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1. OVERVIEW  
 
1.1 Purpose of the guidebook 

This Guidebook is intended to serve as a resource for African countries as they consider 
opportunities to develop bioenergy production capacity in the region. Some level of 
bioenergy production capacity already exists in Africa, but not on very large scale. With 
global bioenergy demand expected to grow significantly in the coming years and with the 
United States and the European Union set to increase their annual import numbers from 
South America and Asia, African countries cannot afford to be left behind. This opportunity 
is manifest in the short term through the use of feedstocks such as jatropha, sugarcane, sweet 
sorghum, and in the long term through the use of agricultural waste, municipal and industrial 
waste.  
 
In lieu of this opportunity, this guidebook on bioenergy:  

 provides information on production processes of the priority bioenergy types in Africa  
 provides information on application technologies for the various bioenergy types that 

are currently suitable to Africa to serve as a motivation for investors or policy makers 
to understand exactly how the technology will benefit the African society. 

 highlights associated economic and environmental impacts in relation to priority 
modern bioenergy conversion technologies 

 provides selected case studies highlighting experiences from different African 
countries and lessons learnt to date. 

 
As part of the process of supporting the dissemination of information and addressing 
knowledge gaps about modern bioenergy conversion technologies, this publication provides 
comprehensive information and knowledge on priority modern bioenergy conversion 
technologies that are applicable to Africa. This knowledge bank provides the key elements 
necessary to support informed decision-making by stakeholders that include project 
designers, investors, financial institutions and civil society.  
  
In addition, the guidebook is targeted at policy makers who can make use of best practices 
form different countries in policy planning and implementation. The guidebook will also be 
useful as an educational reference.  
 
This guidebook is deliberately focussed on the first generation bioenergy technologies. 
Currently, the first generation of bioenergy technologies are well established across several 
countries in Europe, Asia and the Americas and could be easily transferred to Africa for the 
purpose of producing bioenergy. First generation of bioenergy technologies can be easily 
adapted in Africa at the moment: infactin fact with proper planning, Africa could make use of 
some of its vast land resources to become a major producer of first generation bioenergy. 
Also Africans are already abreast with the cultivation of first generation bioenergy feedstock 
(such as sugarcane, sorghum, corn, cassava, oil palm, jatropha, etc.) and have already had at 
least some first generation bioenergy technology pilot plants, especially with sugarcane. 
Increasing the level of production of such feedstock and scaling up existing pilot plants and 
programmes for first generation bioenergy production may be more realistic in the near term.  
 
Second generation bioenergy technologies are still being developed and not commercialised 
yet. Research to identify appropriate second generation bioenergy feedstocks has not 
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advanced in Africa and these could still take some years to come on board. Global research 
into hydrolysis and other advanced processes to derive maximum benefits from second 
generation bioenergy feedstocks is still ongoing and commercialisation may take some more 
years. Some key research needs include the development of appropriate enzymes to enable 
easy breakdown of lignocellulosic feedstocks. In a nutshell, the whole second generation 
bioenergy concept requires more extensive research in the chemistry and technological 
applications and processes to reduce the cost of operations. In the near future, it is envisaged 
that Africa can produce abundant energy from the first generation bioenergy technologies as 
is taking place currently in other parts of the world while the region joins the research for 
second generation technologies to be commercialised later. 
 
 
1.2 Bioenergy industry trends in Africa and rest of the world 

Bioenergy refers to the conversion and use of plant and other organic materials (biomass) to 
provide desired forms of energy and energy services such as electricity, liquid or gaseous 
fuels and process heat (Kartha et al, 2005). Since the discovery of fire, biomass has been a 
very important energy source for mankind. Besides its direct use as firewood and charcoal in 
developing countries, the use of biomass in the form of biofuels is the next important 
application of bioenergy. The main application for biofuels is as fuel for transportation, 
however, they are also used in stationary diesel and gasoline engines, fuel cells and off-road 
equipment. Thus the use of fuels from biomass, such as ethanol, biodiesel, methanol and 
methane is a very important concept today. 
 
In 2005, bioenergy provided about 10% (46 EJ) of the annual global primary energy demand 
of 489 EJ (MNP, 2008). This contribution is larger than those from hydropower (26 EJ) or 
nuclear power (26 EJ). A major part of this biomass use (37 EJ) was non-commercial and 
mainly from charcoal, wood and manure used for cooking and space heating, generally by the 
poorer part of the population in developing countries. The amount of modern bioenergy used 
for transport, industry and power generation amounted to 9EJ.  
 
Over the past decades, the modern use of biomass has increased rapidly in many parts of the 
world. In the light of the Kyoto greenhouse gas emission reduction targets and rising crude 
oil prices, many countries have ambitious targets for further bioenergy utilisation (IEA 
Bioenergy, 2007). The targets are varied from country to country and some of them are 
ambitious, reaching 20-30% of total energy consumption in the next few years.  
 
At the global level, the current interest in bioenergy is mainly seen in the context of industrial 
production operating within the framework of an international market governed by 
globalization rules (ENDA, 2007). Two trends have emerged from the bioenergy scene. On 
the one hand are countries who are seeking to reduce their energy expenditures for importing 
fossil fuels and on the other had are countries who are hoping to follow in the footsteps of 
countries such as Brazil, Malaysia and Indonesia, and become bioenergy exporters and must 
therefore position themselves strategically within the global energy market.  
 
1.2.1 Global trends in ethanol fuel 

The most popular bioenergy in use today is ethanol made by fermenting sugar extracted from 
sugar cane or sugar beets, or sugar extracted from starch contained in corn kernels or other 
starch-laden crops (UNCTAD, 2008). Ethanol is already a well-established industry. Global 
production of ethanol fuel in 2007 was about 13 billion US gallons (RFA, 2007), with Brazil 
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and the United States together contributing about 88% of this figure. The EU, China and 
Canada contributed close to 10%, leaving a mere 2.4% to the rest of the world (Figure 1.1).  
 
 

 
Figure 1.1: Top five ethanol fuel producers worldwide, 2007 (% of global production) 
 
Source: Based on figures from RFA (2008) 
 
Many countries are expanding or contemplating expanding their ethanol fuel production, with 
Brazil and the United States having by far the largest expansion plans. Between January 2007 
and January 2008, 29 new ethanol plants were commissioned in the US alone, increasing the 
number of plants to 129 and increasing production capacity from 5.5 billion US gallons to 7.9 
billion (RFA, 2008). Again as at January 2008, 61 new plants were under construction. There 
were huge increases in production capacity in Brazil as well. With current expansion 
programmes in both Brazil and US, it is expected that the two countries will lead ethanol fuel 
productions for a long time yet. 
 
Brazil is the largest exporter of ethanol, exporting mostly to the EU and the US. On the other 
hand – and interestingly – the US (the largest producer) is the largest importer, importing 
mainly from the South American Region, notwithstanding its huge production figures. US 
import figures goes a long way to tell the extent to which they are willing to go to adopt a 
sustainable renewable fuels economy.  
 
Feedstock for the production of ethanol fuel has mainly been sugarcane as in the case of 
Brazil, and corn as in the case of the US. Other feedstocks include wheat, cassava sugar beet, 
grain sorghum, sweet potatoes, etc. Contrary to the US and Brazil where ethanol feedstocks 
are dominated by corn and sugarcane respectively, the EU has varied feedstocks, dominated 
by wheat, raw alcohol, sugar beet and rye, as illustrated in Figure 1.2.  
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Figure 1.2: Feedstock for ethanol fuel production in the EU (2006) 
 
Source: Adapted from European Bioethanol Fuels Association (eBIO, 2008) 
 
 
Several countries and regional bodies have targets for the gradual incorporation of ethanol 
fuel blends into their transportation fuel market. As shown in Table 1.1, some countries, such 
as Brazil, are more ambitious with their targets because of long standing experiences in the 
production and use of ethanol fuel. Other countries are being very cautious because of the 
potential for ethanol fuel feedstocks to compete with food production. It is evident from 
Table 1.2 that whilst the US and Brazil have had enormous growth in production capacity in 
the past few years (in the case of the US, about 100% growth in production between 2004 and 
2007), production in the other countries have remained fairly stable.  Countries in North and 
Latin America, such as Canada, Argentina, Colombia, Jamaica, Bolivia, Peru, El Salvador, 
Trinidad and Tobago, Costa Rica and Paraguay have ethanol programmes in place which are 
expanding gradually. Some of these countries are major exporters of ethanol to the US.  
 
In the EU, production and use of ethanol for transport has been rising gradually since 1993. 
Production went up 9 times from 60 million litres in 1993 to 526 million litres in 2004 
(Vierhout, 2005). Available data indicates that 2007 ethanol fuel production for the EU stood 
at 570.3 million US gallons (RFA, 2008). Consumption is mainly in Germany, Sweden, 
France and Spain, but also in Poland, UK, The Netherlands, Hungary, etc. About 90% of the 
ethanol consumed in the EU in 2006 was produced in the region. Germany produced 70% of 
its consumption, Spain 60% and Sweden 50%. In Sweden there are over 800 E85 (blend of 
fuel with 85% ethanol and 15% fossil petrol) filling stations and in France over 130 E85 
service stations with 550 more under construction (ICS-UNIDO, 2008). In order to promote 
the market breakthrough for bioethanol in the EU, the ‘Bioethanol for Sustainable Transport’ 
(BEST) programme, supported by the European Commission was launched as a 
demonstration project (Janssen et al, 2007). The duration of the project is from January 2006 
to December 2009. The BEST project has inspired the sale of Flexible Fuel Vehicles (FFVs) 
in most EU countries. Within the programme, it is expected that over 10,000 FFVs, 160 
bioethanol buses and 150 fuelling stations (E85 and E95) will be demonstrated in 10 
strategically chosen European cities and regions. 
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Table 1.1: Global ethanol blending requirements 
Country/Region Ethanol Blending Requirements 

Brazil All gasoline must contain between 20 and 25% anhydrous ethanol. 
Currently, the mandate is 23%. 
 

Canada By 2010, 5% of all motor vehicle fuel must be ethanol or biodiesel.  
 

France Set target rates for incorporation of biofuels into fossil fuels (by energy 
content). Calls for 5.75% in 2008, increasing to 10% in 2010. 
 

Germany Mandates 8% biofuels in motor fuels by 2015, 3.6% coming from ethanol. 
 

Lithuania Gasoline must contain 7-15% ETBE. The ETBE must be 47% ethanol. 
 

Poland Mandatory “National Biofuel Goal Indicators” calling for biofuels to 
represent a set percentage of total transportation fuel use. 2008’s standard 
is 3.45%, on an energy content basis. 
 

Argentina Requires the use of 5% ethanol blends by 2010.  
 

Thailand Gasoline in Bangkok must be blended with 10% ethanol. 
 

India Requires 5% ethanol in all gasoline. 
 

China Five Chinese provinces require 10% ethanol blends – Heilongjian, Jilin, 
Liaoning, Anhui, and Henan. 
 

The Philippines Requires 5% ethanol blends in gasoline beginning in 2008. The 
requirement expands to 10% in 2010. 
 

Bolivia Expanding ethanol blends to 25% over the next five years. Current blend 
levels are at 10%. 
 

Colombia Requires 10% ethanol blends in cities with populations over 500,000. 
 

Venezuela Phasing in 10% ethanol blending requirement. 
 

South Africa Biofuels to account for 2% of total fuel production by 2013 but will 
exclude staple corn as a source. 

Japan Low level blends permitted with intention of replacing 20% of oil 
demands with biofuels or gas-to-liquid fuels by 2030. 

Colombia Mandating 10% ethanol in all gasoline sold in cities with populations over 
500,000. 

