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Executive summary 

 

In Western countries charcoal is considered as a luxury product for recreational barbecuing. On 

the other hand, in developing countries, charcoal is a traditional biomass source used for heating 

and cooking. In developing countries, charcoal production is accompanied with more greenhouse 

gas [GHG] emissions than in developed countries. This is often the result of an unregulated 

charcoal sector in developing countries, where charcoal production is associated with 

uncontrolled harvesting and the use of traditional, inefficient production methods. The majority of 

global charcoal production over the last 50 years took place in Africa. Within Africa, Nigeria is the 

largest charcoal producer and the country with the highest absolute emissions regarding charcoal 

production. In 2016, Nigeria exported around 4.4% of its total charcoal production, accounting for 

196 ktonnes. More than 75% of this export was imported by the European Union [EU]. Nigeria 

was the EU’s biggest charcoal supplier, accounting for around 21% of the total EU’s charcoal 

import; therefore, the consumers in the EU has a responsibility regarding the environmental 

impact associated with this charcoal import. Between 2003 and 2016, the EU’s charcoal import 

from extra-EU has more than doubled, imports from Nigeria have increased even more, by 5.5 

times.  

 

This research examines a shift of the EU’s import from Nigerian charcoal to sustainably produced 

charcoal in the EU. There is a knowledge gap regarding the amount of GHG emissions caused 

by the EU’s import of Nigerian charcoal. Additionally, the difference in production costs has not 

been quantified yet. This research answers the following two main research questions: 

1. How much greenhouse gas emissions caused by the European Union’s import of Nigerian 

charcoal may be mitigated by shifting production sustainably to the European Union? 

2. How economically feasible is it for the European Union to shift imports from Nigerian 

charcoal to sustainably produced charcoal in the European Union? 

The research questions are answered by performing three analyses. First, a trade database 

comparison [TDC] is conducted to map the EU’s charcoal import. Then, a single-impact life cycle 

assessment [LCA], also called a carbon footprint, is used to determine the global warming 

potential [GWP] in gram CO2 equivalent per MJ charcoal combusted in the end-use stage for a 

100-year time interval. This LCA only considers a single environmental impact category and does 

not give an overview of the full environmental impacts. Finally, an economic analysis [EA] is 
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executed to determine the production costs and benefits, together with the net present value 

[NPV]. The three analyses are performed for two scenarios. In the first scenario, Scenario NG, 

the charcoal is produced in Nigeria and in the second scenario, Scenario EU, the charcoal is 

produced within the EU, specifically in Finland. In both scenarios, the charcoal is transported to 

and consumed in the Netherlands. The charcoal supply chain is considered within these analyses 

and consists of the following five stages: biomass production, feedstock logistics, conversion, 

distribution logistics and the end-use. Figure A illustrates the main results of the LCA and EA. 

As shown in Figure A, the GWP for Scenario NG is 284 g CO2 -eq/MJ. In Scenario NG, 55% of 

the greenhouse gas [GHG] emissions are released during wood carbonisation in the conversion 

stage and 41% is released during charcoal combustion in the end-use stage. In 2016, nearly 147 

ktonnes of charcoal was imported by the EU from Nigeria, which cause a total of approximately 

1.25 Mtonnes CO2-eq to be released.1 

 

Figure A. The GWP, production costs and import price for Scenario NG and Scenario EU. 

The GWP for Scenario EU is 20.3 g CO2 -eq/MJ and the largest contributor is biomass production 

and feedstock logistics stage which accounts for 40% of the GHG emissions. The end-use stage 

is also a major contributor accounting for 29% of the total GWP. The cause for this high GWP of 

                                                 
1 Assuming a lower heating value of 30 MJ/kg for charcoal. 
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this stage is due to methane being released by incomplete combustion of charcoal, a potent GHG, 

making a significant contribution to the GWP balance of Scenario EU. 

The total GWP for Scenario NG is over 10 times larger than the GWP for Scenario EU. This large 

difference is caused by two reasons. Firstly, due to the use of traditional kilns in Scenario NG in 

contrast to Scenario EU where more efficient industrial kilns are employed. Secondly, due to 

unsustainable forestry in Scenario NG, while in Scenario EU sustainable forestry is considered. 

In the case of unsustainable forestry, harvested trees are not replanted. The biogenic CO2 

emissions released in the conversion and end-use stage are not sequestrated; therefore, these 

biogenic CO2 emissions are accounted for and included in the total GWP of Scenario NG. In 

Scenario EU trees are replanted after harvesting and thus the biogenic CO2 emissions released 

are not included in the total GWP of Scenario EU, since these are considered carbon neutral.  

Based on the import quantity of 2016, a total of 1.16 Mtonnes of CO2-eq could be mitigated per 

year by replacing the currently amount of imported unsustainable Nigerian charcoal with 

sustainable produced charcoal from the EU. Given the fact that a large fraction of other charcoal 

is imported from other developing countries, with similar conditions, the total emissions caused 

by the EU imports are likely even much higher. 

Figure A also illustrates the large difference in import price the EU pays for Nigerian charcoal 

compared to the import price the EU pays for intra-EU charcoal. In 2016, the EU’s import price 

for Nigerian charcoal was 7.63 €/GJ charcoal, while for intra-EU charcoal the import price was 

more than twice as high, namely 17.9 €/GJ.  

From the cost-benefit analysis it became clear that charcoal production in Nigeria is only 

economically viable, resulting in a positive NPV, when the feedstock is obtained for free, low initial 

investments and another crucial condition is that the Nigerian labour costs are the bare minimum. 

Nigerian charcoal is sold below its true market value creating a vicious circle of unregulated 

harvesting and the use of inefficient production methods. From Figure A it is also clear that the 

vast majority of profits is made by middlemen. 

This research found that under current conditions, without external support, it is not feasible to 

shift the EU’s import of unsustainable charcoal from Nigeria to sustainably produced charcoal in 

the EU. The EU’s import price for Nigerian charcoal is 7.63 €/GJ and lies below the production 

costs of sustainably produced charcoal in the EU, namely 10.6 €/GJ. 
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Several policy proposals have been attempted to improve the Nigerian charcoal sector or to 

reduce the import to the EU. Both the EU and Nigeria have tried to ban charcoal trade; however, 

this did not succeed. This research, therefore, recommends a carbon-tax of at least 50 €/tonne 

CO2. The EU’s import price for Nigerian charcoal then increases to 21.8 €/GJ, while indigenous 

charcoal will then cost 18.3 €/GJ.2 This allows charcoal produced in the EU to compete with 

Nigerian charcoal. The question remains whether a carbon-tax on charcoal alone would be 

feasible and productive and if it will work better in practice than a charcoal ban, however, this 

goes beyond the purpose of this thesis and could be investigated in further research.  

One thing is clear, measures have to be taken to halt the EU’s import of unsustainable charcoal 

from places where there is no proof of sustainable forestry. By importing cheap charcoal from 

Nigeria, more GHG emissions than necessary are emitted. Secondly, it puts extra pressure on 

Nigerian forests, while deforestation rates are already high. Finally, it contributes to the 

maintenance of the current charcoal sector in Nigeria where charcoal producers only earn the 

bare minimum. 

                                                 
2 The carbon-tax is applied for both charcoal from Nigeria as from the EU. 
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1.  Introduction 

 

Charcoal is considered as a luxury product for recreational barbecuing in Western countries 

(Reumerman & Frederiks, 2002). On the other hand, in developing countries, charcoal is a 

traditional biomass source used for heating and cooking (Anozie et al., 2007; Sedano et al., 2016). 

The production of charcoal in developing countries, however, has severe ecological and 

environmental effects (Chidumayo & Gumbo, 2013), as well as a considerable impact on human 

health caused by local air pollution (Zulu & Richardson, 2013). This is often the result of an 

unregulated charcoal sector, associated with uncontrolled harvesting and traditional production 

methods (Anozie et al., 2007; Jamala et al., 2013; Stassen, 2015). 

The concerns regarding uncontrolled harvesting and traditional production are acknowledged by 

governments, policy makers and various non-governmental organisations (Chidumayo & Gumbo, 

2013). Firstly, it is frequently pointed out that unsustainable wood harvesting for charcoal 

production leads to forest degradation and in some cases even to deforestation (Chidumayo & 

Gumbo, 2013; Sedano et al., 2016). The clearance or change in forest cover caused by human 

activities contributes to 6% - 17% of the global anthropogenic carbon dioxide [CO2] emissions 

(Baccini et al., 2012; Bailis et al., 2015; Sedano et al., 2016). Secondly, in developing countries 

the majority of charcoal is produced with inefficient traditional production methods, causing in 

addition to CO2, methane [CH4], which is another greenhouse gas [GHG], and other pollutants to 

be emitted due to incomplete combustion (Bailis et al., 2015; Chidumayo & Gumbo, 2013; Kituyi, 

2004). Additionally, according to Stassen (2015), in the worst case it can take up to ten tonnes of 

oven-dry wood to produce one tonne of charcoal. In contrast, contemporary industrial 

technologies with advanced drying procedures and efficient heat management (Antal & Grønli, 

2003) only need around three to four tonnes of oven-dry wood to produce one tonne of charcoal 

(Van Dam, 2017), thereby limiting emissions and the related environmental impacts.  

1.1 Charcoal in the global context 

Africa is the largest producer in the world and it has been for over 50 years (Hillring, 2006). The 

continent accounts for 61% of global wood charcoal production over the period 2011 - 2015 

(FAOstat, 2017). In 2015, the annual charcoal consumption per capita in Africa was 28 kg, while 
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in Europe it was only 2 kg per capita (FAO Statistics, 2017).3 Especially Sub-Saharan Africa [SSA] 

has a high charcoal consumption due to charcoal being the main energy source where most 

consumption takes place in urban areas (Van Dam, 2017; Jamala et al., 2013). This region has 

been the focus of several reports. Among others, the World Agroforestry Centre, the NL Agency 

and the World Future Council investigated the aforementioned concerns and suggested 

improvements to make the SSA charcoal sector more sustainable. The World Agroforestry Centre 

published a report about the key areas where interventions are needed (Neufeldt et al., 2015), NL 

Agency focussed on assessing bottlenecks with possible solutions (Vos & Vis, 2010), while the 

World Future Council’s focus was on policy solutions (Neuberger, 2015). Within SSA, Nigeria is 

the biggest charcoal producer and consumer, and ranks second to Brazil globally (FAO Statistics, 

2017). According to Bailis et al. (2015), Nigeria also has the highest absolute emissions from 

charcoal production in Africa.4  

Since 2011, Nigeria produces more than four Mtonnes of charcoal per year (FAO Statistics, 2017). 

In 2016, Nigeria exported nearly 5% of this initial production, around 196 ktonnes of charcoal 

(ITC, 2017). More than 75% of this export was imported by the European Union [EU]. In the same 

year, Nigeria was also the EU’s biggest charcoal supplier accounting for 658 ktonnes or 21.4% of 

total EU’s charcoal import from outside the EU (EC, 2017). FAO Statistics (2017) estimated that 

in total the EU consumed 972 ktonnes of charcoal in 2015. The extent of the impact of the EU’s 

import of Nigerian charcoal however, has not been quantified yet to the knowledge of the author. 

Therefore, this thesis focuses specifically on the EU’s charcoal import from Nigeria. Between 2003 

and 2016, the EU’s charcoal import quantity from countries outside the EU has more than 

doubled, while imports from Nigeria to the EU over the same period have increased by 5.5 times 

(EC, 2017). However, the reason for this large increase in import from Nigeria is not found in 

scientific literature. It is very likely that this is caused by an economic reason, therefore this thesis 

explores the economic aspect and does not consider other drivers, such as the product quality. 

The next section discusses relevant literature. 

1.2 Previous research 

The local environmental impacts and related GHG emissions regarding charcoal production and 

consumption have been widely discussed in the academic world. There are some older papers; 

however, still relevant nowadays. For example, in 1990, Antal et al. published a review of methods 

                                                 
3 In Europe; Albania, Bosnia and Herzegovina, and Norway are the largest consumers per capita (FAO 
Statistics, 2017). 
4 This information can be found in the supplementary information of Bailis et al. (2015). 
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for improving the yield of charcoal from biomass, discussing among others the effect of feedstock 

type, thermal pre-treatment and heating rate. Since traditional production methods are still used 

today and the technique has not changed much, this review is still relevant. 

A considerable amount of literature has been published on charcoal in tropical ecosystems, 

discussing all kinds of environmental impacts. Chidumayo and Gumbo (2013) assessed the 

impact of charcoal production on soil and ecosystem services. Ezzati and Kammen (2002) 

focussed on the impact of charcoal combustion on human health. Much has been written about 

emissions to air and the related environmental problems specifically in Africa as it is the world’s 

largest charcoal producer and consumer (Kammen & Lew, 2005; Kituyi, 2004). Lacaux et al. 

published a paper, as early as 1994, in which they indicated atmospheric pollution in the African 

Tropics due to traditional charcoal making. Recently, an important study The charcoal transition: 

Greening the charcoal value chain to mitigate climate change and improve local livelihoods from 

Van Dam (2017) commissioned by the Food and Agricultural Organisation of the United Nations 

[FAO] was published. This report gives a comprehensive overview of the GHG emissions 

associated with various production methods and the use of different cooking stoves. The key 

lesson from this research is that reducing GHG emissions can be achieved in all stages of the 

charcoal supply chain, particularly in the wood sourcing and carbonisation stage (Van Dam, 

2017). 

Another focus of literature has been on the effects of charcoal production in specific countries 

within SSA: the social and environmental impacts in Liberia (Jones, 2015), emissions of GHGs in 

Kenya (Pennise et al., 2001), and the economics of charcoal production in Tanzania (Luoga et 

al., 2000). Nigerian charcoal has also been the focus of some scholars. Tunde et al. (2013) looked 

at the health of the producers as well as the environmental impact in Nigeria, but does not quantify 

these impacts. Jelili et al. (2015) researched the socio-economic impact of charcoal production. 

Finally, Aiyeloja and Chima (2011) discussed the economic consequences of charcoal production 

in Oyo State, Nigeria.  

Finally, as recently identified by San Miguel et al. (2017): ‘Another key issue not sufficiently 

covered in the scientific literature relates to the application of modern carbonisation and pollution 

abatement technologies, which may improve environmental performance due to increased carbon 

yields and reduced air emissions.’ (p. 1). 
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1.3 Research gap & research questions 

In short, Nigerian charcoal is produced with inefficient production methods associated with 

environmental impacts. As shown above, the impacts of the charcoal sector from a local 

perspective have largely been covered by previous research. However, the environmental effect 

of the Nigerian charcoal trade has not yet been addressed. No scientific studies were found that 

discuss the impact of intercontinental charcoal trade, specifically the amount of emissions caused 

by the EU’s import of Nigerian charcoal. Also, a proper economic analysis of the difference in cost 

structure between Nigerian charcoal production and sustainably produced charcoal in the EU is 

lacking. This research takes the EU’s perspective on charcoal import from Nigeria and explores 

environmental and economic aspects of shifting the EU’s charcoal imports from Nigeria to 

sustainably produced charcoal in the EU. Therefore, this research answers the two main research 

questions and its sub-questions: 

1. How much greenhouse gas emissions caused by the European Union’s import of Nigerian 

charcoal may be mitigated by shifting production sustainably to the European Union? 

a. What is the annual European Union’s charcoal import from Nigeria in quantity and 

monetary value? 

b. How much greenhouse gas emissions are annually caused by the European Union’s 

import of Nigerian charcoal? 

c. What is the difference in greenhouse gas emissions between charcoal from Nigeria 

and sustainably produced charcoal in the European Union?  

2. How economically feasible is it for the European Union to shift imports from Nigerian 

charcoal to sustainably produced charcoal in the European Union? 

a. What is the difference between the European Union’s import prices for charcoal from 

Nigeria and the European Union? 

b. What is the difference in the associated production costs and benefits between 

Nigerian charcoal and sustainable charcoal from the European Union? 

A preliminary literature scan showed that imported unsustainable charcoal has a lower price than 

indigenously sustainably produced charcoal from the EU, even including transportation costs 

(Bawden, 2015). In the case that it is confirmed in this research that the imported Nigerian 

charcoal is unsustainable and has a lower import price than charcoal from the EU, the last sub-

question is explored: 

c. What kind of policy measures could be implemented to prevent unsustainable 

charcoal import from Nigeria? 
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1.4 Scope 

To answer the research questions, this research conducts three analysis: a trade database 

comparison [TDC], a life cycle assessment [LCA] and an economic analysis [EA]. The TDC will 

map the current charcoal trade. An attributional LCA will determine the difference in global 

warming potential [GWP] and the EA will estimate the costs and benefits of charcoal production. 

This research considers two case studies, called scenarios. In the first scenario, the charcoal is 

produced in Nigeria and in the second scenario the charcoal is produced sustainably within the 

EU, specifically Finland, while in both scenarios the charcoal is transported to and consumed in 

the Netherlands. This research takes a contemporary timeframe for both scenarios. 

The concerns around climate change ask for an increased share of clean energy and GHG 

emissions reduction (Ben-Iwo et al., 2016). Climate change is also an essential environmental 

impact category within energy use (Blok & Nieuwlaar, 2016). Therefore, due to constrained time 

and resources, the LCA conducted in this research focuses on one single environmental impact: 

GWP. LCA is a widely-used tool for bioenergy systems to analyse and quantify the environmental 

impact and energy balance of various products. Besides the GWP, there are all sorts of other 

aspects that have a potential environmental impact, such as deforestation, which has an impact 

on biodiversity, volatile emissions that are harmful to both humans and animals, and the local 

impact of charcoal production on multiple socio-economic aspects. While these aspects are very 

important, this research only considers the GWP. 

1.5 Wider relevance 

The EU is in the process of creating a more sustainable energy sector to reduce GHG emissions 

in order to fight climate change (European Commission, 2015). This research contributes to a 

better understanding on the impact of the EU’s import of Nigerian charcoal. The EU is aware of 

the negative ecological consequences associated with charcoal production in Nigeria (European 

Commission, 2013), while imports of Nigerian charcoal has increased over the last decade. This 

research addresses this discrepancy and aims to provides measures to influence this market 

behaviour. 

CO2 emissions are released both in Nigeria during charcoal production and in the EU during the 

combustion of charcoal. These emissions are generally not considered in the EU, because 

charcoal is a biomass and thus considered as CO2 neutral5 (Olsthoorn, 2006). However, when 

                                                 
5 Since biomass sequestrates CO2 during growth, the CO2 emitted during biomass combustion is not 
considered to contribute to net CO2 emissions.  
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biomass is not replanted, these emissions do contribute to the net CO2 emissions. These 

“forgotten” emissions are examined and by doing so, this research creates awareness on the 

importance of the charcoal’s origin.  

While this research focusses on the trade between Nigeria and the EU, this research addresses 

a global problem of unsustainable forestry to produce cheap charcoal for exports. Indonesia is 

the largest exporter worldwide and exports almost 14.3% of the total global export, while Brazil is 

the largest charcoal producer globally (FAO Statistics, 2017). Both these countries suffer high 

annual deforestation rates, partly caused by charcoal production (Van Wesenbeeck, 2016).  

In short, this research aims to create awareness on the importance of the charcoal’s origin. 

Moreover, the research’s results can contribute to create or alter policies in the EU, specifically 

focussing on mitigating climate change associated with charcoal imports.  

1.6 Research outline 

After this introductory chapter, the paper is structured as follows. The second chapter lays out the 

theoretical background of the LCA and EA, and explains the general charcoal supply chain. Then, 

an in-depth overview of the charcoal supply chains for the two scenarios is given in the case 

study. The fourth chapter is concerned with the methodology used for this study, explaining how 

the two main research questions are answered by conducting the three analyses. The results 

chapter presents the findings of the research. Also, for the LCA and EA, a combined sensitivity 

and uncertainty analysis is included. The limitations of this research and areas for further research 

are presented in the discussion chapter. Finally, the research questions are answered in the 

conclusion. 
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2. Theoretical background 
 

This chapter gives a theoretical background of the life cycle assessment [LCA] and economic 

analysis [EA] used within this research. This is followed by a general description of the charcoal 

supply chain.  

2.1 Life cycle assessment 

An LCA is a tool to analyse the environmental impact of a product or service6 (Baumann & Tillman, 

2004). If a full LCA is performed, it will include all the activities associated with the product. This 

is often referred to as the life cycle of the product, from the moment that the raw material is 

extracted until it is recycled or discarded. In other words, this is called the life cycle model from 

cradle to grave, as illustrated in Figure 1. The boxes in this figure illustrate physical operations 

and the arrows demonstrate matter and energy flows. The life cycle is analysed and all input and 

output flows, which influence the overall impact, are quantified. Generally, these inputs are 

energy, water and raw materials, and the outputs are the identified pollutant emissions (emissions 

to air, emissions to water) and material waste (Baumann & Tillman, 2004). The outcomes will be 

interpreted to identify stages contributing the most to the environmental impact of a product or to 

compare the environmental impact of various products (Baumann & Tillman, 2004). 

 

Figure 1. The life cycle model adapted from Baumann and Tillman (2004). 

