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Abstract: Purpose: The rise in wood fuel consumption and charcoal has been associated with
increased deforestation in Ghana. Plantation developments from teak (Tectona
grandis), bamboo (Bambusa balcooa) and Acacia auriculiformis are promoted to
produce sustainable biomass for charcoal production. While all species have
comparable charcoal quality, there is limited available data to elucidate the
environmental impacts associated with their plantation development and use as
biomass sources for producing charcoal. This study therefore quantified and compared
the cradle-to-gate environmental impacts of producing charcoal from T. grandis, A.
auriculiformis and B. balcooa.

Methods: The study was conducted in accordance with the ISO procedural framework
for performing LCAs in the ISO 14040/14044. For this study, the functional unit chosen
was 1 MJ energy charcoal produced from three species: T. grandis, A. auriculiformis
and B. balcooa. Data on B. balcooa plantation was collected from a B. balcooa-based
intercropping system established by the International Network for Bamboo and Rattan
in the Sekyere Central District of Ghana. Input data for A. auriculiformis and T. grandis
were based on plantations established by the Forestry Commission of Ghana within
the forest agroecological zone of Ghana. All input data were from primary local data.
Calculations for pollutant emissions were made with Simapro version 8 applying life
cycle inventory (LCI) databases of Ecoinvent V3 and Idemat 2015 (a database of the
Delft University of Technology) to analyse the contribution of all the flow processes to
the emissions. The emissions were expressed as eco-costs and used as an indicator
for impact assessment.

Results and discussion: The results showed that relative to B. balcooa, the total eco-
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cost (comprising eco-cost of human health, ecosystems, resource depletion and global
warming) of a cradle-to-gate production of 1 MJ energy charcoal will be 140% higher
with T. grandis and 113% higher with A. auriculiformis. The increased environmental
impacts associated with T. grandis and A. auriculiformis occurred at their biomass
production stage (involving nursery and plantation establishment) which constituted
about 85% of the total eco-cost due to the use of relatively large quantities of
pesticides, weedicides and fertilizers with high acidification, ozone depletion and global
warming potentials.

Conclusions: B. balcooa plantations may be the most environmentally viable option
based on the results. Where T. grandis or A. auriculiformis is a priority, improvement
options will be key in reducing environmental costs at the biomass production stage for
improved environmental sustainability.
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Abstract 

Purpose: The rise in wood fuel consumption and charcoal has been associated with increased 

deforestation in Ghana. Plantation developments from teak (Tectona grandis or T. grandis), bamboo 

(Bambusa balcooa or B. balcooa) and Acacia auriculiformis (A. auriculiformis) are promoted to 

produce sustainable biomass for charcoal production. While all species have comparable charcoal 

quality, there is limited available data to elucidate the environmental impacts associated with their 

plantation development and use as biomass sources for producing charcoal. This study therefore 

quantified and compared the cradle-to-gate environmental impacts of producing charcoal from T. 

grandis, A. auriculiformis and B. balcooa.   

Methods: The study was conducted in accordance with the ISO procedural framework for performing 

LCAs in the ISO 14040/14044. For this study, the functional unit chosen was 1 MJ energy charcoal 

produced from three species: T. grandis, A. auriculiformis and B. balcooa. Data on B. balcooa 

plantation was collected from a B. balcooa-based intercropping system established by the 

International Network for Bamboo and Rattan in the Sekyere Central District of Ghana. Input data for 

A. auriculiformis and T. grandis were based on plantations established by the Forestry Commission of 

Ghana within the forest agroecological zone of Ghana. All input data were from primary local data. 

Pollutants´ emissions were calculated in order to analyze the contribution of all the flow processes to 

the emissions. This was done by using Simapro version 8, life cycle inventory (LCI) databases of 

Ecoinvent V3 and Idemat 2015 (a database of the Delft University of Technology). The emissions 

were expressed as eco-costs and used as indicators for impact assessment. 