Nigeria Targeting a 10% ethanol blend in transportation fuels 

 
Source: Adapted from RFA, 2008; WWI, 2007 
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China, the world’s third largest producer of ethanol is on the road to expanding its ethanol 
fuel production and is requiring a 10% ethanol blend in five of its provinces. An ethanol-
based fuel pilot programme is currently ongoing in five cities in its central and north-eastern 
regions in a move to create a new market for its surplus grain and reduce consumption of 
petroleum. The cities include Zhengzhou, Luoyang and Nanyang in central China’s Henan 
province, and Harbin and Zhaodong in Heilongjiang province, northeast China. The 
government has been putting more emphasis on ethanol fuel development rather than 
biodiesel for the simple reason that China lacks feedstock resources for biodiesel production 
(Chervenak, 2008). Fuel ethanol production in 2007 was close to 0.5 billion gallons (RFA, 
2008). More than 80% of China’s ethanol is made from grains including corn, wheat and rice, 
and also from cassava. About 10% is made from sugar, 6% from paper pulp waste residue 
and the rest from ethylene by synthetic processing (ICS-UNIDO, 2008). There is a strong 
push for the use of non-food crops as bioethanol feedstock in China. 
 
The Government of India through its Ministry of Petroleum and Natural Gas introduced pilot 
plants and trial of 5% ethanol fuel addition to gasoline. There were three pilot projects – two 
in Maharashtra and one in Uttar Pradesh during April and June 2001 and these pilot projects 
were tasked to supply 5% blended gasoline to the retail outlets under their respective supply 
areas. Following the success of the pilot programme and R&D work into the field, the 
Ministry of Petroleum & Natural Gas announced its decision to cover all the states in the 
country except north-eastern states, for 5% ethanol blending from November 1, 2006 (ICS-
UNIDO, 2008).  
 
The use of ethanol as alternative fuel in Thailand became popular in the year 2001. The 
National Ethanol Committee was set up as an agency comprising government and private 
sector personnel to promote the use of ethanol fuel. Thailand became the first country in Asia 
to announce a National Policy for both bioethanol and biodiesel in 2000 and 2001 
respectively (Bhandhumanyong, 2007).  The Thai government has targeted a 10% ethanol in 
gasoline by the year 2012. As the second largest global sugar exporter, Thailand has set a 
tentative ethanol production target of 1 billion litres by 2010, to be used in alternative fuel 
blends (Bhandhumanyong, 2007). The main feedstocks for bioethanol in Thailand are 
sugarcane and cassava with annual productivity of sugarcane over 75 million tons in 
2004/2005. Total ethanol fuel production at the end of 2007 was 79.2 million US gallons 
(RFA, 2008).  
 
Other Asian countries, such as The Philippines, Indonesia, South Korea and Japan have 
modest programmes in place for bioethanol production and consumption. Australia also has a 
very comprehensive bioethanol programme in place, strongly supported by the various state 
governments. The Premier of New South Wales, for example announced in 2006 his intention 
to have a mandatory inclusion of 10% bioethanol in all petrol sold in the state by 2011, which 
will provide bioethanol producers with sufficient market security and certainty (ICS-UNIDO, 
2008).  
 
Africa produced 160 million gallons of ethanol (all grades) in 2006 out of a total global 
production of 13.5 billion gallons. This represents a mere 1% of global productions. Existing 
commercial scale ethanol plants (very small plants though when compared to plants in more 
developed countries as production figures in Table 1.2 indicates) in Africa can be found 
mostly in Southern Africa and active participants include South Africa, Malawi, Swaziland, 
Mauritius, Kenya and Zimbabwe. Some large-scale projects have been lined up in several 
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countries by international companies hoping to take advantage of Africa’s rich agricultural 
resources. Currently most of the ethanol produced in Africa is used for other purposes apart 
from transportation fuel. South Africa is the largest ethanol producer in Africa and produces 
close to 65% (2006 figures) of the total productions. 
 
 
Table 1.2 Annual Ethanol/Fuel Ethanol production by country/region (millions US gallons) 
 Fuel Ethanol Ethanol 
Country 2007 2006 2005 2004 
US 6498 4855 4264 3535 
Brazil 5019 4491 4227 3989 
EU 570    
China 486 1017 1004 964 
Canada 211 153 61 61 
Thailand 79    
Colombia 79    
India 52 502 449 462 
Central America 39    
Australia 26 39 33 33 
Turkey 15    
Pakistan 9 24 24 26 
Peru 8    
Paraguay 5    
France  251 240 219 
Russia  171 198 198 
South Africa  102 103 110 
UK  74 92 106 
Germany  202 114 71 
Ukraine  71 65 66 
Zimbabwe  7 5 6 
Kenya  5 4 3 
Swaziland  5 3 3 
Mauritius  2 3 6 
 
Source: RFA, 2008 
 
 
1.2.2 Global trends in biodiesel 

The production and consumption of biodiesel has been quite modest as compared to 
bioethanol. Production figures for 2006 (WWI, 2007) indicates that biodiesel production was 
about 6.5 times less than bioethanol (6.15 billion litres of biodiesel as compared to 38.20 
billion litres of bioethanol). The production of biodiesel has however experienced a major 
surge worldwide in recent years, compared to the situation a few years ago. There has been a 
rapid expansion in production capacity in Germany, Italy, France, United States, Brazil, 
Argentina, Indonesia, and Malaysia (Carriquiry, 2007).  
 
The EU has consistently been a leader in the production and consumption of biodiesel. In 
2006, Europe accounted for 73% of all biodiesel production worldwide. From 1996 to 2002, 
the biodiesel production capacity in the EU grew fourfold to a total of 2 million tonnes. 
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Growth has been quite phenomenal since then, with 2006 production capacity at about 4.9 
million tonnes. As of 2006, Germany led the world in production (primarily from rapeseed 
and sunflower oil feedstocks) with about 2.5 billion litres, representing about 40% of global 
productions (WWI, 2007).  Available data from the European Biodiesel Board (EBB, 2008) 
indicates that 2007 production was 5.7 million tonnes. Production capacity for 2008 is 
estimated at about 16 million tonnes. The number of plants producing biodiesel increased 
from 40 in 2003 to 94 in 2005 (ICS-UNIDO, 2008). At present, most biodiesel in the EU is 
produced from rapeseed and sunflower, with a growing percentage of recycled frying oil.  
 
In the US, biodiesel production (primarily from soybeans) increased from 284 million litres 
in 2005 to 950 million litres in 2006 (UNCTAD, 2008). The US had 105 plants in operation 
as of early 2007 with an annual production capacity of 864 million gallons. An additional 1.7 
billion gallons of capacity may come online in the US if current plants in construction are 
completed (Carriquiry, 2007). The National Biodiesel Board (NBB, 2008) estimates 2007 
biodiesel production figures at 450 million US gallons. Soybeans are by far the main source 
of vegetable oil production in the United States and likewise, biodiesel production. Almost 
90% of biodiesel produced in the United States is made from soybean oil, with some experts 
estimating that if the biodiesel industry keeps its current momentum, over 10% of US soy-
bean oil could be used for biodiesel production in the next few years (Butzen, 2006). Canola 
is another popular oilseed crop used for vegetable oil and biodiesel production in the northern 
United States. 
 
Brazil’s installed biodiesel production capacity at the end of 2006 was about 590 million 
litres per year. The Government has mandated the addition of 2% biodiesel blends in 
petroleum diesel beginning 2008, with the percentage increasing to 5% in 2013. It is expected 
that meeting the 2008 goal will require about 800 million litres of biodiesel (UNCTAD, 
2008).  
 
Malaysia and Indonesia, global giants in the production of palm oil, are beginning to expand 
their biodiesel production programmes using palm oil as feedstock. The Malaysian Palm Oil 
Board (MPOB) established in 2000 is the government agency responsible for the 
development of Malaysia’s oil palm industry. They have been active participants in the 
biodiesel industry in Malaysia, providing R&D support and developing new technologies. 
The National Biofuel Development Committee in Indonesia is expected to propose a 1% 
biofuels mandate in the 2008 legislative session. The proposed mandate looks to increase 
biofuels consumption from 7 million gallons a year to 158 million gallons a year. By 2010, 
Indonesia expects to substitute 10% of fossil fuel usage with biofuels (ICS-UNIDO, 2008). 
 
Other countries in Asia such as the Philippines, Thailand, India and China are also pursuing 
vigorous biodiesel programmes. The principal feedstock so far has been oil palm, coconut 
and jatropha.  India is especially placing much emphasis on Jatropha, a non-edible-oil tree, 
drawing attention for its ability to produce oil seeds on lands of widely varying quality. In 
India, jatropha biodiesel is being pursued as part of a wasteland reclamation strategy. The 
production figures for the major biodiesel producing countries are presented in Table 1.3.   
 
1.2.3 Global trends in biogas production and use 

According to the United States Environmental Protection Agency (EPA, 2008), rising oil 
prices in the 1970’s triggered an interest in developing “commercial farm-scale” biogas 
systems in the United States. Approximately 140 biogas systems were installed during the 
period 1975-1990 of which about 71 were installed at commercial swine, dairy, and caged 
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layer farms. Many of the projects in those days failed and the experience led to the 
development of new structures that have proved excellent. Since then, the development of 
anaerobic digesters for livestock manure treatment and energy production has accelerated at a 
very fast pace over the past few years. Factors influencing this market demand have included: 
increased technical reliability of anaerobic digesters through the deployment of successful 
operating systems over the past decade; growing concern of farm owners about 
environmental quality; an increasing number of states and federal programmes designed to 
share the cost in the development of these systems; and the emergence of new state energy 
policies designed to expand growth in reliable renewable energy and green power markets.  
 
 
Table 1.3: World biodiesel production, 2006 
Country/Region Production (million Litres) Share of total (%) 
Germany 2499 40.6 
United States 852 13.8 
France 625 10.2 
Italy 568 9.2 
Czech Republic 153 2.5 
Spain 142 2.3 
Malaysia 136 2.2 
Poland 114 1.9 
United Kingdom 114 1.9 
Australia 91 1.5 
Austria 85 1.4 
Denmark 80 1.3 
Philippines 68 1.1 
Brazil 68 1.1 
China 68 1.1 
Others 490 8.0 
World Total 6153 100.0 
 
Source: WWI, 2007 
 
 
In Europe, there is much experience in the use of biogas and countries such as Germany, 
Sweden, Austria, Denmark, UK, Switzerland and Netherlands are the major players in the 
production and use of biogas. Especially in Germany and Austria production of biogas and 
other renewable energy sources has been linked strongly to agriculture (Plöchl and 
Heiermann, 2006). At the end of 2006, there were about 3,500 biogas plants in Germany with 
a total electricity production capacity of about 1,100 MW in operation. Energy crops are the 
main substrate in Germany’s biogas production with manure taking less than 50% of the 
feedstock portion. About 350,000 hectares of agricultural land is used for the cultivation of 
biogas energy crops in Germany (Holm-Nielsen, 2007). Biogas digesters in Europe are 
mainly made of concrete with a steel skeleton or of steel. Their sizes vary between 500 and 
3,000 m3, although there are still smaller units for small farms (Plöchl and Heiermann, 2006). 
At present there are two major pathways of biogas utilisation in Europe. In countries such as 
Sweden and Switzerland, the biogas is usually upgraded to more than 95% methane and then 
used as car fuel and to a lower extend fed into a gas grid as substitute to natural gas. Sweden 
has had a train running on biogas since June 2005. In Austria, Denmark and especially in 
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Germany the biogas is combusted in a combined heat and power facility (CHP). The 
electricity is then fed to the national grid and the heat is mainly used by farmers.  
 