Since 1990, the International Standards Organisation [ISO] has standardised the LCA 

methodology through a series of standards (14040; 14044). These standards are now widely 

used. Based on the ISO standards, the European Commission constructed the International 

Reference Life Cycle Data System [ILCD] Handbook to ensure quality and consistency in LCA 

(Wolf et al., 2010). According to ISO the LCA consists of four stages: goal and scope definition, 

inventory analysis, impact assessment and interpretation (Baumann & Tillman, 2004). An LCA is 

an iterative process. Figure 2 illustrates the structure of a standard LCA study, including the 

procedural steps which are discussed hereafter.7  

                                                 
6 From this point forward, also for service there is referred to as product. 
7 The Hitch Hiker's Guide to LCA: An orientation in life cycle assessment methodology and application from 

Baumann and Tillman (2004) is recommended for more information about an LCA. 
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Figure 2. Standard LCA procedure adapted from Baumann and Tillman (2004). 

2.1.1 Goal and scope definition 

In order to carry out an LCA in a structured manner, the goal of the study needs to be identified. 

The motivation for the study as well as the target audience should be made clear (Baumann & 

Tillman, 2004). An LCA can be valuable to recognize life cycle stages with the largest 

environmental impact or to compare the environmental impact of competing products (Baumann 

& Tillman, 2004). It may be useful to develop policies, for example to mitigate climate change 

(Reijnders et al., 2012). 

To define the scope of an LCA, it is important to specify the functional unit, system boundaries, 

impact type and the level of detail. The decisions made when defining the scope influence the 

correctness of the results. 

The functional unit relates to the function of the product and not to the production or consumption 

volumes. Therefore, it must be measurable and all input and output flows should be quantified 

according to the same reference unit. This is especially important in a comparative study. This 

functional unit is defined in such a way so that it allows fair comparison between different end-

products, since these products are rarely totally identical or can be of differing quality (Baumann 

& Tillman, 2004). The functional unit should be in line with the defined goal of the LCA.  

Then, the system boundaries are defined in order to include the relevant processes and exclude 

irrelevant processes (Baumann & Tillman, 2004). It indicates which stages of the product life cycle 

from Figure 1 are taken into account. Examples are from cradle to grave, cradle to gate and gate 

to gate (Wolf et al., 2010). 
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Afterwards, the impact type is defined. The three general impact types that could be considered 

are: resource use, human health and ecological consequences (Baumann & Tillman, 2004). The 

data parameters that need to be collected in the inventory analysis are dependent on the choice 

of impact category made in the goal and scope definition (Baumann & Tillman, 2004). There are 

many different methods to execute an LCA and present its results. One of these differences is 

where in the cause-effect chain the impact is calculated, the point where the impact is calculated 

is called midpoint or endpoint. According to the ILCD Handbook from Wolf et al. (2010), the 

associated midpoint impact categories are “[...] climate change, (stratospheric) ozone depletion, 

human toxicity, respiratory inorganics, ionizing radiation, (ground-level) photochemical ozone 

formation, acidification (land and water), eutrophication (land and water), eco-toxicity, land use, 

and resource depletion (minerals, fossil and renewable energy resources, water)” (p. 109), as 

shown in Figure 3. The endpoint is the resulting impact of a midpoint category modelled all the 

way to the area of protection, which are either resource use, human health or ecological 

consequences (Figure 3). Finally, a complete LCA takes the full range of impact categories into 

account; however, throughout the years, single impact LCAs have been established, such as 

carbon footprinting and water footprinting, focussing on only one midpoint impact category. 

 

Figure 3. Impact categories midpoint vs. endpoint adapted from Wolf et al. (2010). 
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Finally, within the scope, the level of detail is clarified and thus the necessity for the type of data 

(Baumann & Tillman, 2004). For example, the collected data could be site or country specific. 

2.1.2 Inventory analysis 

After narrowing down the study within the first step, the inventory analysis is the second step. This 

step consists of quantifying the input and output flows of the product. There are two main life cycle 

inventory modelling principles: attributional and consequential (Wolf et al., 2010). ‘Attributional’ 

describes the actual supply chain and includes the end-of-life, while ‘Consequential’ depicts the 

theoretically expected supply chain as a result of some analysed change in the supply chain.  

First a flow model is built for the specific system according to the system boundaries. An energy 

and/or mass balance is constructed that only considers relevant flows. Flows are considered 

relevant when they include scarce resources, harmful emissions for the environment/human 

health or other hazardous substances, depending on the type of impact chosen in goal and scope 

definition (Baumann & Tillman, 2004).  

The next step is to collect all data for the various activities within the flow model, consisting of all 

inputs and outputs such as raw materials used, energy carriers, production processes, waste 

flows and emissions to air and water (Baumann & Tillman, 2004).  

Finally, the collected data should be aligned with the functional unit. If there are different products 

produced in a process, this should be taken into account and partitioned. This is called allocation 

(Baumann & Tillman, 2004).  

2.1.3 Impact assessment 

In the life cycle impact assessment, the calculated impacts from the inventory analysis are 

adjusted to be more environmentally relevant. The aim is to interpret and evaluate the importance 

and meaning of the environmental impact. The two mandatory steps for the impact assessment 

are classification and characterisation (Baumann & Tillman, 2004). Normalisation and weighting 

are optional steps under ISO 14044 and could be included when multiple impact categories are 

considered.8  

(1) Classification: The inventory parameters are sorted by impact type and the type of 

environmental impact category to which they contribute.  

                                                 
8 For more information about normalisation and weighting the ILCD Handbook from Wolf et al. (2010) could 
be consulted. 
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(2) Characterisation: The impacts of emissions or resource consumption per type of 

environmental load are calculated. Equivalency factors, also called equivalents, are used to sum 

up the total impact.  

2.1.4 Interpretation 

In order to interpret the raw results, the data should be clearly displayed (Baumann & Tillman, 

2004). This can mean that only a selection of the data will be presented. Graphs, diagrams and 

tables help to give a clear overview. A part of the interpretation phase is to draw conclusions, 

containing a sensitivity analysis, uncertainty analysis and data quality assessment. In this final 

step, it is important that there is a reference to the original goal and scope definition (Wolf et al., 

2010). 

2.2 Economic analysis 

This section covers an economic analysis in literature and how it can be applied, specifically, to 

an energy technology. First, the preparation for such an analysis is explained. Afterwards, the 

characterisation step is elaborated. Finally, the cost-benefit analysis is discussed, in which the 

net present value [NPV] is calculated. Unless otherwise indicated, the coming sections on the EA 

are based on Introduction to Energy Analysis from Blok and Nieuwlaar (2016). 

2.2.1 Preparation 

Several preparation steps should be taken into account in order to analyse the economics of an 

energy technology. The following preparatory steps are defined: aim; functionality; reference 

process; identify technology and system boundaries.  

First the aim of the analysis should be determined. This step has similarities with the “Goal and 

scope definition” of the LCA. This includes why and for whom the study is carried out and 

determining the goal of the analysis. Within the aim of the study the time frame has to be 

considered. Finally, the level of accuracy and detail should be included. 

Second, the functionality of the technology needs to be taken into consideration. The functionality 

should be defined in quantitative terms as much as possible, as this determines which 

technologies exactly are to be compared in the analysis. 

Next, it is important that the reference technology is defined. This technology will serve as the 

basis to be compared against various alternatives. It is common practice to choose the most-used 

technology as reference. Another possibility is to consider the state-of-the-art technology.  
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When the previous steps have been taken, contemporary processes are analysed in the 

technology identification step. This is especially important when studying long-term alternatives 

for energy conversion and end-use. There are several methods to identify these technologies, 

such as scanning scientific and professional journals and interviewing experts. 

Finally, it is necessary to define appropriate system boundaries in accordance with the aim of the 

analysis. Boundaries can be set as a single process, but can also cover a complete supply chain. 

2.2.2 Technology characterisation 

When preparation has been completed, the characteristics of the respective technology need to 

be determined. There are two important characteristics, namely: (1) technical performance and 

(2) costs. Technical performance is commonly expressed in either conversion efficiency or 

specific energy consumption, while the costs are expressed in cost per unit of energy output.  Two 

type of costs can be distinguished: initial costs of investment and returning operation and 

maintenance costs. 

2.2.3 Cost-benefit analysis 

After characterising a specific technology, a cost-benefit analysis can be executed to provide 

insights on associated costs and benefits. A cost-benefit analysis is a process to evaluate 

business opportunities in terms of monetary value. Specifically, it attempts to compare the 

monetary value of a project’s costs to its benefits (Cellini & Kee, 2015). The analysis is used to 

choose between alternative business opportunities. Typically, the costs of a project are subtracted 

from the benefits to obtain the net benefits or net costs. Since costs and benefits can occur at 

different times, all net benefits and net costs are ultimately discounted to their present value 

(Cellini & Kee, 2015). In the end, the NPV of a project can be calculated by subtracting the present 

value of net costs from the present value of net benefits. The NPV is an attempt to put a monetary 

value on a project, enabling comparison between multiple projects even though they have for 

example different time-frames or up-front investments. In financial terms, a project with a higher 

NPV is more favourable than one with a lower NPV. Projects with a negative NPV are considered 

as not financially viable. 

While a cost-benefit analysis provides insight into the various costs and benefits associated with 

a project, it remains difficult to predict events that may influence the outcome of the analysis 

(Investopedia, 2018). Moreover, the outcome of a cost-benefit analysis is highly sensitive to its 

assumptions, especially the definition of the discount rate. Still, the analysis is particularly useful 
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to map the various costs and benefits associated with a project and provide insights into which 

elements of a project contribute mostly to the NPV (Investopedia, 2018). 

2.3 Charcoal supply chain 

An environmentally and economically sustainable product requires an optimised supply chain 

(Hoefnagels et al., 2014). As indicated by several studies, changes in the supply chain can have 

environmental and economic consequences (Ekeh et al., 2014; Hoefnagels et al., 2014). For 

example, Hoefnagels et al. (2014) found that changing the logistics supply system can alter the 

competition between domestic use and exports. Searcy et al. (2014) established that 

improvements in moisture management, density and the quality of raw materials can reduce 

supply chain costs. By comparing supply chains of various products, the product with the lowest 

environmental impact can be identified (Daystar et al., 2013).  

The charcoal supply chain represents the activities to produce and distribute charcoal from the 

raw material up to its customer. The charcoal supply consists of five main stages: biomass 

production, feedstock logistics, conversion, distribution logistics and the end-use (Anderson et al., 

2016). The charcoal supply chain is illustrated in Figure 4 together with its relating activities.  

 

Figure 4. Charcoal supply chain with relating activities adapted from Anderson et al. (2016). 

2.3.1 Biomass production 

Charcoal can be produced from two types of raw material. The first is woody biomass to produce 

charcoal lumps (FAO, 1985). The second type of raw material consists of agricultural residues 

producing charcoal in a powder form. The powder needs an additional processing step, 

briquetting, in order to be able to use it (FAO, 1985). This thesis only focuses on charcoal lumps 

produced from trees. The charcoal sector distinguishes softwood and hardwood from trees (FAO, 

2008). Hardwood typically produces a stronger and slower burning charcoal with a higher calorific 

value than softwood (FAO, 1985; Stassen, 2015). Therefore, hardwood is preferred for charcoal 

production all over the world (Adeniji et al, 2015). 
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The woody biomass either comes from natural forests or from man-made plantations (FAO, 

1985). It is important to take the difference between sustainable and unsustainable forestry into 

account. As Work Green (n.d.) puts it, this difference “[…] comes down to whether the activities 

within the sector are depleting natural resources at a greater rate than the resource is being 

renewed.” When considering hardwood from unmanaged natural forests, forest establishment is 

not included in the biomass production step, since the trees are generally not replanted (Daystar 

et al., 2013). However, for woody biomass from a purposely established plantation, management 

and maintenance of the plantation should be taken into account (Daystar et al., 2013). The 

growing, cultivation and maintenance of trees is called silviculture.  

2.3.2 Feedstock logistics 

The main activities in feedstock logistics are harvesting, collection, seasoning, (pre-)processing 

and intermediate transport to the kiln (Anderson et al., 2016; FAO, 1985a). These activities are 

discussed in the next sections. 

First, trees are felled during harvesting. The three main types of harvesting woody biomass for 

charcoal production are: Clear felling, selective cutting or harvesting from plantations (Vos & Vis, 

2010). Firstly, clear felling means clearing parts of a forest for other (often agricultural) purposes. 

Parts of the felled trees are used to produce charcoal. In exchange for clearing a part of the forest, 

the wood is often free of charge. Secondly, in case of selective cutting, trees with the best 

characteristics for charcoal production are chosen for felling. According to Vos and Vis (2010), 

these characteristics are generally large tree species (>20 cm diameter) in combination with a 

high caloric value. The first two harvesting types do not differ much in terms of the feedstock price, 

as in both cases the wood is obtained for free (Vos & Vis, 2010). Thirdly, the last type of harvesting 

is acquiring the wood from dedicated tree plantations. This is the preferred option when looking 

at sustainability; however, also the most expensive option compared to the other two harvesting 

types (Vos & Vis, 2010). 

It is important to understand the difference between sustainable and unsustainable harvested 

biomass, or as mentioned before the difference between sustainable and unsustainable forestry. 

According to Ekeh et al (2014) biomass can be considered sustainable if “the land remains a 

forest” and “[...] the level of carbon stocks does not systematically decrease over time (stocks 

may temporarily decrease due to harvesting)” (p. 1644). According to Chidumayo and Gumbo 

(2013), the clearance of forests or woodlands for charcoal production can lead to deforestation. 
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In regions where hardwood is available in large amounts, the entire tree is usually harvested as 

fuelwood and used for charcoal production (European Commission, n.d.). However, the stems of 

trees are more valuable and therefore dedicated for the timber industry (Routa et al., 2011). For 

this reason in many other regions woody residues are used as biomass for wood energy as well 

as for charcoal production (Routa et al., 2011; Suopajärvi & Fabritius, 2013). As illustrated in 

Figure 5, woody residues for charcoal production is divided into three main categories: harvesting 

residues, industry residues and recycled wood (Suopajärvi & Fabritius, 2013). Harvesting 

residues include early thinnings, logging residues from final fellings and stumps of round wood 

harvesting. In addition, industry residues are also used and come in the form of bark, sawdust or 

industrial chips from round wood and pulpwood. Finally, recycled wood comes from the wood 

product market.  

 

Figure 5. Origin of woody biomass for charcoal production adapted from Suopajärvi and Fabritius (2013). 

After felling, the wood is collected. This can be either done by manpower or machines. Green 

biomass typically has a moisture content of around 50% - 60% wet basis throughout the seasons 

all over the world (FAO, 1985c; Krajnc, 2015; Svoboda et al., 2009). It is cheapest to reduce this 

moisture content by drying the wood in the open air in the sun, while it is covered against rain 

(FAO, 1985; Giuntoli et al., 2017). This is called seasoning. It is country dependent for how many 

months the wood can dry before intolerable biological deterioration occurs, such as insect attack 

or rotting (FAO, 1985). After seasoning, the lowest attainable moisture content is typically 18% - 

20% (FAO, 1985). However, in most cases a moisture content of 30% is more realistic (Giuntoli 
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et al., 2017). The loss in weight for drying is accompanied by an additional 5% dry matter loss 

due to biological deterioration (Giuntoli et al., 2017).  

Then, the wood is processed (Kammen & Lew, 2005). In order to create a uniform carbonisation 

process, it is best that the feedstock has approximately the same size. The main types of 

processed wood for charcoal production are logs and chips (Lehmann et al., 2015). For logs the 

wood is sized into chunks of two metres long (Adeniji et al, 2015). Traditional kilns can only 

process logs, while industrial kilns can also process chips (Lehmann et al., 2015). Wood chips 

have a moisture content of around 30% (Krajnc, 2015). Processing usually takes place as close 

to the harvest place as possible in order to reduce additional emissions and intermediate transport 

costs, as processed biomass has an increased energy and volumetric density (Searcy et al., 

2014). Finally, if needed, the processed wood is transported to the kiln, called intermediate 

transport.  

2.3.3 Conversion 

Woody biomass cannot carbonise until it is sufficiently dry. According to FAO (1985b) “[...] a lower 

moisture content contributes to a better thermal efficiency of the carbonisation process.” In 

addition to natural drying, seasoning, it is optional to dry the wood in an industrial process by 

dryers (Ogunsanwo et al., 2007). This is often the case with industrial production methods.9  

Carbonisation is the conversion process for the production of charcoal (FAO, 1985). Two common 

carbonisation processes are slow and fast pyrolysis where slow pyrolysis produces the highest 

yield (Nsamba et al., 2015). Charcoal is the product left after biomass is burned at temperatures 

of about 350 - 550 °C and under the absence of oxygen (Ben-Iwo et al., 2016; Laird et al., 2009). 

Under these conditions, biomass will be broken down in volatile gases, vapour and solid char 

(Van Dam, 2017). “Efficiency of carbonisation is expressed as the yield of charcoal in gross terms 

(at the side of the retort or kiln) expressed as a percentage of the wood charged or used-up to 

produce it.” (FAO, 1985). The carbonisation efficiency is dependent on the wood species and the 

moisture content, but the type of kiln has the largest influence on the efficiency (Kammen & Lew, 

2005). Charcoal can have a gross calorific value of up to 35 MJ/kg (Suopajärvi & Fabritius, 2013). 

According to De Miranda et al. (2010) the various carbonisation methods are divided into four 

general type of kilns: the traditional, improved, semi-industrial and industrial kilns. Table 1 

provides an overview of the different kiln types together with a rough estimation of their efficiencies 

                                                 
9 “Evaluation of a biomass drying process using waste heat from process industries: A case study” from Li 
et al. (2012) can be consulted to read more about biomass drying processes. 



30 | T h e o r e t i c a l  b a c k g r o u n d  

 
 
and the accompanied emissions.10 Worldwide, traditional kilns are still used to produce charcoal, 

mainly in developing countries. In industrialized countries, modern technologies are introduced 

and replaced the traditional ones (Ogunsanwo et al., 2007). The principle of carbonisation is the 

same; however, modern conversion technologies have higher efficiencies and the released heat 

and by-products are internally used (FAO, 1985). 

Table 1. Wood-to-charcoal efficiencies of various kiln types adapted from De Miranda et al. (2010). 

Parameter Unit Value 

    Traditional Improved Semi-industrial Industrial 

Efficiency % 8% - 12% 12% - 18% 18% - 24% > 24% 

Emissions 
g/kg charcoal 
produced 

CO2: 450 – 550   CO2: ~400 

CH4: ~700   CH4: ~50 

CO: 450 - 650   CO: ~160 

 

The two most often occurring traditional kilns are the earth-mound kiln and earth pit kiln. These 

traditional technologies have already been used for many years and the method has not changed 

much. Woody biomass is the only raw material that can be used as other materials would catch 

fire. Both methods involve stacking wood and covering it with earth, grass, mud or soil (Stassen, 

2015). Small holes are made to let steam and smoke escape. The wood is then ignited to start 

the carbonisation process. Incomplete combustion occurs, resulting in GHG emissions with a 

higher GWP than CO2, such as methane and other non-methane volatile organic substances 

(Ekeh et al., 2014; Kituyi, 2004). Another disadvantage is the low efficiency (Stassen, 2015). On 

the other hand, this method has very low investment costs and requires minimal wood 

preparation. Nowadays, traditional kilns are still used in many developing countries. It is also the 

main production method in Sub-Saharan Africa (Chidumayo & Gumbo, 2013). 

Examples of improved kilns are: Casamance kilns, Missouri kilns, Argentine kilns and the 

Brazilian Beehive kilns (FAO, 2008; Stassen, 2015). Among these kilns there are large 

differences; in some cases, the principle of traditional kilns has been improved, while in other 

cases the kilns have a completely new design, now constructed of brick or steel (Stassen, 2015). 

These improved kilns enable air-flow regulation. This makes it possible to use other biomass than 

wood as input, such as agricultural residues. Improved kilns have a higher yield and production 

                                                 
10 For further reading about traditional production Foley's (1986) article “Charcoal making in developing 
countries” is recommended. More information on the efficiencies of different kilns can be found in The 
Charcoal Transition (Van Dam, 2017).  
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efficiency than the traditional kilns, that require bigger investments and construction is more 

complicated (FAO, 1985). 

In semi-industrial kilns the produced gases are led back into the carbonisation compartment. 

Therefore, a bigger part of the tar components is combusted and the kiln reuses the heat of the 

emitted gases (Girard, 2002). These modifications improve the efficiency of the method, resulting 

in less volatile organic carbon emissions to the air compared to previous techniques. Semi-

industrial kilns are stationary resulting in higher costs for intermediate feedstock transportation 

(Seidel, 2008). Semi-industrial charcoal kilns have a shorter production cycle, in comparison to 

previously mentioned kilns.  