Results and discussion: The results showed that relative to B. balcooa, the total eco-cost (comprising 

eco-cost of human health, ecosystems, resource depletion and global warming) of a cradle-to-gate 

production of 1 MJ energy charcoal will be 140 % higher with T. grandis and 113 % higher with A. 

auriculiformis. The increased environmental impacts associated with T. grandis and A. auriculiformis 

occurred at their biomass production stage (involving nursery and plantation establishment) which 

constituted about 85 % of the total eco-cost due to the use of relatively large quantities of pesticides, 

weedicides and fertilizers with high acidification, ozone depletion and global warming potentials.  

Conclusions: The study results suggest that B. balcooa plantations are the most environmentally 

viable option. In cases where T. grandis or A. auriculiformis plantation sare widespread, improvement 

options at the biomass production stage are required in order to reduce the environmental costs. 

 

Keywords  Charcoal • Eco-cost • Forest plantation • Life cycle analysis • Wood fuels 
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1 Introduction 

According to FAO and JRC (2012), Africa loses about 1.6 million hectares of forest annually. Whilst 

this is a major improvement from previous estimates of 3.4 million hectares/year (FAO 2010), the 

current rate is still alarming considering the huge dependence of about 90 % of the African populace 

on forest resources and non-timber forest products. The FAO and JCR (2012) estimated the annual 

deforestation rate in Ghana as 2.1 % per year, which corresponds with an average annual forest loss of 

115,000 ha. This estimate is about 100 % increment of the 65,140 ha per annum rate reported by 

ITTO (2005). The forest cover of Ghana that contained over 300 timber species has reduced from 8.2 

million hectares in 1984 to the current cover area of 1.3 million hectares (Agyemang et al. 2012). 

Most interventions and policies, such as introducing annual allowable cuts of 1 million m3 of round 

logs and bans on illegal chainsaw operation, have not reduced the pressure on forests.  This is 

attributed to the fact that some of the poorest, rural people depend on the forest for their livelihoods. 

Available literature points to the fact that fuelwood consumption is one major cause of deforestation 

in Ghana. It is estimated that 14 million m3 of wood are annually consumed for energy production in 

Ghana. Similar to many parts of Africa, wood fuels currently provide 71 % of the total annual energy 

demand in Ghana (Energy Commission of Ghana 2015) and the annual per capita consumption of 

charcoal for cooking and heating in Ghana is also estimated to be 180 kg (Agyemang et al. 2012). 

With rising household energy demands, the rates of deforestation and the concomitant negative effects 

on ecosystem services are set to increase unless alternate sustainable pathways are developed. 

In Ghana, sustainable forest management has been made a priority, with government and scientists 

now advocating for the use of bamboo to reduce pressure on major commercial timber species 

sometimes sourced for household energy needs. Bamboo’s characteristics of fast growth and high 

renewability make it an efficient and renewable substitute resource for charcoal production. Although 

bamboo is underutilized in Ghana, there are currently more than 300,000 ha of bamboo (Obiri and 

Oteng-Amoako 2007) covering about 5 % of total Ghana´s forest land. With about 30 % yield rate, 

Ghana has a strong potential to produce 0.9 million tons of bamboo charcoal on a sustainable basis 

which could potentially replace 64 % of the country’s wood consumption for charcoal production 

(Obiri and Oteng-Amoako 2007). Besides bamboo, the forestry commission and some non-

governmental organizations in Ghana continue to promote plantations of teak (T. grandis) and A. 

auriculiformis for wood fuel and charcoal production. T. grandis plantations form over 50 per cent of 

the estimated 100,000 ha of productive plantations belonging to the Forests Services Division (FSD) 

of the Forestry Commission of Ghana. There are also about 70,000 ha of private plantations 

distributed in the ten regions of the country of which T. grandis forms the major component (Oteng-

Amoako and Sarfo 2005). While the charcoal quality (in relation to energy production, smokiness, 

hardness and ash contents) of the tree species and bamboo may be comparable, there is limited 

available data to inform the environmental impacts associated with their plantation development and 

use as biomass sources for producing charcoal. It was therefore the objective of this study to quantify 

and compare the environmental impacts of producing charcoal from T. grandis, A. auriculiformis and 
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B. balcooa. This information will highlight a number of improvement options or impact reduction 

strategies that can enhance the environmental sustainability of charcoal production in Ghana. 