At the end of 2004, 15 million households in China were using biogas with the aim to 
increase this number to 27 million by 2010, which will account for over 10% of all rural 
households. By the end of 2005 there were 2,492 medium and large-scale biogas digesters in 
livestock and poultry farms, while 137,000 biogas tanks had been constructed for the 
purification of household wastewater (van Nes, 2006). India had 3.67 million biogas units 
installed as at the end of 2004, with a potential to construct about 12 million countrywide.  
 
Even though there are several small-scale and a few large-scale biogas plants in various parts 
of Africa, the majority of these are undocumented. Some of the first biogas digesters were set 
up in Africa in the 1950s in South Africa and Kenya. In other countries such as Tanzania, 
biogas digesters were first introduced in 1975 and in others even more recently, such as South 
Sudan in 2001. To date, biogas digesters have been installed in several sub-Saharan countries 
including Burundi, Botswana, Burkina Faso, Cote d’Ivoire, Ethiopia, Ghana, Guinea, 
Lesotho, Namibia, Nigeria, Rwanda, Zimbabwe, South Africa and Uganda. Biogas digesters 
have been installed in various places including commercial farms (such as in chicken and 
dairy farms in Burundi), a public latrine block (in Kibera, Kenya), prisons in Rwanda, and 
health clinics and mission hospitals (in Tanzania and Zimbabwe) and more than 15 
biolatrines (Community Toilet Digesters, Tanzania). However, the household biogas digester 
is by far the most widely attempted model using domestic animal excreta. The biogas 
produced from these household systems has been used mostly for cooking, with some use for 
lighting (Winrock International, 2007). Large-scale biogas plants are gradually being 
developed. In Rwanda, the Kigali Institute of Science, Technology and Management (KIST) 
has developed and installed large-scale biogas plants (an 830m3 system in 2003 and a 1430m3 
in 2005) in Rwandan prisons for the conversion of human excreta into biogas for cooking 
(Amigun et al, 2008).  
 
There have been successes as well as failures in the biogas industry in Africa – of the 300 
units installed in Kenya between 1980 and 1990, only 25% were operational by 2002 
(Njoroge 2002). The high failure rate has been attributed to poor design and construction of 
digesters; wrong operation and lack of maintenance by users; poor dissemination strategy by 
the promoters; lack of project monitoring and follow-up by promoters; poor ownership 
responsibility by users and failure by government to support biogas technology through a 
focused energy policy. A Global Environment Facility (GEF) financed project in Dar-es-
salaam, Tanzania which was to make use of landfills in generating electricity equivalent to 
over 10% of Tanzania’s total electricity-generating capacity failed due to problems of cost 
escalation, partially linked to problems with technology selection and significant institutional 
constraints (Karekezi, 2001).  
 
1.2.4 Global trends in gasification and cogeneration  

Gasification from major feedstocks 
The Gasification World Database, sponsored by the US Department of Energy (DOE, 2007) 
shows that current gasification capacity has grown to 56,238 megawatts thermal (MWth) of 
syngas output at 144 operating plants with a total of 427 gasifiers (operating plus spares). 
This includes plants scheduled to start up by the end of 2007. Gasification plants are now 
operating in 27 countries. As shown in Figure 1.3, the Asia/Australia region, with 34 percent 
of the total capacity, is the leading region in the world for syngas production with rapid 
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growth in China fuelling this surge. In 2004, the Africa/Middle East region, with 34% of the 
total capacity, was the leading region in the world for syngas production (DOE, 2005).   
 
 

 
Figure 1.3: World gasification capacity and planned growth – by region 
 
 
According to the 2007 database, coal remained the predominant gasifier feedstock, 
accounting for 55 percent of syngas capacity generated from all feedstocks. A total of 212 
operating gasifiers—nearly 50 percent of the industry total—use coal as the primary 
feedstock. Petroleum now provides 33 percent of feedstocks, with the remaining 12 percent 
coming from natural gas, petcoke, and biomass/wastes. The primary product of the 
gasification plants is syngas out of which several secondary products are generated. These 
include chemicals (45 percent), Fischer-Tropsch (F-T) liquids (28 percent), power (19 
percent), and gaseous fuels (8 percent). Three commercially-proven technologies are 
commanding 93 percent of the world market: Sasol Lurgi technology represented 34% of the 
gasification operating production capacity, GE Energy represented 31% of reported capacity 
and Shell technology represents 28%, an increase from 19% in 2004. Sasol plants in South 
Africa, which produce clean fuels and chemicals from coal, employ 97 gasifiers accounting 
for 23 percent of world total.  
 
Across the globe several universities, research institutions and industries are active today in 
the research and development of gasification technologies (IEA Bioenergy, 2004). The 
research has focused on the development of the gasifier itself, a better understanding of the 
gasification process for different kinds of fuels and the cleaning of the product gas. Several 
gasification plants have been planned and as illustrated in Figure 1.3, the capacity of 
gasification products is expected to increase considerably in the next few years.  
 
Biomass gasification 
According to a report by IEA Bioenergy (2004), the development of biomass gasification has 
seen a revival in the 21st century. One of the reasons for this development is the realisation 
that the application of biomass should be shifted from the traditional low-efficiency 
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applications for heating to high-efficiency applications for combined heat and power 
production. 
 
The most successful gasification technologies have dwelt on other feedstocks apart from 
biomass as indicated in the previous section. Biomass gasification technology (the focus of 
Chapter 3 in this guidebook) has recorded limited success globally and especially in Africa. 
Solid technical results have been realised in pilot testing of biomass gasification but large-
scale commercial replication is yet to be fully realised (Kwant, 2004). However some 
countries outside Africa have recorded significant success in biomass gasification (Karekezi 
et al., 2007).  For example in India, a 500 kW (using 70% biomass and 30% diesel) has been 
operational in Gosaba Island since 1997. The plant currently connects 1500 households with 
electricity and has highly contributed to positive economic growth trends in the island (Rao, 
2007). India’s potential from its 600 million tonnes of agricultural residues per year is 
estimated at 79,000 MW, which is about 60% of power currently available in the country 
(Rao, 2007). Lessons learnt from countries such as India could provide a solid good 
foundation and model for designing and implementing a gasification initiative in Africa 
(ADB FINESSE, 2006). 
 
There have been attempts in recent times by different countries in Africa to establish 
demonstration projects. An example towards this is the recent tender by the Ministry of 
Energy and Mineral Development, Uganda for gasification system package to meet heat and 
power requirements at small capacity (Dasappa, 2007). Another example in Uganda is a 
gasifier that powers a modified diesel engine that runs on a dual fuel-mode rated at 25 % 
diesel and 75 % gas producing 3-phase electricity. The maximum electrical output is rated at 
10 kW – a case study on this project is presented in section 5.5.1 (Buchholz et al., 2007). 
There have been many attempts by some gasification development groups to establish 
programmes in African Countries towards establishing demonstration project, but these have 
not made any significant impacts as yet (Dasappa, 2007).  
 
The University of Fort Hare (South Africa) is installing a biomass gasifier in Eastern Cape 
using sawmill waste as feedstock as part of its research efforts to assess the performance of 
the system, costs and sustainability of the project (UFH, 2007). The gasifier was designed by 
KG Johansson who developed a prototype wood gas producer in 1983 which was later 
successfully tested by CSIR in Pretoria proving that the technology can provide a reliable 
alternative energy source. 
 
Cogeneration  
According to the IEA (2007), combined heat and power (CHP) currently accounts for around 
9% of global power generation. Global CHP capacity is dominated by Russia, closely 
followed by other countries in the EU, China, US, India, Canada and Brazil (Figure 1.4). 
Several projects are in the pipeline, with the intention of increasing such production capacity. 
As usual, it is expected that most of the added capacity will occur in the traditional producing 
countries, with South Africa expected come on board with some considerable capacity.  
 
1.2.5 Market development and international trade 

Even though bioenergy trade flows are modest compared to total bioenergy production, they 
are growing rapidly.  Trade takes place between neighbouring regions or countries, but 
increasingly trading is occurring over long distances. The possibilities for exporting biomass-
derived commodities to the world’s energy markets can provide a stable and reliable demand 
for rural regions in many developing countries (IEA Bioenergy, 2007), thus creating an 
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important incentive and market access that is much needed. For many rural communities in 
developing countries such a situation would offer good opportunities for socio-economic 
development.  
 
 
 

 
Figure 1.4: CHP as share of electricity generation in some countries 
 
Source: IEA, 2008 
 
 
The United States has been a major ethanol importer, especially from countries in South 
America. According to the Renewable Fuels Association (RFA, 2008), ethanol imports to the 
US from Brazil, Jamaica, El Salvador, Trinidad and Tobago, Costa Rica, Canada, and China 
amounted to 450 million US gallons in 2007 alone. Brazil is also a major exporter of ethanol 
and has in so doing created lots of jobs for its citizens in the ethanol industry.  
 
With the exception of ethanol from sugar cane in Brazil, production costs of essentially all 
first generation biofuels in most countries are subsidized. In most countries, including Brazil, 
demand is driven by regulatory mandates (UNCTAD, 2008).   
 
 
1.3 Bioenergy opportunities and challenges for Africa 

1.3.1 Bioenergy opportunities for Africa 

Bioenergy is becoming increasingly viable for several reasons, including: its renewability, its 
ability to replace some fossil fuels, and its ability to reduce climate change due to the creation 
of carbon dioxide (CO2). In Africa, traditional use of biomass is very important, in particular, 
for production of heat for cooking and space heating. It is not expected that this traditional 
use will diminish in the coming decades (Brew-Hammond, 2007). Nevertheless, modernising 
bioenergy use for poorer populations is an essential component of sustainable development 
schemes in many African countries (IEA Bioenergy, 2007). Bioenergy production in Africa 
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can supply a constant, distributed, and economic energy supply that is renewable, and that 
provides important and unique subsidiary environmental benefits while the resource is being 
utilized productively. Bioenergy offers important benefits that stem directly from the use of 
biomass as fuel and thus productively utilizing materials that would otherwise be discarded.  
 
An effective bioenergy programme offers opportunities for additional value to be derived 
from resources that are already abundant in the region. New employment opportunities will 
arise in growing and harvesting biomass, transport and handling, and plant operation; there 
will also be extended employment opportunities for equipment manufacturers and 
maintenance crews in the region.  It is a huge opportunity for farmers to improve their returns 
as marginal crops become viable given an additional source of income from energy by-
products. It can also contribute to local and national energy security in Africa which may be 
required to establish new industries. Bioenergy deployment will contribute to important 
elements of national/regional development: economic growth through business earnings and 
employment; import substitution with direct and indirect effects on GDP and trade balance; 
security of energy supply and diversification as presented in Table 1.4. Other benefits include 
support of traditional industries, rural diversification and the economic development of rural 
societies (IEA Bioenergy, 2005). These are all important elements of sustainable 
development.  
 
Biomass, in combination with advanced combustion and/or conversion technologies, has the 
potential to contribute needed energy resources for transport, electric power, and industry in 
Africa. Bioenergy may provide economic benefits to the rural economy and possibly to 
countries and the continent as a whole. By substituting for imported oil, bioenergy also may 
provide some national security benefits, especially for the non-oil exporting countries. By 
growing biomass for use as a source of energy, African countries can improve their 
environment. Land that cannot be used for traditional crops can be put to use to grow biomass 
for energy. Fast-growing trees can be planted on exposed land areas to prevent erosion, hold 
rainfall for better flood control and provide foliage for organic matter that increases nutrients 
in the soil. Some of the benefits that have already been realized in bioenergy development are 
discussed in the case studies.  
 