Industrial kilns are more complex (Stassen, 2015). The added complexity comes with advantages; 

these kilns are the most efficient ones, resulting in higher charcoal yields compared to all the other 

kilns. When woody biomass is used as feedstock the charcoal yield with slow pyrolysis is between 

25% - 35% mass basis (Nsamba et al., 2015; Suopajärvi & Fabritius, 2013). Despite the quick 

carbonisation process, industrial methods require significant investments and higher wood 

preparation costs. The wood has to be dried well upfront and afterwards it has to be cut into (small 

pieces) of roughly the same size (Stassen, 2015). Therefore, more advanced production methods 

require an improved infrastructure further increasing costs (Stassen, 2015). Due to these high 

costs, industrial kilns are mostly used in industrialised countries. 

Despite the fact that an attempt has been made to introduce more efficient technologies in 

developing countries, there are multiple reasons why these efficient kilns are not widely adopted. 

According to (Van Dam, 2017), one of the reasons for these countries to reject more efficient kilns 

is their lack of mobility, since there is a demand for the charcoal kilns to be moved to the location 

of wood harvesting. Moreover, for the newer technologies more expertise on construction and 

production is necessary, skills that are not always available. Additionally, investment costs are 

excessively high for newer technologies and cannot be afforded. These are all factors that give 

an advantage to the traditional, less efficient, low-investment kilns. Finally, charcoal obtained 

through illegal practices result in lower charcoal price. According to Vos and Vis (2010), the 

charcoal sector in a country could be (partly) illegal when “[…] production, trade, or consumption 

has been declared illegal” (p. 43), or the feedstock is obtained illegally. Therefore, legally 

produced charcoal generally cannot compete with charcoal obtained from a partly illegal charcoal 

sector. More expensive technologies cannot be recouped, since this charcoal will not be sold. 
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2.3.4 Distribution logistics  

The distribution logistics consist of packaging and transportation. After production, the charcoal 

is packed and transported to wholesalers, retailers or in some cases directly to the consumer.  

The three main transportation modes used for biomass are by road, rail and water (maritime and 

inland) (Giuntoli et al., 2017). Which transportation mode is used depends not only on the 

distance, but also on the availability of transportation modes as well as the presence and quality 

of the infrastructure (Vos & Vis, 2010). For all transportation modes, the return trip should be 

taken into account (Giuntoli et al., 2017). It should be considered if the return trip is empty, partially 

loaded, or fully loaded (Giuntoli et al., 2017). The transport of the charcoal also involves GHG 

emissions due to the combustion of fuel in transportation vehicles (Ekeh et al., 2014). The mode 

of transportation significantly affects the amount of GHG emissions (Benjaafar et al., 2013). 

Additionally, the costs related to the type of transport play a large role (Vos & Vis, 2010). 

Transportation can account for up to 25% of the total production costs (FAO, 1987). 

There are several ways charcoal is packed, but often it is transported in bulk (Cargo Handbook, 

2016). Most often, domestic bulk transport for relative short distances is done with trucks (Giuntoli 

et al., 2017). However, traditional producers do not find bulk transportation practical and package 

their charcoal in bags (FAO, 1987). Charcoal dust and fines are created foremost in loading and 

unloading operations. To minimize charcoal loss, it is advisable to transport the charcoal from kiln 

to distribution or storage point in one go (FAO, 1987). Most truckers transport the charcoal in 

burlap bags. General purpose trucks are suited to carry these bags, so they can carry other 

material on their return trip. Bagged charcoal takes about 2% - 5% more space to pack than loose 

charcoal (FAO, 1987). 

When charcoal is exported out of a country over larger distances, generally, it is shipped. For 

maritime transport, there are various types of sea bulk carriers with different sizes and container 

ships (Giuntoli et al., 2017). A major barrier to maritime transport are the shipping costs. These 

costs are dependent on several factors such as: demand for shipping, port efficiency, and the 

typical feature of the feedstock (Searcy et al., 2014). Larger ships carry the benefit of economies 

of scale, resulting in reduction in costs as well as GHG emissions (Lindstad et al., 2012). Inland 

charcoal transport to and from the port mostly take place by truck or train. During loading and 

unloading in the transportation stage, charcoal losses occur and less charcoal reaches the end-

user (Van Dam, 2017). These losses indirectly cause higher GHG emissions in the entire supply 

chain. 
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2.3.5 End-use  

Finally, the charcoal reaches the end-user or consumer. Emrich (1985) distinguishes two different 

consumer markets, namely households and industries. Households use charcoal for cooking. In 

the urban areas of developing countries charcoal is often the only option for relatively clean 

cooking fuel (Van Dam, 2017). In industrialised countries charcoal is used for barbecuing as 

leisure activity (Johnson, 2009). The final quality of charcoal is dependent on the type of wood, 

the moisture content of the wood, and on the type of carbonisation method used (Van Dam, 2017). 

For households in developing countries, the quality of charcoal is of less importance than for 

households in industrialised countries (Emrich, 1985). 

Within various industries there is a wide range of applications for charcoal according to Tran et 

al. (2017), such as: “[...] direct combustion of charcoal as solid fuel, gasification of charcoal for 

synthesis gas production, and use as reductant alternative to fossil carbon in metallurgical 

industry.” (p. 787). As early as the Middle Ages charcoal has been used as a reducing agent, 

however, over the years charcoal is replaced by coal in the metal manufacturing industry (Van 

Wesenbeeck et al., 2016). Nowadays, the charcoal demand is on the rise again, since “[…] 

countries such as Malaysia, Brazil, Argentina, and recently, Norway (specifically its major 

ferrosilicon industry) use charcoal as a reductant” (Van Wesenbeeck et al., 2016, p. 7959). 

Charcoal from softwood product is not adequate as industrial charcoal (FAO, 1985).  
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3. Case study 
 

This chapter describes the application of the charcoal supply chain to the two cases applied in 

this research: the “as-is” case where charcoal is produced in Nigeria, Scenario NG, and the case 

where charcoal is sustainably produced within the EU, Scenario EU. In both scenarios, the 

produced charcoal is transported to and consumed in the Netherlands. Scenario NG describes 

the current situation in Nigeria as close as possible to reality. Scenario EU considers state-of-the-

art sustainable charcoal production in the EU, specifically Finland.  

3.1 Scenario Nigeria 

For Scenario NG, first, some background information regarding the Nigerian charcoal sector is 

given. Afterwards, the five stages and the relating activities of the charcoal supply chain for 

Scenario NG are discussed.  

3.1.1 Nigerian charcoal sector 

In Nigeria there is an enormous energy shortage (Nwofe, 2013). Less than half of the population 

has access to electricity and is connected to the national grid (Gujba et al., 2015). In the rural 

areas only 10% has this access (Gujba et al., 2015). Other energy sources such as liquefied 

petroleum gas and kerosene are often too expensive for many inhabitants (Gujba et al., 2015). In 

the past years, there is an increasing demand for traditional biomass as fuel due to the kerosene 

scarcity and its high prices (Elijah et al., 2017; Nwofe, 2013).  

Charcoal is a popular energy source because of the abundant availability, absence of smoke 

compared to fuelwood, and its relatively low price (Elijah et al., 2017). In Nigeria, charcoal is an 

important energy source within the traditional biomass options, mainly used for cooking (Elijah et 

al., 2017; Nwofe, 2013). According to Nwofe (2013), charcoal accounted for 31% of all cooking 

sources. Charcoal is energy denser than fuelwood and therefore easier to transport and store 

(Elijah et al., 2017). Charcoal is more commonly used in urban areas, mainly by the low and 

middle income households (Elijah et al., 2017; Nwofe, 2013). For the rural households’ fuelwood 

is still the dominant energy source (Nwofe, 2013).  

Nigeria is the largest charcoal producer of Africa (Daramola & Ayeni, 2016). However, the 

production activities in Nigeria are informal, secretive and documentation is lacking (Daramola & 
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Ayeni, 2016). According to Vos and Vis (2010), this is often a result of an unregulated and partly 

illegal charcoal sector. Babalola and Opii (2012) state a number of problems regarding the 

charcoal sector in Africa: unclear policies, lack of sustainable raw materials and inefficient 

production, no standards and corruption. These problems are also recognised in Nigeria and 

explained below.  

The first problem is related to unclear policies and legislation (Babalola & Opii, 2012). In 2016, 

there was a ban on charcoal export by the Nigerian federal government. The ban had arisen 

because the agreements on tree planting were not met, the so-called cut-one plant-two policy 

(Oritse, 2016). Later that year the ban was lifted again (Johnson, 2016). “The problem is 

complicated because the federal government owns the policy and the machinery to enforce the 

law, but the states own the forest” (Goswami, 2018). 

Secondly, there is a lack of sustainable wood production, resulting in exploitation of current wood 

stocks (Babalola & Opii, 2012). From an environmental perspective, it is best to produce charcoal 

with wood from dedicated tree plantations (Babalola & Opii, 2012). However, in Nigeria a lot of 

illegal logging occurs, where trees are not replanted (Jamala et al., 2013). Therefore, charcoal 

production affects vegetation and leads to the destruction of forests, resulting in negative impacts 

for the environment (Elijah et al., 2017; Jamala et al., 2013; Nwofe, 2013). Whether charcoal 

production ultimately leads to deforestation is ambiguously reflected in different articles. However, 

according to Chidumayo and Gumbo (2013) in the world, Nigeria was third in terms of actual 

forest cover loss, with almost 30% due to charcoal production (Figure 6). Nigeria is one of the 

countries with the highest loss of forests and woodlands (Daramola & Ayeni, 2016). Between 

1990 and 2010 the amount of forest cover in Nigeria was almost halved (Fadare, 2017). At the 

moment, the deforestation rate is approximately 3% per year, resulting in an annual loss of around 

410,000 hectares (Gujba et al., 2015). In Nigeria, deforestation together with the burning of fossil 

fuels are the biggest contributors to the GHG emissions (Fadare, 2017).  
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Figure 6. Deforestation caused by charcoal production (dark green bars) and deforestation caused by other factors 

(light green bars) in 2009 (Chidumayo and Gumbo, 2013). 

Another problem is the inefficiency of the currently still used traditional charcoal production 

methods (Babalola & Opii, 2012). Since the traditional conversion stage is an emission and 

feedstock intensive step in the charcoal supply chain (FAO, 1985), an efficient technology is 

essential in order to increase yields and reduce the amount of woody biomass input. In Nigeria, 

the majority of charcoal is carbonised in traditional earth kilns (Adeniji et al, 2015). 

Lastly, the unregulated and partly illegal charcoal sector is often accompanied by corruption (Vos 

& Vis, 2010). It is estimated that in Africa various terrorist groups earn around 289 M$ from illegal 

charcoal trade per year (UNEP, 2015). Between 2007 and 2011, the Nigerian federal government 

has lost over 2.4 M€ to illegal charcoal export towards Europe and the Middle-East (Abutu, 2011). 

It is unclear from this newspaper article what the nature is of this loss. An explanation for this, 

according to Babalola and Opii (2012), could be the missing tax revenues: “[…] the taxman is 

permanently locked out of these transactions as most are done on an ‘underground’ basis” (p. 

78). 

Figure 7 illustrates the charcoal supply chain and its associated activities for Scenario NG. The 

rest of this section elaborates on these stages. 
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Figure 7. Charcoal supply chain Scenario NG. 

3.1.2 Biomass production 

In Nigeria, charcoal production almost completely depends on natural forests (Jamala et al., 

2013). This is common for tropical countries in SSA, despite increasing investments in forest 

plantations (Chidumayo & Gumbo, 2013). In literature, only one Nigerian charcoal producer was 

found that used tree residues from a plantation (Adewole & Oladejo, 2016). Therefore, it is 

assumed that the woody biomass for charcoal production in Nigeria is selectively cut from natural 

forests. As mentioned before, silviculture is not considered when hardwood originates from 

unmanaged natural forests (Daystar et al., 2013). 

In Nigeria, hardwood is used for charcoal production (Adeniji et al, 2015). According to Adeniji et 

al (2015), in the Borgu Local Government Area of Niger State the most preferred tree species for 

charcoal production is Prosopis Africana, followed by Anogeissus Leiocarpus. Ogunsanwo et al. 

(2007) found that Anogeissus Leiocarpus was the most preferred tree species in Oyo State, 

probably due to having the highest calorific value. Within this research woody biomass from 
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Anogeissus Leiocarpus is assumed as raw material, also known as African Birch (Bello & Jimoh, 

2018). 

3.1.3 Feedstock logistics 

Acquiring wood in Nigeria is in most cases free of charge for charcoal producers as this wood 

comes from natural forests (Fadare, 2017). The problem of free access to wood resources is that 

producers do not feel the urge of replanting trees (Adeniji et al, 2015). Therefore, wood is often 

harvested unsustainably leading to forest degradation or even deforestation. According to the 

case study of Adeniji et al. (2015), only 24% of the charcoal producers replant trees after 

harvesting the wood for charcoal production. However, a recent newspaper article states: “[...] 

that all those that are producing and exporting charcoal failed to plant another tree, a situation 

that has created the depletion of the forest.” (Fadare, 2017). 

 (Tropical) forests typically contain large amounts of biomass both above- and below ground and 

thus can be seen as enormous carbon pools, absorbing CO2 from the atmosphere (Adeniji et al., 

2015; Eneji et al., 2014). In Nigeria, most charcoal producers harvest unsustainably; therefore, 

charcoal production results in net CO2 emissions (Ekeh et al., 2014). 

In Nigeria, trees are mostly felled by using a chainsaw, and only in some cases with a cutlass 

(Adeniji et al, 2015). It is best to season the wood before carbonisation in order to get a higher 

yield; however, Fadare (2017) found at Kwara State that trees were not seasoned before 

carbonisation, indicating that wet wood is put into the kiln.11 It is assumed that sizing is done by 

using the same chainsaw as for felling. When using traditional production methods, carbonisation 

often takes place near the harvesting site (Chidumayo & Gumbo, 2013; Van Dam, 2017); 

therefore, no additional intermediate feedstock transport is needed within Nigeria. 

3.1.4 Conversion 

In Nigeria, the majority of charcoal is carbonised in traditional earth kilns (Adeniji et al, 2015). 

According to Adeniji et al (2015), 65% of the time the earth-mound kiln is used in the studied area, 

while 35% of the time the earth pith kiln is used. The main difference between the two methods 

is that the earth-mound kiln is constructed on the ground, while the earth pit kiln by digging a pit 

into the ground (Adeniji et al., 2015; Chidumayo & Gumbo, 2013), see Figure 8. According to 

Chidumayo and Gumbo (2013) the average conversion efficiency of the earth-mound kiln and 

                                                 
11 This is also mentioned in the article by Luoga et al. (2000), however, note that this article is about 
Tanzania. 
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earth pit kiln in tropical regions are 25.7% and 11.8% respectively. Other research finds similar 

efficiencies for these methods (Van Dam, 2017). In Nigeria, industrialised kilns are not used due 

to the higher expenses (Adeniji et al., 2015). Moreover, woody biomass is freely available and 

therefore, charcoal producers do not feel the urge to seek the most efficient production method, 

rather the cheapest. As mentioned in the previous step, the moisture content of the wood is not 

reduced by means of seasoning before carbonisation. The moisture in the wood first has to be 

evaporated during the carbonisation process in order to carbonise the wood. This contributes to 

a lower charcoal yield than bone-dry wood would have (FAO, 1985). To turn the woody biomass 

into charcoal takes about two weeks (Aiyeloja & Chima, 2011). 

 
Figure 8. Earth pit kiln and earth-mound kiln (International Biochar Initiative, 2018). 

3.1.5 Distribution logistics  

In Nigeria, the charcoal is bagged after carbonisation. Afterwards, it is sold to merchants who take 

the charcoal to urban centred selling points, or directly to individuals who consume it (Adeniji et 

al., 2015). There are numerous places in Nigeria where charcoal is available as many local 

communities have developed their charcoal production (Adeniji et al, 2015). Charcoal depots are 

found at the following places: “[...] Oyo, Iseyin, Saki, Igbo-Ora, Ogbomoso- all in the western part 

of the country. There are also depots in Jebba, Omu Aran, Egbe, Kabba in the Central States. 

Finally, charcoal is found in abundance in Minna, Jos and Kaduna.” (Adeniji et al, 2015, p.1). 

According to Daramola and Ayeni (2016), charcoal transportation from the production sites 

happens by pick-up trucks, followed by mini trucks. Only a minor part is transported with a 

container truck.  

The charcoal destined for export is transported from Oyo state to the port of Lagos (Fadare, 2017). 

This port, named Apapa port complex, is the biggest port in Nigeria and handles half of the total 

maritime trade of the country (Buhari, 2013). Afterwards the charcoal is transported to the EU, 

specifically to the Netherlands. The largest port of Europe in terms of container throughput is 

located in Rotterdam, the Netherlands, an important distribution point and considered as the 
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import harbour within this research (Notteboom, 2010). According to Jamala et al. (2013), from 

Nigeria charcoal is transported in containers. From the port of Rotterdam, the charcoal is 

transported by truck towards the distribution centres. 

3.1.6 End-use 

For both scenarios, it is assumed that the charcoal is consumed for barbecuing within the EU. For 

both scenarios, it is assumed that the produced charcoal has a lower heating value [LHV] of 30 

MJ/kg (Abasiryu et al., 2016). The transportation part from the place of purchase to the consumer 

is neglected.  

3.2 Scenario European Union 

First, some background information is given about the current charcoal sector in the European 

Union. Then, this section discusses the charcoal supply chain of Scenario EU. 

3.2.1 Charcoal in the European Union 

Within this research, state-of-the-art sustainable charcoal production is assumed for Scenario EU. 

In reality the charcoal production of the EU has slowly decreased over the last decade12, as can 

be seen in Figure 9. 

 

Figure 9. Charcoal production in the EU (FAOstat, 2017). 

                                                 
12 While this is an interesting trend, the reasons for this decrease is outside the scope of this research,  
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It is important to note that not all countries in the EU produce charcoal as sustainably. Poland for 

example, is the biggest producer within the EU, with an annual production of around 100 ktonnes 

(FAO Statistics, 2017). However, charcoal from Poland could be problematic, since in the recent 

past bags with charcoal from Poland contained tropical woods (Hilse, 2017). Multiple sources 

imply that within the EU, FSC-certified charcoal is sold containing illegally harvested timber 

(Crumley, 2017; Hilse, 2017). When this is the case, first, the charcoal is imported form a country 

without FSC-certified forests. Then, in the EU it is repacked and sometimes mixed. Finally, it is 

sold as FSC-certified charcoal produced within the EU. This is also occurring in Poland (Hilse, 

2017). Moreover, in Spain, another large charcoal producer and exporter in the EU, “[…] most of 

the biochar is produced using traditional low cost batch technologies such as earth mounds kilns, 

metal ring kilns and Missouri type kilns.” (San Miguel et al., 2017, p. 1). Therefore, Polish charcoal 

and Spanish production conditions are not assumed in this scenario. 

Finland is a more suited country, as it is the most forested land within the EU, where forests cover 

three quarters of the land area (Finnish Forest Association, 2014). Finland is very far in the field 

of forestry and already produces charcoal for sustainable ironmaking: Towards More Sustainable 

Ironmaking—An Analysis of Energy Wood Availability in Finland and the Economics of Charcoal 

Production from Suopajärvi and Fabritius (2013). Therefore, Finnish conditions are chosen as 

representative for sustainable charcoal production within Scenario EU.  

Figure 10 illustrates the charcoal supply chain and its associated activities. The rest of this section 

elaborates on the charcoal supply chain of Scenario EU. 

3.2.2 Biomass production 

In the EU, charcoal is generally obtained from tree species such as Beech, Hornbeam, Oak, Adler 

or Birch due to their high calorific value (Samojlik et al., 2013). Since Silver Birch is one of the 

most available tree species in Finland, therefore this species is considered in this scenario(Natural 

Resources Institute Finland, 2016). In large industrial plantations within the EU, biomass for 

energy predominantly results from by-products and residues (Akyüz & Balaban, 2011). This 

woody biomass can be produced sustainably in large amounts in northern Europe in controlled 

and maintained forests and fast-growing plantations (Mola-Yudego et al., 2017). In Finland, most 

forest biomass consumed to produce energy, also called energy wood, comes from harvest 

residues and stumps (Routa et al., 2013). Therefore, this scenario assumes that harvest residues 

from Finland are used as feedstock. Harvest residues therefore are not considered as waste and 

silviculture is considered as a part of Scenario EU’s charcoal supply chain (Leinonen, 2004). 
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Figure 10. Charcoal supply chain Scenario EU. 

3.2.3 Feedstock logistics 

After the energy wood is harvested, the wood is bundled and transported to the forest-end by a 

forwarder (Valente et al., 2012). In Finland, trucks are the dominating transportation mode for 

transporting energy wood bundles from the harvesting site to production plants (Tahvanainen & 

Anttila, 2011). This intermediate transport is also referred to as hauling. In this scenario, it is 

assumed charcoal is produced using the Twin-retort system, a state-of-the-art charcoal 

production method.13 Before the residues are processed, they are appropriately sized 

(Reumerman & Frederiks, 2002). Finally, seasoning occurs at the conversion site and the woody 

biomass is air-dried during storage. 