 

2 Materials and methods 

2.1 Species used in the study 

Species used in the study included Acacia auriculiformis, Tectona grandis and Bambusa balcooa. 

Summaries of these species are provided in Table 1. 

 

2.2 The LCA methodology 

2.2.1 System boundary and functional unit 

The study was conducted in accordance with the ISO procedural framework for performing LCAs in 

the ISO 14040/14044 (2006). For this study, the functional unit (FU) chosen was 1 MJ energy 

charcoal produced from the three species. The system studied was divided into the following stages: 

(1) Biomass production including plantation development from nursery, (2) harvesting and processing 

of biomass; (3) transportation involving transport of biomass to charcoal production site; and (4) 

carbonization and packaging of charcoal.  The production system and its boundary limits are shown in 

Fig. 1.  

 

2.2.2 Data collection and analysis 

The LCA neglected the life cycle tracing of fixed assets such as the kiln for charcoal production, 

greenhouse structures for nursery, offices, equipment, cold-rooms or refrigerators for storing 

seeds/propagules as well as marketing and utilization of charcoal. Meanwhile, the study included the 

cradle-to-gate production of all operational inputs used by plantation developers/farmers and charcoal 

producers at every stage of the charcoal production chain. The operational inputs included planting 

materials, fertilizers, pesticides, weedicides, irrigation water, wood (for charcoal production), gasoline 

(petrol) and diesel. In all cases, charcoal was produced in traditional brick kilns and the energy values 

were determined using a Krocher oxygen bomb calorimeter. Background information  on the 

production of fertilizers, used weedicides and  pesticides and transportation were obtained by 

referring to the Idemat 2015 database of the Delft University of Technology, which is partly based on 

Ecoinvent Unit data. Emissions due to fertilizer, weedicide and pesticide use were quantified by using 

estimation methods described by Hauschild et al. (2000) and Heathwaite et al. (2000). Inventory data 

for transportation was calculated based on average distance of 250 km traveled by diesel engine trucks 

in Ghana (Ntiamoah and Afrane 2008). The truck used for the analysis was assumed to be 22 tons 

total capacity/14.5 tons payload/long distance truck. Input data on B. balcooa was collected from a B. 

balcooa-based intercropping system established by the International Network for Bamboo and Rattan 

in the Sekyere Central District of Ghana. Input data for A. auriculiformis and T. grandis were based 

on plantations established by the Forestry Commission of Ghana within the forest agroecological zone 

of Ghana. All plantations compared were from the same agroecological zone.  
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All input data were from primary local data. A summary of the inventory data collected are presented 

in Table 2. The pollutants’ emissions were calculated by applying the software Simapro version 8, the 

life cycle inventory (LCI) databases of Ecoinvent V3 and Idemat 2015 (a database of the Delft 

University of Technology). The analysis of the contribution of all the flow processes to the emissions 

was based on the CML 2001 method.  The emissions were expressed as eco-costs using the 

multipliers in Table 3 reported at the Ecocost value website (2016). The eco-costs method is used to 

assess the impacts along the life cycle (life cycle impact assessment, LCIA). The eco-costs express the 

amount of environmental burden on the basis of prevention of that burden. Eco-costs are related to the 

costs which should be incurred in order to reduce the environmental pollution and materials depletion 

in our economy to a level which is in line with the carrying capacity of our earth (Vogtländer et al. 

2010). Eco-costs are “marginal prevention costs”. As such, the eco-costs are virtual costs, since they 

are not yet integrated in the real life costs of current production chains (Life Cycle Costs). The eco-

costs are calculated for the situation of the European Union, but are applicable worldwide under the 

assumption of a level playing field for business, and under the precautionary principle. The character 

of prevention measures is that the costs of prevention will counterbalance the damage costs of 

environmental pollution (e.g. damage costs related to human health problems). So the total effect of 

prevention measures on our society is that it results in a better environment at virtually no extra costs, 

since costs and savings will level out (Ecocost value website 2016). 