 

 
Figure 1.5: Bio-energy production potential in 2050 for different scenarios 
 
Source: Mehlwana, 2008 (quoting Smeets et al, 2008) 
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Table 1.4: Selected Indicators of Socioeconomic Sustainability for bioenergy 
Category Impact Quantitative Indicators 
Basic needs Improved access to basic 

services. 
Number of families with access to energy services 
(cooking fuel, pumped water, electric lighting, milling, 
etc.), quality, reliability, accessibility, cost. 
 

Income 
generating 
opportunities 

Creation or displacement of 
jobs, livelihoods. 

Volume of industry and small-scale enterprise promoted, 
jobs/$ invested, jobs/ha used, salaries, seasonality, 
accessibility to local labourers, local recycling of revenue 
(through wages, local expenditures, taxes), development 
of markets for local farm and non-farm products. 
 

Gender Impacts on labour, power, 
access to resources. 

Relative access to outputs of bioenergy project. Decision-
making responsibility both within and outside of 
bioenergy project. Changes to former division of labour. 
Access to resources relating to bioenergy activities. 
 

Land use 
competition and 
land tenure 

Changing patterns of 
landownership. Altered access 
to common land resources. 
Emerging local and 
macroeconomic competition 
with other land uses. 

Recent ownership patterns and trends (e.g., consolidation 
or distribution of landholdings, privatization, common 
enclosures, transferral of land rights/tree rights).Price 
effects on alternate products. Simultaneous land uses 
(e.g., multipurpose coproduction of other outputs such as 
traditional biofuel, fodder, food, artisanal products, etc.) 
 

 
Source: Kartha and Larson, 2000 
 
 
A lot of opportunities exist for Africa to derive maximum benefits from bioenergy. Most 
experts believe that bioenergy resources abound in Africa than most of the other regions who 
have well developed bioenergy programmes in place. In the most optimistic scenarios, 
(Figure 1.5), sub-Saharan Africa will have better potentials for bioenergy than any of the 
other regions by the year 2050 which indicate that Africa could become a bioenergy 
powerhouse if appropriate programmes are drawn up to make effective use of the resources.  
 
The production of bioenergy feedstocks in combination with other local necessities, such as 
food crops, fodder, fuelwood, construction materials, artisan materials, etc. can help restore 
the environment on which the poor depend for their livelihoods (Kartha and Larson, 2000). 
Producing energy crops alongside food crops could help better the livelihood of rural Africa. 
There is also the opportunity of establishing small scale bioenergy technologies in the rural 
areas so that finished products (of higher value) may be sold directly from the rural 
industries.  Many farmers would welcome the opportunity to sell residues or purpose-grown 
wood to long-term, steady consumers for the production of bioenergy. Cultivating bioenergy 
crops provides a new source of revenue and helps farmers to diversify. This reduces their 
vulnerability to crop failures or declining crop prices, especially if the biomass is derived 
from a tree – a secure standing asset that can be harvested as the demand arises (Kartha and 
Larson, 2000). Tree planting has additional rewards in terms of improved agricultural 
productivity and environmental benefits. Bioenergy projects benefit rural wage labourers as 
well, by offering employment raising biomass or working at the bioenergy facility. 
Sometimes, participants in bioenergy activities learn skills they can transfer to other 
profitable activities. 
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1.3.2 Bioenergy resources in Africa 

Production and use of modern bioenergy in Africa is currently very limited, especially when 
compared to other regions. There has been some progress, though on a very small scale in the 
production of electricity and heat from biomass residues – mainly sugarcane bagasse and oil 
palm residues – in a few oil palm and sugar industries in Africa. Mauritius has had a lot of 
experience in the use of bagasse to generate electricity, with about 19% of the country’s 
electricity generated from sugarcane bagasse. The cogeneration of biomass and coal provides 
40% of the total electricity generation in Mauritius (See case study in section 2.5.1). Ethanol 
production has developed to some extent in some few African countries but earlier ethanol 
programmes that were developed in the early 1980s has been rather sporadic as reflected 
from case studies in Chapter 3 of this guidebook. With the exception of some small scale 
ethanol exports to the EU, the biofuel export market in Africa is almost non-existent, a 
situation that has kept people wondering, judging from Africa’s rich biomass resources. The 
production of biodiesel and for that matter plant oil for energy purposes has rather been on a 
far smaller scale and pilot basis with the multifunctional platform on jatropha oil in Mali 
hailed as one of the best demonstrations of a successful small scale biofuel programme in 
Africa.  Inspite of the modest achievements in the production and use of modern bioenergy in 
Africa, the continent abounds in bioenergy feedstock which – with the appropriate 
technology and planning – could be harnessed to raise Africa’s status on the world modern 
bioenergy market.  
 
An assessment of bioenergy resources in Africa was undertaken in a study commissioned by 
Wetlands International (Sielhorst, et al, 2008), as part Wetlands International’s evaluation of 
the impact of biofuels development on African wetland areas and the people that live there. 
Six principal crops were thought to have large-scale potential for biofuels development in 
Africa: sugarcane, sweet sorghum, corn and cassava for ethanol and oil palm and jatropha for 
biodiesel. All six were deemed technically and economically feasible in various parts of 
Africa based on:  

- natural conditions for crop growth 
- agricultural experience in the cultivation of these crops 
- the ease to quickly scale up such crops for competitive production  
- energy production per hectare: high-energy productivity per hectare means less costs for 

land and efficient planting and harvesting. 
- process ability: although all plants can theoretically be used for biofuel production, 

some have better characteristics for processing than others. 
The feedstock for biomass gasification and cogeneration, especially agricultural residues, are 
rather varied, abundant and available in almost every country in Africa. Bioenergy initiatives 
are already underway with the major feedstocks in some African countries (See Box 1). 
 
Already, biomass is used in very unsustainable forms in Africa. It is not envisaged that this 
would change in the next 25 years. The adoption of more modern technologies would ensure 
that bioenergy would now be used in a more sustainable manner and help combat the 
otherwise negative effects in various African countries. Modest investments are already 
underway in many countries and the success of some of these initial investments may pave 
way for more investments to follow. Table 1.5 gives an overview of the best energy crops for 
fuel ethanol and biodiesel production is Africa. 
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1.3.3 Bioenergy sustainability challenges 

Bioenergy sustainability criteria have been a hot topic for debate all over the world, 
especially in countries that have sought to drive the bioenergy market over the past few years. 
Such issues as food versus fuel, rural economic development versus rural livelihood 
destruction, large-scale versus small-scale bioenergy feedstocks development, international 
trade certification, environmental and social impacts, have been up for discussion of late. On 
the one hand are a group of people who think that biofuels could serve as an alternative to 
fossil fuels and therefore a climate change abatement scheme. On the other hand are a group 
that points to all the negative effects of bioenergy feedstocks and technologies. There are also 
some optimists who are of the view that yes, there could be negative effects, but good 
planning and effective policies could help curtail the problem. Such issues have demanded 
that the production of bioenergy must be sustainable and several attempts have been made to 
develop sustainability criteria based on the issues listed above and some others. Some of the 
specific sustainability challenges to the development of bioenergy technologies in Africa 
include but is not limited to the following (WWI, 2007 and UNDESA, 2007). 
 

1. The large-scale production of bioenergy feedstocks pose a threat to ecosystems, soil 
quality and water use. Demand for bioenergy could increase the pressure for 
deforestation by requiring more land for energy crops. This can contribute to soil 
erosion, increase drought risks, and affect local biodiversity.  

2. The large-scale production of bioenergy may divert agricultural production away from 
food crops and drive prices up. Energy crops, if grown on a large scale, may compete 
with food crops in a number of ways including land use, investment requirements, 
infrastructure support, water, fertilizers, etc. 

3. The influx of large multinational companies into the bioenergy industry may simply 
replace unsustainable bioenergy production, maximising profit but yielding 
undesirable social and environmental outcomes. As bioenergy develops in Africa, the 
tendency is often to seek for large-scale production which can rely on intensive cash 
crop cultivation and mechanised harvesting and production chains. This could lead to 
a sector dominated by only a few agro-energy industries, without creating significant 
gains for small farmers. This raises the concern of potentially aggravating socio-
economic inequity. 

Box 1: Ongoing initiatives with the principal feedstocks 
Sugarcane is mostly produced in large-scale plantations. Thirty-seven countries in Sub-Saharan Africa 
produced sugarcane in 2006 and South Africa accounted for 27% of production. Some 25 million hectares 
are used for corn cultivation in Sub-Saharan Africa. Around 25 million hectares are under sorghum 
cultivation in Africa, however, a large part of this surface is cultivated with grain sorghum, a variety less 
suitable for fuel ethanol production. Nigeria accounts for 39% of sorghum production in Sub-Sahara Africa 
with Sudan (21%) coming a close second. The Nigerian National Petroleum Corporation is planning a 
project that could produce 1.5 million litres per day from sorghum, servicing 5%of Nigerian petrol demand. 
Nigeria is the largest producer of cassava (37% of total production) on the continent and some large-scale 
cassava plantations exist. Cassava is already used for ethanol production in Nigeria in small processing units 
with capacities varying from 50 to 2000 litres a day. Although twenty-one African countries grow oil palm, 
its world market share is negligible. Nigeria is the largest producer with a market share of 3%. No palm-oil 
based biodiesel is currently produced in Africa. In Mali a project to generate electricity from jatropha has 
recently started. Another project in Mali aims at setting up several biodiesel plants with a combined capacity 
of 55,000 litres per year. In South Africa, different biodiesel plants are under construction that should be 
supplied with jatropha seeds. Large-scale plantations have been set up within South Africa to provide some 
of the supply to these plants, with the rest to be imported from neighbouring countries (Sielhorst, et al 
2008). 
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4. A dramatic increase in the production and use of bioenergy has the potential to 
significantly reduce overall GHG emissions associated with energy consumption; 
alternatively, it could intensify the threat of global warming.  

 
In order to overcome some of these challenges, policy makers must make efforts at 
safeguarding the interests of citizens, especially the vulnerable ones in rural areas. Where 
energy crops are cultivated with well planned and carefully thought out schemes, they might 
bring net ecological benefits. The cultivation of biomass for bioenergy should be encouraged 
as part of a grand scheme to aid rural and agricultural communities rather than to deprive 
them of their means of livelihood. While large-scale cultivation of biomass could be done at 
the expense of rural residents, a new market for agricultural goods may also bring in new 
benefits. Policy makers must therefore evaluate the best ways to sustainably improve the 
productivity of agricultural systems and to encourage their sustainability in order that a win-
win situation can be created for all stakeholders. As production expands in Africa, the issue 
of whether bioenergy may best be used locally or exported must be considered carefully, 
particularly in light of the various rural development and environmental implications. ‘In 
general, trading relationships that benefit all contributors to the bioenergy production chain – 
including small-scale farmers – will yield the greatest social, economic and environmental 
benefits’ (WWI, 2007). The overall climate impacts of bioenergy will depend upon several 
factors such as land use changes, feedstock types, and refining processes. policy makers must 
make policies that protect forests and agricultural lands from being diverted into energy crop 
production and also to avoid energy crops that demand significant energy inputs (such as 
fertiliser) which could negatively affect the energy balance. While African countries develop 
technologies for bioenergy, the ultimate aim should be to be able to adapt these technologies 
to use second generation feedstocks when they become available. This will ensure that 
Africans do not wait for the development of second generation feedstock, but rather be 
adequately prepared to shift to such feedstock in the future without major modification to 
already existing production technologies. Further developments in Life Cycle Assessment 
procedures are needed in order to make the process less tedious and attractive.  
 