                                                 
13 For a more elaborate explanation of the Twin-retort system, please refer to Reumerman and Frederiks 
(2002). 
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3.2.4 Conversion 

Table 2 displays the output yields for different pyrolysis conversion modes. This research 

assumes slow-pyrolysis as it results in the highest charcoal yield. Slow-pyrolysis results primarily 

in charcoal and syngas, dependant on the input (Brown et al., 2011; Duku et al., 2011; Roberts 

et al., 2010). Figure 11 displays the typical slow-pyrolysis process, taken from Duku et al. (2011).  

Table 2. Product yields obtained from wood by different modes of pyrolysis adapted from Duku et al. (2011). 

Mode Temperature Residence time 
Liquid  

(bio-oil) 
Solid  
(char) 

Gas  
(syngas) 

Fast pyrolysis 
Moderate 
temperature (~500) 

Short vapour 
residence time (<2s) 

0.75 0.12 0.13 

Slow-pyrolysis 
Low-moderate 
temperature 

Long residence time 0.30 0.35 0.35 

Gasification 
High temperature 
(>800) 

Long vapour 
residence time 

0.05 tar 0.10 0.85 

      

 

Figure 11. Slow-pyrolysis process (Duku et al., 2011). 

The Twin-retort system is a retort reactor type where a slow-pyrolysis process carbonises the 

woody biomass. The off-gases of the carbonisation process are internally used to dry the wood 

to an acceptable moisture content level of below 20% (Klavina et al., 2016; Reumerman & 

Frederiks, 2002). In addition to the syngas, additional fossil fuels are needed to provide enough 

heat.  

3.2.5 Distribution logistics 

After the charcoal is produced at the plant, it needs to be transported to the port of Rotterdam. As 

Eriksson (2008) found in her study on transportation systems from Scandinavia to the 
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Netherlands, woody biomass is generally transported by truck to a major harbour before being 

transported by a Handymax-sized ship to Rotterdam. The charcoal is thus assumed to be 

transported by truck to the port of Helsinki. As in Scenario NG this report assumes the charcoal 

is shipped in containers and not on a bulk-carrier ship. In the port of Rotterdam, the charcoal is 

unloaded and transported to distributors. According to Giuntoli et al. (2017), the typical distance 

in the EU for charcoal road transport is 50 km. This distance is therefore assumed as the average 

distance the charcoal is transported in the Netherlands to distributors. In this scenario, the 

transport from distributor to retailers and from retailers to end-consumers is considered negligible. 

3.2.6 End-use 

As well as in Scenario NG, for this scenario is assumed that the charcoal is used for barbecuing. 

The produced charcoal has an LHV of 30 MJ/kg (Abasiryu et al., 2016).
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4. Methodology 
 
This methodology chapter first covers the overall research design, how the results from the 

analyses are interpreted to answer the research questions. Then, the three analyses are 

operationalised, consisting of data collection and data analysis. Finally, a combined sensitivity 

and uncertainty analysis is discussed for the LCA and EA. 

4.1 Research design 

The goal of this research, as reflected in the research questions, is to quantify the impact in terms 

of greenhouse gas emissions and monetary value of shifting the EU’s charcoal import from 

Nigeria to sustainably produced charcoal in the EU. In order to do this, three analyses are 

conducted on two scenarios (Table 3). 

Table 3. Overview of the research design. 

Analysis Scenario NG Scenario EU Comparison 

Trade database comparison 
EU’s charcoal 
import from Nigeria 

EU’s charcoal 
import from the EU 

EU’s import prices 

Life cycle assessment GWP Scenario NG GWP Scenario EU Difference in GWP 

Economic analysis 
Costs and benefits 
Scenario NG 

Costs and benefits 
Scenario EU 

Difference in costs 
and benefits 

    

The scenarios are elaborated on in the previous “Case study” chapter, where the charcoal supply 

chain is applied to both scenarios. Scenario NG describes the current situation in Nigeria as close 

as possible to reality and Scenario EU considers state-of-the-art sustainable charcoal production 

in the EU. The data on the charcoal supply chains is collected via desk research and serves as a 

foundation for the LCA and EA.  

Three types of analyses are executed within this research: a trade database comparison, a single 

impact LCA, known as carbon footprinting, and an EA. The trade database comparison examines 

three different trade databases to map the EU’s charcoal import, both in terms of quantity and 

monetary value. The charcoal trade is mapped to get a better understanding of the current 

situation and the recent past. The LCA and EA are conducted in parallel for both Scenario NG 

and Scenario EU. The LCA consists of the goal and scope definition, inventory analysis, impact 

assessment and interpretation. This analysis calculates the GWP of the charcoal supply chain for 

both scenarios. The EA consists of preparation, technology characterisation and the cost-benefit 
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analysis. This analysis examines the charcoal production costs and benefits for both scenarios, 

and calculates their NPVs. 

After the analyses are executed, the results have to be interpreted. To answer the first research 

question, first, its sub-questions must be answered. For answering sub-question 1a the EU’s 

import quantity from Nigeria is derived from the TDC. Then, the GWP for Scenario NG is 

calculated by conducting the LCA and together with the import quantity from 1a, sub-question 1b 

is answered. Finally, to answer sub-question 1c, the GWP of Scenario EU is estimated in a similar 

matter and compared with the GWP of Scenario NG. By combining the answers of these three 

sub-questions, the first main research question is answered, resulting in the potential mitigation 

that can be achieved by producing the amount of currently imported Nigerian charcoal sustainably 

in the EU instead. 

To answer the second research question, again, its three sub-questions need to be answered. 

Sub-question 2a examines the difference in the EU’s import price for charcoal from Nigeria and 

the intra-EU import price. This is done by dividing the monetary value of the import by the quantity, 

derived from the TDC. Secondly, sub-question 2b will provide insight into the production costs 

associated with the charcoal produced in both scenarios by conducting an EA, specifically a cost-

benefit analysis will specify the NPV. Sub-question 2c explores possible policy implementations 

aimed to reduce EU’s charcoal import from unsustainable sources. The combination of these sub-

questions, again, answers the second main research question. Namely, the feasibility of shifting 

the EU’s charcoal import from Nigerian charcoal to sustainably produced charcoal in the EU. 

The next sections elaborate on the three analyses and explain the operationalisation per analysis. 

4.2 Trade database comparison 

To map the current EU’s charcoal import, this research compares three online trade databases. 

First, the need for a comparison between multiple databases is explained. Then, the details of the 

three databases are discussed. Finally, data preparation is explained, so the trade databases can 

be compared against one another. 

4.2.1 Database reliability 

Multiple databases are consulted since there is a scarcity of accurate statistics on trade flows 

within the charcoal sector (Serrano-Medrano et al., 2014). Various determinants influence this 

lack of data, such as illegal production, which is caused by the unregulated and informal 

characteristics of the charcoal sector in most countries (Mwampamba et al., 2013; Serrano-
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Medrano et al., 2014). In addition, charcoal production involves many rural producers separate 

from each other and therefore production is dispersed (Mwampamba et al., 2013). Moreover, 

consumption often takes place in rural areas and never even enters the formal market (Serrano-

Medrano et al., 2014). Still, there are databases available that are constructed using multiple 

sources for information in combination with experts’ estimations (Mwampamba et al., 2013). 

Within these databases, approximate calculations of production, consumption and trade numbers 

are often used when data is absent. This could result in differences between reality and reported 

data (Mwampamba et al., 2013). Charcoal trade statistics are thus often incomplete or unreliable. 

Therefore, multiple trade databases have been consulted. 

4.2.2 Database description 

The three databases compared in this research are from the following organisations: European 

Commission [EC], International Trade Centre [ITC] and Food and Agriculture Organization of the 

United Nations Statistics [FAOstat] (Table 4). First, the definitions of charcoal according to the 

three databases are compared. To characterize products internationally, the HS 2012 six-digit 

product code is used as a standard (United Nations Statistics Division, 2013). This research will 

only focus on wood charcoal as other definitions of charcoal fall outside the scope of this 

research.14 The definitions of wood charcoal do not vary substantially between the three 

databases; therefore, these databases are comparable on their data on wood charcoal. Next, the 

specificity of the data is checked. The EC and ITC databases provide the origin of EU’s charcoal 

import, so with these databases the amount of Nigerian charcoal imported by the EU can be 

found. The FAO database, however, does not specify the origin of the EU’s charcoal import and 

therefore this database cannot be used to find the amount of Nigerian charcoal imported by the 

EU. All three databases present the total EU’s charcoal import from the world. However, the ITC 

and FAO database include intra-EU charcoal trade (charcoal which is traded among the EU 

Member States), while the EC database excludes intra-EU trade (only considers trade between 

the EU and non-EU Member States). Finally, the availability of historical data is considered, the 

corresponding time period between the three databases is from 2003 up to and including 2016. 

Appendix A elaborates in more detail how the exact same data per database can be obtained. 

 

                                                 
14 For wood charcoal the code is 4402, consisting of three sub categories: 4402.00, 4402.90 and 4402.10. 
The difference between 4402.00 and 4402.90 is that bamboo charcoal is included within 4402.00 and 
excluded in 4402.90. 
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Table 4. EC, ITC and FAO trade database details. 

Trade 
database  

 Product 
code 

Importing 
country/region 

Exporting 
country/region 

Data 
availability 

Trade detail 

EC 4402 EU28 All partners; Nigeria 2003-2017 Extra-EU trade 

ITC 4402 EU28 All; Nigeria 2001-2017 Including intra-EU trade 

FAO 4402.90 EU28; Nigeria World 1961-2016 Including intra-EU trade 

 

4.2.3 Quantities and monetary values 

The results of this analysis are the EU’s charcoal import in quantity and monetary value from the 

world, extra-EU, intra-EU and Nigeria. Eventually, the EU’s import price for charcoal per quantity 

can be approximated for these regions. 

Within this research, the EU indicates the 28 Member States and the EU’s import is the sum of 

each of these countries. As mentioned before, the EU’s charcoal import is explored for four 

specific regions. Namely, the charcoal import from the world, reflecting the global trade to the EU. 

Secondly, the EU’s import from extra-EU trade, concerning all the charcoal coming from countries 

outside the EU towards the EU. Thereafter, charcoal import from intra-EU is explored, referring 

to all transactions taking place within the EU. Finally, the EU’s charcoal import from Nigeria is 

mapped.  

All mass quantities are converted to tonnes and the monetary values are converted to Euros [€]. 

In the three trade databases, the import in monetary values include the transportation and 

insurance costs; therefore, are given as cost, insurance, freight [CIF]. This is different from the 

export values, since these exclude these services and are presented as free on board [FOB]. 

Within this research there is looked at the EU’s charcoal import, therefore the monetary values 

are given as CIF.15  

Since the three databases have slightly different values for the same charcoal trade flows, the 

data is aggregated to approximate the EU’s charcoal import as well as possible. The total EU’s 

import from the world is approximated by taking the average of the FAO and ITC database. The 

EC database is the only database from which the EU’s import from extra-EU trade can be derived. 

The EU’s import from intra-EU charcoal trade then, can be calculated by subtracting the EC 

database import, which represents extra-EU trade, from the FAO and ITC average. Finally, the 

average of the EC and ITC database is taken to approximate the EU’s charcoal import from 

Nigeria. 

                                                 
15 Mirror data invert the reporting standards by valuing exports in CIF terms and imports in FOB terms. 
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After the EU’s charcoal import in quantity and monetary value is derived, the average import 

prices per quantity can be determined, this is the market price paid by the EU. This is done by 

dividing the import value as CIF by the import quantity resulting in the EU’s import prices [€/tonne]. 

The EU’s import prices are calculated for global charcoal, extra-EU charcoal, intra-EU charcoal 

and Nigerian charcoal.  

4.3 Life cycle assessment  

As explained in the “Theoretical background”, an LCA consists of multiple steps: the goal and 

scope definition, inventory analysis and impact assessment. In this section, these steps are 

operationalised for the two cases studied, Scenario NG and Scenario EU, in order to compare 

them with each other.  

4.3.1 Goal and scope definition 

Two charcoal products from different origins are compared. The goal of this comparative 

attributional single-impact LCA is to quantify the GHG emissions for the two scenarios and to find 

the difference between them. Additionally, within each scenario the stages most contributing to 

climate change, so-called hotspots, are identified.  

The function of charcoal is to provide energy (i.e. heat). When using charcoal as end product the 

amount of energy provided is more relevant to know than the mass of the charcoal, as charcoal 

with the same mass can provide different amounts of energy. Therefore, the functional unit is 

chosen to be 1 megajoule [MJ] of charcoal combusted in the end-use stage. 

Within this research, the system boundaries are defined as shown in Figure 12, consisting of the 

charcoal supply chain stages. This means that waste management is not considered in this 

research. From Johnson (2009) it is “assumed that cooled ash from the charcoal and the charcoal 

bag are disposed to municipal solid waste.” These GHG emissions are negligible. 

 

Figure 12. System boundaries for the LCA. 

The studied impact category within this research is the GWP, which is defined as the total 

contribution to climate change by GHG emissions (Blok & Nieuwlaar, 2017). Within this research, 

the following direct GHG emissions are considered: CO2, CH4 and N2O (Ben-Iwo et al., 2016). 
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These are not the only GHG emissions contributing to climate change, but they are the most 

commonly examined in research (Olivier et al., 2017). 

The data input for the LCA is conducted using secondary literature. First, peer reviewed articles 

are collected by means of bibliographic databases like Scopus and Google scholar. In addition, 

SimaPro, an LCA software package, is used for a minor part of the specific data collection. This 

research does not consider site specific data, but aims to describe a country average for Scenario 

NG and considers state-of-the-art production for Scenario EU. Sometimes the required data was 

hard to find and during discussions with experts it became apparent that it was necessary to make 

use of relevant grey literature, such as reports from companies and newspaper articles.  

4.3.2 Inventory analysis 

The inventory analysis of an LCA consists of the following steps: construction of the flow model, 

data collection and alignment with the functional unit.  

For both scenarios, a flowchart is constructed based on the “Case study” chapter. Figure 13 

illustrates the flowcharts for Scenario NG and Scenario EU. 

 

Figure 13. Flowcharts for Scenario NG and Scenario EU. 
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Then, for both scenarios, for every step of the flowchart data is collected. The collected data 

consists of the associated GHG emissions per step. GHG emissions of a bio-based product can 

have two origins: biogenic and fossil. Both types of emissions are considered within the inventory 

and listed appropriately. However, the contribution of biogenic CO2 emissions to the net GHG 

emissions depends on whether biomass is replanted after harvesting, not depleting its long-term 

carbon stocks (Ekeh et al., 2014). When woody biomass is harvested sustainably and the 

combustion of biomass occurs under ideal conditions, the CO2 emissions sequestrated are equal 

to the biogenic CO2 emissions released, therefore, they do not contribute to net-CO2 emissions. 

This concept is called carbon neutrality of biomass combustion (Ekeh et al., 2014). In contrast, 

when biomass is harvested unsustainable the biogenic CO2 emissions are not sequestrated, 

therefore, contributing to net-CO2 emissions. In Scenario NG, woody biomass is harvested from 

primary forests without replanting and therefore biogenic CO2 contributes to the GWP. In Scenario 

EU, the woody biomass is harvested from regulated plantations and therefore biogenic CO2 does 

not contribute to the GWP (Ekeh et al., 2014). 

CO2 neutral should not be confused with zero emissions. The non-CO2 biogenic GHG emissions, 

like CH4 and N2O, released in the charcoal supply chain stages are included regardless. In 

addition, emissions to the environment from fossil fuel use during the entire supply chain are 

accounted for. Within this research, the emissions for manufacturing machinery, equipment and 

the kilns are not taken into account. Upstream emissions to produce fossil fuels are also not 

considered. 

4.3.3 Impact assessment 

As mentioned before, this single-impact LCA focusses on climate change and the contribution of 

the GHG emissions is classified as its GWP. The conventional unit of GWP is expressed in CO2 

equivalent [CO2-eq] (Baumann & Tillman, 2004). The contribution of a GHG depends upon their 

radiative efficiency as well as their lifetime, relative to CO2, therefore, the value of the GWP 

changes when different timeframes are considered. The United Nations Intergovernmental Panel 

on Climate Change [IPCC] calculated the GWPs for GHG emissions for different time intervals 

(Myhre et al., 2013). Within this research, the IPCC factors from 2013 are used to calculate the 

GWP for a 100-year period expressed in gram CO2-eq, see Table 5. 
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Table 5. Global warming potential values for CO2, CH4 and N2O. 

Parameter Abbreviation Value 

  100 years 20 years 

Carbon dioxide CO2 1 1 

Methane CH4 28 84 

Nitrous oxide N2O 265 264 

 

Formula 1 shows how the total GWP for each scenario is calculated, resulting in gram CO2-eq 

per MJ charcoal combusted in the end-use stage.  

𝑻𝒐𝒕𝒂𝒍 𝑮𝑾𝑷 =  𝑮𝑾𝑷𝑪𝑶𝟐
∗ 𝑬𝑪𝑶𝟐

+ 𝑮𝑾𝑷𝑪𝑯𝟒
∗ 𝑬𝑪𝑯𝟒

+ 𝑮𝑾𝑷𝑵𝟐𝑶 ∗ 𝑬𝑵𝟐𝑶 
[ 1 ] 

Where: 

GWP = global warming potential (characterisation factor) of specific greenhouse gas substance 

E = associated emissions of specific greenhouse gas substance 

The collected data from the inventory analysis and its alignment with the functional unit, using the 

mass balances, are given in Table 6 and Table 7.  

Table 6. Mass balance and its related GHG emissions for the charcoal supply chain of Scenario NG. 

Parameter Unit Oven dry GHG emissions Notes 

    Unit g CO2-eq/Unit   

Felling kg wood 0.50 1.87 Table 23 

Sizing kg wood 0.50 1.87 Table 23 

Carbonisation 
kg wood 0.50 -  

kg charcoal 0.04 3.71*103 Table 24 

Truck Nigeria kg charcoal 0.04 58.2 Table 25 

Container ship kg charcoal 0.04 149 Table 25 

Truck Netherlands kg charcoal 0.03 7.16 Table 25 

End use 
kg charcoal 0.03 - Table 26 

MJ charcoal 1.00 118   

The mass balance is constructed starting with 1 MJ charcoal combusted in the end-use stage 
and working its way up. A LHV for charcoal of 30 MJ/kg is assumed (Abasiryu et al., 2016). 
According to FAO (2017), there is 12.5% charcoal losses in the form of dust during its 
distribution. The 12.5% loss is not assumed per stage, but the loss is first treated as one 
distribution phase, and afterwards divided among them. Continuing a 10% loss in the form of 
charcoal dust is assumed, occurring at the production site (Van Dam, 2017). For the traditional 
kiln an efficiency of 8% is considered, since green wood with a moisture content of 50% wet 
basis enters the traditional kiln (Openshaw, 1983).  
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Table 7. Mass balance and its related GHG emissions for the charcoal supply chain of Scenario EU. 

Parameter Unit Oven dry GHG emissions Notes 

    Unit g CO2-eq/Unit   

Harvesting/bundling kg energy wood 0.15 28.5 Table 27 

Forwarding kg energy wood 0.15 2.71 Table 27 

Hauling kg wood bundle 0.14 23.5 Table 27 

Sizing kg wood bundle 0.14 1.09 Table 27 

Seasoning kg wood 0.14 -  

Drying kg wood 0.13 -  

Slow pyrolysis 
 

kg wood 0.13 -  

kg charcoal 0.04 90.3 Table 28 

Truck Finland kg charcoal 0.04 14.3 Table 29 

Container ship kg charcoal 0.04 45.0 Table 29 

Truck Netherlands kg charcoal 0.03 7.16 Table 29 

End use 
 

kg charcoal 0.03 -  

MJ charcoal 1.00 17.1 Table 30 

The mass balance is constructed starting with 1 MJ charcoal combusted in the end-use stage 
and working its way up. A LHV for charcoal of 30 MJ/kg is assumed (Abasiryu et al., 2016). 
According to FAO (2017) there is 12.5% charcoal losses in the form of dust during its 
distribution. The 12.5% loss is not assumed per stage, but the loss is first treated as one 
distribution phase, and afterwards divided among them. Continuing a 10% loss in the form of 
charcoal dust is assumed, occurring at the production site (Van Dam, 2017). A wood-to-
charcoal conversion rate of 33% is assumed from Reumerman and Frederiks (2002). 
Continuing, a 2% dry matter loss for drying is considered (Whittaker et al., 2011). For 
seasoning a dry matter loss of 5% has been taken into account (Giuntoli et al., 2017). Also, a 
2% dry matter loss occurred during sizing, as well as during the intermediate transportation 
and forwarding of wood energy (Whittaker et al., 2011). 

 

4.4 Economic analysis 

This section discusses the methodology of the EA. First, some important preparation steps are 

carried out. Then, in the technology characterisation, the technical performances together with its 

costs are mapped for both scenarios. Afterwards, a cost-benefit analysis is conducted, using the 

data collected in the technology characterisation to determine the relative economic 

attractiveness for both scenarios, expressed in the NPV. 

