

0.07 tons/h of gas. It is assumed that 35% of the hydrochar slurry is the hydrophobic HTC 

biochar with approximately 66% moisture. The hydrochar slurry (presumably at 88% 

moisture) is pumped to the filter press for mechanical dewatering where 70% of the 
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moisture is removed (Erlach, 2014). Therefore by reducing the moisture to 30% after 

dewatering two products emerge, 0.67 tons/h of hydrochar at 30% moisture and 3.22 

tons/hour process water with dissolved by-products. After the recirculation of the process 

water, the remained 0.72 tons/h of the liquid product is stored for later on sale as liquid 

bio-fertilizer.   

From the total hydrochar, a part of it is fed to the steam cycle boiler for heat and power 

generation, after drying until a moisture content of 10%. It is assumed that 40% of the 

hydrochar (0.268 tons/h) is entering the boiler for heat and power generation and the rest 

60% (0.402 tons/h) is stored for later on sale to a 3rd party. The final products of the case 

study process are shown in Table 6.27. 

Table 6.27: Products of the case study hydrothermal carbonization process 

Product Amount [tons/h] [%] Total production [tons/y] 

Gas 0.07 1.77 561.12 

Process water 3.22 81.31 25,811.52 

Hydrochar 0.67 16.92 5,370.72 

Total 3.96 100 31,743.36 

PROCESS WATER 

The process water, as aforementioned, contains high organic and inorganic compounds, 

making it appealing as liquid fertilizer for irrigation or hydroponic agriculture. Funke and 

Ziegler (2010) advise that the liquid product, due to the significant quantities of organic 

compounds, needs to be seen as valuable materials in order for the process to be efficient. 

It can be used for nutrient recovery, as a process liquid for anaerobic digestion or as 

fertilizer for irrigation and hydroponic agriculture. There have not been many studies on 

this subject, nor there is a possible way to estimate exactly the NPK values of the water. 

There have been some studies (Lilliestråle, 2007), (Schneider et al., 2011), (Fawaz et al., 

2015), though, where the nutrient content of the liquid phase was investigated, for several 

feedstocks. The values of N and K was found high relatively to the phosphorous that is 

lower (Table 6.28). 

Table 6.28: Nutrient content of HTC process water for various feedstocks (Lilliestråle, 

2007), (Schneider et al., 2011), (Fawaz et al., 2015). 

 

Feedstock 
N-tot 

[mg/L] 
P 

[mg/L] 
K 

[mg/L] 

Horse manure  and straw [180 and 205oC] 727 15.1 2,940 

Horse manure and wood chips [180 and 205oC] 133 51.8 867 

Horse manure and peat [180 and 205oC] 317 7.96 937 

Bamboo [220 oC] 100 52 1,642 

Whey [205 oC] 511 226 1,387 

Biogas digestate [205 oC] 2,342 6.4 6,213 

Sewage sludge [205 oC] 1,230 10 446 

Pine needles [225 oC] 779 44 443 

Palm leaves [244 oC] 90.7 18.9 780 

Moreover, Stemann et al., (2012) performed lab tests which resulted that most of the 

phosphorous (73%) and potassium (88%) of the raw biomass are dissolved in the process 

http://files.webb.uu.se/uploader/ibg.uu.se/76983_lilliestr__le_astrid_arbete.pdf
http://www.ijee.ieefoundation.org/vol2/issue4/IJEE_06_v2n4.pdf
http://www.jmest.org/wp-content/uploads/JMESTN42351166.pdf
http://www.jmest.org/wp-content/uploads/JMESTN42351166.pdf
http://files.webb.uu.se/uploader/ibg.uu.se/76983_lilliestr__le_astrid_arbete.pdf
http://files.webb.uu.se/uploader/ibg.uu.se/76983_lilliestr__le_astrid_arbete.pdf
http://www.ijee.ieefoundation.org/vol2/issue4/IJEE_06_v2n4.pdf
http://www.jmest.org/wp-content/uploads/JMESTN42351166.pdf
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water, while only 23% of nitrogen is dissolved. Therefore, the HTC process water is high 

in potassium but low in nitrogen. Since the nutrient content of the liquid, from CPH 

hydrothermal carbonization cannot be estimated otherwise, it is assumed that the same 

amount of NPK will be dissolved in the process water (Table 6.29), for the case study, as 

Stemann et al. obtained (Stemann et al., 2013a).  

Table 6.29: NPK dissolved in the process water, for the case study HTC plants. 

Nutrient % of CPH nutrients kg/ton 

N 23 1.08 

P 73 0.95 

K 88 19.9 

HYDROCHAR 

According to literature, the carbon content of HTC biochar is 35 – 45% higher that the 

raw biomass and hence, reaching >60%. At the same time, oxygen and hydrogen content 

are dropping leading to an approximately 25 – 35% higher calorific value than the raw 

biomass (Reza et al., 2014b). The LHV of CPH it is assumed, according to literature 

(Syamsiro et al., 2012), (ECN, 2016), that it is 18.2 MJ/kg at 10% moisture. Hence, the 

hydrochar, at the same moisture, is assumed to be 30% higher, resulting to 23.7 MJ/kg; 

this value corresponds to 6.58 kWh/kg of HTC biochar. The dry hydrochar that will be 

sold for commercialization will have a higher LHV. The total daily amount of hydrochar 

entering the CHP unit is 6.432 tons For the CHP unit, it is assumed that (Vatopoulos et 

al., 2012): 

1. 35% of biochar is converted to electricity. 

2. 50% of biochar is converted to heat. 

3. The CHP unit is working 8,000 hours/year and 24 hours/day. 

The electricity and heat supply is important for a hydrothermal carbonization plant. 

Electricity needs to be continuous, reliable and at a uniform voltage, for a stable operation 

of the mechanical dewatering press, the pumps and the fans. It is assumed that 7% of the 

generated electricity, from the CHP unit, is utilized by the process itself (Erlach, 2014), 

while the rest is sold to the grid.  

The daily electricity and heat generation, at full load operation, are shown in Table 6.30. 

The commercial size generator will be 620 kW and the annual amount of electricity 

generated is 4,950,014 kWh, from which 3,465,010 kWh will be sold to the grid. 

Table 6.30: Electricity and heat generation at full load of the case study HTC plants. 

Unit Electricity Heat Losses 

[kWh/day] 14,820.4 21,172 6,351.6 

[kW] 617.5 882.2 264.65 

At an HTC plant, as the case study, there are several stages that heat is required. The raw 

biomass is required to be heated to the reaction temperature, the reactor must be steady at 

the process temperature and heat is required for the drying of the hydrochar (Stemann and 

Ziegler, 2011). There are no typical values for heat demand, in literature, therefore it is 

assumed that in average 45% of the heat produced, is provided back to the process. Table 

6.31 provides the heat and electricity requirements of the case study HTC plants. 
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Table 6.31: Heat and energy requirements of the case study HTC plant. 