Sustainability standards and certification schemes must be developed to address the wide 
range of issues that could affect the sustainability of bioenergy development. Sustainability 
standards to address specific environmental and social issues such as soil erosion; damage to 
water and soil from the application of pesticides and fertilisers; nutrient leaching; increased 
use of freshwater sources; ecological impacts of monoculture crop plantations; the loss of 
biodiversity and wildlife habitat; potential impacts on agricultural and rural incomes; access 
to bioenergy markets by small landholders and indigenous groups; job availability and 
quality; potential use of child labour; and access to education and healthcare for workers must 
be  established (WWI, 2007). The Global Environment Facility (GEF) demands that 
bioenergy project must demonstrate sustainability within the entire production chain before it 
will consider the project for funding (further details in Section 7.1).  
 
Organisations such as the International Institute for Sustainable Development (IISD), the 
International Institute for Environment and Development (IIED) and the World Bank’s 
Energy Sector Management Assistance Programme (ESMAP) have developed some 
sustainability criteria that would guide bioenergy developers and policy makers to effectively 
assess bioenergy projects at the planning stages. Figure 1.6 is a decision tree that 
systematically details the various items in the decision process for the development of 
bioenergy project in a country. 
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Energy
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national, local, 
remote areas
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Mitigation
Kyoto and other
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Development
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diversification

Rural
Development

on-farm and off-
farm Livelihoods

Choosing crops for biofuels
Are biophysical conditions (e.g. rainfall, available land) 
and technology (e.g. fertilisers, processing capability) 

suitable for your chosen feedstock?

Food security analysis
Is it possible to assure food security

alongside biofuel production?

Environmental analysis
Is it possible to assure environmental protection is part of 

biofuel production and use?

Social analysis
Is it possible to assure positive social outcomes through 

biofuel production and use?

Economic analysis
Will returns to national welfare from biofuels outweigh 
economic costs in the long-term? Are biofuels the most 
cost-effective means of achieving these policy goals?

Proceed with biofuels 
development

Can biofuels out-
compete alternatives for 
local energy supplies?

Do international 
competitiveness, market 

access or trade 
preferences allow export?

Production for
local & remote

areas

Production for
national market

Production for
regional/

international
market

Strategic policy support demands 
long-term commitment and coherence 

among sectors

Yes

Yes

Yes

Yes

Yes

Yes Yes

Policy 
goals

Look at large-scale vs 
small-scale production, 
land rights and labour 
conditions

Look at national food 
availability 

Look at water use, soil 
and water impacts, and 
GHG emissions

Look at costs relative 
to, e.g. other energy 
sources, other ways of 
promoting rural 
developments

Not sure

Not sure

Not sure

Not sure

 
 
Figure 1.6: Decision tree for strategic national choices on biofuel development 
 
Source: Adapted from Dufey et al, 2007
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Table 1.5: Overview of principal modern bioenergy feedstock in Africa 
 
Feedstock Conditions for 

best 
performance  
 

Maximum 
time between 
harvesting 
and 
processing 

Yield per hectare  Principal producing 
countries 

Required 
economical 
scale for 
competitive 
biofuel 
production 
(Ha) 

Other important 
facts 

Mechanization 
potential 

Smallholder 
potential/ 
outgrower 
scheme 
potential 

Sugarcane Up to 1600m 
above sea level 

2 days 5800 l/ha in Brazil, 
4000 l/ha for Africa 

South Africa, Sudan, 
Kenya, Swaziland, 
Zimbabwe, Mauritius 

17,500 Voluminous and 
should be within 
close vicinity of 
plant 

Medium Low  

Corn Grows 
everywhere but 
often needs 
irrigation 

1 year 3000 l/ha, 700 l/ha 
for Africa due to 
poor yields 

South Africa, Nigeria, 
Ethiopia, Kenya, 
Tanzania 

NA Can be transported 
over long 
distances 

High High  

Sweet 
sorghum 

Dryer tropics 
and temperate 
regions up to 
2500m altitude 

1 – 2 days 3000 – 6000 l/ha Nigeria, Ethiopia, 
Sudan, Burkina Faso 

15,000 Two annual 
harvests possible 

High Medium 

Cassava Tropical 
climates up to 
1000m 

2 – 3 days 5400 l/ha, 1750 l/ha 
in Africa due to low 
efficiency in current 
production methods 

Nigeria, DR Congo, 
Mozambique, Ghana, 
Angola 

15,000 Takes 6 – 24 
months to mature 
depending on 
variety 

Low Medium 

Oil Palm Humid tropic 
areas up to 
700m altitude 

2 days 6000 l/ha in 
Malaysia, Africa 
plantations average 
less than half 

Nigeria, Cote d’Ivoire, 
DR Congo, Ghana 

400 – 4,000 3 – 5 years to 
mature 

Low Low 

Jatropha Tropical & semi 
arid regions at 
altitudes up to 
500. Rainfall 
from as low as 
300mm 

Several 
months 

400 – 2200 l/ha of 
pure plant oil 

Ghana, Mali, 
Tanzania, 
Mozambique, Senegal, 
several other countries  

400 – 1000 3 – 5 years to 
mature 

Low High 

 
Source: Compiled from Sielhorst, et al., 2008 
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1.3.4 Bioenergy conversion technologies 

The purpose of biomass conversion is to provide bioenergy with clearly defined 
characteristics that meet quality standards. In general, there are various options to produce 
alternative transportation fuels based on biomass. Biomass can be converted by means of 
highly different supply chains into gaseous and liquid bioenergy that can be used for 
transportation and other purposes.  

 
There are three principal pathways for converting biomass into bioenergy (Figure 1.7): the 
thermo-chemical pathway, the physical-chemical conversion pathway and the bio-chemical 
conversion pathway. These pathways lead to production of bioenergy in the form of solids 
(mainly charcoal), liquids (mainly biodiesel and alcohols), or gases (mainly mixtures with 
methane or carbon monoxide), which can be used for a wide range of applications, 
including transport and high-temperature industrial processes.  
 

 

 
Figure 1.7: Basic pathways for the provision of final energy derived from biomass  
 
Source: ICS-UNIDO, 2008 
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2. BIOMASS COGENERATION TECHNOLOGIES 
 
2.1 Production processes 

2.1.1 Introduction 

Cogeneration or Combined Heat and Power (CHP), is the process of using a heat engine or 
power station to simultaneously produce both power and usable thermal energy from a single 
fuel source. The principle of cogeneration could theoretically be used in any thermal power 
generating facility. Heat engines in general, do not convert all the available energy in a giving 
fuel to electric power, but significant quantities of by-product heat is produced. In a 
conventional power plant this heat is usually rejected to the atmosphere (through the use of 
cooling towers), or simply dumped into a reservoir such as the sea or a lake. A cogeneration 
facility on the other hand, puts to use the heat which would otherwise have been discarded.  
 
The defining property of cogeneration (i.e. the generation of both power and usable heat) also 
presents a cost effective way of reducing emissions such as SO2, NOx and CO2, and thereby 
making it very suitable for clean development mechanism (CDM) projects (WADE, 2006). 
As a result of the enhanced utilisation of fuel, cogeneration is able to achieve efficiencies in 
the range of 75-90% (Koronakis, 2004; IEA, 2008). Figure 2.1 summarises the comparison 
between Conventional system of power/heat generation and Cogeneration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Schematic comparing separate and cogeneration systems 
 
Source: WADE, 2003 
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The principle of cogeneration is not recent, but has been in existence for more than a century. 
Thomas Edison’s Pearl Street Station, which was built in 1882 in the United States, is reputed 
to be the first cogeneration plant as it made and distributed both electricity and thermal 
energy (www.cogeneration.net). During the first decades of the 20th century, a good 58% of 
power generated by various industries in the USA was generated by co-generation units 
(Koronakis, 2004). This was followed by a period of decline as a result of policies created to 
advance and protect the centralised electricity generation (Casten, 2007). However, the rising 
prices of fossil fuel and recent environmental concerns have made cogeneration an attractive 
alternative for new power generation.  
 
2.1.2 Cogeneration systems 

Cogeneration systems can be broken into two main parts based on the equipment making up 
the system. These are the “Core equipments” and the “Peripheral/Auxiliary equipments” 
(Cogen3, 2003a).  
 
Core equipments 
Core equipment refers to the main systems required for main conversion processes from fuel 
to electricity and heat. These include: 

 Fuel handling and preparation systems 
 Boilers 
 Heat recovery steam generators 
 Prime movers 

o Steam turbines 
o Gas turbines 
o Micro turbines 
o Steam engines 
o Reciprocating engines 

 Generators 
 

Peripheral/auxiliary equipments 
The main auxiliary and supporting equipment required for the cogeneration process include: 

 Heat exchangers 
 Steam system equipment 
 Transformers 
 Control and monitoring systems 
 Combustion equipment 
 Emission control 

o Combustion measures 
o Flue gas treatment 

 Ash and residue handling 
 Water treatment 

 
It can be inferred from the above list that cogeneration systems can take several forms with 
many possible variations. However, the choice of a particular technology is governed by 
issues relating to the technical reliability of the machines, available technical support from 
the manufacturers and the cost of fuel. Other essential criteria considered include: 
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 Quality and completeness of technology information. All detailed information of the 
technology should be considered before selecting a system appropriate for 
cogeneration. Heat-to power ratio, plant efficiency and fuel supply, should also be 
considered. 

 
 Heat utilisation. Heat/steam utilisation is the amount of heat/steam energy utilised for 

useful purpose compared to the total energy input into the cogeneration system. Thus, 
quality and quantity of heat/steam requirement have to be considered for the most 
efficient system selection. 

 
 Technology reliability. The reliability of equipment suppliers, consultants, energy 

purchase contractor, operation and maintenance contractor, major stakeholders, etc. 
are required to be considered and proved before selection. 

 
 Fuel supply security. Fuel characteristics, sources, logistics, preparation, handling and 

short term/long term storage, fuel consumption and fuel supply availability have to be 
considered.  

 
 Country-specific conditions 

          (Cogen Guide, 2004). 
 

2.1.3 Biomass cogeneration 

Biomass cogeneration (Figure 2.2) is the use of biomass wastes and residues to produce both 
heat and electricity. Technological advances have made modern biomass cogeneration plants 
cleaner, more efficient and, under certain conditions, cost-effective as compared to public 
utility grids and fossil-fuel boilers or generators (Duval, 2001). The viability of biomass 
cogeneration plants is usually governed by the price of electricity, and the availability of the 
fuel inputs. The African continent is endowed with a wide range of natural resources, notably 
a huge biomass resource base. The continent’s forest resources cover an extensive expanse of 
close to 650 million ha, which provides a potentially rich source of biomass fuels (Karekezi 
et al, 2007). Common sources of biomass available for cogeneration include: agricultural 
wastes, such as cereals crops’ stalks, pineapple plants leaves, straw, seed hulls, sugarcane 
leavings, bagasse, nutshells, and manure from cattle, poultry, and hogs, forest residues and 
wood wastes such as wood or bark, sawdust, timber slash, and mill scrap; municipal solid 
wastes,  energy crops, and food processing residues. Of these the greatest potential of 
biomass cogeneration lies in the cane sugar and wood processing mills. 
 
Currently there exist several biomass conversion technologies, however not all these are 
commercially viable. The primary methods of conversion are direct combustion and 
gasification. Direct combustion is the established and well proven method for biomass 
cogeneration in Africa, thus description of available technologies will focus on direct 
combustion technologies.  
 