4.4.1 Preparation 

As discussed in the “Theoretical background”, the preparation of an EA includes: defining the aim 

of the analysis, its functionality, the reference technology and setting the system boundaries. The 

preparation step is very similar to the goal and scope definition of an LCA. The aim of this analysis 

is to map the cost structure for charcoal production in Nigeria and the EU. 
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The functionality for the EA is defined in a similar way as the functional unit in the LCA, to improve 

the comparability between both analyses. Therefore, the functionality defined in this research is 

first given in tonne charcoal and eventually given in GJ charcoal. 

This study compares the two scenarios as described in the “Case study”. More specifically, it 

compares traditional kiln production in Nigeria with industrial kiln production in the EU. The 

industrial technology is chosen as the reference technology, as this is the most modern 

commercial technology available.  

The technology identification for this research only considers slow-pyrolysis as this yields the 

highest amount of charcoal. There are several other production methods for charcoal, such as 

fast-pyrolysis and flash pyrolysis, but these are not considered since these methods produce 

charcoal as a by-product. Also, only woody biomass is considered as feedstock input. 

Finally, the system boundaries for the EA only consider the conversion and distribution logistics 

stage of the charcoal supply chain (Figure 14). 

 

Figure 14. System boundaries for the EA. 

Like the LCA, a contemporary timeframe is applied to analyse the EA. For as much as possible, 

the input data for the EA is country-specific. The accuracy of this analysis relies heavily on 

available data. Since little known research has covered this topic previously, this data is difficult 

to acquire. Moreover, data about prices is highly time- and location-specific, so multiple sources 

are consulted to improve accuracy. In addition, data was also gathered from informal sources 

such as online forums.  

4.4.2 Technology characterisation 

As already mentioned in the “Theoretical background”, there are two important technology 

characteristics to consider: technical performance and costs.  

Since the collected data comes from different sources, countries, and timeframes, this data is 

converted to €2017. First, all foreign currencies are converted to 2017 values as depicted in 

Equation 2, using the yearly inflation rates (Table 31, Appendix D). Then, the monetary values 
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are converted to the corresponding Euro value utilizing the following exchange rates: 1 United 

States Dollar equals 0.85 Euro and 1 Naira equals 0.0024 Euro. 

𝑷𝟐𝟎𝟏𝟕 = 𝑷𝒃𝒂𝒔𝒆 𝒚𝒆𝒂𝒓 ∏ (𝟏 + 𝒊𝒏)

𝟐𝟎𝟏𝟔

𝒏=𝒃𝒂𝒔𝒆 𝒚𝒆𝒂𝒓

 
[ 2 ] 

Where: 

P2017 = Total inflated costs in year 2017 

Pbase year = Costs in the base year 

i = inflation rate of year n 

n = the year  

Written out, Equation 3 looks as follows: 

𝑷𝟐𝟎𝟏𝟕 = 𝑷𝒃𝒂𝒔𝒆 𝒚𝒆𝒂𝒓 ∗ (𝟏 + 𝒊𝒃𝒂𝒔𝒆 𝒚𝒆𝒂𝒓) ∗ (𝟏 + 𝒊𝒃𝒂𝒔𝒆 𝒚𝒆𝒂𝒓+𝟏)

∗ (𝟏 + 𝒊𝒃𝒂𝒔𝒆 𝒚𝒆𝒂𝒓+𝟐)[… ](𝟏 + 𝒊𝟐𝟎𝟏𝟓) ∗ (𝟏 + 𝒊𝟐𝟎𝟏𝟔) 

[ 3 ] 

As identified in the “Case study”, the technology applied in Scenario NG is a traditional kiln while 

for Scenario EU an industrial kiln is used. The industrial kiln has a much higher performance in 

terms of conversion efficiency compared to the traditional kiln (Stassen, 2015). However, the initial 

investment costs for an industrial kiln are much higher than for a traditional kiln (Stassen, 2015). 

Both the initial investment costs and its production costs of the two scenarios are compared. The 

assumed technical performance and its costs are given for both Scenario NG and Scenario EU 

in Table 8 and Table 9. 

Table 8. Production, input/output and financial parameters for Scenario NG. 

Parameters Unit Value Notes 

Production       

Number of kilns per year kilns  5.00  [a] 

Kiln capacity [m3] m3s wood/kiln  10.20  [a] 

Kiln capacity [tonnes] tonne (dry) wood/kiln  9.14   

Specific weight wood [dry] tonne/m3s  0.896  [b] 

Moisture content wood %, wet basis 50% [c] 

Efficiency % 8% [d] 

Labour time per kiln persondays/kiln  100  [a] 

Input/output       

Charcoal production tonnes/kiln  0.77   

Efficiency tonne wood (dry)/tonne charcoal  11.81   
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Actual efficiency [wt] tonne wood (wet)/tonne charcoal  23.63   

Annual input [dry] tonne wood (dry)/year  45.70   

Annual input [wet] tonne wood (wet)/year  91.39   

Annual output tonne charcoal/year  3.87   

Financial parameters      

Wood (moisture 50%) costs €/m3s  -    [e] 

Charcoal sales price €/tonne  40.98  [f] 

Project time years  15  [a] 

Investment € 145.11 [g] 

Labour costs €/labourday 2.50  [h] 

Annual labour costs €/year  70.00   

Discount rate % 5% [i] 

[a] Data on traditional production methods is obtained from Luoga et al. (2000). [b] The specific weight of 
wood is conducted from Adedeji et al. (2013). [c] (Reumerman & Frederiks, 2002). [d] For the traditional 
kiln an efficiency of 8% is considered, since green wood with a moisture content of 50% wet basis enters 
the traditional kiln (Openshaw, 1983). [e] Feedstock in Nigeria is obtained for free (Fadare, 2017). [f] The 
charcoal is sold by the producer for 464 Naira per 50 kg (Aiyeloja & Chima, 2011). These values are 
obtained in 2011 and therefore calculated to Euros 2017. [g] The investments include an axe, machete, 
hoe, shovel, fork and chainsaw (Luoga et al., 2000). For the chainsaw, a price of 120 € is assumed. [h] 
Minimum labour is assumed for the Nigerian charcoal producers (USDS, 2016). [i] Finally, a discount rate 
of 5% is assumed (USDS, 2016). 

 

Table 9. Production, input/output and financial parameters for Scenario EU. 

Parameters Unit Value Notes 

Production        

Number of vessels vessels  2  [j] 

Capacity of one vessel m3s wood/vessel  3  [j] 

Specific weight wood [dry] tonne/m3s  0.640  
 

Moisture content wood %, wet basis 50% [j] 

Efficiency %, mass 33% [j] 

Production time per vessel hours  12  [j] 

Capacity factor prod. hours/total hours  0.9  [j] 

Input/output        

Efficiency tonne wood (dry)/tonne charcoal  3.03    

Actual efficiency [wet] tonne wood (wet)/tonne charcoal  6.06    

Capacity tonne charcoal/year  925    

Annual input [dry] tonne wood (dry)/year  2,523    

Annual input [wet] tonne wood (wet)/year  5,046    

Annual output tonne charcoal/year  833    

Financial parameters       

Wood costs €/tonne green wood  28.06  [k] 

Charcoal sales price €/tonne  400    
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Project time years  10  [j] 

Initial investment € 617,127 [j] 

O&M costs percentage of investment 10% [j] 

Discount rate % 9.5% [l] 

[j] For the industrial kiln, the production parameters and the financial parameters are obtained from 
Reumerman & Frederiks (2002). [k] For Scenario EU a feedstock price of 188 € for 6.7 tonnes of green 
wood according to Suopajärvi and Fabritius (2013) is assumed. [l] The discount rate is approximated to be 
9.5% (Competition & Markets Authority, 2015). 

 

4.4.3 Cost-benefit analysis 

The cost-benefit analysis provides insights on associated costs and benefits for each scenario. It 

does this by calculating the NPV. The NPV takes all costs and benefits associated per production 

technology and discounts them with a yearly discount rate. Using the converted values, the NPV 

for charcoal production in both scenarios is calculated using Equation 4.  

𝑵𝑷𝑽 =  ∑
𝑩𝒊 − 𝑪𝒊

(𝟏 + 𝒓)𝒊

𝒏

𝒊

 
[ 4 ] 

Where: 

NPV = net present value of the project at the beginning of the first year (t = 0) 

Bi = benefits of the project in year i 

Ci = costs of the project in year i (including the initial investments at the beginning of the project, 

t = 0) 

r = discount rate 

n = life time of the project 

With the discount rate, it becomes possible to convert all future costs and benefits to their present 

value. Companies normally set their discount rate equal to their weighted average costs of capital 

[WACC], this is done so that a project at least yields benefits above the cost of lending the capital 

they need to invest into a project. For Scenario NG, this study assumes a 5% discount rate, as 

this is the maximum interest rate for Nigerian agricultural loans (Premium Times Nigeria, 2016). 

For Scenario EU, the WACC in the energy sector lies around 9.5% (Competition & Markets 

Authority, 2015). 
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4.5 Combined sensitivity and uncertainty analysis 

Moreover, the results chapter also conducts a combined sensitivity and uncertainty analysis of 

the underlying assumptions for both the LCA and EA, in order to increase the reliability of this 

research and to explain the robustness of the results.  

It is important to know the difference between a sensitivity analysis and uncertainty analysis. A 

sensitivity analysis determines how sensitive the results are to assumptions made in the 

methodology, by changing these assumptions (Eriksson, 2007). Assumptions made in the 

methodology are varied and the results are compared to the initial results (referred to as the base 

case). This provides insight on the difference in the results when making incorrect assumptions 

in the methodology. An uncertainty analysis is executed in order to determine how uncertain an 

output is, by acknowledging how uncertain the input data is and how this uncertainty in the end 

affects the results (Eriksson, 2007). The uncertainty analysis is based on the data input 

uncertainty. Where in the base case the average or default value is considered, in the uncertainty 

analysis a range between the minimum and maximum values is considered.  

For the LCA, first, the GWP for a 100-year period is changed into the GWP for a 20-year period. 

Secondly, the effect of sustainable and unsustainable forestry is investigated, specifically the 

results it has on the conversion and end-use stage. In case of sustainable forestry, the biogenic 

CO2 released is sequestrated by newly planted trees, therefore considered as carbon neutral. 

With unsustainable forestry, the released biogenic CO2 emissions are not sequestrated and these 

emissions contribute to the net-CO2 emissions and to the total GWP. 

Afterwards for both scenarios a combined sensitivity and uncertainty analysis is performed for the 

LCA. For Scenario NG, varieties in feedstock logistics are considered, because of their negligible 

contribution to the total GWP. The use of a masonry mound kiln has been included to account for 

sensitivity of its emissions released during the conversion stage, by changing the kiln type. The 

sensitivity of transportation by truck and ship is accounted for by varying the type of vehicle used 

for transport, specifically considering different sizes. Also, the uncertainty of the range of charcoal 

combustion emissions in the end-use stage is examined. Finally, the uncertainty in data due to 

the LHV of charcoal is examined. The LHV depends on a lot of factors, such as the wood type 

used and moisture content of the wood. The LHV is important to consider, because changing the 

LHV affects all stages in the supply chain, as the mass of charcoal needed in the end-stage to 

combust 1 MJ of charcoal depends on its LHV. 
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A similar combined analysis is applied to Scenario EU. This analysis considers the sensitivity in 

transportation, including different types of trucks and containerships. Furthermore, the uncertainty 

of the emissions due to charcoal combustion in the end-use stage is considered. Finally, the 

uncertainty of the charcoal’s LHV.  

For the EA, the following variables are varied for Scenario NG in the combined sensitivity and 

uncertainty analysis, namely: the discount rate, cost of labour and feedstock price. Additionally, 

the investment costs are varied by including or excluding a chainsaw instead of an axe in the 

initial investment. For Scenario EU, more parameters are varied: feedstock price, discount rate, 

charcoal sales price, O&M costs, investment costs and the specific weight of wood (dry) are 

considered.
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5. Results 

 

This chapter discusses the results of each analysis separately: from the TDC the EU’s charcoal 

import is presented. Then, from the single impact LCA, the GWP for both Scenario NG and 

Scenario EU are derived. Finally, the costs and benefits for charcoal produced in Nigeria and 

sustainable charcoal produced in the EU is determined from the EA with their respective NPVs. 

Both the LCA and EA are supplemented with a combined sensitivity and uncertainty analysis. 

5.1 Trade database comparison 

This subchapter compares the EC, ITC and FAO trade databases to map the EU’s charcoal import 

in quantity [tonne] and monetary value [€] from the world, extra-EU, intra-EU and Nigeria. Table 

10 provides a summary of the EU’s import data for the year 2016, which is explained in more 

detail below. First, the EU’s import quantity is discussed, followed by the EU’s import value, finally, 

by dividing the monetary value of the import by the import quantity, the import price is given. 

Presented numbers in this section are given for the year 2016, unless otherwise stated. The 

original data from these three trade databases can be found in Appendix E. 

Table 10. Overview of the EU’s charcoal import in quantity and monetary value from the world, extra-EU, intra-EU 

and Nigeria, together with the EU’s charcoal import prices for these regions in 2016. 

 Quantity Monetary value Import price 

From tonne € €/tonne 

World  978,329   405,735,380  415 

Extra-EU 657,870 235,922,720 359 

Intra-EU  320,459   169,812,660  530 

Nigeria  146,730   33,583,889  229 

 

5.1.1 European Union’s import quantity 

Figure 15 illustrates the EU’s charcoal import in quantity from the world, extra-EU, intra-EU and 

Nigeria. It becomes apparent that the EU’s charcoal import from these regions have all increased 

over the period 2003 through 2016. 
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Figure 15. EU’s import in quantity from the world, extra-EU, intra-EU and Nigeria over the period 2003 – 2016. 

The graph above shows that an average of 978 ktonnes of global charcoal is imported by the EU 

from the world. This is nearly one third of the charcoal that is imported worldwide. A total of about 

658 ktonnes was imported by the EU from extra-EU trade. This imported charcoal quantity 

originated from 60 countries outside the EU. The five largest extra-EU suppliers in quantity 

besides Nigeria are: Ukraine, Cuba, Paraguay, Namibia, Indonesia (EC, 2017). This implies that 

more than 320 ktonnes of the EU’s charcoal import quantity is traded between the EU Member 

States, referred to as intra-EU trade.  

This paragraph zooms in on the EU’s import of Nigerian charcoal. Nigeria was the biggest 

charcoal supplier of the EU, accounting for 147 ktonnes or 22% of the extra-EU trade (Table 10). 

As illustrated in Figure 15, from 2003 through 2016, the import from Nigeria increased with 466%. 

Reported by both ITC (2017) and EC (2017), Poland, Belgium, Germany, Portugal and the United 

Kingdom were the largest importers of Nigerian charcoal within the EU. According to the mirror 

data16 of the ITC database, Nigeria exported a total of 196 ktonnes of charcoal, 82% of this total 

Nigerian export went to the EU. However, this mirror data is inconsistent with the direct data from 

the ITC database on Nigerian charcoal exports. Nigeria reports an average export of around 40 

ktonnes per year to the world, with an outlier in 2009 where the export amounted to almost 680 

                                                 
16 In this case, the mirror data is reported by the importing countries, thus the EU, how much charcoal they 
import. 
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ktonnes. Both figures are presented in the Appendix E. An explanation for the inconsistent data 

could be illegal trade that is not reported by Nigeria. This confirms again the uncertainty of the 

numbers from the trade databases and that the results from this trade database comparison must 

be dealt with carefully. 

5.1.2 European Union’s import value 

The import values include insurance and transportation costs, therefore are given as CIF values. 

The EU’s charcoal import in monetary value, as illustrated in Figure 16, shows a similar trend as 

the charcoal import in quantity. Since 2003, the EU’s charcoal import has steadily increased 

through 2016. The EU imported for almost 406 M€ of global charcoal. Note that the intra-EU trade 

shows a relatively steeper increase in monetary value compared to the import in quantity between 

2003 and 2016: the monetary value increased with 129%, while the quantity increased with 49%. 

Between 2003 and 2016, the increase of the total monetary value of Nigerian charcoal imports is 

similar to the quantity import: the monetary value increased with 469% and the quantity increased 

with 466%. The EU’s charcoal import value from extra-EU trade was 236 M€ and import from 

Nigeria accounted for 14% of this value. Even though the EU’s charcoal import from Nigeria was 

largest in terms of quantity, this is not the case for the charcoal in import value from Nigeria.  

 

Figure 16. EU’s import value from the world, extra-EU, intra-EU and Nigeria over the period 2003 – 2016. 
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5.1.3 European Union’s import prices 

By dividing the import value by the import quantity, derived from the TDC, the EU’s import prices 

for global charcoal, extra-EU charcoal, intra-EU charcoal and Nigerian charcoal are 

approximated. These import prices include the monetary values as CIF, and therefore are given 

in CIF import price. An overview of the import prices for 2016 are presented in Figure 17, this is 

explained in more detail below. As the graph below shows, there is a large difference between 

the EU’s import prices for charcoal from these regions.  

 

Figure 17. EU’s import prices for global, extra-EU, intra-EU and Nigerian charcoal over the period 2003 – 2016. 

For the EU, the intra-EU import price is highest (530 €/tonne), followed by the import price for 

charcoal from the world (415 €/tonne). The EU’s import price for Nigerian charcoal, is less than 

half of the intra-EU import price, namely 229 €/tonne. The EU’s import price for Nigerian charcoal 

is 130 €/tonne lower than the import price for extra-EU charcoal. As a final remark, the EU’s import 

price for Nigerian charcoal is one of the lowest prices worldwide, even compared to the other five 

biggest extra-EU charcoal suppliers of the EU (Figure 18).  
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Figure 18. EU’s import prices for charcoal presented for the top 6 extra-EU suppliers, according to the EC database. 

5.2 Global warming potential 

This subchapter presents the GWP of Scenario NG and Scenario EU. Figure 19 provides a 

summary of the GWP per scenario, where the associated GHG emissions are summed up in CO2-

eq per MJ charcoal combusted in the end-use stage. First, the results of Scenario NG are 

elaborated on, where the EU imported charcoal produced in Nigeria. Afterwards, the results of 

Scenario EU are explained, where charcoal is sustainably produced in the EU and traded among 

the EU Member States.  

5.2.1 Global warming potential Scenario NG 

The GWP per MJ charcoal for Scenario NG is 284 g CO2-eq. Figure 20 illustrates that the 

conversion stage and the end-use stage have the largest influence on the GWP. The large 

contribution of the conversion stage and the end-use stage is due to unsustainable forestry, 

namely (illegal) harvesting of woody biomass without replanting. The biogenic CO2 released 

during the conversion and end-use is considered and therefore contributes to the overall GWP of 

Scenario NG. In addition, due to the traditional earth kiln method used in the conversion stage, 

incomplete combustion occurs, resulting in CH4 emissions further contributing to the GWP. Felling 

and sizing only contribute a very low amount to the total GHG emissions; therefore, this stage is 
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not elaborated on further. Consistent with findings by Van Dam (2017), transportation has a 

relatively low impact on the total amount of GHG emissions.  

 

Figure 19. GWP of Scenario NG and Scenario EU. 

 

Figure 20. GWP for Scenario NG per MJ charcoal combusted in the end-use stage. 
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5.2.2 Global warming potential Scenario EU 

The GWP for Scenario EU is 20 g CO2-eq/MJ, as can be seen in Figure 21. The charcoal is 

considered CO2 neutral since the woody biomass is harvested sustainably and the biogenic CO2 

released does not contribute to the total GHG emissions. What stands out is that GHG emissions 

in the end-use stage contributes most to the total GWP. Since due to incomplete charcoal 

combustion CH4 is released, contributing to the total GWP. Secondly, harvesting/bundling 

account for around 4 g CO2-eq/MJ, caused by the fossil fuels consumed in the various machinery 

needed. The reason for the GHG emissions in the conversion stage are caused by additional 

fossil fuels needed to provide the heat needed for slow-pyrolysis. Only a very small portion in the 

conversion stage is caused by biogenic CH4 emissions. Finally, hauling contributes more to the 

GWP than the total distribution stage. 

 

Figure 21. GWP for Scenario EU per MJ charcoal combusted in the end-use stage. 

5.2.3 Global warming potential comparison 

As Figure 19 shows, Scenario NG clearly has a much higher GWP, namely 284 g CO2-eq/MJ, 

over 10 times more than Scenario EU, namely 20 g CO2-eq/MJ. The difference in GWP between 

the two scenarios is 264 g CO2-eq/MJ. This means that per MJ charcoal combusted in the end-

use stage 264 g CO2-eq can be mitigated by producing the charcoal sustainably in the EU instead 

of importing unsustainably produced charcoal from Nigeria. Figure 22 shows the relative 
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distribution of the contribution per charcoal supply chain stage for both scenarios. The main 

differences between the scenarios are discussed in more detail below. 

 

Figure 22. GWP comparison between Scenario NG and Scenario EU in a stacked column. 

For Scenario NG biomass production is not considered, since woody biomass is acquired illegal 

from natural forests. The 1% from biomass production and feedstock logistics is caused by the 

feedstock logistics, namely the use of a chainsaw. The biomass production and feedstock logistics 

stage for Scenario EU contributes 40% to its total GWP, where forest management is included. 