HTC plant requirements [kWh/day] 

Heat 9,527.4 

Electricity 1,037.4 

As mentioned the rest of the hydrochar will be sold either as fuel for burning or as soil 

conditioner. The potential of hydrochar as a fuel has already been discussed. Regarding the 

potential for soil amendment the NPK needs to be evaluated. The NPK of HTC biochar 

is not studied sufficiently yet. Reza et al. (2016) have evaluated the NPK of hydrochar from 

cow manure, for different temperatures and residence times. With higher temperature and 

residence time K value is lowering, while N and P have the opposite behavior; 

phosphorous was higher than in the raw material in high temperatures and residence time 

(220 and 260 oC at 30 minutes). For this case study it is assumed that 77% of N, 27% of P 

and 12% of K from the raw biomass nutrients, is passing to hydrochar (Table 6.32). This 

is assumed based on the NPK of the process water discussed above, and the composition 

of the gaseous product. 

Table 6.32: NPK in hydrochar, for the case study HTC plant. 

Nutrient % of CPH nutrients [kg/ton] 

N 77 3.62 

P 27 0.35 

K 12 2.8 

6.3.2. By-products logistics 

After the end of the process and the drying of the HTC biochar, it will be temporarily 

stored until it is transported to a party for sale, along with the liquid bio-fertilizer. The bulk 

density of the dry hydrochar is approximately 650 – 950 kg/m3 (von Ploetz, 2012), 

(Hernandez, 2011), (Stemann et al., 2013a). The bulk density is assumed to be 700 kg/m3, 

since it is not further densified, while the density of the process water can be assumed 

approximately as 1,000 kg/m3.   

 

Figure 6.18: Logistics of the HTC biochar. HTCB: HTC biochar, PW: Process water.  

The HTC biochar is assumed to be stored for approximately a week until transported, 

while the liquid bio-fertilizer for maximum 3 days. This corresponds to a maximum of 68 

tons of hydrochar that require storage and 1,245 tons of process water. Therefore 
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approximately, a storage of 100 m3 for the hydrochar and a storage of 1,300 m3 for the 

process water, are required. The liquid bio-fertilizer is assumed to be stored directly, in 

collapsible bags of 12 m3, therefore 109 collapsible bags are required. 

 

Figure 6.19: Possible trips for transport of cocoa pod husks and hydrochar (Green arrows: 

loaded trucks, Yellow arrows: Empty trucks). 

The study is focusing only on transport of hydrochar and liquid bio-fertilizer, until third 

parties (Figure 6.18), where they will be packed, for commercialization; the hydrochar as 

soil conditioner or as fuel for boilers and the process water as fertilizer for irrigation or 

hydroponic agriculture. It is assumed that hydrochar is transported to a 3rd party maximum 

30 km from the plants, while the process water to a 3rd party maximum 20 km distance. 

Both are transported with standard medium trucks (Class 6) with a weight capacity of 12 

tons (Table 6.4); the collapsible bags are loaded like that. The distance was chosen same as 

for anaerobic digestion solid by-product for comparison of the results, but is also 

economically feasible according to literature (Wirth et al., 2011). Figure 6.19, presents the 

possible trips between the cooperatives, HTC plant and 3rd party. 

Table 6.33: Number of trucks per month for the transport of HTC by-products and the 

respective amount. 

        Hydrochar Liquid bio-fertilizer 

Month Trucks [tons] Trucks [tons] 

January 25 300 45 540 

February 14 168 25 300 

March 23 276 40 480 

April 24 288 43 516 

May 25 300 45 540 

June 24 288 43 516 

July 14 168 25 300 

August 25 300 45 540 

September 22 264 39 468 

October 25 300 45 540 

November 24 288 43 516 

December 25 300 43 540 

Total 270 3,240 483 5,796 

Table 6.33 presents the number of trucks that are required to transport the hydrochar and 

liquid bio-fertilizer, per month along with the respective amount. During the supply 
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months (except March, April, August and September), it is assumed that the trucks 

supplying the CPH to the HTC plant, will get loaded with the by-products and transport 

them to the 3rd parties (Appendix II). The rest of the days, where there is no biomass 

supply, empty trucks will arrive to the HTC plant and load the hydrochar and process 

water. In this way, the emissions and transport costs, are reduced.  

6.3.3. Economic analysis 

As for the anaerobic digestion plant, described above, in this chapter also, calculations are 

carried out on: 

1. Total investment cost (TIC). 

2. Annual costs.  

3. Annual Revenues. 

4. Economic feasibility of the project (Net present value (NPV), Internal rate or 

return (IRR), Payback period (PBT)).  

For all the costs, what they represent and what is included, was also discussed thoroughly 

in paragraph 6.1.4, therefore they will not be explained again. 

6.3.3.1. Total investment cost 

The Equipment installation cost includes also, the cost of storage installation for the biomass 

and hydrochar. The total storage cost is 38,640 USD, assuming the same value of 12 

USD/m3 of storage, as above. The cost for storing CPH is the same as mentioned in 

paragraph 6.1.4, since the proposed HTC plants have the same capacity as the biogas 

plants.  On the other hand, the cost for construction of the hydrochar storage (1 x 100 m3) 

is 1,200 USD. Regarding the liquid bio-fertilizer, presumably 110 bags are required to be 

purchased, with 180 USD each (average market price), corresponding to a total cost of 

22,000 USD. There have not been many studies regarding investment costs for 

hydrothermal carbonization plants, although Erlach (2014) and Wirth et al. (2012) have 

presented some associated costs. According to the biomass input at those studies and the 

provided costs, the costs for the case study were estimated, as shown in Table 6.34. Those 

values seem realistic according to the estimated costs of currently running HTC plants at 

development phase (Child, 2014). The direct costs include the total installed costs of the 

HTC reactor and the steam cycle CHP unit. The purchase costs for the electric shredder, 

the storage construction etc. are also included. 

Table 6.34: Total investment costs of the case study HTC plant (Erlach, 2014), (Wirth et 

al., 2011). 

Cost element Cost [USD] % of TIC 

HTC reactor (total installed cost) 2,666,000 68.2 

CHP unit (total installed cost) 403,000 10.3 

Total direct costs 3,682,000 94.2 

Total indirect costs 228,000 5.8 

Total investment costs 3,910,000  

The estimation of the HTC reactor and CHP unit total installed costs, was based on the 

size of the HTC plant while also considering the country of implementation. Therefore 
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the HTC reactor installed cost is estimated as 4,300 USD/kWe that corresponds to 

2,666,000 USD (Erlach, 2014), (Wirth et al., 2011). The total installed cost of the CHP is 

taken as 650 USD/kWe which corresponds to a CHP unit cost of 403,000 USD (IRENA, 

2012).  