The total eco-cost results by adding the eco-costs at the four endpoint impact categories (eco-costs of 

human health, eco-costs of ecosystems, eco-costs of resource depletion and eco-costs of global 

warming) which individually were calculated as follows: 

- eco-costs of human health = the sum of carcinogens and fine dust  

- eco-costs of ecosystems = the sum of acidification, eutrophication and ecotoxicity  

- eco-costs of resource depletion = the sum of abiotic depletion, land-use, water, and land-fill  

- eco-costs of global warming = the sum of CO2 and other greenhouse gases  

 

3 Results and discussion 

3.1 Heat value of charcoal produced 

The calorific values of charcoal produced from the three species were generally comparable: B. 

balcooa (27.2 MJ kg-1), A. auriculiformis (28.9 MJ kg-1) and T. grandis (29.2 MJ kg-1). The range of 

values obtained is consistent with previous estimations (Rousset et al. 2011; Fuwape 1993; Orwa et al. 

2009). From the results obtained, there are clear indications that more B. balcooa wood will be 

required to produce the same amount of heat as A. auriculiformis and T. grandis. However, this is 

only in the short term as B. balcooa has high coppicing ability. With regards to the functional unit, the 

production of 1 MJ energy will require the combustion of 3.68E-02 kg, 3.42E-02 kg and 3.46E-02 kg 

of B. balcooa, A. auriculiformis and T. grandis charcoals respectively. Considering an average of 

about 32 % charcoal yield per kilogram of each of the wood biomass used, charcoal producers will 

harvest (on dry weight basis), 7.84E-02 kg, 7.28E-02 kg and 7.37E-02 kg of B. balcooa, A. 
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auriculiformis and T. grandis respectively for 1 MJ of energy. This implies that for the same 

household or industrial energy requirements, more B. balcooa species than T. grandis and A. 

auriculiformis will be harvested per hectare of land at least within the first charcoal production year.  

 

3.2 Comparative assessment of impacts related to the species used 

3.2.1 Total eco-cost 

Table 4 shows the total eco-cost associated with the three species and flow processes with respect to 

the functional unit. The total eco-cost (comprising effects of emissions on human health, ecosystems, 

resource depletion and global warming) was comparable between A. auriculiformis and T. grandis but 

comparatively lower in B. balcooa. The analysis revealed that relative to B. balcooa, the 

environmental cost of a cradle-to-gate production of 1 MJ energy content of charcoal will be 140 % 

higher with T. grandis and 113 % higher with A. auriculiformis (Fig. 2). The increased total 

environmental cost with T. grandis and A. auriculiformis may be associated with the high eco-cost on 

the four endpoint impact categories (human health, ecosystems, resource depletion and global 

warming) as influenced by chemical inputs and management practices. Compared with the other flow 

processes, the results showed inputs for nursery and field plantation establishment and management 

accounted for 83 %, 88 % and 86 % of the total eco-cost for T. grandis, B. balcooa and A. 

auriculiformis respectively (Table 4). This shows substantial reductions in environmental cost could 

be achieved by seeking alternative approaches to the use of chemicals for improving soil fertility; and 

controlling weeds, pests and diseases which dominate cultural practices at the nursery and field 

establishment stages. Although data used in the life cycle inventory were mainly from primary 

sources, values obtained as total eco-cost for assessing the environmental impacts of the three species 

may be specific to the plantations used as case studies in the present study. Meanwhile, the results are 

relevant for making country-wide recommendations since the plantations used in this study follow the 

general cultural practices employed in high-input T. grandis, A. auriculiformis and B. balcooa 

plantations in Ghana. 