While these stages contribute most to the GWP, sustainable forestry drastically reduces the net-

CO2 emissions in the conversion and end-use stage of Scenario EU, due to biogenic CO2 released 

is considered as CO2 neutral. 

For Scenario NG, the conversion stage contributes most to its total GWP, namely 55% (157 g 

CO2-eq/MJ). While in Scenario EU, the conversion stage contributes only little under 20% (4 g 

CO2-eq//MJ). The conversion emissions calculated for this research are compared with a recently 

published study. Van Dam (2017) collected a range of emission values regarding the conversion 

stage.17 The varying emissions are due to differing production methods. The minimum, average 

and maximum conversion emissions from this report are taken into account to compare the results 

of this research with literature. Figure 23 shows this range of emission values for the conversion 

                                                 
17 The aggregated values are extracted from Table 7 in “The charcoal transition: Greening the charcoal 
value chain to mitigate climate change and improve local livelihoods” (Van Dam, 2017). 
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stage, according to FAO (2017), and are applied to the mass balances of Scenario NG and 

Scenario EU. The conversion emissions in Scenario NG should be near the maximum due to the 

inefficient traditional kiln, while Scenario EU conversion emissions should be close to the 

minimum due to the efficiency of industrial kilns. For Scenario NG, the result is as expected, as 

the conversion emissions lie between the average and maximum, while Scenario EU is at the 

minimum. This suggests that emission values associated with the conversion stage found in this 

research have a high validity. 

 

Figure 23. Conversion emissions compared to Van Dam (2017). 

For Scenario NG, the distribution logistics stage has a total of 7.9 g CO2-eq/MJ, while for Scenario 

EU this is somewhat lower accounting for 2.4 g CO2-eq/MJ. However, when looking at the 

percentage contribution, for Scenario NG it is only 3% of the total GWP, while for Scenario EU it 

is 12% of the total GWP. For both scenarios, it is only a minor contributor to the total GWP.  

In both scenarios, the end-use stage is an essential part of the total GWP (Figure 22). For 

Scenario NG, this is 41% or 118 g CO2-eq/MJ and for Scenario EU it is 29%, specifically 6 g CO2-

eq/MJ. The large difference between these scenarios is caused by the biogenic CO2 contributing 

to the total GWP of Scenario NG, but excluded in the GWP for Scenario EU. Still in both scenarios 

CH4 is released due to incomplete charcoal combustion in the end-use stage. The release of CH4 

is a significant contributor to the GWP of both scenarios, therefore it should not be assumed that 
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even if charcoal is produced sustainably, the consumption of charcoal does not emit any GHG 

emissions.  

Finally, due to the low charcoal yield of the traditional kilns in Scenario NG, more wood is needed 

to produce the same amount of charcoal in comparison with Scenario EU, where industrial kilns 

are employed. 

5.2.4 Combined sensitivity and uncertainty analysis of the life cycle assessment 

First, a sensitivity analysis is executed where the time interval of the calculated GWP is changed. 

Then, per scenario a combined sensitivity and uncertainty analysis of the data input is included.  

First, the GWP for a 100-year period is changed into the GWP for a 20-year period. Table 11 

shows that both scenarios have a higher GWP for the 20-year period. Due to methane’s relatively 

short lifetime the GWP of methane for a 20-year period is larger than over 100 years. In Scenario 

NG, this results in an increase of more than 100 g CO2-eq of the total GWP, resulting in 392 g 

CO2-eq/MJ. Methane is released during the conversion stage due to incomplete combustion of 

biomass in traditional kilns. Also, a small amount of emissions is added during the end-use stage 

due to incomplete combustion of charcoal in both scenarios. Scenario EU increases about 1.5 

times compared to a GWP period of 100 years, resulting in 32 g CO2-eq/MJ. This extra 

contribution is also due to methane released in the end-use stage due to incomplete combustion 

of charcoal. Looking at the influence of the GWP for a 20-year time interval, the difference in GWP 

between the scenarios has become even bigger. 

Table 11. GWP Scenario NG and Scenario EU for a 100-year and 20-year time interval. 

Parameter Unit Scenario NG Scenario EU Difference 

GWP 100 g CO2-eq/MJ 284.49 20.30 264.19 

GWP 20 g CO2-eq/MJ 392.37 31.91 360.46 

 

Additionally, the influence of sustainable and unsustainable forestry is considered. In this 

sensitivity scenario, the effect of sustainable forestry is assessed by considering the woody 

biomass of Scenario NG to be sustainable and the woody biomass of Scenario EU to be 

unsustainable. It serves to illustrate the effect that the type of forestry, either unsustainable or 

sustainable, has on the conversion and end-use stage, see Table 12. This analysis does not 

change the type of production kiln used, and also does not consider the effect that 

sustainable/unsustainable forestry has on other stages. As becomes apparent, when sustainable 

forestry is considered in Nigeria and unsustainable forestry is considered in the EU, the 

conversion and end-use stage are higher for the EU. Therefore, it should not readily be assumed 
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that charcoal produced in the EU is always a more sustainable choice than Nigerian charcoal. In 

the end, this sensitivity scenario shows that sustainable charcoal produced in Nigeria will be a 

better choice than unsustainable charcoal from the EU. 

Table 12. Influence of sustainable and unsustainable forestry on Scenario NG and Scenario EU. 

Parameter Unit Scenario NG Scenario EU 

  Conversion End-use Conversion End-use 

Sustainable forestry g CO2-eq/MJ 50.59 5.87 3.82 5.87 

Unsustainable forestry g CO2-eq/MJ 156.84 117.87 55.64 117.87 

 

Next, Figure 24 presents a combined sensitivity and uncertainty analysis of Scenario NG which 

is explained first. Afterwards, in Figure 25, this same combined analysis for Scenario EU is 

illustrated and explained 

 

Figure 24. Combined sensitivity and uncertainty analysis for the GWP of Scenario NG. 

The analysis of Scenario NG clearly shows that the outcomes of the LCA vary relatively much 

when changing a single data point. Changing the kiln type from a traditional mound kiln to a 

masonry mound kiln can decrease the GWP with 50 g CO2-eq/MJ. The majority of this decrease 

is caused by the fact that the masonry mound kiln has fewer emissions during conversion. A minor 

part of the reduction can be attributed to less woody biomass needed for this type of kiln and 

therefore less emissions are emitted during the previous stages. Changing the type of truck or 
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type of ship has a relatively low impact on the total GWP of Scenario NG, the difference between 

utilizing the smallest vehicle and the largest vehicle does not alter the GWP with more than 10 g 

CO2-eq/MJ. When the uncertainty of charcoal combustion in the end-use stage is considered, 

considering the lower and upper emission factor of combustion, the GWP ranges between around 

265 and 315 g CO2-eq/MJ. As discussed in the “Methodology”, the LHV is intertwined with the 

respective emissions of all stages. Varying the LHV results in a range of around 30 g CO2-eq/MJ. 

A similar combined sensitivity and uncertainty analysis for Scenario EU is illustrated in Figure 25. 

This analysis takes a different emission value up until and including the conversion phase into 

account, considers the sensitivity in transportation including different types of trucks and 

containerships, the uncertainty of the charcoal combustion emissions in the end-use stage and 

the uncertainty of the charcoal’s LHV. Also for Scenario EU the effect of the type of vehicle has a 

relatively small influence on the outcome of the GWP. The variance in charcoal emissions during 

combustion in the end-use stage has the highest influence on the total GWP of Scenario EU. 

Varying the LHV value has a much smaller effect in this scenario than it has on Scenario NG, only 

affecting the total GWP with approximately 5 g CO2-eq/MJ. 

 

Figure 25. Combined sensitivity and uncertainty analysis for the GWP of Scenario EU. 
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To conclude, the results of Scenario NG are specifically sensitive to changing the type of 

production method, i.e. switching to a masonry mound kiln. For Scenario EU, varying the 

emissions of charcoal combustion in the end-use stage has the largest impact on the results. 

Varying the combustion emissions also has a significant effect on the GWP of Scenario NG. 

As can been seen in this combined sensitivity and uncertainty analysis, the results are sensitive 

to the underlying assumptions, however, all cases considered, unsustainable charcoal from 

Nigeria has a higher GWP than sustainable charcoal produced in the EU.  

5.3 Cost-benefit analysis 

A cost-benefit analysis for both scenarios is conducted. First, the resulting NPV for Scenario NG, 

charcoal production in Nigeria, is discussed. Afterwards, the NPV for Scenario EU, sustainably 

produced charcoal in the EU, is elaborated upon. This is supplemented with a combined 

sensitivity and uncertainty analysis of the calculated NPV.  

5.3.1 Cost-benefit analysis Scenario NG 

In this section, the NPV is calculated for Scenario NG. Table 13 shows how the costs of Nigerian 

charcoal are accumulated according to literature. For a more detailed explanation, see Appendix 

F. 

Table 13. Accumulated cost structure of Nigerian charcoal according to literature. 

Parameter Unit Scenario NG Notes 

Feedstock price €/tonne wood - Fadare, 2017 

Production costs €/tonne charcoal 21 Aiyeloja & Chima, 2011 

Producer price €/tonne charcoal 41 Aiyeloja & Chima, 2011 

Retail price €/tonne charcoal 104 Novus Agro, 2016 

Export price [FOB] €/tonne charcoal 181 Daramola & Ayeni, 2016 

 

For Scenario NG, initially it was assumed that the labour costs are 2.50 €/labour-day (Nigerian 

minimum wage), the initial investment costs are around 25 €, feedstock is obtained for free and 

the charcoal sales price of the producer is approximately 41 €/tonne. It becomes apparent that 

the benefits do not exceed the costs, resulting in a negative NPV (Table 14), with associated 

production costs of over 326 €/tonne. In other words, it is not economically viable to produce 

charcoal in Nigeria under these assumptions.  

Luoga et al. (2000) published a paper in which they stated five reasons for the charcoal production 

in eastern Tanzania to be profitable. The first reason is the very low capital investment. The 

second reason is free labour: Luoga et al. (2000) suggest that farmers and their families (i.e. 
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households) work for no wage due to a lack of alternative sources of income. The third reason is 

that feedstock is acquired for free, the trees are cut illegally and without payment to a third party. 

This claim is in accordance with Vos and Vis (2010): “[…] the cost of the resource itself (wood) is 

rarely factored into the final price” (p. 40). Fourth, locals have a lack of concern of externalities 

associated with charcoal production such as deforestation and air-pollution. Lastly, the high 

demand for charcoal is named as a reason for the local population to produce charcoal with 

traditional kilns. The first, third, fourth and fifth reasons mentioned in the article are in line with 

charcoal production in Nigeria, as explained in the “Case study”. Contrary to the second reason, 

this research assumed the legal minimum wage of Nigeria, however, this cost-benefit analysis of 

Scenario NG suggests that in Nigeria, like Tanzania, labour costs are far below minimum wage, 

otherwise charcoal production is simply not economically viable.  

Therefore, the initial assumption of the labour costs is reduced to 0.14 €/labour-day, then the 

production costs become a little over 21 €, resulting in a positive NPV of 684 € with a project 

runtime of 15 years. Profit from charcoal production in Nigeria can only be realised with low capital 

investments, assuming almost unpaid labour and when the feedstock is obtained for free. It 

becomes apparent that the charcoal produced in Nigeria is sold at a price below its true value. 

Therefore, charcoal producers are forced to employ ‘free labour’ and acquire feedstocks illegally. 

This is acknowledged by Vos and Vis (2010), mentioning that sustainable efforts will likely 

continue to be undermined, since the illegal and informal production of charcoal will avoid labour 

and feedstock costs. In case of illegally logged wood for charcoal production and the price of the 

feedstock input is economically neglected, charcoal prices do not reflect their real value (Sander 

et al., 2011). Therefore, it is also extremely difficult to adopt sustainable alternatives such as 

(semi-)industrial kilns or wood plantations, since the higher investment prices are not rewarded 

(Sander et al., 2011). 

5.3.2 Cost-benefit analysis Scenario EU 

Previous research on charcoal production costs of industrial kilns indicates that costs are 

dependent of specific production method as well as the feedstock used as input (Garcia-Nunez 

et al., 2017). The Lurgi process, for example, is a large-scale charcoal production technology that 

is employed in Australia, with production costs around 320 €/tonne charcoal. While another 

technology called Lambiotte has associated production costs of 360 €/tonne charcoal. 

Furthermore, for the twin-retort system 380 €/tonne charcoal was found as production costs. In 

the EU, the most common production technologies used are the Lambiotte and Carbo Twin Retort 

systems (Garcia-Nunez et al., 2017). According to Suopajärvi and Fabritius (2013), in Finland, 
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the “[…] analysis of the supply chain yields total charcoal production costs of 268 to 478 €/t 

charcoal from logging residues” (p. 1200), averaging around 373 €/tonne, which is in accordance 

with Garcia-Nunez et al. (2017). 

In Scenario EU, operation and maintenance costs are assumed to be 10% of investment costs 

(Reumerman & Frederiks, 2002). The prices mentioned in this section assume a feedstock price 

of 188 € for 6.7 tonnes of green wood, in accordance with Suopajärvi and Fabritius (2013). The 

discount rate is assumed to be 9.5% as explained in the “Methodology” and the NPV is calculated 

for a project time of 10 years. Under these assumptions, the NPV is 197,390 €, with the production 

costs of 318 €/tonne charcoal. Despite the relatively high initial investment costs for the kiln, it is 

economically viable to produce charcoal in the EU, under the assumption that the charcoal is sold 

for 400 €/tonne by the producer.  

Moreover, as stated earlier, the efficiency of industrial kilns is much higher than traditional kilns. 

In Scenario EU, using an industrial kiln, only 3.03 tonnes of dry wood are needed to produce 1 

tonne of charcoal compared to the around 11.81 tonnes of dry wood needed for traditional kilns 

in Scenario NG.  

5.3.3 Combined sensitivity and uncertainty analysis of the economic analysis  

This combined sensitivity and uncertainty analysis further explores the effect of varying labour 

costs, feedstock price and the discount rate for both scenarios.  

In Scenario NG, the following variables are varied in the sensitivity analysis, namely: the discount 

rate, cost of labour and feedstock price. Additionally, the investment costs are varied by including 

or excluding a chainsaw instead of an axe in the initial investment. Table 14 presents the results 

of this analysis. If the chainsaw is not included in the initial investment, then the NPV increases 

by the chainsaw price of 120 €. When doubling and tripling the discount rate in the analysis, the 

NPV declines significantly but remains positive. The NPV is more than halved when assuming a 

discount rate of 15%. Assuming no wage is paid for labour, results in the highest obtained NPV 

for Scenario NG. Varying labour-costs, the NPV becomes negative when the costs reach 0.26 

€/labour-day. When including a feedstock price, the NPV is negative when the cost exceeds 3.3 

€/m3 (moisture content 50%) for feedstock.  

Table 14. Combined sensitivity and uncertainty analysis of the NPV for charcoal production in Scenario NG. 

  

Discount 
rate 

Labour 
costs 

Raw 
material 

costs 

Investment 
costs 

NPV 
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  % €/labourday €/m3 € € 

Base case 5% 0.14 0 with chainsaw 683.95 

Without chainsaw 5% 0.14 0 without chainsaw 803.95 

Double discount 10% 0.14 0 with chainsaw 444.52 

Triple discount 15% 0.14 0 with chainsaw 292.74 

No labour 5% 0 0 with chainsaw 1480.52 

Half labour 5% 1.25 0 with chainsaw -5,631.77 

Minimum labour 5% 2.5 0 with chainsaw -12,738.66 

Low feedstock price 5% 0.14 2 with chainsaw -1,396.07 

Medium feedstock price 5% 0.14 4 with chainsaw -3,476.09 

High feedstock price 5% 0.14 8 with chainsaw -7,636.13 

 

Table 15 shows the sensitivity analysis for the NPV of Scenario EU. If the feedstock price goes 

above 34 €/tonne dry wood the NPV becomes negative. The charcoal producer sales price also 

has a big effect on the NPV, the assumed sales price is relatively high compared to Reumerman 

& Frederiks (2002): 250 €/tonne charcoal. Assuming this price results in a negative NPV, making 

charcoal production in Finland economically unviable. In fact, when the charcoal sales price for 

the producer drops below 363 €, the NPV becomes negative. When varying the discount rate 

between 3% and 10% the NPV remains positive, until it reaches a discount rate above 16%. 

Lastly, the operation and maintenance [O&M] costs were examined, when these are increased 

by 50%, the NPV is still positive, although relatively low. Overall, the results are sensitive to the 

assumptions made in the methodology.  

Table 15. Combined sensitivity and uncertainty analysis of the NPV for charcoal production in Scenario EU. 

  Discount rate O&M 
Charcoal 

sales price 
Raw material 

costs 
NPV 

  
% % €/tonne 

€/tonne green 
wood 

€ 

Base case 9.5% 10% 400 28 197,390 

Low discount rate 3.0% 10% 400 28 489,453 

High discount rate 10.0% 10% 400 28 179,977 

Low O&M 9.5% 5% 400 28 391,131 

High O&M  9.5% 15% 400 28 3,649 

Low production sales price 9.5% 10% 300 28 -325,352 

High production sales price 9.5% 10% 500 28 720,132 

Low feedstock price 9.5% 10% 400 20 452,732 

High feedstock price 9.5% 10% 400 36 -54,169 

Low investment costs 9.5% 10% 400 28 420,616 

High investment costs 9.5% 10% 400 28 -25,836 
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5.4 Preventing unsustainable charcoal from Nigeria 

It is confirmed in this research that the imported charcoal from Nigeria is unsustainable and has 

a much lower import price than importing intra-EU charcoal, therefore, measurements the EU 

could implement to prevent unsustainable charcoal from Nigeria are discussed in this section. 

First, all the previous results are interpreted and summarised. Then, previous policies concerning 

the EU’s charcoal import are investigated, subsequently, policy recommendations are suggested 

to shift the import from unsustainable Nigerian charcoal to sustainably produced charcoal in the 

EU. 

5.4.1 Interpretation 

This research confirms that charcoal imported by the EU from Nigeria is unsustainably produced, 

emitting 284 g CO2-eq/MJ. This GWP is 10 times higher than the GWP of sustainably produced 

charcoal in the EU, namely 20.3 g CO2-eq/MJ. In 2016, the EU’s charcoal import quantity from 

Nigeria is 147 ktonnes, as derived in the TDC. Assuming that the LHV of charcoal is 30.0 MJ/kg, 

this import contains a total of 4.40*109 MJ. Thus, the EU’s charcoal import in 2016 caused 1.25 

Mtonnes CO2-eq/MJ. A total of 1.16 Mtonnes CO2-eq could be mitigated annually by importing 

sustainably produced charcoal from the EU instead of importing unsustainable charcoal from 

Nigeria. Table 16 gives an overview of the associated GHG emissions of charcoal production per 

scenario. 

Table 16. Associated GHG emissions of the amount of currently imported Nigerian charcoal. 

Parameter Unit Scenario NG Scenario EU Difference 

GHG emissions MJ g CO2-eq/MJ 284 20.3 264 

Annual GHG emissions tonne CO2-eq/year 1.25*106 8.94*104 1.16*106 

 

The EU’s import price for Nigerian charcoal is 229 €/tonne and the average intra-EU import price 

is more than double as high, namely 530 €/tonne. When converted to GJ assuming the LHV of 

charcoal, this results in 7.63 €/GJ and 17.7 €/GJ, see Table 17. Note that not all charcoal 

produced in the EU is sustainable, therefore this import price does not completely represent 

sustainable charcoal. In Nigeria, charcoal is sold at a production price below its true value, 

therefore, charcoal producers are forced to employ ‘free labour’ and acquire feedstocks illegally. 

Making it possible to export charcoal at an extremely low price.  
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Table 17. Cost structure for both scenarios. 

Parameter Unit Scenario NG Scenario EU Difference 

EU’s import price, GJ  €/GJ 7.63 17.7 10.0 

Production costs €/GJ 0.70 10.6 9.91 

 

5.4.2 Previous policy implementations 

The environmental issues and concerns surrounding the Nigerian charcoal sector are also 

acknowledged by the EU. In 2013, a press release announced to financially support renewable 

energy policy in Nigeria in order to decrease the use of polluting traditional energy sources such 

as charcoal (European Commission, 2013). The press release also pointed to the consequences 

of traditional charcoal production for health and the environment, among other things the problem 

of deforestation in Nigeria. While the EU financially supports Nigerian renewable energy policy, 

imports of Nigerian charcoal to the EU have increased, contributing to the negative effects 

associated to charcoal production in Nigeria. In addition, as mentioned in the newspaper article 

by Hilse (2017), there exists loophole in the European Timber Regulation: “The regulation came 

into force in 2013 and was established to stop illegal wood and paper products from entering the 

EU. But while tropical woods are tightly regulated, charcoal does not even appear in the paper.”  

In 2007, the European Parliament attempted to ban charcoal imports from countries without 

legislation on replantation (European Parliament, 2008). The petition was proposed by the 

German Rafael Schiel. Despite the petitioner’s concern “The Commission does not believe that 

there is sufficient evidence to suggest that an import ban on charcoal would redress the problem 

[...]”(European Parliament, 2008, p. 2). However, new steps have been taken through the FLEGT 

Action Plan to fight against illegal logging by supporting governance in the concerning countries. 