6.3.3.2. Annual costs 

Regarding the annual running costs, some of the costs were calculated (e.g. transport, 

biomass purchase), while others where assumed. The labor costs are assumed to be 2% of 

TIC which corresponds to almost 29% of the annual running costs of the HTC plant. The 

labor costs, refer the employees of the HTC plant and the drivers of the trucks; the 

employees of the HTC plant are assumed to be approximately 30 (Rohal, 2013). Moreover 

the O&M costs is assumed to be 4% of TIC or approximately 50% of the annual costs. 

The insurance and taxes of the plant and the miscellaneous costs were assumed as 0.5% of 

TIC and 1% of the annual costs, respectively (Deublein and Steinhauser, 2008). The 

biomass purchase value is the same as in the above analysis, 1.5 USD/ton wet CPH. The 

depreciation is taken under consideration while calculating the cash flow. Also, in this case, 

the packaging of the hydrochar in bags is not included in the annual costs since, it is 

assumed that it will be transported to a 3rd party where it will get packed and reach the 

market. The annual recurrent costs of the case study HTC plant are shown in Table 6.35. 

Table 6.35: Annual costs of the case study HTC plant. 

Annual costs [USD/year] % of TIC % of annual 

Transport costs 20,099 0.51 7.38 

Labor costs 78,200 2 28.7 

O&M 136,850 3.5 50.22 

Taxes and insurance 19,550 0.5 7.17 

Biomass purchase 15,075 0.39 5.53 

Miscellanious 2,730 0.07 1 

Total 272,504 6.97  

The annual transport costs, include only the fuel consumption of the Class 2 and Class 6 

trucks, used for CPH and hydrochar transportation; they are calculated for the maximum 

distances discussed. As aforementioned, the price of diesel in Côte d’Ivoire is currently 

0.98 USD/l (Global petrol prices, 2016). It is considered that out of the total trucks needed 

for transporting the HTC biochar and the process liquid, 176 and 316 trucks respectively, 

are part of the trucks delivering the CPH to the plant; the rest of the trucks refer to the 4 

months when there is no biomass supply to the plant. It is assumed that the loaded trucks 

have a speed of 20 km/h, while the empty trucks have 30 km/h. Table 6.36 presents the 

costs for transporting the CPH, from the smallholders to the cooperatives, transport 

from/to the cooperatives and from/to the 3rd parties, for each Project Area (Appendix II). 

Regarding the ‘‘Farmers to cooperatives’’ transport costs, it is based on data provided 

already in Table 6.3 and Figure 6.3. Lastly, in Table 6.32 the transport cost includes an 

average value for the three Project Areas. 
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Table 6.36: Costs included in transport costs. 

In Table 6.35 the transport cost includes an average value for the three Project Areas. Table 

6.37 shows the annual costs per area of implementation. Also in this situation and for the 

same reasons, the transport costs for Project Area 3 are higher increasing the annual costs. 

Though, the difference in running costs for the three Areas is not significant (~ 7% of 

TIC). 

Table 6.37: Annual cost of the case study biogas plants per Project Area. 

Project Area Annual costs [USD/year] [% of TIC] 

1 270,968 6.93 

2 272,018 6.96 

3 274,526 7.02 

6.3.3.3. Revenues 

The revenues of the HTC plant are generated from the sales of electricity, HTC biochar 

and HTC fertilizer; also in this case no carbon credits are taken under consideration due 

to the lack of policies currently in Côte d’Ivoire. The operational hours of the HTC plant 

are assumed as 8,000 hours per year. The total annual revenues and the annual cash flows 

are shown in Table 6.38. The cash flows are shown in Table 6.39 and are calculated after 

taking under consideration 20% taxation and the depreciation of the plant. The 

depreciation is assumed as the total investment cost divided by the economic lifetime 

(15 years) of the plant (Wirth et al., 2011). The cash flows are higher for the biogas plant 

suggested in Project Area 1.  

Table 6.38: Annual revenues of the case study biogas plant. 

Revenues [USD/year] 

Electricity 460,351.3 

HTC biochar 451,140.5 

Liquid bio-fertilizer 57,715.2 

Total revenues 969,207 

Total revenues after depreciation and taxation 827,526 

The revenues from the electricity are calculated based on the amount of electricity available 

to be sold to the grid, after the self-use. This amount is 4,603,513 kWh per year which 

corresponds to 93% of the total electricity generation. The electricity price is assumed as 

0.10 USD/kWh, although this price is decided between the Government and the IPP 

(ANARÉ, 2016), thus it can be different. The annual production of HTC biochar available 

for sale is 3,225 tons and the price of the hydrochar is assumed as 140 USD/ton, based on 

prices in Africa for biochar. It is assumed less than the prices currently since HTC biochar 

Trips / Cost [USD/year] Project Area 1 Project Area 2 Project Area 3 

Farmers to cooperatives 1,813 2,863 5,371 

Cooperatives to/from plant 9,266 9,266 9,266 

Plant to 3rd parties 4,177 4,177 4,177 

3rd parties to cooperatives 3,307 3,307 3,307 

Total 18,563 19,613 22,121 
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in Africa is a new entrance in the market (Valentas et al., 2015), (Jirka and 

Tomlinson, 2014). The annual production of liquid fertilizer is 5,772 tons. The price was 

assumed as 10 USD/ton. Again, this price is much lower that chemical fertilizer prices in 

Côte d’Ivoire (Ruf and Bini, 2011). Therefore, potentially many farmers could purchase 

the biochar for soil amendment and the bio-fertilizer for irrigation or hydroponic 

agriculture, in order to increase the production of their plantations.  

Lastly, comparing the two case studies, HTC gives 78.5% higher annual revenues and in 

average 86% higher cash flows. This significant different lies on the fact that the price of 

the biochar is much higher than the fibrous digestate and the amount of commercialization 

is higher. 

Table 6.39: Cash flows per Project Area, from case study HTC plants. 

Project Area Cash flow [USD/year] 

1 556,531 

2 555,481 

3 552,973 

6.3.3.4. Economic feasibility of the case study 

Table 6.40 presents the indicators considered for evaluating the economic feasibility of the 

HTC case study in the three Project Areas. The fact that the NPV value is positive for all, 

represents that the investments are economically feasible (Investopedia, 2016). Moreover, 

the IRR value in all cases is higher than the interest rate assumed, supporting the NPV 

calculation results. Lastly, the payback time arose as 7.8 – 7.9 years, meaning that after 

these years 100% of the total investment cost will be recovered if the three biogas plants 

are implemented.  

The NPV value is higher for the HTC plant in Project Area 1. This denotes that the 

implementation is more profitable for this Area. The higher IRR and the lower PBT imply 

a less risky investment compared to Project Areas 2 and 3. This does not alter the fact that 

all three investments are economically feasible. 

Comparing the two case studies (same economic life time), HTC has an NPV value more 

than double than the biogas case study. This denotes that the HTC plants implementation 

is a more profitable investment. Lastly, even though there is a significant difference, the 

average payback time is 9.5 months lower than for the biogas case study. 

Table 6.40: Economic indicators of the project. 