 

3.2.2 Eco-cost of human health 

Compared with B. balcooa, the eco-cost of human health (comprising the sum of carcinogens and fine 

dust) was higher with T. grandis and A. auriculiformis and contributed to about 11 % of their total 

eco-cost (Fig. 3). The results imply that compared with B. balcooa, the production of 1 MJ energy 

charcoal from A. auriculiformis and T. grandis may pose greater human health risks. This may be 

attributed to the greater release of carcinogens and dust particles associated with chemical inputs 

during tree nursery establishment and field plantation management (van der Lugt et al. 2008). While 

chemicals were used for all species, site and species specific requirements may have accounted for the 

differences in human health risks recorded. Although these results are typical of state-funded 

commercial or high input plantations (such as those used in this study), managed plantations by 

resource-poor smallholder farmers are expected to pose low human health risks. 
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3.2.3 Eco-cost of ecosystems 

The eco-cost of ecosystems ranged from €3.79E-08 in B. balcooa to €9.46E-07 in T. grandis. The 

highest cost on ecosystems with T. grandis may be attributed to increased acidification, eutrophication 

and ecotoxicities associated with the application of fertilizers. Fertilizer requirements of T. grandis 

were comparatively the highest. Young T. grandis plantations typically receive 163 kg ha-1 urea, 375 

kg ha-1 rock phosphate, 145 kg ha-1 muriate of potash, and 373 kg ha-1 Mg sulphate from two split 

applications in the first year and four split applications during the second and third years (Fernández-

Moya et al. 2014). Both B. balcooa and A. auriculiformis require about half of that used in T. grandis 

production (Growmore Biotech Ltd 2015). Particularly with A. auriculiformis, its N-fixing ability 

requires limited application of N fertilizers during early establishment stages although substantial 

amount of P is generally required for increased N fixation and growth of the species (Orwa et al. 

2009). Considering the higher application of fertilizers with T. grandis, increased acidification may 

have resulted from the emissions of NH3 due to volatilization during and after application of fertilizers 

(urea) (Brentrup et al. 2000). Further, eutrophication of aquatic ecosystems is unavoidable with the 

leakage of nutrients from fertilizers (especially phosphates) used during early field transplant of 

seedlings. Most of the impact on ecosystem may have therefore resulted from eutrophication by 

organic and inorganic fertilizer application and the emission of nitrous oxide and ammonia from the 

application of N fertilizers.  

 

3.2.4 Eco-cost of resource depletion 

For all species, another important environmental issue of concern is loss of biodiversity and 

ecosystem services. Large quantities of healthy and genetically diverse native flora and fauna are an 

indication of a balanced ecosystem (Narayanaswamy et al. 2002) which is generally lost in plantation 

establishments (especially with introduced species). Resource depletion accounted for 23 %, 44 % and 

21 % of the total eco-cost associated with 1 MJ energy charcoal produced from T. grandis, B. balcooa 

and A. auriculiformis respectively. A major recommendation to reducing environmental costs 

associated with resource depletion is adherence to mixed plantations or agroforestry practices that 

conserve biodiversity and preserve ecosystem services. Particularly with T. grandis, Orwa et al. 

(2009) recommended that due to the deciduous physiology, pure T. plantations must be avoided. 

Instead, plantation developers may raise up to 80 % of mixed indigenous species and 20 % T. grandis. 

Such integrated systems have the propensity to reduce environmental degradation and preserve 

ecosystem services. Whilst T. grandis intercropping systems are rare in Ghana, the integration of 

crops into B. balcooa is particularly being promoted for food security and renewable energy 

production. Further, considering that A. auriculiformis is a soil improver, plantations that involve the 

integration of crops may improve soil fertility and crop production. Increased agrobiodiversity with 

the species will therefore improve significant ecosystem services and reduce environmental burden. 
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3.2.5 Eco-cost of global warming 

The eco-cost of global warming was found to be relatively greater in T. grandis (€ 1.99E-06) and A. 

auriculiformis (€ 1.88E-06) due to increased emissions of gases with specific radiative characteristics 

like carbon dioxide (CO2) (Brentrup et al. 2004). Among the end point impact categories, global 

warming was the most significant and was hugely influenced by nursery and field management 

operations (Table 4). In B. balcooa, eco-cost of global warming formed the most significant 

proportion (51 %) of its total eco-cost (Fig. 3). This may also necessitate reducing the use of 

chemicals with B. balcooa production and switching to more environmentally viable alternatives. This 

notwithstanding, increased carbon sequestration in the long term could potentially offset the carbon 

footprints associated with charcoal production from B. balcooa. Carbon sequestration rate in a 4-year 

old B. balcooa ideal for charcoal production is estimated to be about 400 kg C ha-1 yr-1 (Growmore 