The FLEGT Action Plan was established in 2003 and meanwhile they also have projects in Nigeria 

to stop illegal logging.18 Banning African charcoal in the EU has been tried before and did not 

succeed. Therefore, other perspectives to tackle this problem need to be considered. 

5.4.3 Policy recommendations for the EU 

All over the world different policy methods have been implemented to reduce GHG emissions (Lin 

& Li, 2011). One of these methods is carbon taxing, which is a cost-effective instrument in 

achieving a given abatement target. This policy is highly recommended by economists and 

international organisations (Lin & Li, 2011). Carbon taxes deal with the environmental costs, by 

including it into the total costs. Since carbon tax is one type of consumption tax depending on the 

                                                 
18 More about the Flegt Action Plan can be found on their website (European Forest Institute, 2017). 
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carbon content or CO2 emissions of fossil fuels, it focuses ultimately on the reduction of CO2 

emissions (Lin & Li, 2011).  

Assuming the previous identified EU’s import prices for Nigerian charcoal and intra-EU charcoal, 

Table 18 illustrates the effect differing tax-amounts, in € per tonne CO2, has on the initial import 

prices. With a carbon tax of 50 €/tonne CO2 applying to both scenarios, the EU’s import price for 

Nigerian charcoal than becomes 21.9 €/GJ, making intra-EU prices competitive, which now result 

in 18.7 €/GJ. Therefore, this research recommends charging a carbon-tax for importing charcoal.  

Table 18. Influence on EU’s import prices for Nigerian and intra-EU charcoal including a CO2 tax. 

Parameter 
 

Unit 
 

Value 

0 €/t CO2 10 €/t CO2 30 €/t CO2 50 €/t CO2 

Nigerian charcoal €/GJ charcoal  7.63   10.5   16.2   21.9  

Intra-EU charcoal €/GJ charcoal  17.7   17.9   18.3   18.7  

 

The question remains whether a carbon-tax will work better in practice than a charcoal ban; 

however, this goes beyond the purpose of this thesis and could be investigated in further research. 

Other measurements could be to subsidise sustainable charcoal or tightening the certification 

rules. However, the latter is a complex situation, since it is recognised that on the EU’s market 

the selling of charcoal from illegally harvested timber as FSC-certified charcoal occurs (Crumley, 

2017). First, the charcoal is imported form a country without FSC-certified forests, such as Nigeria. 

Then, in the EU it is repacked and sometimes mixed, finally it is sold as FSC-certified charcoal 

produced within Europe. This issue should also be addressed by policy.  

Finally, the biggest changes could probably be made in Nigeria. However, this is not the scope of 

this research. As mentioned in the “Introduction”, multiple reports focus on improving the charcoal 

sector in SSA.19 These reports could be consulted to apply measurements to improve the Nigerian 

charcoal sector, since there is room for improvement in Nigeria in terms of policy. Increased 

regulation and governance of the charcoal sector would result in increased tax income for 

governments and would increase the charcoal price to better reflect its true economic value. This 

increase in price will naturally result in higher prices to local consumers, but ultimately stimulate 

investments to increase production efficiency. In the past, also in Nigeria there has been an 

attempt to stop charcoal exports. The Nigerian government has tried to ban charcoal export in 

                                                 
19: the World Agroforestry Centre reported the key areas where interventions are needed (Neufeldt et al., 
2015), NL Agency assessed bottlenecks with possible solutions (Vos & Vis, 2010), and the World Future 
Council’s focus was on policy solutions (Neuberger, 2015).  
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2013, as already mentioned in the “Case study”. However, in the same year the Charcoal 

Development Dealers Association has succeeded to lift the ban (Johnson, 2016). Today, charcoal 

imports from Nigeria continue while their production circumstances remain the same. Clearly, the 

attempts to solve the problem locally have not been fruitful. That is why the EU has to do 

something, such as implementing a carbon tax, if they want to stop the imports of unsustainable 

charcoal that contributes to deforestation, large amounts of GHG emissions and unfair wages. 
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6. Discussion 

 

In the discussion, the limitations and uncertainties are elaborated on. First, regarding the data 

quality, followed by the case studies and methodology. Afterwards, the research validity is 

explored. Finally, an initiative to reduce unsustainable charcoal imports in the EU by a non-

governmental organisation is discussed. 

6.1 Uncertainty and limitations 

Despite the uncertainties and limitations discussed in this section, this research serves as a 

guideline and approximate analysis that is adequate to answer the proposed research questions. 

In this section, first, the uncertainty and limitations regarding data quality are elaborated on. Then, 

the assumptions of the case studies and methodology are discussed. 

6.1.1 Data quality 

The consulted trade databases have to been dealt with carefully, since they probably do not 

always reflect exact reality. Therefore, not only one, but multiple trade databases are consulted 

in this research to increase reliability. 

Secondary literature is used to acquire the necessary data for this research. In order to be as 

specific as possible, it is best to use recently published literature. However, sometimes old data 

sources are used, even from the 80s and 90s. These old sources are mostly used to collect the 

data for Scenario NG. Not much has changed over the years about the traditional production 

method, which is already used for many years. In order to collect the country specific data for both 

scenarios, grey literature is used: newspaper articles, reports and company websites. Especially 

for Scenario NG, and in particular for the EA, many of these grey sources have been consulted 

in order to collect all necessary data. Of course, first peer reviewed literature is considered, but 

when literature was not available the other sources were consulted. Finally, country specific was 

not always available, therefore, non-country specific data, such as general data on SSA, and data 

from other countries is used in some cases.  

The assumptions made in the cost-benefit analysis are based on data from different periods in 

time and are not always country-specific. These values are adjusted for inflation and foreign 

exchange rates to get the most complete picture. Despite the values not always being time- and 

country-specific, the results of the analysis show a clear difference in the cost structure between 
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both scenarios and is sufficient for this research. The reliability of the results can be improved by 

collecting primary data from an actual commercial industrial kiln.  

In order to avoid previous mentioned inaccuracies, data from primary sources has to be collected. 

However, primary data collection for Scenario NG would still be difficult, because the charcoal 

sector is unregulated and partly illegal in Nigeria (Daramola & Ayeni, 2016). Therefore, data will 

probably hard to require, also on the spot. For the EA, company data, such as profit margins, are 

hard to obtain as this data is often kept secret. This is likely also the reason that this data could 

hardly be found in scientific literature. 

6.1.2 Case study 

This research only considers charcoal produced from woody biomass, but disregards briquettes 

that can be made from alternative feedstocks, such as coconut, bamboo or agricultural residues. 

Previous research already looked into the potential of alternative feedstocks. According to Vis et 

al. (2013), there is a high technical potential for alternative feedstocks such as cotton stalks in 

Nigeria, accounting for 1.3 Mtonnes per year. Also, research exists with a focus on bamboo as a 

suitable alternative for charcoal production within Africa.  

In Scenario EU only harvest residues are included as feedstock. In a follow-up study, other 

feedstock inputs, such as industrial residues could be considered. The conversion process 

considered in Scenario EU is slow-pyrolysis. As mentioned in the “Case study”, the choice for 

slow-pyrolysis is due to it having the highest charcoal yield. Further research could consider 

looking at fast pyrolysis, where bio-oil and syngas are produced primarily and charcoal is a by-

product, or flash pyrolysis can be considered (Van Wesenbeeck et al., 2016). The syngas can be 

sold or substitute natural gas for heat applications (Brown et al., 2011). 

It is assumed that all charcoal consumed in the EU is shipped to the Netherlands and consumed 

there. This is of course not the real situation. However, transportation is only 3% of the total 

emissions in Scenario NG, however 12% of the GWP of Scenario EU. The emissions of transport 

are a significant part of the total GWP of Scenario EU and changing the transportation distance 

can therefore affect the results of Scenario EU. Still this would not influence the ultimate outcome 

of this research, namely that Scenario NG has a much higher GWP than Scenario EU.  

6.1.3 Methodology 

To calculate the GWP within this research, three direct GHGs are taken into account: CO2, CH4 

and N2O. However, during incomplete combustion of biomass, also other pollutants are released, 
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such as carbon monoxide [CO] and non-methane hydrocarbons [NMHC]. These two pollutants 

have an indirect effect on global warming (Smith et al., 1999). The impact of these indirect GHGs 

could be included in a follow-up research. However, these have almost not been studied yet. In 

addition, to the knowledge of the author, little research has been done on non-methane volatile 

organic compounds [NMVOCs], therefore this research does not take these GHG emissions into 

account. Further research is needed to increase the understanding of NMVOCs. 

The LCA conducted in this research only considers a single environmental impact category, 

namely GWP. This does not give a complete picture of the overall environmental impact. In order 

to create a complete picture, other impact categories have to be included, such as human toxicity 

and resource depletion. These two impacts are already discussed in more detail below. 

Firstly, several studies already examined the impact of charcoal production and consumption on 

human health. Abdel-Shafy and Mansour (2016) discusses the impact of polycyclic hydrocarbons 

caused by incomplete combustion on the human. The study from Olujimi et al. (2016) showed 

that charcoal workers are exposed to high levels of CO and particular matter with a diameter less 

than 2.5 micrometres [PM2.5]. Also, Table 1 in the “Theoretical background” illustrates that 

traditional kilns release more CO, a highly toxic emission for humans, than industrial kilns. This 

implies that it is beneficial for human health to use industrial kilns instead of traditional kilns. 

Secondly, as mentioned in the “Case study”, charcoal production in Nigeria contributes to 

deforestation (resource depletion), however, how much of the deforestation can exactly be 

attributed to charcoal production is still debated. As the mass balances show, Table 6 and Table 

7 in the “Methodology”, for Scenario NG to produce 1 tonne of charcoal for the end-use stage 15 

tonnes of dry wood is needed (assuming green wood is carbonised). This means that for the 147 

ktonnes charcoal imported by the EU from Nigeria in 2016, 2.20 Mtonnes dry wood is needed. 

Assuming a dry matter aboveground biomass of 184 tonnes per hectare (Nabuurs et al., 2004) 

and as Fadare (2017) suggests, replanting does not occur in Nigeria: 11,962 ha of forest has to 

be cut for the yearly amount of imported by the EU. A more optimistic replanting scenario, as 

suggested by Adeniji et al. (2015), assumes that 24% of the charcoal producers replant trees after 

harvesting. This scenario suggests that around 9,091 ha is cut down for the yearly EU’s charcoal 

import from Nigeria. Assuming an average deforestation rate of 375,000 ha per year (Olasupo, 

2016), the EU’s charcoal import contributes to 3.19% of the annual Nigerian deforestation under 

the assumption of no replanting, and 2.42% when assuming 24% of the trees is replanted. When 

it is assumed that air dried wood with a moisture content of 15% (dry basis) is carbonised the 
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percentages contributing to deforestation are more than halved (Table 19). This shows the 

importance of air-drying the woody biomass before carbonisation or improving the efficiency by 

changing towards a more efficient kiln, because less woody biomass is needed then. While this 

method is somewhat short-sighted and does not take into account natural forest regeneration, it 

becomes clear that the EU’s import of Nigerian charcoal puts pressure on Nigerian forests. A 

more elaborate research is needed to investigate the deforestation caused by EU’s charcoal 

import. 

Table 19. Deforestation caused by the EU’s import of Nigerian charcoal. 

Parameter Unit No replanting Partly replanting 

Green wood input       

Harvested area ha/year  11,961.64   9,090.85  

Share total deforestation %/year 3.19% 2.42% 

Air-dried wood input       

Harvested area ha/year  4,491.20   3,413.31  

Share total deforestation %/year 1.20% 0.91% 

 

6.2 Research validity 

This research looked at the EU’s charcoal import from Nigeria, however Nigeria is not the only 

charcoal supplier of the EU. In 2016, Ukraine, Cuba, Paraguay, Namibia, Indonesia, Argentina, 

together with Nigeria, contributed nearly 358 ktonnes of charcoal to the EU (EC, 2017). However, 

what is known is that African charcoal is rarely FSC-certified, with an exception for South Africa 

(Vos & Vis, 2010). For example, Namibia is one of the biggest suppliers for the UK and the 

Namibian charcoal sector is also associated with illegal harvesting (Bawden, 2015). When making 

the rough assumption that these 358 ktonnes are all produced as unsustainable as in Nigeria, 

this results in a total GHG emissions of 3.06 Mtonnes CO2-eq, with a possible mitigation of 2.84 

Mtonnes CO2-eq when shifting to importing sustainably produced charcoal from the EU. 

The trade flows to the EU is only a small part of the global charcoal trade. Globally, Indonesia is 

the biggest charcoal exporter, and Brazil is the biggest producer of charcoal. Both these countries 

suffer high annual deforestation rates, partly caused by charcoal production (Van Wesenbeeck, 

2016). The findings of this research cannot directly be applied to other trade flows; however, this 

research gives an indication of the associated GWP when unsustainable charcoal is traded. 

6.3 Other initiatives 

Several years ago, the non-profit organisation the Tropical Forest Trust [TFT], identified that 

around 40% of the charcoal sold in France was imported from Nigeria (Girard, 2015). The mission 
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of the organisation is to bring total transparency in, among others, the charcoal sector. In 2013, 

they started their operations in France, where they traced back the charcoal to the wood source 

to ensure there are no links to deforestation to create awareness of the charcoal’s origin (TFT, 

n.d.). Between 2014 and 2016, the amount of Nigerian charcoal imported by France steadily 

decreased from 23 ktonnes to 5 ktonnes (ITC, 2017). Recently, they expanded their operations 

to Germany. This is a good initiative to create awareness and transparency about the charcoal 

origin and should be takes as an example for more countries in the EU. 
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7. Conclusion 

 
The unregulated charcoal sector in Nigeria is associated with uncontrolled (illegal) harvesting and 

the use of inefficient traditional production methods. In 2016, the European Union [EU] imported 

nearly 147 ktonnes of charcoal from Nigeria. Between 2003 and 2016 imports from Nigeria to the 

EU have increased more than five-fold. No articles were found that cover the impact of the 

emissions caused by the EU’s import of Nigerian charcoal, also the cost structure of Nigerian 

charcoal has not been compared to charcoal from the EU. The aim of this research is to fill this 

gap and explore the effects of shifting the EU’s import of Nigerian charcoal to sustainably 

produced charcoal in the EU. This research answers the following two main research questions: 

1. How much greenhouse gas emissions caused by the European Union’s import of Nigerian 

charcoal may be mitigated by shifting production to the European Union? 

2. How economically feasible is it for the European Union to shift imports from Nigerian charcoal 

to sustainably produced charcoal in the European Union? 

In this research, two scenarios are studies. In the first scenario, Scenario NG, the charcoal is 

produced in Nigeria and in the second scenario, Scenario EU, the charcoal is produced within the 

EU, specifically Finland, while in both scenarios the charcoal is transported to and consumed in 

the Netherlands. Scenario NG represents the current situation of charcoal production in Nigeria 

and its export to the EU. Scenario EU is a representation of sustainable charcoal production using 

state-of-the-art technology.  

To answer the research questions, three analyses are performed on the aforementioned 

scenarios. First, a trade database comparison [TDC] to map the EU’s charcoal import. Second, a 

single-impact life cycle assessment [LCA], also called a carbon footprint, to determine the global 

warming potential [GWP] in gram CO2 equivalent per MJ charcoal combusted in the end-use 

stage. Finally, an economic analysis [EA] calculates the production costs and benefits, together 

with the net present value [NPV]. 

The results reveal that around 1.16 Mtonnes CO2-eq could be mitigated annually by importing 

sustainably produced charcoal from the EU instead of importing unsustainable charcoal from 

Nigeria, answering the first main research question. This answer was derived through combining 

its three sub-questions.  
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To answer sub-question 1a, the TDC was conducted. It was found that the EU imported around 

147 ktonnes of charcoal from Nigeria for 34 M€ in 2016. Then, as calculated in the LCA the GWP 

of Scenario NG is 284 g CO2-eq/MJ. Combined with the EU’s charcoal import quantity from 

Nigeria, sub-question 1b is answered. The annually emitted GHG emissions by the EU’s import 

of charcoal from Nigeria is 1.25 Mtonnes CO2-eq.20 

Next, the GWP for Scenario EU is approximated, 20.3 g CO2-eq/MJ, and this is compared to 

Scenario NG, resulting in 284 g CO2-eq/MJ. To answer sub-question 1c, the difference in GHG 

emissions per MJ charcoal consumed in the end-use stage between importing unsustainable 

charcoal from Nigeria and importing sustainably produced charcoal from the EU is 264 g CO2-eq. 

This is caused by unsustainable harvesting and the use of traditional production methods in 

Scenario NG, compared to sustainable forestry and efficient production methods of Scenario EU. 

The answer from the second main research question shows that it is currently not feasible to shift 

the EU’s import from unsustainable charcoal from Nigeria to sustainably produced charcoal in the 

EU. The EU’s import price for Nigerian charcoal is 7.63 €/GJ and lies below the production costs 

of sustainably produced charcoal in the EU, namely 10.6 €/GJ. In other words, sustainable 

charcoal cannot compete with cheap unsustainable charcoal without external support. Either the 

EU’s import prices for Nigerian charcoal have to go up, or intra-EU import prices for charcoal need 

to go down. However, the latter is currently economically infeasible due to the high production 

costs for sustainable charcoal. Therefore, Nigerian charcoal prices have to go up.  

To answer sub-question 2a, the import prices for charcoal are approximated through a trade 

database comparison. The EU’s import price for Nigerian charcoal is 7.63 €/GJ, while the average 

intra-EU import price is 17.7 €/GJ21.  

Next, the difference in production costs was analysed through a cost-benefit analysis, answering 

sub-question 2b. The production costs for Nigerian charcoal amount to 0.70 €/GJ, is sold by the 

producer for 1.37 €/GJ, resulting in an NPV of 684 €. Charcoal production in Nigeria is only 

economically viable when labour costs are minimal and the feedstock is obtained for free. Nigerian 

charcoal is sold below its true market value creating a vicious circle of unregulated harvesting and 

inefficient production. The production costs for sustainably produced charcoal in the EU was much 

higher, namely around 10.6 €/GJ. This large difference in production costs is caused by the fact 

                                                 
20 Assuming the lower heating value of charcoal to be 30 MJ/kg. 
21 Note that not all charcoal produced in the EU is sustainable, therefore this import price does not 
completely represent sustainable charcoal. 
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that in Nigeria investments are minimal, while in the EU, feedstock is paid for and industrial kilns 

require a relatively high initial investment. If the producer sells the sustainable charcoal for 13.3 

€/GJ, the NPV would be 197 k€.  

This research suggests the following measure to prevent the import of cheap unsustainable 

charcoal from Nigeria and stimulate import of sustainably produced charcoal: a carbon tax of 50 

€/tonne CO2. This carbon tax will cause the import price for Nigerian charcoal to become higher 

than the intra-EU charcoal import price, respectively, 21.9 €/GJ and 18.7 €/GJ. Charcoal from the 

EU can then compete on price with Nigerian charcoal.  

While the possible mitigation of GHG emissions when shifting the import from Nigerian charcoal 

to sustainably produced charcoal in the EU will not save the world, this research shows that the 

EU’s import of Nigerian charcoal contributes to the vicious circle of the Nigerian charcoal sector 

and puts extra pressure on Nigerian forests. This specific case study is not directly applicable to 

other charcoal trade flow from developing countries. However, in many developing countries a 

similar situation regarding an unregulated charcoal sector is occurring. Therefore, this research 

serves as a basis for future studies on different regions. 
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Appendices 

 

Appendix A: Search terms for trade databases. 

Table 20. Search terms for original data from the EC database for EU’s charcoal import. 

  from world from Nigeria 

Product 4402 4402 

EU Member State EU28 EU28 

Partner country All partners Nigeria 

Other criteria Quantity/Value Quantity/Value 

Quantity Euro Euro 

Value Kg Kg 

 

Table 21. Search terms for original data from ITC database for EU’s charcoal import. 

  from world from Nigeria from intra-EU 

Product 4402 4402 4402 

Country/     
Country group 

European Union (EU28) Nigeria European Union (EU28) 

Partner/      
Partner group 

All European Union (EU28) European Union (EU28) 

Other criteria 
Imports; Yearly time 
series; by importing 
country; Quantities/Values 

Exports; Yearly time 
series; by country; Mirror 
data; Quantities/Values 

Imports; Yearly time 
series; by product; Values 

Quantity Tonnes Tonnes - (Not available 

Value Euro thousand Euro thousand Euro thousand 

* “Mirror data invert the reporting standards by valuing exports in CIF terms (i.e. including transportation 

and insurance costs) and imports in FOB terms (i.e. excluding these services).” (ITC, 2017). 

 

Table 22. Search terms for original data from FAOstat database for EU’s charcoal import. 

  from world 

Product Wood charcoal 

Special groups European Union > (List) 

Other criteria Import Quantity/Import Value 

Quantity Tonnes 

Value US Dollar thousand 
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Appendix B: GWP data for Scenario NG 

Table 23. Feedstock logistics Scenario NG. 