Project Area NPV [USD] IRR [%] PBT [years] 

1 1,866,600.3 11.42 7.03 

2 1,855,701.7 11.38 7.04 

3 1,829,669.5 11.3 7.07 

6.3.4. Social and environmental impacts  

HTC process offers several advantages. The case study HTC plant is a self-sufficient 

process regarding the energy and water requirements (Hernandez, 2011). It is an efficient 

and stable process that utilizes a wet waste feedstock and generates a carbon-rich solid 
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product and a nutrient rich liquid product, therefore value is generated in waste 

management. These products can replace the use of fossil fuels and chemical fertilizers, 

respectively, resulting to a GHG abatement. The process itself is a low emission 

technology; the emissions come from the gaseous phase that is released, mostly CO2, but 

the amount is negligible compared to the avoided emissions due to the process. (Hu et al., 

2010), (Hernandez, 2011). Moreover, methane emissions are avoided from the utilization 

of a waste feedstock that is generally left to decompose. As aforementioned, methane has 

25 times larger greenhouse potential, than carbon dioxide (Deublein and Steinhauser, 

2008).  

Regarding the social sphere, an HTC plant can lead to an economic development of the 

local and regional areas. The process involves local waste resources, increasing the waste 

management and providing compensation to the involved smallholders. A development 

of a new HTC biochar market can offer several economic benefits. The liquid fertilizer, 

also provides economic benefits. The substitution of chemical fertilizers, offers a reduction 

to the associated costs compared to the current situation. This can persuade more 

smallholders to purchase and use fertilizer at their plantations. As in the anaerobic 

digestion case study, if the bio-fertilizer is used at the cocoa plantations a beneficial 

continuous cycle can occur, for the HTC plant owners, the local community and the 

smallholders.  

Furthermore, a new power plant is associated with additional income sources for the local 

population (UNEP, 2013), since it is expected that approximately 30 jobs, will be created 

(Rohal, 2013), from unskilled workers to high qualified positions. This can contribute to 

reduction of unemployment in Côte d’Ivoire, which is currently high (The World Bank, 

2016), benefiting the local community.  

On the other hand, continuous HTC plants need constant operation and constant feeding 

at high pressures. This corresponds to often maintenance, constant regulation of pressure 

and high O&M costs (Erlach, 2014). Moreover, most of the employees need to be skilled 

and have special technical knowledge which corresponds to higher salaries and thus higher 

annual labor costs. Lastly, in contrast with anaerobic digestion, HTC process cannot 

destroy toxic substances, such as heavy metals. If the biomass that enters the reactor 

includes any toxic substances, which are passed to the process water, then it cannot be 

disposed without treatment and potentially cannot be used as bio-fertilizer (DBFZ, 2013). 

6.3.5. Barriers 

HTC process is not a mature process, instead is a relatively unknown technology, still in 

development phase, hence there are several barriers associated. Due to this lack of 

knowledge for the process, social acceptance and market creation, can be a potential barrier 

(Child, 2014). In order to overcome these challenges, attention needs to be given to all the 

stakeholders and especially the people living at the Project Areas and the government 

needs to promote the process and its advantages.   

Moreover, related to the products of the process, there is a number of unknowns still, at 

industrial scale. Most of the information, nowadays, is based on lab and pilot projects. 

Especially thee liquid phase product has been a controversial issue. Different HTC 

demonstration plants, existing today, utilize the liquid product differently. For example at 

AVA-CO2 the process water is treated and recirculated (AVA-CO2, 2016), while at Ingelia 
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it is used as liquid fertilizer for orange trees (Hernandez, 2011). As aforementioned, there 

is a possibility that the process water can be toxic depending on the feedstock, this not 

suitable as fertilizer without treatment. The process liquid can contain toxic substances 

such as furfurals and phenols when the reaction temperature and the retention time are 

low. Their concentration decreases with the increase of those two process parameters 

(Reza et al., 2014b). Certainly, before considering implementation of HTC without a 

wastewater treatment - the process water to be sold as fertilizer - experimental tests are 

required for the feedstock to be utilized (Thorin et al., 2014). Since there have not been 

any studies regarding hydrothermal carbonization of cocoa pod husks, experimental test 

are necessary to ensure that the process liquid can be utilized as bio-fertilizer. 

6.3.6. Avoided emissions 

Hydrothermal carbonization provides great potential in GHG reduction. The hydrochar 

produced replaces fossil fuel energy for heat and power generation and coal for burning. 

Moreover hydrochar as soil conditioner and process liquid as bio-fertilizer replace the 

chemical fertilizers. As mentioned for the previous case study, the supply chain and the 

by-products chain emit also GHG emissions but these are not calculated at the present 

study. For the calculations it is assumed that natural gas is replaced for heat and power 

generation (only the electricity avoided emissions are calculated), because natural gas is the 

dominant fuel in conventional plants, in the country and there is no use of coal (ANARÉ, 

2016). A total 100% of HTC biochar is assumed to be sold as soil conditioner. 

Table 6.41: Avoided emissions of the HTC case study. 

Avoided emissions [tCO2 eq/year] 

Electricity 1,980.1 

N tot 139.5 

P 3.6 

K 15.3 

Total 2,138.5 

Based on IEA (2015a) the avoided emissions factor for natural gas is considered as 0.4 

tCO2 eq/MWh, for power generation. Regarding the avoided emissions associated with the 

NPK fertilizers the values considered are 2.792 kg CO2 eq/kg N, 0.738 kg CO2 eq/kg P2O5 

and 0.352 kg CO2 eq/kg K2O (Bieńkowski et al., 2015). The avoided emissions from the 

case study HTCplant are presented in Table 6.41. 

7. Conclusions and discussion 

This feasibility study was focused on the development of a solution for cocoa pod husks 

in Côte d’Ivoire for energy and retrieving value-added by-products. The amount of waste 

cocoa pod husks generated annually, in the Project Areas, is abundant. Though, the 

capacity of the case study plants was decided as 10,000 tons/year at 50% moisture. From 

the evaluation of the potential of CPH as a feedstock for a biochemical or thermochemical 

conversion processes, it was concluded that CPH is a high potential feedstock for its 

calorific value (17.9 MJ/kg in dry basis) is comparable to feedstocks that are used widely, 

such as wood (18.6 MJ/kg in dry basis). Other advantages of CPH as feedstock is the lack 
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of competition for their acquisition and that there is no extra land requirement for their 

production, since they are obtained from existing plantations at the Project Areas. 