Biotech Ltd 2015). These values are about four times higher than that estimated for T. grandis 

(Kraenzel et al. 2003) and A. auriculiformis (Nair et al. 2009). This implies that while all species 

could offset their carbon footprints through time, the potential varies with respect to their physiology 

and management. In the first year of charcoal production, we anticipate more B. balcooa species than 

T. grandis and A. auriculiformis may be harvested per hectare of land to produce the same household 

or industrial energy requirements. However, with high coppicing ability of B. balcooa, one-time 

plantation establishment (involving the application of fertilizers and pesticides) may be enough to 

sustain biomass production for several years. This will curtail emissions at the biomass production 

stage and cut down on its total eco-cost. Scholarly information attests that B. balcooa once established 

can be harvested every year or two for about 100 years (Growmore Biotech Ltd 2015). Significant 

carbon footprints (with respect to a cradle-to-gate charcoal production) will therefore be reflected in 

the use of chain saws during harvest, pyrolysis of biomass during charcoal production and transport 

which all recorded less than 10 % of the total eco-cost (Table 4). With high renewability of B. 

balcooa and its carbon sequestration potential, the carbon footprint of producing charcoal from B. 

balcooa will be insignificant in the long term. The same is expected for T. grandis and A. 

auriculiformis except that (in comparison with B. balcooa) they have relatively slow growth and long 

rotation cycles (5 years) for charcoal production (Orwa et al. 2009). Additionally, due to the relative 

difficulty of coppicing these two trees, both highly dependent on management, farmers may have to 

raise new seedlings (with traces of carbon footprints) after every rotation cycle to meet biomass 

requirements for charcoal production (Orwa et al. 2009).  

 

4 Conclusions 

The results suggest that charcoal production from T. grandis, B. balcooa and A. auriculiformis pose 

differentiated environmental impacts. T. grandis recorded the greatest impacts on global warming 

(with eco-costs amounting to € 1.99E-06), on human health (with € 4.92E-07 as eco-costs) and 

ecosystems (resulting eco-costs: € 4.96E-07) while B. balcooa had the greatest impact on natural 

resources depletion (€ 1.41E-06) referring to the three species analysed. While the results showed that 
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more B. balcooa species may be required than T. grandis and A. auriculiformis to produce 1 MJ 

energy charcoal, the overall assessment showed that compared to B. balcooa, the total eco-cost 

(comprising eco-cost of human health, ecosystems, resource depletion and global warming) of a 

cradle-to-gate production of 1 MJ energy charcoal will be 140 % higher with T. grandis and 113 % 

higher with A. auriculiformis. The increased environmental impacts associated with T. grandis and A. 

auriculiformis occurred at their biomass production stage (involving nursery and plantation 

establishment) which constituted about 85 % of the total eco-cost due to the use of relatively large 

quantities of pesticides, weedicides and fertilizers with high acidification, ozone depletion and global 

warming potentials. In cases where T. grandis or A. auriculiformis plantations are widespread, 

improvement options, such as the use of organic alternatives (like neem extracts) for pest control and 

compost for plant nutrient supply, are required to reduce environmental impacts and help to improve 

the sustainability of these practices.  

However, our results indicate that B. balcooa plantations are likely to be the most environmentally 

sustainable option for meeting Ghana’s growing charcoal demand. The results of this study should be 

relevant to policy makers and stakeholders of Ghana’s forestry sector for potential policy changes and 

district level recommendations that ensure sustainable forest management and natural resource 

governance in Ghana.  
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Fig. 1 System boundary: cradle-to-gate charcoal production from biomass production to packaging. Shaded boxes 

are inputs, block arrows the flow processes, boxes with dash lines are emissions, elbow arrow shows which 

process the inputs are added, dash arrows shows what is emitted from the processes 
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Fig. 2 Total eco-cost of a cradle-to-gate production of 1 MJ energy of charcoal produced from T. 

grandis, B. balcooa and A. auriculiformis in Ghana 
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Fig. 3 Impact categories and their proportion of the total environmental burden for producing 1 