FEEDSTOCK LOGISTICS 

Parameter Abbreviation Unit Value Notes 

Input data chainsaw       

Fuel consumption FC kg/m3 wood        0.25  a 

Emission factor CO2 EFCO2 g CO2/kg fuel       3,150  a 

Emission factor CH4 EFCH4 g CH2/kg fuel        6.91  a 

Emission factor N2O EFN2O g N2O/kg fuel        0.02  a 

Calculations felling         

Wood density WD kg/m3         896  b 

Emissions CO2 ECO2 g CO2/tonne wood     878.91  c 

Emissions CH4 ECH4 g CH4/tonne wood        1.93  c 

Emissions N2O EN2O g N2O/tonne wood        0.01  c 

Results feedstock logistics       

Felling GWP felling g CO2-eq/tonne wood         934  d 

Sizing GWP sizing g CO2-eq/tonne wood         934  e 

[a] The data for felling trees with a chainsaw is derived from Bosner et al. (2012) {Table 8}. From the 
three chainsaws given (C1 = Stihl 026; C2 = Stihl 036; C3 = Stihl 026/036) the average is calculated 
for fuel consumption and for the three emission factors. [b] The wood density assumed in this scenario 
is [896 kg/m3] (Adedeji et al., 2013). [c] The emissions for felling are calculated with 𝐸𝑥 = 𝐸𝐹𝑥 ∗ 𝐹𝐶 ∗

1000[𝑘𝑔]/𝑊𝐷. [d] The GWP for felling is calculated using equation 1, notice the emissions are given 

per tonne wet wood 50% moisture content wet basis. Therefore, this value has to multiplied with 2 in 
order to get the emissions per tonne dry wood. [e] For sizing the same GWP is assumed as for felling.  

 

Table 24. Conversion Scenario NG. 

CONVERSION 

Parameter Abbreviation Unit Value Notes 

Input data low efficiency earth mound kiln 

Emission factor CO2 EFCO2 g CO2/kg charcoal             2,510  f 

Emission factor CH4 EFCH4 g CH2/kg charcoal              40.7  f 

Emission factor N2O EFN2O g N2O/kg charcoal              0.21  f 

Calculations carbonisation       

Emissions CO2 ECO2 g CO2/tonne charcoal      2,510,000  g 

Emissions CH4 ECH4 g CH4/tonne charcoal           40,700  g 

Emissions N2O EN2O g N2O/tonne charcoal               210  g 

Results conversion         

Conversion GWP conversion g CO2-eq/tonne charcoal      3,705,250  h 

[f] The emission factors for charcoal production [g pollutant/kg charcoal produced] originate from 
Njenga et al. (2014) {Table 1}. Njenga et al. (2014) took the average of two traditional earth mound 
kilns in Kenya, EM1 and EM2, with a kiln efficiency of 22% (Pennise et al., 2001). [g] The emission 
factors are converted from [g EF/kg charcoal produced] to emissions [g EGHG/tonne charcoal 
produced]. [h] The GWP for conversion is calculated using equation 1, as the biomass is harvested 
unsustainable, the biogenic CO2 released is included within this calculation. 

 

Table 25. Distribution logistics Scenario NG. 

DISTRIBUTION LOGISTICS 
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Parameter Abbreviation Unit Value Notes 

Input data truck < 10 tonne  

Load capacity LC tonne                3  i 

Load factor of loaded trips LF % 35% i 

Loaded kilometre factor LKF % 70% i 

Utilisation factor  W% % 24.5% j 

Calculations truck transport Nigeria 

Truck transport distance D km             257 k 

Emissions vehicle-kilometre Evkm(W%) g CO2/vkm             428  l 

Emissions tonne-kilometre Etkm g CO2/tkm             582  m 

Results distribution logistics 

Truck transport Nigeria GWP truck Nigeria g CO2-eq/tonne charcoal        149,608  n 

Parameter Abbreviation Unit Value Notes 

Input data container ship like Panamax 

Container unit capacity CC TEU          4,112  o 

Utilisation TEU capacity UC % 70% o 

Share of loaded container 
units 

SLC % 60% o 

Load per loaded container unit LLC tonne/TEU            11.5  p 

Energy consumption vehicle-
kilometre 

ECvkm MJ/vkm          4,410  q 

Emission factor fuel EF fuel g CO2/MJ            76.6  r 

Calculations maritime shipping Lagos to Rotterdam 

Shipping distance  D km          8,784  s 

Emissions vehicle-kilometre Evkm g CO2/vkm       337,806  t 

Emissions tonne-kilometre Etkm g CO2/tkm               17  u 

Results distribution logistics 

Maritime shipping GWP shipping g CO2-eq/tonne charcoal        149,404  n 

Parameter Abbreviation Unit Value Notes 

Input data truck > 20 tonne 

Load capacity LC tonne               16  i 

Load factor of loaded trips LF % 60% i 

Loaded kilometre factor LKF % 75% i 

Utilisation factor (W%) W% % 45.0% j 

Calculations truck transport Netherlands 

Truck transport D km               50  v 

Emissions vehicle-kilometre Evkm(W%) g CO2/vkm          1,031  l 

Emissions tonne-kilometre Etkm g CO2/tkm             143  m 

Results distribution logistics 

Truck transport Netherlands GWP truck NL g CO2-eq/tonne charcoal          7,161  n 
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[i] The load capacity, load factor of loaded trips and loaded kilometre factor of the truck is derived from 
Den Boer et al., (2011) for average cargo from {Table 37}. [j] The utilisation factor is constructed by 
multiplying the LF with the LKF. [k] It is assumed that the charcoal is produced in Oyo which is located 
257 km from the port of Lagos, Apapa. [l] From {Table 8} in Den Boer et al., (2011) the CO2 emission 

factor for the vehicle is derived by using: 𝑬𝒗𝒌𝒎(𝑾%) = 𝑬𝒗𝒌𝒎(𝒆𝒎𝒑𝒕𝒚) + 𝑾% ∗  (𝑬𝒗𝒌𝒎(𝒇𝒖𝒍𝒍) −

𝑬𝒗𝒌𝒎(𝒆𝒎𝒑𝒕𝒚)). [m] The emissions per tonne-kilometre are afterwards calculated: 𝑬𝒕𝒌𝒎 =

𝑬𝒗𝒌𝒎(𝑾%) (𝑳𝑪 ∗ 𝑳𝑭 ∗ 𝑳𝑲𝑭)⁄ . [n] To determine the GWP the Etkm is multiplied with the distance. [o] The 

load parameters (container capacity, utilisation capacity and share of loaded container units) for the 
container ship are assumed from Den Boer et al. (2011) from {Table 39}. [p] The Load per loaded 
container is assumed from Jamala et al. (2013). Around 23 tonnes fill a 40 feet container (2 TEU), 
therefore is assumed that in a 20 feet container (1 TEU) 11.5 tonnes charcoal is transported. [q] For the 
energy consumption per vehicle-kilometre the 2009 data from Den Boer et al. (2011) is assumed from 
{Table 26}. [r] Emission factor is assumed from the 2009 data from Den Boer et al. (2011) derived from 
{Table 29}. [s] The shipping distance from the port of Lagos, Apapa (Nigeria) to the port of Rotterdam 
(the Netherlands) is 4743 nautical miles (Ports, 2017), resulting in 8784 km. [t] The CO2 emissions per 
vehicle-kilometre are than calculated by multiplying the ECvkm with EFfuel. [u] The emissions per tonne-
kilometre are calculated using: 𝐸𝑡𝑘𝑚 = 𝑬𝒗𝒌𝒎 (𝑪𝑪 ∗ 𝑼𝑪 ∗ 𝑺𝑳𝑪 ∗ 𝑳𝑳𝑪)⁄ . [v] The distribution distance in the 

Netherlands is assumed to be 50 km based on JRC (2017). 

 

Table 26. End-use Scenario NG. 

END-USE 

Parameter Abbreviation Unit Value Notes 

Input data charcoal combustion 

Emission factor CO2 EFCO2 kg CO2/TJ charcoal      112,000  w 

Emission factor CH4 EFCH4 kg CH4/TJ charcoal             200  w 

Emission factor N2O EFN2O kg N2O/TJ charcoal                1  w 

Calculations combustion 

Emissions CO2 ECO2 g CO2/MJ charcoal             112  x 

Emissions CH4 ECH4 g CH4/MJ charcoal            0.20  x 

Emissions N2O EN2O g N2O/MJ charcoal          0.001  x 

Results end-use 

Combustion GWP combustion g CO2-eq/MJ charcoal 118 y 

[w] The default emission factors for residential charcoal combustion based on the LHV are considered 
from Chapter 2: Stationary Combustion of Gómez et al. (2006) {Table 2.5 (continued)}. [x] The 
emission factors in [kg pollutant/MJ charcoal combusted] is calculated towards the unit [g pollutant/MJ 
charcoal combusted]. [y] The GWP for combustion in the end-use stage is calculated using equation 
1, as the biomass is harvested unsustainable, the biogenic CO2 released is included within this 
calculation. 
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Appendix C: GWP data for Scenario EU 

Table 27. Feedstock logistics Scenario EU. 

FEEDSTOCK LOGISTICS 

Parameter Abbreviation Unit Value Notes 

Calculations harvesting/bundling 

Emissions CO2 ECO2 g CO2/tonne bundle  27,527  z 
Emissions CH4 ECH4 g CH4/tonne bundle  34  z 

Results biomass production and feedstock logistics 

Harvesting/bundling 
GWP 
harvesting 

g CO2-eq/tonne bundle 28,484 aa 

Parameter Abbreviation Unit Value Notes 

Calculations forwarding 

Emissions CO2 ECO2 g CO2/tonne bundle 2648 z 
Emissions CH4 ECH4 g CH4/tonne bundle 2.25  z 

Results feedstock logistics 

Forwarding 
GWP 
forwarding 

g CO2-eq/tonne bundle 2711 aa 

Parameter Abbreviation Unit Value Notes 

Input intermediate transport 

Emission factor CO2 EFCO2 g CO2-eq/MWh/100 km 5,600 ab 

Calculations intermediate transport 

Truck transport distance D km  100  ab 
Emissions CO2 ECO2 g CO2-eq/tonne bundle  23,520   ac 

Results feedstock logistics 

Hauling GWP hauling g CO2-eq/tonne bundle 23,520   ad 

Parameter Abbreviation Unit Value Notes 

Calculations sizing 

Emissions CO2 ECO2 g CO2/tonne bundle 823   z 
Emissions CH4 ECH4 g CH4/tonne bundle 267 z 

Results feedstock logistics 

Sizing GWP sizing g CO2-eq/tonne  2,711  aa 

[z] The emissions for the biomass production and feedstock logistics is derived from SimaPro and 
given in mass bundles for dry energy wood from plantations. Silviculture is considered within these 
values, but included within the emissions of harvesting/bundling and not given separately [aa] The 
GWP for biomass production and feedstock logistics is calculated using equation 1. [ab] The data for 
intermediate transport for energy wood bundles, also referred to as hauling, is derived from Eriksson 
(2008), giving the GHG emissions already in CO2-eq per MWh. In this article, a bundle is 2.1 
MWh/tonne (wet wood 50% moisture content wet basis) for 100 km. [ac] The emissions related 
hauling for wet wood are now calculated to bundle dry wood. [ad] The GWP for hauling is calculated 
using equation 1. 

 

Table 28. Conversion Scenario EU. 

CONVERSION 

Parameter Abbreviation Unit Value Notes 

Input data industrial kiln 

Emission factor CO2 EFCO2 g CO2/kg dry biomass              404  ae 

Emission factor CH4 EFCH4 g CH2/kg dry biomass         0.0037  ae 

Emission factor CO2, fossil EFCO2,fossil g CO2/kg dry biomass 29,7 af 

Calculations carbonisation 

Emissions CO2 ECO2 g CO2/tonne dry biomass       404,000  ag 
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Emissions CH4 ECH4 g CH4/tonne dry biomass               3.7  ag 

Emissions CO2, fossil ECO2, fossil g CO2/tonne dry biomass 29,700 ag 

Results conversion 

Conversion GWP conversion g CO2-eq/tonne charcoal 90,314 ah 

[ae] The emission factors for charcoal production originate from Steng (n.d.) {Table 3.1} scenario. [af] 
It is assumed that besides internally used syngas, also fossil fuels are needed to heat the pyrolysis 
process. This is assumed from Kung et al. (2013). [ag] The emission factors are converted from [g 
EF/kg tonne dry biomass] to emissions [g E/tonne dry biomass]. [ah] The GWP for conversion is 
calculated using equation 1, as the biomass is harvested sustainable, the biogenic CO2 released is 
excluded within this calculation. However, the contributing fossil fuels are included. 

 

Table 29. Distribution logistics Scenario EU. 

DISTRIBUTION LOGISTICS [DL] 

Parameter Abbreviation Unit Value Notes 

Input data truck > 20 tonne 

Load capacity LC tonne              16  i 

Load factor of loaded trips LF % 60% i 

Loaded kilometre factor LKF % 75% i 

UF (W%) W% % 45.0% j 

Calculations truck transport Finland 

Truck transport distance D km             100  ai 

Emissions vehicle-kilometre Evkm(W%) g CO2/vkm          1,031  l 

Emissions tonne-kilometre Etkm g CO2/tkm             143  m 

Results distribution logistics 

Truck transport Finland GWP truck F g CO2-eq/tonne 14,321 aj 

Parameter Abbreviation Unit Value Notes 

Input data container ship like Handymax 

Container unit capacity CC TEU          2,400  o 

Utilisation TEU capacity UC % 70% o 

Share of loaded container 
units 

SLC 
% 60% 

o 

Load per loaded container unit LLC tonne/TEU            11.5  p 

Energy consumption vehicle-
kilometre 

ECvkm 
MJ/vkm          3,404  

q 

Emission factor fuel EF fuel g CO2/MJ            76.6  r 

Calculations maritime shipping Finland to Rotterdam 

Shipping distance  D km 2598 ak 

Emissions vehicle-kilometre Evkm g CO2/vkm 260,746 t 

Emissions tonne-kilometre Etkm g CO2/tkm 22.49 u 

Results distribution logistics 

Maritime shipping GWP shipping g CO2-eq/tonne        58,447  aj 

Parameter Abbreviation Unit Value Notes 

Input data truck > 20 tonne 

Load capacity LC tonne              16  i 

Load factor of loaded trips LF % 60% i 

Loaded kilometre factor LKF % 75% i 

UF (W%) W% % 45.0% j 

Calculations truck transport Netherlands 

Truck transport D km              50  v 
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Emissions vehicle-kilometre Evkm(W%) g CO2/vkm          1,031  l 

Emissions tonne-kilometre Etkm g CO2/tkm             143  m 

Results distribution logistics 

Truck transport Netherlands GWP truck NL g CO2-eq/tonne          7,161  aj 

[ai] The transport distance from the industrial kiln to the port of Helsinki is assumed to be 100 km. [aj] 
The GWP for distribution logistics is calculated using equation 1. [ak] The shipping distance from the 
port of Helsinki (Finland) to the port of Rotterdam (the Netherlands) is 1403 nautical miles (Ports, 
2017), resulting in 2598 km.  

 

Table 30. End-use Scenario EU. 

END-USE 

Parameter Abbreviation Unit Value Notes 

Input data charcoal combustion 

Emission factor CO2 EFCO2 kg CO2/TJ charcoal 112000 w 

Emission factor CH4 EFCH4 kg CH4/TJ charcoal 200 w 

Emission factor N2O EFN2O kg N2O/TJ charcoal 1 w 

Calculations combustion 

Emissions CO2 ECO2 g CO2/MJ charcoal 112 x 

Emissions CH4 ECH4 g CH4/MJ charcoal 0.2 x 

Emissions N2O EN2O g N2O/MJ charcoal 0.001 x 

Results end-use         

Combustion GWP combustion g CO2-eq/MJ charcoal 5.87 al 

[al] The GWP for combustion in the end-use stage is calculated using equation 1, as the biomass is 
harvested sustainable, the biogenic CO2 released is excluded within this calculation. 
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Appendix D: Inflation rates 

Table 31. Inflation rates in Europe, Nigeria and the USA for the period 1995 – 2016. 

Parameter Value 

  Europe Nigeria USA 

1995   2.81% 

1996   2.93% 

1997 1.57% 8.53% 2.34% 

1998 1.10% 10.00% 1.55% 

1999 1.10% 6.62% 2.19% 

2000 2.10% 6.93% 3.38% 

2001 2.35% 18.87% 2.83% 

2002 2.24% 12.88% 1.59% 

2003 2.09% 14.03% 2.27% 

2004 2.14% 15.00% 2.68% 

2005 2.18% 17.86% 3.39% 

2006 2.18% 8.24% 3.23% 

2007 2.13% 5.38% 2.85% 

2008 3.28% 11.58% 3.84% 

2009 0.29% 11.54% -0.36% 

2010 1.62% 13.72% 1.64% 

2011 2.71% 10.84% 3.16% 

2012 2.50% 12.22% 2.07% 

2013 1.35% 8.48% 1.46% 

2014 0.43% 8.06% 1.62% 

2015 0.03% 9.02% 0.12% 

2016 0.24% 15.70% 1.26% 
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Appendix E: Original data from trade databases 

EU’s charcoal import in quantity from Nigeria 

 

Figure 26. EU’s charcoal import in quantity from the world over the period 2003 – 2016. 

In Figure 26, the original data from the three databases is presented for the EU’s charcoal import 

in quantity from Nigeria. The data from the FAO and ITC databases are quite similar; however, 

there is a large difference with the data from the EC database. As explained in the “Methodology”, 

this difference is because the EC database excludes intra-EU trade in the total EU’s imports, this 

means it only considers the extra-EU trade between the EU and non-EU countries and does not 

take trade between EU member states into account.22 According to the ITC and FAO database, 

an average of 978 ktonnes charcoal was imported by the EU, including intra-EU trade. However, 

according to the EC database, a total of about 658 ktonnes was imported by the EU, representing 

the extra-EU trade. 

                                                 
22 This is checked by combining the intra-EU import in monetary values from the ITC database with the 

data from the EC database, resulting in a purple line named control (Figure 29). 
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Figure 27. EU’s charcoal import in quantity from Nigeria over the period 2003 – 2016. 

 

 

Figure 28. Nigerian export in quantity to the world over the period 2003 – 2016. 
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EU’s charcoal import in monetary value from the world and Nigeria 

 

Figure 29. EU’s global charcoal import in monetary value over the period 2003 – 2016. 

 

 

Figure 30. EU’s Nigerian charcoal import in monetary value over the period 2003 – 2016. 
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EU’s import prices for global and Nigerian charcoal 

 

Figure 31. EU’s import price for global charcoal over the period 2003 – 2016. 

 

 

Figure 32. EU’s import price for Nigerian charcoal over the period 2003 – 2016. 
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EU’s import from top suppliers 

 

Figure 33. EU’s charcoal import in quantity from the six top suppliers, the straight lines are from the EC database, the 

dotted lines from the ITC database. 

 

Figure 34. EU’s charcoal import in monetary value from the six top suppliers, the straight lines are from the EC 

database, the dotted lines from the ITC database. 
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Appendix F: Cost structure Nigerian charcoal 

This section explains in more detail how the costs of Nigerian charcoal is accumulated, visible in 

Figure 35. 

 

Figure 35. Cost structure Nigerian charcoal. 

In Nigeria, production costs are around 20.81 €/tonne (Aiyeloja & Chima, 2011). This extremely 

low price is caused by two main reasons. First, due to the fact that the charcoal producers typically 

do not pay for their feedstock (Fadare, 2017). Secondly, the investment costs of traditional kilns 

are extremely low, because the earth pit and earth mound kiln almost have no investment costs. 

The only tools that are needed and bought are a chainsaw, axe, machete, hoe, shovel and fork 

(Luoga et al., 2000). The production costs are quite similar to general data from FAO (2017), the 

associated costs of an earth-pit kiln were approximately 24.84 €/tonne charcoal23. 

                                                 
23 Assuming the kiln operates for one year. It is unknown how many times the kiln is used. 
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The selling price of charcoal for a farmer in Nigeria is around 40.98 €/tonne (Aiyeloja & Chima, 

2011). This price is similar to the 39.37 €/tonne published by Novus Agro (2016), however, a 

higher farm price of 52.80 €/tonne was recently published by the newspaper (Fadare, 2017). A 

reason for this difference is not found. 

Afterwards, retailers sell the charcoal for 103.61 €/tonne (Novus Agro, 2016), where except from 

transportation costs no additional costs were added by the retailers. An article with somewhat 

older data published that the charcoal retail price in SSA in 2003 was stable over the past years, 

resulting in 113.42 €/tonne (Zulu & Richardson, 2013). 

The free on board (FOB) price for charcoal in Nigeria is around 181.43 €/tonne (Daramola & 

Ayeni, 2016). A forum, called Nairaland, presents a somewhat higher FOB price and distinguishes 

bulk charcoal and packed charcoal, 193.40 and 236.38 €/tonne, respectively. Jamala et al. (2013) 

illustrates a somewhat lower price, European charcoal buyers pay 173.50 €/tonne for charcoal. 
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