In order to select appropriate process for the energy conversion of CPH, alternative 

thermochemical and biochemical conversion processes were investigated for their 

suitability, based on several indicators. Most of the technologies are mature, although 

hydrothermal carbonization and fast pyrolysis are not yet. Thermochemical processes such 

as direct combustion, gasification and pyrolysis can be used but the high ash content (8.4 

– 13.2%) in dry CPH can be a potential issue. Moreover, direct combustion and gasification 

cannot provide high amounts of by-products for value addition. Pyrolysis on the other 

hand, has several by-products, but similar by-products can be obtained through 

hydrothermal carbonization without feedstock drying preceding the process. Anaerobic 

digestion and hydrothermal carbonization are wet processes, meaning that feedstock above 

50% moisture can be fed to the reactors. Both of them though, require high amounts of 

water for the process, but process liquid can be recirculated, instead of distilled water, 

increasing the efficiency. Lastly, the by-products have a high potential for existing markets 

and for creation of new markets in the country. Therefore, the selected technologies for 

further examination were anaerobic digestion and hydrothermal carbonization. The 

feasibility of the selected technologies was investigated, taking under consideration the 

technical aspect, logistics, environmental and financial aspects. 

For the decided input to be covered, a number of farmers and cooperatives need to be 

involved. The number of farmers needed to be involved per Project Area, decreases from 

Area 1 to 3. The number of cooperatives follow a similar order. On the other hand, the 

number of CPH produced per farmer decreases from Area 1 to 3. Hence, Project Area 3 

involves higher transport costs than the rest.  

The model for the techno-economic analysis of anaerobic digestion, was defined based on 

thermophilic horizontal plug flow digesters coupled with co-generation unit. The particular 

type of digesters was chosen, due to the high amount of TS in the substrate and its easy 

operation. The results showed that there is a high potential for biogas production from 

CPH (208.1 m3/ton wet CPH), with a methane concentration up to 53%. The total amount 

of biogas was assumed to be used for heat and power generation. Around 45% of the heat 

and 12% of the electricity generation, is destined for self-utilization. The rest of the 

electricity was assumed to be sold to the grid, for earning revenues, at a price of 

0.10 USD/kWh. The liquid and fibrous fractions of digestate, were assumed to be sold as 

bio-fertilizers for commercial use at prices 10 and 40 USD/ton, respectively. Both bio-

fertilizers are nutrient-rich and the prices were based on their nutrient content and average 

present market prices. Based on the above conditions, implementing a 10,000 ton/year 

capacity biogas plant, in the three Project Areas is economically feasible. 

The values for the economic analysis and feasibility, were obtained from a similar African 

project, but still specific costs need to be obtained for each Area, for a more accurate 

analysis. This concerns, prices from local manufacturers to specific labor costs. It is also 

linked to the preferences of the Client, since the Client might prefer at the time to import 

the equipment.  

Another barrier, could be the bio-fertilizer market, replacing the chemical fertilizers. The 

prices proposed are adequate to for the project to be economically feasible, but also more 

than 10 times lower than the current chemical fertilizer prices. Currently, most of the 
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farmers cannot afford to obtain chemical fertilizers or lack knowledge of the fertilizer 

advantages. The anaerobic digestion by-products market could exist, in Côte d’Ivoire with 

support from the Ivorian government. Several economic mechanisms could be introduced 

for this purpose, such as feed-in tariffs or investment subsidies. 

The techno-economic analysis of hydrothermal carbonization process, was based on a 

30,000 L reactor, operating at approximately 220 oC, coupled with co-generation unit. Also, 

in this case the results showed a high potential for CPH carbonization. Around 40% of 

the hydrochar (0.268 tons/h) was assumed to be used for heat and power generation. The 

carbon content and the calorific value of HTC-biochar, can be 35 – 45% and 25 – 35% 

higher than the raw biomass, respectively. Approximately 45% of the produced heat and 

7% of the electricity generation, is fed back to the process for self-utilization. The rest of 

the electricity was assumed to be sold to the grid, at the same price as above (0.10 

USD/kWh). The rest 60% of the hydrochar (0.402 tons/h) and a part of the process liquid 

(after recirculation) were assumed to be sold for commercial use. The selling prices were 

chosen as 140 and 10 USD/ton, respectively. Based on the aforementioned, implementing 

a 10,000 ton/year capacity HTC plant, in the three Project Areas, is also economically 

feasible. 

The values for economic analysis of the HTC plant, though were estimated based on only 

two available studies. There is a lack of economic data for HTC process with CHP unit 

since there are only demonstration plants currently, for production of HTC-biochar solely. 

Therefore it is difficult to obtain specific cost, but they are necessary for a more accurate 

analysis, before implementation.  

HTC faces many barriers for implementation, since there is no industrial scale plant up to 

now, even though it is highly efficient. This could change within the years to come and 

when the implementation time reaches it could be a boost instead of a barrier. The 

demonstration HTC plants have shown that high quality hydrochar can be obtained and 

there is a market established for it, mostly in Europe. If implemented, the HTC-biochar 

market needs to be supported by the Ivorian government with similar measures as 

discussed above. Potentially, hydrochar can replace firewood and charcoal, which are 

widely used in Côte d’Ivoire, for traditional cooking and heating. This could mitigate not 

only the GHG emissions but also the health impacts and deaths from indoor smoke, at 

the Areas. 

The environmental benefits from both case study plants, were estimated based on avoided 

emissions. It was assumed that natural gas is replaced for heat and power generation, from 

biogas and hydrochar. Moreover, the avoided emissions from the replacement of chemical 

fertilizers, from bio-fertilizers was considered, for both case studies. The emissions 

avoided by the CPH that would not decompose and the emitted CO2 from the trucks used, 

were not considered. From the biogas plant, approximately 2,782.4 tons CO2 eq/year could 

be avoided. Regarding the HTC plant, a total of 2,138.5 tons CO2 eq/year could be 

avoided. More CO2 emissions can be avoided from the replacement of natural gas with 

hydrochar than with biogas, due to the higher calorific value. Conversely, higher amount 

of emissions is avoided by digestate bio-fertilizers than by HTC by-products due to the 

greater amounts generated per year. Hence, the implementation of both case study can 

actively contribute to GHG emissions mitigation.  
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Various social benefits, can arise from the case study plants. Firstly, the fossil fuel 

dependency will be reduced and along with the environmental benefits, health issues could 

be mitigated. Thus, life conditions can be improved for the local population. By the 

implementation of the suggested power plants, up to 30 jobs can be created and the 

farmers involved will be compensated. Finally, the use of the bio-fertilizers in the cocoa 

plantations can create a value cycle. The production will increase and a market can be 

established, providing opportunities for new power plants with CPH as feedstock. 

Between the case studies, a question can arise over which one is preferable to be 

implemented. As mentioned above, both have positive NPV values and IRR higher than 

the 5% used, making them economically feasible. However, since their average economic 

lifetime is the same (15 years) the NPV values could be compared. HTC plant has a much 

higher NPV value, than for the biogas plant. This essentially denotes that the HTC plant 

implementation is more profitable than the biogas plant. Furthermore, within less than 8 

years both investments could return.  

In conclusion, CPH has a great potential, in both case study plants, for renewable electricity 

generation and bio-fertilizers production. There is not best case, in this situation since 

economically HTC seems more appealing but faces several barriers. The biogas plant, still 

cost viable solution, has less potential barriers to overcome. Both power plants, can offer 

various benefits to the local areas and the stakeholders involved, especially with the support 

from the government. 