MJ energy of charcoal produced from T. grandis, A. auriculiformis and B. balcooa in Ghana 
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        Table 1  Summarized description of species used in the study 

Characteristics Acacia auriculiformis Bambusa balcooa Tectona grandis 

Family Fabaceae – Mimosoideae1 Poaceae Lamiaceae 

Common name (s) Japanese acacia, 

Australian wattle, coast 

wattle, Darwin black 

wattle, earleaf acacia1 

Beema3 Teak1 

Climate range Tropical1 Tropical3 Tropical1 

Average height (m) at 

physiological maturity 

301 353 301 

Wood calorific value of 

species (Kcal kg-1) 

4500-49001 4000-46503 4400-49001 

Average total carbon 

stock (t ha-1) at ten year 

old 

180.91 165.14 181.31,5 

Rotation period (years) 

for fuelwood 

4-51 53 51 

Average yield production 

(% charcoal per dry 

weight of wood) 

321 303 331 

Calorific value of 1 kg of 

charcoal produced with 

each species (Kcal kg-1) 

69072 65012 69792 

           1 Orwa et al. (2009) 
           2 Measured by authors 

       3Growmore Biotech Ltd (2015) 
           4Shanmughavel and Francis (1996) 
           5Karmacharya and Singh (1992) 
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Table 2 Input and output data for 1 MJ energy content of charcoal produced from T. grandis, A. 

auriculiformis and B. balcooa plantations in Ghana 

 

Inputs/outputs Amount Unit 

B. balcooa T. grandis A. auriculiformis 

Energy inputs     

Petrol 6.92E-03 7.36E-03 6.84E-03 kg 

Diesel 1.49E-02 1.58E-02 1.47E-02 kg 

     

Material inputs     

Water 1.38E-04 1.47E-04 1.37E-04 kg 

Fertilizer 1.07E-02 1.01E-02 1.61E-02 kg 

Poultry manure 4.50E-01 1.03E-02 3.76E-03 kg 

Pesticides 7.96E-04 1.10E-04 5.54E-04 Kg 

Weedicide 8.06E-04 6.11E-04 1.58E-03 kg 

Land use 1.31E-04 1.58E-06 1.03E-05 ha 

Dried wood (2-3% moisture content) 7.81E-02 7.28E-02 7.35E-02 kg 

     

Product     

Charcoal 3.68E-02 3.42E-02 3.46E-02 kg  

     

Air emissions     

Dust (particles to air) 6.96E-08 6.99E-07 8.82E-07 kg 

Sulphur dioxide (inorganic emission to air) 3.56E-08 3.38E-07 3.02E-07 kg 

Heavy metals to air 1.73E-12 3.06E-12 2.97E-11 kg 

Carbon dioxide (inorganic emission to air) 1.38E-07 5.16E-06 5.10E-07 kg 

Carbon monoxide (inorganic emission to air) 8.24E-09 1.13E-08 1.18E-08 kg 

Pesticides to air 1.98E-08 5.78E-08 4.07E-08 kg 

     

Water emissions     

Biological oxygen demand 1.41E-16 1.41E-16 1.78E-17 kg 

Nitrates 4.42E-17 4.12E-16 4.14E-16 kg 

Oil and grease 8.94E-21 8.41E-21 4.62E-22 kg 

Phosphates 2.43E-20 9.13E-20 9.03E-20 kg 

Total dissolved solids 7.29E-18 6.85E-18 6.77E-18 kg 

Total suspended solids 3.11E-16 1.47E-16 2.06E-16 kg 

Heavy metals to freshwater 2.08E-08 1.96E-08 2.07E-08 kg 

Pesticides to freshwater 1.66E-08 1.54E-07 1.53E-07 Kg 

     

Soil emissions     

Pesticides to soil 3.58E-09 2.47E-08 2.61E-08 kg 

Heavy metals to soil 1.90E-09 1.75E-09 1.75E-10 kg 



Table 3 Set of multipliers for the emissions of toxic substances used in the eco-costs 2012 system 