Fuel preparation systems 
Biomass feedstocks for cogeneration are usually prepared before they are used to generate 
power or to produce heat. In addition all feedstocks (with exception of residues generated in-
house) for the CHP application have to be delivered to the plant. Therefore the equipment 
choice for fuel reception and handling systems, fuel preparation, and refinement systems is of 
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importance especially when the biomass contains impurities or is not homogenous. The table 
below (Table 2.1) gives a summary of possible equipment choice. The fuel preparation 
process involves the separation, sizing, and removal of metals and other non-combustible 
materials. Apart from sawdust, which usually is in a powdery form, most biomass feedstocks 
undergo grinding or other size reduction methods. The storage and transport system usually 
consists of silos and conveyors. In order to ensure safety standards a complete system that 
monitors and controls the processes must be in place. This should include a form of metering 
or measuring system for the delivery of the required amount of biomass to the energy 
conversion process, safety shut-off mechanisms, screw feed sprinkler system, temperature 
read-out of flue gas, over heat safety turn down logic, and a boiler shut down capability with 
key lock (KITE, 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: The Biomass Cogeneration Process 
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Table 2.1: Possible equipment choice for fuel reception and handling 
Fuel Reception Fuel Preparation Fuel Transport and Feeding 
Fuel weighing systems 
Receiving bunkers 
Bunker discharge systems 
(stoker, screw, grab bucket) 
 

Fuel drying systems 
Crushers 
Chippers 
Screening systems 
Shredding systems 
Grinding systems 
Safety systems  

Belt feeders 
Conveyers, Elevators 
Tube feeders 
Fuel hoppers and silos 
Hopper, bunker and silo 
discharge 
Feeding stokers 
Feeding screws 
Rotary valves 

 
Source: (compiled from Cogen3, 2003; KITE, 2003) 
 
 
Combustion systems 
Direct combustion of biomass (Figure 2.2) with the resulting hot flue gases producing steam 
in a boiler is the most common and well proven method of biomass conversion in CHP 
applications. Boilers today burn a variety of fuels and continue to play a major role in 
industrial process heating, commercial and institutional heating, and electricity generation. 
The two most commonly used types of boilers for biomass firing are stoker boilers and 
fluidized bed boilers (Table 2.2). Either of these can be fuelled entirely by biomass fuel or co-
fired with a combination of biomass and coal (EPA, 2008). 
 
 
 

 
 

Figure 2.2: Biomass firing system - Fuel bunker (1), Fuel feeding (2), Furnace (3), Fly-ash 
removal (4), Bottom ash discharge (5) 
 
Source: Cogen3, 2003. 
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Table 2.2: Summary of biomass cogeneration conversion technologies 
Biomass Conversion 
Technology 

Fuel Types Feed Size Capacity Range 

Stoker grate, underfire 
stoker boilers  

Bagasse, sawdust, bark, chips, 
hog fuel, shavings, end cuts, 
sander dust  

0.25–2 in.  4 to 300 MW  

Fluidized bed boiler  Bagasse, wood residue, peat, wide 
variety of fuels  

< 2 in.  Up to 300 MW  

Co-firing—pulverized 
coal boilers  

Sawdust, bark, shavings, sander 
dust  
 

< 0.25 in.  Up to 1000 MW  

Co-firing—stoker, 
fluidized bed boilers  

Bagasse, sawdust, bark, shavings, 
hog fuel  

< 2 in.  Up to 300 MW  

Fixed bed gasifier  Chipped wood or hog fuel, rice 
hulls, shells, sewage sludge  

0.25–4 in.  Up to 50 MW  

Fluidized bed gasifier  Most wood and agriculture 
residues  

0.25–2 in.  Up to 25 MW  

 
Source: US EPA-CHP 2007 
 
 
Steam boilers 
Boilers commonly used in a biomass CHP plant include the stoker and fluidised boilers. 
Stoker boilers burn fuel on a grate producing hot flue gasses which then produce steam in the 
heat exchange section of the boiler (Figure 2.3). Stoker boilers have a system through which 
the ash from the combusted fuel is removed continuously. There are two general types of 
stokers; underfeed and overfeed stokers. Underfeed stokers supply both the fuel and air from 
under the grate, while overfeed stokers supply fuel from above the grate and air from below.  
 
Fluidised bed boilers on the other hand, suspend fuels on upward blowing jets of air during 
the combustion process. Fluidized bed boilers are categorized as either atmospheric or 
pressurized units. Atmospheric fluidized bed boilers are further divided into bubbling-bed 
and circulating-bed units; the fundamental difference between bubbling-bed and circulating-
bed boilers is the fluidization velocity (higher for circulating). Circulating fluidized bed 
boilers separate and capture fuel solids entrained in the high-velocity exhaust gas and return 
them to the bed for complete combustion. Atmospheric-pressure bubbling fluidized bed 
boilers are most commonly used with biomass fuels. 
 
Power generation technologies 
The power generation system usually consists of a prime mover (heat engine), generator, heat 
recovery, and electrical interconnection, configured into an integrated whole. Prime movers 
for CHP systems include steam turbines, gas turbines, spark ignition engines, diesel engines, 
microturbines, and fuel cells. These prime movers are capable of burning a variety of fuels, 
including biomass/biogas, natural gas, or coal to produce shaft power or mechanical energy. 
The following section focuses on technologies with respect to their ability to run on biomass. 
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Figure 2.3: Combustion, steam generator and gas cleaning systems 
 
Source: Cogen3, 2003 
 
 
Steam turbines 
These convert heat energy from a boiler or waste heat into mechanical (shaft) power. The 
steam turbine process is a well proven technology, and is the most common and most 
efficient among the cogeneration systems (Cogen3, 2004). Steam turbines are used either in a 
topping or bottoming cycle configuration. Topping cycle plants primarily generate electricity 
first, and the waste heat or exhaust is then utilised. Bottoming cycle plants produce high 
temperature heat for industrial processes, and the excess heat from the process is used to 
generate steam, which then produces electricity. This type of system is common in industries 
that use very high temperature furnaces, such as the glass or metals industries. Of the two 
configurations, the topping cycle is more common.  
 
There are two types of steam turbines used in topping up cycles. These are the: 
 

a) Back-Pressure turbine (Figure 2.4) 
b) Extraction-Condensing turbine (Figure 2.5) 

 
The back-pressure system is considered as the simple and pure cogeneration system in the 
sense that all the hot steam produced in the boiler is expanded down to the back pressure 
which results from the desired temperature of the process heat. Heat exchangers outside the 
turbine can then be used to pass the remaining heat quantity of the steam to another medium 
which is then utilised for heat application. The condensed steam is fed to the steam generator 
again with the help of water preparation through a feed water pump. This design is mostly 
used when a constant supply of heat is required, as there is very little possibility of control. 
 
With extraction-condensing systems, the steam for heat generation is not taken from the rear 
part but from the middle part of the turbine. Thus the heat and power generation can be 
adjusted to the different requirements. With the help of valves the extraction pressure can be 
adjusted so that the required steam conditions for heat generation can also be kept when run 
at part load. The extraction-condensing system offers a high flexibility of operation. 
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Figure 2.4: Back- pressure turbine 
 
Source: Cogen3, 2003 
 
 
 
 

 
Figure 2.5: Extraction-condensing turbine 
 
Source: Cogen3, 2004. 
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Steam engines 
An alternative to the steam turbine is a modern version of the steam engine. Like the steam 
turbines, steam engines are also based on the Rankine Cycle. Modern steam engines combine 
the thermodynamic benefits of the traditional steam engine with the design features of a 
modern combustion engine. For sizes up to approximately 1500kWe steam engines are more 
efficient than steam turbines. Typical cogeneration efficiencies can be up to 80% (Cogen3, 
2003a). Other advantages include reliability and low maintenance costs along with system 
adaptation to fluctuations in live steam (pressure/temperature/flow) and changing mass flow 
rates (Cogen3, 2003b). 
 
2.1.4 Biomass feedstock 

 
Residues from wood processing mills 
There are two kinds of wood residues from the wood processing industry, namely, logging 
(forest) residues and wood processing residues (KITE, 2003).  
 
Forest residues 
Forest residues are material remaining in forests that have been harvested for timber. The 
residues are left due to the fact that only timber of a certain quality can be used in saw mills 
and other processing facilities. Forestry residues include logging residues, excess small pole 
trees. The volume of wood left in the forest is about equal to that extracted for processing 
(KITE, 2003).  
 
Wood processing residues 
This is waste wood from Saw Mill operations that would otherwise be disposed by burning or 
being sent to a landfill. Wood wastes generally come in the form of bark, chips, sander dust, 
edgings, sawdust, or slabs. They are relatively homogeneous and concentrated at one source 
usually near the mill. Using wood waste for cogeneration is highly advantageous in the wood 
products industries because it provides a secure fuel supply that they can control in addition 
to the absence of transportation costs. An estimation of the wood residue resulting from wood 
processing as proportions of the log input are shown in Table 2.3. 
 
Table 2.3: Volume of residues from wood processing activities in Ghana 
Type of Residues  Percent of the Total Log Input 
Off-Cuts 20 
Bark, Slabs and Edgings  20 
Sawdust 15 
Total 55 
 
 
Table 2.4:  Properties of bagasse 
Property Value 

Water content  46-52% 
Fibre content  43-52% 
Soluble solids  2-6% 
Average Density  150kg/m3 
Low-heat value  1780kcal/kg 
High-heat value  4,000kcal/kg 
Source: WADE, 2004 
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Table 2.5 Potential for bagasse cogeneration in selected African countries  

Countries Cogeneration Potential (GWh) 
@ 44 bars(a) @ 82 bars (b) 

Angola 
Benin 
Burkina Faso 
Burundi 
Cameroun 
Chad 
Congo 
Côte d’Ivoire 
Egypt 
Ethiopia 
Gabon 
Guinea 
Kenya 
Madagascar 
Malawi 
Mali 
Mauritius 
Morocco 
Mozambique 
Nigeria 
Réunion 
Senegal 
Sierra Leone 
Somalia 
South Africa 
Sudan 
Swaziland 
Tanzania 
Togo 
Uganda 
Zaire 
Zambia 
Zimbabwe 

20 
3 
25 
13 
72 
21 
35 
101 
889 
187 
11 
17 
269 
20 
164 
22 
351 
99 
154 
13 
134 
59 
4 
13 
1,753 
504 
331 
121 
2 
155 
48 
147 
360 

31 
5 
40 
21 
113 
33 
55 
158 
1,397 
294 
18 
26 
423 
32 
257 
34 
552 
156 
242 
20 
210 
93 
6 
21 
2,755 
792 
520 
190 
3 
244 
75 
231 
565 

Total 6,117 9,612 
(a) Based on 70 kWh/tonne cane 
(b) Based on 110 kWh/tonne cane 
Source: Deepchand, 2005 
 
 
Bagasse  
The most common form of biomass cogeneration is in the sugar cane milling industries, 
where cane stalks are shredded and crushed to extract cane juice while a by-product, bagasse, 
is sent to the boiler to generate steam and electricity to meet the energy requirements of the 
sugar factory (Deepchand, 2005). Each tonne of sugarcane can yield about 250kg of bagasse. 
The composition of bagasse varies with variety and maturity of sugarcane as well as with 
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harvesting methods used and efficiency of the sugar mill in processing the sugarcane 
(WADE, 2004). Table 2.4 outlines the properties of bagasse. 
 
The African sugar industry has a very large potential for the cogeneration of electricity from 
the huge quantity of bagasse by-product. According to Deepchand (2005), the current total 
cane production in Africa is approximately 90 million tonnes, and the total potential for 
electricity using state of the art and commercially proven technologies is estimated at about 
10,000 GWh. A number of sugar producing plants in Africa have successfully implemented 
cogeneration using bagasse or bagasse/coal combination. Excess electricity from these plants 
is exported to the grid for extra income. A good example is the case of sugar mills in 
Mauritius, which export electricity to the grid during crop season. Some of the plants use coal 
as a complementary fuel to generate electricity during the intercrop season. This enables them 
to fulfil their electricity export obligations throughout the year.  There is, thus, potential 
(Table 2.5) for replication of this successful experience to other sugar cane producing 
countries in Africa (Deepchand, 2005).   
 