8. Future work recommendations 

Firstly, it is suggested that further solutions could be investigated, for the same processes 

or others. For example, gasification could also be a solution, if some issues where to be 

solved. A co-digestion of CPH and some other suitable feedstock, such as waste, could 

increase biogas production and efficiency of the plant. Moreover, the waste management 

issues for both could be solved. Although, this needs to be investigated from a techno-

economic perspective, to ensure its feasibility. Also, the gasification of hydrochar could be 

examined, as a potential combination of processes. Furthermore, some experimental tests 

in the Project Areas, could provide more information on the outputs of the suggested 

processes. More accurate values, of the bio-fertilizers and hydrochar nutrient contents 

could be obtained and inhibitors could be tested, e.g. the weather conditions could affect 

the outputs. Hydrochar for heat and power generation could be tested more, since very 

little information exist nowadays. Lastly, regarding the biogas plant, further investigation 

could be done for distribution of biogas to households or the production of compost. For 

this to be implemented though, more barriers need to be overcome.   
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Appendix I 
 

Cocoa pod husk characteristics 

CPH input: 30 tons per day or 48 m3 per day (density 625 kg/m3). The below details (Table A1) 

refer to CPH at 50% moisture. 

Table A 1: Characteristics of CPH used for the project 

1 ton of CPH    A B A / B 

Ash  5,5 [%]  [%wt] Atomic mass  

Moisture  50 [%] C 26.3 12 2.191667 

TS 50 [%] H 2.4 1 2.4 

VS 90 [%] of TS O 15.4 16 0.9625 

ODM 90 [%] of TS N 0.29 14 0.020714 

LHV 18,2 [MJ/kg] S 0.11 32 0.003438 

C in ODM 45 [%]     

Buswell equation 

Buswell equation is given as: 

𝐶𝑐𝐻ℎ𝑂𝑜𝑁𝑛𝑆𝑠 + (
4𝑐−ℎ−2𝑜+3𝑛+2𝑠

4
) 𝐻2𝑂 → (

4𝑐+ℎ−2𝑜−3𝑛−2𝑠

8
) 𝐶𝐻4 + (

4𝑐−ℎ+2𝑜+3𝑛+2𝑠

8
) 𝐶𝑂2 + 𝑛𝑁𝐻3 + 𝑠𝐻2𝑆 . 

Based on this equation the maximum biogas composition from 50% moisture CPH was found (Table 

A2). The maximum amount of methane, in the biogas produced from this feedstock is 53%. 

Table A 2: Buswell formula calculations 

Values C (c) H (h) O (o) N (n) S (s)  

4c 8.7667 2.191667 2.4 0.9625 0.020714 0.003438 [mol/kg] 

h 2.4 
Component 

 

Coeff 
 

Biogas  
composition 

 

Biogas  
composition [%] 

 

Biogas 
composition  
(CH4, CO2) 

Biogas 
composition [%] 

(CH4, CO2) 

2o 1.925 CH4 1.146581 0.517453 51.7 0.523155 52.3 

3n 0.0621 CO2 1.045086 0.471648 47.2 0.476845 47.7 

2s 0.0068 NH3 0.020714 0.009348 0.9   

n 0.0207 H2S 0.003438 0.001551 0.2   

s 0.0034 Total 2.215818 1 100   

 

Digester characteristics (based on feedstock characteristics) 

Input substrate per reactor: 24 m3/day CPH and 6.5 m3/day recirculated process liquid so                

𝑆𝑑  = 30.5 m3/day per digester. HRT is assumed as 15 days. So digester volume is 

𝑉 (𝑚3) = 𝐻𝑅𝑇 ∗ 𝑆𝑑(
𝑚3

𝑑𝑎𝑦
) or 𝑉 (𝑚3) = 15 (𝑑𝑎𝑦𝑠) ∗ 30.5 (

𝑚3

𝑑𝑎𝑦
) = 457.5𝑚3.  

Each digester is assumed to include in 80% of their volume, the active volume and 20% is the gas 

holder. For safety reasons, though, the digester should always be oversized, thus the final volume 

capacity of each digester is chosen as 600 m3. The type of digesters selected are horizontal plug 

flow digesters.  
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1 ton of CPH is 1.6 m3 and includes 450 kg VS (90% of TS) thus each m3 of CPH entering the 

digester represents 281.25 kg VS. The OLR is then  𝑂𝐿𝑅 =
𝑆𝑑 (

𝑘𝑔

𝑑𝑎𝑦
)×𝑇𝑆(%)×𝑉𝑆(% 𝑜𝑓 𝑇𝑆)

𝐷𝑖𝑔𝑒𝑠𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3)
=

14.3 𝑘𝑔𝑉𝑆/𝑚3 reactor volume per day.  

Biogas production 

Organic dry matter of CPH (90% of TS) is 450 kg. The carbon content is assumed as 45% in ODM 

thus the carbon in 1 ton of wet CPH is 202.5 kg/t wet CPH. It is assumed that 55% of this carbon 

is biodegraded so 111.375 kg of carbon in ODM per ton of wet CPH, is biodegraded. The weight 

of methane carbon is calculated, based on Buswell composition: 𝐶𝐻4−𝐶 = 𝐵𝐷𝐶 ∗

𝐶𝐻4(%)=57.63129 and methane weight is calculated based on the molar mass of CH4 and C as, 

𝐶𝐻4(𝑘𝑔) = 𝐶𝐻4−𝐶 ∗ (
16.04

12.01
) = 76.96968 . One mol of CH4 is 16g and in STP, 1 mol of CH4 

refers to 22.4 L, hence 1 ton of CPH corresponds to 4,798.6 moles and produces 107.49 m3 of 

CH4. In the same way Table A3 was created. 

Table A 3: Calculations for biogas composition of gases. 

 
Weight of 

carbon [kg C]  [kg] [mol] 
Composition in biogas 

[m3/ton CPH] 

CH4-C 57.63129 CH4 76.96968 4,798.608 107.4888 

CO2-C 52.52976 CO2 192.4925 4373.835 97.9739 

NH3-C 1.041174 NH3 1.47637 86.84528 1.945334 

H2S-C 0.172781 H2S 0.49029 30.64311 0.686406 

The total biogas production is 208.1 m3/ton CPH so 3,120 m3/day per reactor which corresponds 

to 16,473.6 kWh/day per reactor (for an LHV of biogas as 19 MJ/m3). Assuming a 40% electrical 

efficiency and 50% thermal efficiency there is a generation of electricity of 13,178.88 kWh/day and 

heat of 16,473.6 kWh/day. 

Digestate production 

There is a production of 0.888625 tons of digestate per ton of substrate. The digestate is assumed 

to be separated through a screw separator to fibrous and liquid digestate. The fibrous fraction is 

approximately 7 - 25% of the whole digestate and the liquid fraction is 75 - 93%. This corresponds 

to 1.3888056 - 4.95734 tons of fibrous digestate per day per reactor and 8.372031 - 11.94132 tons 

of liquid digestate per day per reactor (after taking under consideration that 6.5 tons of liquid 

fraction is recirculated in the process). 