Category Multipier (marginal prevention costs 

Eco-costs of acidification  8.25 €/kg SOx equivalent 

Eco-costs of eutrophication 3.90 €/kg phosphate equivalent 

Eco-costs of ecotoxicity  55.0 €/kg Zn equivalent 

Eco-costs of human toxicity 36.0 €/kg Benzo(a)pyrene equivalent 

Eco-costs of summer smog (respiratory diseases) 9.70 €/kg C2H4 equivalent 

Eco-costs of fine dust 34.0 €/kg fine dust PM2.5 

Eco-costs of global warming 0.135 €/kg CO2 equivalent (GWP 100) 

    Source: Ecocostvalue website (http://www.ecocostsvalue.com/EVR/model/theory/subject/2-eco-costs.html).  

These multipliers were used in calculating the total eco-cost, comprising the sum of four endpoint impact categories 

(eco-costs of human health, eco-costs of ecosystems, eco-costs of resource depletion and eco-costs of global 

warming) was used as the indicator for assessing environmental impacts. The four endpoint impact categories were 

calculated as follows: eco-costs of human health = the sum of carcinogens, fine dust; eco-costs of ecosystems = the 

sum of acidification, eutrophication, ecotoxicity; eco-costs of resource depletion = the sum of abiotic depletion, 

land-use, water, and land-fill; eco-costs of global warming = the sum of CO2 and other greenhouse gases  

http://www.ecocostsvalue.com/EVR/model/theory/subject/2-eco-costs.html
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Table 4 Total eco-cost associated with the flow processes for 1 MJ energy content of charcoal produced from T. grandis, A. auriculiformis and B. 

balcooa plantations in Ghana 

 

Species Process Eco-costs of 

human health 

(€/FU) 

Eco-cost of 

ecosystems  

Eco-cost of 

global 

warming 

Eco-cost of 

resource 

depletion 

Total eco-

costs  

% 

(€/FU) (€/FU) (€/FU) (€/FU) 

T. grandis Nursery 4.77E-08 8.70E-07 1.56E-06 1.86E-07 2.66E-06 60 

Field plantation 1.90E-08 4.68E-08 2.36E-07 7.44E-07 1.05E-06 23 

Harvesting 9.77E-08 2.03E-08 2.61E-09 1.99E-08 1.41E-07 3 

Pyrolysis/carbonization 4.19E-09 5.47E-09 1.21E-07 5.11E-08 1.82E-07 4 

Transportation 3.23E-07 3.44E-09 7.46E-08 3.12E-08 4.32E-07 10 

Total ecocost (€)/FU 4.92E-07 9.46E-07 1.99E-06 1.03E-06 4.46E-06 100 

        B. balcooa Nursery 6.89E-09 1.25E-08 1.15E-07 2.69E-09 1.37E-07 4 

Field plantation 3.19E-08 8.00E-09 1.37E-06 1.26E-06 2.67E-06 84 

Harvesting 9.43E-09 1.95E-09 2.71E-08 1.92E-09 4.04E-08 1 

Pyrolysis/carbonization 7.29E-09 9.50E-09 6.99E-08 8.87E-08 1.75E-07 6 

Transportation 5.59E-08 5.99E-09 4.30E-08 5.42E-08 1.59E-07 5 

Total ecocost (€/FU) 1.11E-07 3.79E-08 1.63E-06 1.41E-06 3.18E-06 100 

        A. auriculiformis Nursery 2.73E-08 5.02E-07 6.97E-07 1.07E-07 1.33E-06 37 

 Field plantation 1.47E-08 3.74E-08 1.11E-06 5.90E-07 1.76E-06 49 

 Harvesting 8.08E-08 1.67E-08 2.23E-08 1.65E-08 1.36E-07 4 

 Pyrolysis/carbonization 8.68E-09 1.13E-09 1.44E-08 1.06E-08 3.48E-08 1 

 Transportation 2.66E-07 2.85E-09 3.55E-08 2.58E-08 3.31E-07 9 

  Total ecocost (€/FU) 3.98E-07 5.60E-07 1.88E-06 7.50E-07 3.59E-06 100 

 

FU = functional unit 

 