 
2.2 Application technologies 

The process of cogeneration produces two main usable products; heat and electricity. While 
electricity may be transferred reasonably efficiently across great distances, steam and hot 
water (heat) are not as transportable due to the high costs involved. Thus the application of 
biomass CHP plants sited where there is also heat demand increase project viability. Almost 
all industries need electric power to run. Some industries like sugar, palm, textiles, paper, 
food processing and petrochemicals also require steam directly as an input for the process. 
Cogeneration can effectively serve these industries’ requirements of power and steam. As the 
cogeneration plants are close to the point of use distribution and transmission losses are 
minimised. 
 
Most African countries rely on either hydro-power or fossil-fuel generation plants to supply 
electricity. With the growing population and thus the rise in the consumption for energy there 
is the need to diversify the supply sources. Estimates show that up to 16 Sub-Saharan African 
countries could meet significant proportions of their current electricity consumption from 
bagasse-based cogeneration in the sugar industry (Deepchand, 2005).  
 
Electricity from cogeneration provides a diversified source of power, thus improving security 
of power supply as well as guarding against reliance on expensive oil fired power generation. 
The increase in reliability and quality of electrical power also enhances quality of life whilst 
reducing voltage and frequency variation and the associated damages that these cause to 
network equipment (WADE, 2004). It can also offer an alternative revenue stream to the 
industry through the export of power to the grid. According to Deepchand (2005), power 
sales revenue in some sugar mills exceeded that of sugar.  
 
Cogeneration projects also have implications on the socio-economic situations of the local 
communities, as it may spur local economic activities particularly in terms of job creation and 
community development. As a result the work force remains in the area, and the whole 
activity related with the construction, operation and maintenance of the cogeneration system, 
as well as with the opportunities potentially created due to the availability of electricity and 
heat, contributes to the economic development of the local society (Cogen3, 2004). 
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2.3 Economics 

The cogeneration system is a complex installation with many interrelated subsystems. These 
systems usually have a higher capital expenditure than a steam plant or power plants. 
However, they require less fuel. Since the price of the primary fuel is basically nil in the case 
of a biomass fired cogeneration the main economic considerations lie in the equipment and 
installation costs as well as the operations and management (O&M) costs.  Tables 2.6 and 2.7 
give a summary of typical cogeneration system costs. Tables 2.6 provides total capital cost 
estimates for three systems with biomass feed rates of 100, 600, and 900 tons/day, whilst 
Table 2.7 is a summary of quotes from Engineering Procurement and Construction 
companies (KITE, 2003) for a cogeneration project based in Kumasi, Ghana.  
 
 
Table 2.6: Summary of biomass combustion boiler system cost and performance  

 Biomass Fuel Feed (tons/day) 
System  100  600  900  
Biomass Fuel Characteristics  
Energy content (dry) (Btu/lb)  8,500  8,500  8,500  
Moisture content (%)  50  30  30  
Energy content (as received) (Btu/lb)  4,250  5,950  5,950  
 
Stoker Boiler Integrated Steam Plant 
Steam output (lb/hr)  20,000  165,000  250,000  
Boiler efficiency (zero moisture) (%)  77  77  77  
Boiler efficiency (moisture adjusted) 
(%)  

63  71  71  

Heat input to boiler (MMBtu/hr)  35.4  297.5  446.3  
Heat input to steam (MMBtu/hr)  22.5  212.0  318.0  
Capacity factor (%)  95  95  95  
 
Cost Factors  
Total installed boiler costs  $1,990,000  $18,000,000  $23,250,000 
Total installed steam system costs  $4,630,000  $23,430,000  $30,360,000 
Unit capital cost ($/lb steam)  $232  $142  $121  
Non-fuel O&M cost ($/1,000 lb steam) $3.55  $1.09  $0.73  
 
Source: US EPA (CHP), 2007 
 
 
Tables 2.6 and 2.7 again show that the cogeneration installation cost can range between $2m 
and $31m. Cogeneration systems however, can be incremental and modular. Thus it can start 
small in the range of 1 or 2MW investment to about 50-70MW installations. This lowers 
initial risks and facilitates local participation (Karekezi, 2001). 
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Table 2.7: Quotes from manufacturers/suppliers 
Manufacturer Size Description Price (US$) 

Southern Engineering & 
Equipment Company 
(SEECO) 

1-MWe 
Combined Heat & 
Power (CHP) 
Cogeneration System 

3,300,000 

Southern Engineering & 
Equipment Company 
(SEECO) 

3-MWe 
Combined Heat & 
Power (CHP) 
Cogeneration System 

6,500,000 

Talbott’s Heating Ltd. 1-MWe 
Combined Heat & 
Power (CHP) 
Cogeneration System 

2,006,400 

Talbott’s Heating Ltd. 2.4-MWe 
Combined Heat & 
Power (CHP) 
Cogeneration System 

6,557,853 

Biomass Energy Concepts 
(BEC) 

3.65–MWe 
Combined Heat & 
Power (CHP) 
Cogeneration System 

7,390,000 

 
Source: KITE, 2003 
 
 
2.4 Environmental impacts 

2.4.1 Impacts on GHG emissions 

Cogeneration provides an effective and efficient energy conversion process as they require 
less fuel to produce the same amount of energy when compared to equivalent separate heat 
and power systems. Because less fuel is used greenhouse gas emissions, such as CO2, and 
other air pollutants such as NOx and SO2 are reduced. The use of biomass as the source of 
fuel for cogeneration offers further considerable environmental benefits.  Although CO2 is 
emitted when biomass is combusted, the net effect to the environment is zero when used on a 
sustainable basis. This is because carbon stored in biomass was previously captured from 
atmospheric CO2 through the process of photosynthesis. Re-growing plant materials over 
time takes as much CO2 from the atmosphere as that which was released during combustion. 
The process, thus results in a cycle in which biomass fuels are considered to emit a total of 
zero net CO2 emissions and are classified as green power when used to generate electricity 
(Figure 2.7).   
 
The combustion of biomass also produces methane (CH4) and N2O and other gasses.  The 
level of CH4 and NO2 emissions depend largely on the type of biomass and the vintage of the 
combustion equipment along with the combustion technology and the system of pollution 
control mechanism in place (Table 2.8). As these emissions vary with operation and 
maintenance practices, most protocols require documentation of methane emissions. 
However, compared to CO2 emissions, these emissions are generally small and can be 
controlled by proper operational and maintenance practices.  
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Figure 2.7: Biomass Cogeneration neutral CO2 Cycle  
 
 
Table 2.8: Emissions and reduction possibilities  
Emission Substance Fuel 

Dependant  
Technology 
Dependant 

Cause 

Carbon dioxide (CO2) x x Carbon content in fuel 

Carbon mono-oxide (CO)  x Poor combustion 

Methane (CH4)  x Poor combustion and 
putrefaction of biomass 

Volatile Organic Compounds 
(VOCs) 

 x  

Nitrogen Oxides (NOx) x x Nitrogen content of fuel; levels 
increase with high combustion 
temperatures 

Nitrous Oxide (N2O) x x Caused by low combustion 
temperatures 

Sulphur Oxides (SO2) x x  

Particles x x Poor combustion and lack of 
filters 

Ash, including incompletely 
burnt fuel and residues from 
emission control 

x x Fuel and flue gas cleaning 

 
Source: Cogen3, 2004 
 
 
2.4.2 Impact on Food Security 

Compared to other bioenergy sources biomass cogeneration has very little negative impact on 
food security. This is because feedstock for biomass cogeneration usually comes from 
materials which would otherwise have been discarded. On the other hand it is widely 
acknowledged that the availability of cheap and reliable supply of energy is critical in poverty 
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reduction. Reports indicate that most of the causes of food scarcity are due to poverty. As has 
been highlighted in the sections above cogeneration provides several socio-economic benefits 
to the community. Introduction of cogeneration into increases the viability of firm. This in 
turn guarantees employment for the local community, thereby reducing poverty. 
 
 
2.5 Case studies  

2.5.1 Biomass cogeneration in Mauritius 

The Mauritian experience is one of the success stories in cogeneration and serves as a good 
example for replication in other African countries. Mauritius, a country devoid of fossil fuel, 
has implemented energy conservation and efficiency measures so as to minimise cogenerated 
energy (steam and electricity) utilised in cane processing and to export excess electricity to 
the grid. 10 out of 11 sugar factories are exporting electricity to the grid during crop season 
out of which three are using coal as a complementary fuel to export electricity during the 
intercrop as well.  Such electricity (725 GWh including 318 GWh from bagasse accounts for 
40% of the total amount generated.   
 
Government support and involvement has been instrumental in the development of a 
cogeneration programme in Mauritius. First, in 1985, the Sugar Sector Package Deal Act was 
enacted to encourage the production of bagasse for the generation of electricity. The Sugar 
Industry Efficiency Act (1988) provided tax incentives for investments in the generation of 
electricity and encouraged small planters to provide bagasse for electricity generation. Three 
years later, the Bagasse Energy Development Programme (BEDP) for the sugar industry was 
initiated. In 1994, the Mauritian Government abolished the sugar export duty, an additional 
incentive to the industry. A year later, foreign exchange controls were removed and the 
centralisation of the sugar industry was accelerated. These measures have resulted in the 
steady growth in the export of bagasse-based electricity to the country’s grid.  
 
 
Table 2.8:  Evolution of cogeneration (1988-2000) 

  Cogeneration   Bagasse 
% 

Bagasse 
+ Coal  Year Bagasse Coal Total 

 IC GWh  GWh IC GWh IC GWh %Total 

1995 43 84 41 332 1047 13.0 8,0 11,9 

1996 43 119 - 332 1151 13.0 10,3 10,3 

1997 53 125 23 370 1252 14.3 10,0 11,8 

1998 90 225 62 397 1365 22.7 14,2 18,7 

1999 90 184 155 425 1424 21.2 12,9 23,8 

2000 160 274 327 478 1527 33.5 17,0 39,4 

2001 246 300 411 660 1657 37.3 18,1 42,9 

2002 242 299 447 656 1715 36.9 17,4 43,5 

2003 242 296 433 729 1840 37.0 16,1 39,6 

2004 242 318 407 725 1923 37.0 16,5 37,7 

 
Source: Deepchand, 2005 
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Bagasse-based cogeneration development in Mauritius has delivered a number of benefits 
including reduced dependence on imported oil, diversification in electricity generation and 
improved efficiency in the power sector in general. Using a wide variety of innovative 
revenue sharing measures, the cogeneration industry has worked closely with the 
Government of Mauritius to ensure that substantial benefits flow to all key stakeholders of 
the sugar economy, including the poor smallholder sugar farmer.  
(Source: Karekezi et al, 2007). 
 
2.5.2 Biomass cogeneration in Kenya 

In Kenya, cogeneration technology with bagasse as the primary fuel is practised in 6 sugar 
factories in the western part of the country. Companies include Muhoroni, Chemilil, Mumias, 
Nzoia, South Nyanza and Western Kenya. Currently, these companies produce an average of 
1.8 million tonnes of bagasse per year, 60 per cent of which is used as boiler fuel for steam 
generation, with electricity being generated from surplus steam.  
 