Appendix II  

The operating conditions, inputs and outputs of the two case studies are shown in Table A4. 

Table A 4: Case study plants details (operation, inputs, outputs etc.). 

Biogas plant  HTC plant 

Parameter Value Unit  Parameter Value Unit 

Feedstock input 30 t/day  Feedstock input 30 t/day 

Fedstock moisture 50 %  Feedstock input 1.25 t/h 

Feedstock LHV 18.2 MJ/kg  Fedstock 

moisture 

50 % 

Temperature 55 oC  Feedstock LHV 18.2 MJ/kg 
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Pressure >1.013 bar  Temperature 200–220  oC 

Reactor volume  

(2 reactors) 

600 
 

m3 

 

 Pressure 15.5–23.2  bar 

Retention time 15 days  Reactor volume  30,000 L 

Organic loading rate 
 

14.3 
 

kg VS/m3 

reactor  

 Retention time 
 

 

2–8 
  

hours 
 

Biogas output 208.1 m3/t CPH  Hydrochar 

output 

0.536 t/t 

CPH 

Biogas daily output 6,243 m3  Hydrochar 

output 

16.08 t/day 

Biogas yearly output 2,085,16

2 

m3  Hydrochar 

output 

3,222.432 t/year 

Methane 

concentration in 

biogas 

51.7 
 

% 
 

 Hydrochar final 

moisture 

10 
 

% 
 

Biogas calorific value 
 

19 
 

MJ/m3 

 

 Hydrochar 

calorific value 

23.7 
 

MJ/m3 

 

Annual gross energy  9,903,92

8 

kWh  Hydrochar to 

CHP 

6.432 t/day 

Annual electricity 

generation 

4,401,74

6 
 

kWh 
 

 Gas output 
 

0.07 
 

t/day 
 

Annual electricity to 

grid 

3,873,53

6 
 

kWh 
 

 CO2 in gas 
 

90–95  
 

% 
 

Electric efficiency 
 

40 
 

% 
 

 Annual gross 

energy  

12,021,462 
 

kWh 
 

Thermal efficiency 
 

50 
 

% 
 

 Annual electricity 

generation 

4,950,014 
 

kWh 
 

Plant availability 
 

91.5 
 

% 
 

 Annual lectricity 

to grid 

3,465,010 
 

kWh 
 

Whole digestate 

output 

39.6 t/day  Electric 

efficiency 

35 % 

Recirculated process 

water 

13 
 

t/day 
 

 Thermal 

efficiency 
 

50 
 

% 
 

Dry fibrous digestate 6.4 t/day  Plant availability 91.5 % 

Annual dry fibrous 

digestate 

2,137.6 
 

t 
 

 Process liquid 

output 

77.28 
 

t/day 
 

Liquid digestate 
 

20.2 
 

t/day 
 

 Recirculated 

process liquid 

60 
 

t/day 
 

Annual liquid 

digestate 
 

6,746.8 
 

t 
 

 Annual process 

liquid 

5,771.52 
 

t 
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Appendix III  

Biomass supply chain 

Farmers to cooperatives 

Table A5 presents the farmer and cooperatives involved per Project Area and the number of trips 

from their plantations to the cooperatives. (Coop: Cooperative(s) and Fa: farmer(s)). Trips are 

round trips. 

Table A 5: Details about farmers and cooperatives involved in both case studies. 

Project  
Area 

No of 
Coop 

Fa/Coop 
 

tCPH/Fa 
 

Fa 5 km 
from Coop 

Fa 10 km 
from Coop 

Fa 15 km 
from Coop 

No of trips/y 
per Fa 

Total 
trips/y 

1 4 190 13.5 76 99 15 4 3,040 

2 4 240 14.1 96 125 19 5 3,500 

3 2 250 20.4 100 130 20 9 4,500 

Total 10   272 354 54  11,040 

 

Diesel price is 0.98 USD/l and the Class 2 trucks used have a consumption of 13 l/km when empty 

and 16 l/km when loaded. For the costs round trips are taken under consideration (go loaded and 

come back empty). Table A6 shows the transport costs of the farmers per Project Area. 

Table A 6: Transport cost for farmers per Project Area. 

Project 

Area 

5 km 

[USD/year] 

10 km 

[USD/year] 

15 km 

[USD/year] 

Total 

1 431.98 1,125.43 255.78 1813.2 

2 682.08 1,776.25 404.985 2863.3 

3 1,278.9 3,325.14 767.34 5371.4 

The monthly supply of CPH is shown in Table A7. The green represents that the plant is in 

operation while the red represents the day that it is assumed to be out of operation for maintenance. 
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Table A 7:  Monthly CPH supply to both case study plants. 

Jan 
tons 
CPH Feb 

tons 
CPH Mar 

tons 
CPH Apr 

tons 
CPH May 

tons 
CPH Jun 

tons 
CPH Jul 

tons 
CPH Aug 

tons 
CPH Sep 

tons 
CPH Oct 

tons 
CPH Nov 

tons 
CPH Dec 

tons 
CPH 

1 36 1 36 1 0 1 0 1 48 1 48 1 48 1 0 1 0 1 48 1 48 1 36 
2 36 2 36 2 0 2 0 2 48 2 48 2 48 2 0 2 0 2 48 2 48 2 36 
3 36 3 36 3 0 3 0 3 48 3 48 3 48 3 0 3 0 3 48 3 48 3 36 
4 36 4 36 4 0 4 0 4 48 4 48 4 36 4 0 4 0 4 48 4 48 4 36 
5 36 5 36 5 0 5 0 5 48 5 48 5 36 5 0 5 0 5 48 5 48 5 36 
6 36 6 36 6 0 6 0 6 48 6 48 6 36 6 0 6 0 6 48 6 48 6 36 
7 36 7 36 7 0 7 0 7 48 7 48 7 36 7 0 7 0 7 48 7 48 7 36 
8 36 8 36 8 0 8 0 8 48 8 48 8 36 8 0 8 0 8 48 8 48 8 36 
9 36 9 36 9 0 9 0 9 48 9 48 9 36 9 0 9 0 9 48 9 48 9 36 
10 36 10 36 10 0 10 0 10 48 10 48 10 36 10 0 10 0 10 48 10 48 10 36 
11 36 11 36 11 0 11 0 11 48 11 48 11 36 11 0 11 0 11 48 11 48 11 36 
12 36 12 36 12 0 12 0 12 48 12 48 12 36 12 0 12 0 12 48 12 36 12 36 
13 36 13 36 13 0 13 0 13 48 13 48 13 36 13 0 13 0 13 48 13 36 13 36 
14 36 14 36 14 0 14 0 14 48 14 48 14 36 14 0 14 0 14 48 14 36 14 36 
15 36 15 36 15 0 15 0 15 48 15 48 15 36 15 0 15 0 15 48 15 36 15 36 
16 36 16 36 16 0 16 0 16 48 16 48 16 36 16 0 16 0 16 48 16 36 16 36 
17 36 17 36 17 0 17 0 17 48 17 48 17 36 17 0 17 0 17 48 17 36 17 36 
18 36 18 36 18 0 18 0 18 48 18 48 18 36 18 0 18 0 18 48 18 36 18 36 
19 36 19 36 19 0 19 0 19 48 19 48 19 36 19 0 19 0 19 48 19 36 19 36 
20 36 20 36 20 0 20 0 20 48 20 48 20 36 20 0 20 0 20 48 20 36 20 36 
21 36 21 36 21 0 21 0 21 48 21 48 21 36 21 0 21 0 21 48 21 36 21 36 
22 36 22 36 22 0 22 0 22 48 22 48 22 36 22 0 22 0 22 48 22 36 22 36 
23 36 23 36 23 0 23 0 23 48 23 48 23 36 23 0 23 0 23 48 23 36 23 36 
24 36 24 36 24 0 24 0 24 48 24 48 24 36 24 0 24 0 24 48 24 36 24 36 
25 36 25 36 25 0 25 0 25 48 25 48 25 36 25 0 25 0 25 48 25 36 25 36 
26 36 26 36 26 0 26 0 26 48 26 48 26 36 26 0 26 0 26 48 26 36 26 36 
27 36 27 36 27 0 27 0 27 48 27 48 27 36 27 0 27 0 27 48 27 36 27 36 
28 36 28 36 28 0 28 0 28 48 28 48 28 36 28 0 28 0 28 48 28 36 28 36 
29 36   29 0 29 0 29 48 29 48 29 36 29 0 29 0 29 48 29 36 29 36 

30 36   30 0 30 0 30 48 30 48 30 36 30 0 30 0 30 48 30 36 30 36 

31 36   31 0   31 48   31 36 31 0   31 48   31 36 
Total 
CPH 
per 

month 
1116 

  
1008 

  
0 
  

0 
  

1488 
  

1440 
  

1152 
  

0 
  

0 
  

1488 
  

1212 
  

1116 
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By-products logistics 

Number of trucks 

Table A8 and A9 present the trucks (one way trips) needed per month according to the logistics 

analysis for the Biogas plant and HTC plant, respectively. 

Table A 8: Trucks per month for biogas plant case study. Coop: cooperative(s), BP: Biogas plant, 

F: fibrous digestate and L: liquid digestate. 

Month Coop to BP 

(loaded) 

Coop to BP 

(empty) 

BP to 3rd party 

(loaded/F) 

BP to 3rd party 

(loaded/L) 

3rd party to Coop 

(empty/F) 

3rd party to Coop 

(empty/L) 

BP to Coop 

(empty) 

Jan 93 0 16 52 16 52 25 

Feb 84 0 10 28 10 28 46 

Mar 0 63 15 48 15 48 0 

Apr 0 66 16 50 16 50 0 

May 124 0 16 53 16 53 55 

Jun 120 0 16 50 16 50 54 

Jul 96 0 10 28 10 28 58 

Aug 0 68 16 52 16 52 0 

Sep 0 61 15 46 15 46 0 

Oct 124 0 17 53 17 53 54 

Nov 101 0 16 50 16 50 35 

Dec 93 0 16 53 16 53 24 

Table A 9: Trucks per month for HTC plant case study. Coop: cooperative(s), HP: HTC plant,         

Hc: hydrochar and PL: process liquid. 

Month Coop to HP 

(loaded) 

Coop to HP 

(empty) 

HP to 3rd party 

(loaded/Hc) 

HP to 3rd party 

(loaded/PL) 

3rd party to Coop 

(empty/Hc) 

3rd party to Coop 

(empty/PL) 

HP to Coop 

(empty) 

Jan 93 0 25 45 25 45 23 

Feb 84 0 14 25 14 25 45 

Mar 0 63 23 40 23 40 0 

Apr 0 67 24 43 24 43 0 

May 124 0 25 45 25 45 54 

Jun 120 0 24 43 24 43 53 

Jul 96 0 14 25 14 25 57 

Aug 0 70 25 45 25 45 0 

Sep 0 61 22 39 22 39 0 

Oct 124 0 25 45 25 45 54 

Nov 101 0 24 43 24 43 34 

Dec 93 0 25 45 25 45 23 

Table A10 presents also the trucks needed to be moved monthly for both case studies and the 

kilometers. 
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Table A 10: Trucks (one way trips) and respective kilometers for by-products transport (both case studies). 

Case study 1: Biogas plant 

Jan km Feb km Mar km Apr km May km Jun km Jul km Aug km Sep km Oct km Nov km Dec km 

93 30 84 30 15 30 16 30 124 30 120 30 96 30 16 30 15 30 124 30 101 30 93 30 

16 30 10 30 48 30 50 30 16 30 16 30 10 30 52 30 46 30 17 30 16 30 16 30 

52 20 28 20 15 30 16 30 53 20 50 20 28 20 16 30 15 30 53 20 50 20 53 20 

25 30 46 30 48 20 50 20 55 30 54 30 58 30 52 20 46 20 54 30 35 30 24 30 

16 30 10 30 15 30 16 30 16 30 16 30 10 30 16 30 15 30 17 30 16 30 16 30 

52 20 28 20 48 20 50 20 53 20 50 20 28 20 52 20 46 20 53 20 50 20 53 20 

 

Case study 2: HTC plant 

Jan km Feb km Mar km Apr km May km Jun km Jul km Aug km Sep km Oct km Nov km Dec km 

93 30 84 30 23 30 24 30 124 30 120 30 96 30 25 30 22 30 124 30 101 30 93 30 

25 30 14 30 40 30 43 30 25 30 24 30 14 30 45 30 39 30 25 30 24 30 25 30 

45 20 25 20 23 30 24 30 45 20 43 20 25 20 25 30 22 30 45 20 43 20 45 20 

23 30 45 30 40 20 43 20 54 30 53 30 57 30 45 20 39 20 54 30 34 30 23 30 

25 30 14 30 23 30 24 30 25 30 24 30 14 30 25 30 22 30 25 30 24 30 25 30 

45 20 25 20 40 20 43 20 45 20 43 20 25 20 45 20 39 20 45 20 43 20 45 20 

                        

  CPH from Cooperatives to the biogas plant (loaded)   CPH from Cooperatives to the HTC plant (loaded)            

  Biogas plant to 3rd parties (loaded)*   HTC plant to 3rd parties (loaded)**              

  Cooperatives to biogas plant (empty)   Cooperatives to HTC plant (empty)              

  Biogas plant to cooperatives (empty)   HTC plant to cooperatives (empty)              

  3rd parties to cooperatives (empty)   3rd parties to cooperatives (empty)              

* 30 km for the fibrous and 20 km for the liquid digestate ** 30 km for the HTC biochar and 20 km for the liquid fertilizer             
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