Managerial problems have meant that only the Mumias Sugar Company is currently self-
sufficient in electricity generation. Mumias is currently in the advanced stages of developing 
a 34MW cogeneration plant, which will allow export of 25MW to the grid. Another private 
sugar company, West Kenya Sugar, is self sufficient in its own power demand, and is 
planning a 2nd phase expansion of its cogeneration plant plans which will allow it to export a 
significant amount of power to the grid. The remaining sugar companies are at various levels 
of developing cogeneration expansion, to meet internal needs as well as sell power to the 
grid. 
 
In addition to the existing factories that have plans for expansion, Busia Sugar Company 
which currently owns a sugar cane plantation and manages around 8,000 farmers (with a plan 
to increase to 30,000 farmers) is in the advanced stages of establishing a sugar factory with a 
capacity of 4,200 tons of cane per day. This company plans to incorporate a cogeneration unit 
with a capacity of 20 MW in the initial phase, if the viability of the project is ascertained. 
(Source: Karekezi et al, 2007). 
 
2.5.3 Biomass cogeneration in Tanzania 

Cogeneration in Tanzania is practiced in sugar-processing factories, in a wattle processing 
plant, and in a saw mill.  The country’s main sugar companies - Kilombero Sugar Company 
(KSC) located in Morogoro region, Mtibwa Sugar Estate also located in Morogoro region, 
Kagera Sugar Company in Kagera region and Tanganyika Planting Company (TPC) of 
Kilimanjaro are utilizing bagasse in their cogeneration plants.   
 
The Kilombero Sugar Company (KSC) recently signed a contract with the main utility, 
TANESCO to deliver 2 MW of electricity into the national grid during the crushing season. 
Mtibwa Sugar Estate generates a total of 10 GWh of electricity during production season and 
imports about 4.0 GWh annually from TANESCO for irrigation and domestic estate 
purposes.  Power generation at TPC is through two back-pressure turbo alternators rated at 3 
MW and 2.5 MW, respectively. TPC plans to increase the cane-crushing rate of the factory 
from the existing 130 TCH to 200 TCH, giving the company an opportunity to implement a 
higher capacity cogeneration system. Cogeneration at Kagera Sugar Company is done 
through two steam turbines rated 2.5 MW. There is a potential for the extra power to be used 
for electrifying nearby villages. 
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Tanganyika Wattle Company (TANWAT) located in Iringa region operates a cogeneration 
plant which is being fired by wood logs and spent wattle barks.  The cogeneration plant in 
TANWAT has an installed capacity of 2.5 MW, out of which about 35% is exported to the 
TANESCO isolated grid at Njombe.  The sales of power to third parties are at 8.5 to 11 US$ 
per kWh.  TANWAT has plans to build a second power plant with a capacity of 15 MW. 
Saohill Saw Mill, located in Iringa region, owns a cogeneration plant using saw mill waste as 
fuel.  Saohill Saw mill’s steam engine generates 1 MW electrical power for internal use.  
(Source: Karekezi et al, 2007). 
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3. BIOETHANOL CONVERSION TECHNOLOGIES 
 
Ethanol (CH3CH2OH) belongs to the group of chemical compounds whose molecules contain 
a hydroxyl group, −OH, bonded to a carbon atom. It is a clear, colourless liquid with a 
characteristic, agreeable odour. In dilute aqueous solution, it has a somewhat sweet flavour, 
but in more concentrated solutions it has a burning taste (Puppan, 2002). The terms ‘fuel 
ethanol’ and ‘ethanol fuel’ are usually used in literature to refer to ethanol used as a 
transportation fuel. ‘Bioethanol’ is ethanol that is obtained from the conversion of carbon-
based feedstocks that are considered renewable. Bioethanol, as a renewable fuel, is 
manufactured through the fermentation of sugars; it may be produced from sugar-, starch- 
and cellulose-based feedstocks. For first generation bioethanol (the focus of this chapter), the 
feedstocks include sugarcane, corn, sugar beet, sweet sorghum, cassava and wheat. Process 
descriptions in this chapter will dwell on sugarcane, sweet sorghum, corn and cassava. 
Sugarcane and sweet sorghum will often be referred to as sugar crops (or sometimes just 
sugarcane) whereas corn and cassava will be referred to as starch crops in this text.  
 
Sugarcane and sweet sorghum are voluminous crops and their transportation is costly. 
Meanwhile, they must be processed within forty-eight hours after harvesting, otherwise, 
energy yields start to decrease significantly. For these reasons, these feedstocks should be 
produced, as much as possible, in the vicinity of the ethanol plant. The optimal scale for 
competitive sugarcane – ethanol plant is between one and two million tonnes of raw cane per 
year (Sielhorst, et al, 2008; Technoserve, 2008). With current average African yields of about 
4000 litres per hectare, this would require a sugarcane production area of about 17,500 
hectares. This corresponds with an ethanol production of seventy million litres. Production of 
ethanol from sugarcane is already popular in some African countries, including Zimbabwe, 
Malawi and Kenya. 
 
On the other hand, corn and other grains are far less perishable and can be transported over 
longer distances at reasonable costs, a great advantage over the sugar feedstock. Therefore, a 
corn-fed ethanol plant can rely on a much more decentralized area of supply and it is easier to 
include smallholders into the logistical processes required.  
 
As a biofuel crop, cassava has the advantage that the root can remain in the ground for 
months without deterioration, allowing for carefully planned and continuous harvest schemes 
(Sielhorst, et al, 2008). Once it is harvested, cassava needs to be processed within two to 
three days and makes it possible for cassava to be grown at considerable distance from the 
ethanol plant. The roots are not as voluminous as sugarcane or sorghum stalks and cassava is 
therefore easier and cheaper to transport (Sielhorst, et al, 2008). 
 
In this chapter, bioethanol conversion processes, application technologies production 
economics and environmental impacts are presented. Some case studies to highlight the 
above topics in the African context are also presented.  
 
 
3.1 Production processes 

Ethanol could be produced through chemical reactions or by conversion of biomass materials 
by fermentation processes following three major steps: the formation of a solution of 
fermentable sugars; the fermentation of these sugars to ethanol; and the separation and 
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purification of the ethanol, usually by distillation (ICS-UNIDO, 2008). As discussed in 
chapter 1, the best recommended feedstocks with potential for bioethanol development in 
Africa are sugarcane, corn, sweet sorghum and cassava. The production processes depend on 
whether the feedstock is a sugar crop (sugar cane and sweet sorghum), or starch crop (grain 
and cassava). The principal differences have to do with the initial processes the feedstock 
goes through before the fermentation stage. But no matter the feedstock used, the final stage 
of ethanol production is fermentation. Sugar crops follow the same process line whereas 
starch crops can be converted to ethanol using the dry-milling or wet-milling production 
route.  
 
3.1.1 Ethanol from sugar feedstock 

Sugarcane consists of a main stalk, a green top, and a significant amount of leaves. In most 
cane processing operations worldwide, only the stalk (without the tops and leaves) is 
delivered to the mill for processing (Kartha and Larson, 2000). Sweet sorghum has the added 
advantage of providing starchy grains that can be sold or used for ethanol production 
following the starch to ethanol process described in section 3.1.2. The production of ethanol 
from sugar crops is the simplest way to produce ethanol. Raw cane (from the sugarcane or 
sweet sorghum plant) is washed, chopped, and crushed in rolling mills to separate the sugar-
laden juice (sucrose) from the fibre in the cane, called bagasse. The juice, which contains 
over 90 percent of the sucrose in the cane, is clarified and filtered to remove impurities. 
Filtered juice is heated and fermented and then fed to a distillery. In the fermentation stage, 
yeasts and other microbes are added to produce a dilute alcohol product with ethanol 
concentration of 10 – 15%. The fermented solution is then distilled to remove most of the 
water from the mixture to give “hydrous ethanol” with about 95% ethanol content and 5% 
water. Typical yields of hydrous alcohol in Brazil fall between 70 and 80 litres per tonne of 
cane processed (Kartha and Larson, 2000). This mixture of ethanol and water is azeotropic, 
so that the compounds cannot be separated by simple addition of heat, as is done in the 
distillation process. Hydrous ethanol can be commercially used, but cannot be blended with 
gasoline. A final dehydration step is required to remove the remaining water to produce 
“anhydrous ethanol” that can be blended with gasoline. An additional reactant, e.g. 
cyclohexane, is needed in order to dehydrate the ethanol (Batidzirai, 2007; Cornland, et al 
2001). A combined ethanol production pathways from both sugar and starch feedstocks is 
presented in Figure 3.1.  
 
Co-products from processing of sugar feedstock 
The sugar mill that is used for crushing the raw sugarcane stalks produces considerable 
volumes of cane residue called bagasse which is often used in combustion furnaces in the 
plant to produce heat and electricity. Bagasse can be fired in a Combined Heat and Power 
(CHP) plant (described in detail in Chapter 2), where heat and electricity are generated 
simultaneously. The electricity can then be supplied to the grid whereas the heat can be used 
to in the plant as process heat. Bagasse cogeneration is very popular in sugar and ‘ethanol 
from sugar feedstock’ producing plants. Mauritius reportedly derives 19% of its electricity 
generation from bagasse cogeneration and aims to increase this to 32 – 33% by 2015 (Brew-
Hammond, et al, 2008). Another co-product from the process is stillage, a potassium-rich 
liquid, drained from the bottom of the distillation columns. Stillage is usually treated in 
closed circuit, anaerobic digesters before being released in order to reduce high Chemical 
Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD) levels (Kartha and 
Larson, 2000). The treated stillage can then be used to fertilise and irrigate the sugarcane 
plantation. 
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Table 3:1 Ethanol production step by feedstock and conversion techniques 
Feedstock type Feedstock Harvest technique Feedstock 

conversion to sugar 
Process heat Sugar conversion 

to alcohol 
Co-products 

Sugar crops Sugarcane and 
sweet sorghum 

Cane stalk cut, mostly 
taken from field 

Sugars extracted 
through bagasse 
crushing, soaking, 
chemical treatment 

Primarily 
bagasse 

Fermentation and 
distillation of 
alcohol 

Heat, electricity 
and molasses 

Starch crops Corn Starchy parts of plants 
harvested, stalks 
mostly left on the 
field 

Starch separation, 
milling, conversion 
to sugars via enzyme 
application 

Typically from 
fossil fuel 

Fermentation and 
distillation of 
alcohol 

Animal feed and 
sweetener 

cassava Starchy root tuber 
harvested. Sticks 
serve as planting 
material 

Peeling, drying, 
milling, conversion 
of sugars  via 
enzyme application 

Typically from 
fossil fuel 

Fermentation and 
distillation of 
alcohol 

Animal feed, 
manure or raw 
material for 
biogas plant 

 
Source: Adapted and modified from Rutz and Janssen, 2008 
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3.1.2 Ethanol from starch feedstock 

Ethanol from starch crops is produced by one of two processes: wet milling and dry milling. 
The principal differences between the two processes is summarised in Table 3.2. The wet mill 
is more versatile, though, because the starch stream, being nearly pure, can be converted into 
other products (for instance, high-fructose corn syrup (HFCS)). Co-product output from the 
wet mill is also more valuable. Wet milling initially accounted for most of the ethanol fuel 
production in the United States, but new construction has shifted to dry mills, partly because 
dry mills cost less to build. As a result, most new technologies are being developed for dry-
mill production. In 2006, 82 % of ethanol production came from dry mills and only 18 % 
from wet mills (RFA, 2007). It takes 1 bushel (56 lbs.) of corn to produce an estimated 2.5 to 
3.0 US gallons of ethanol. The market for co-products adds tremendous economic viability to 
the ethanol industry.  
 
Ethanol-from-cassava is similar to the ethanol-from-grain process. Both wet milling and dry 
milling processes can be used. But again, like grain, the dry milling of cassava is popular in 
Thailand, a country with great expertise in cassava-to-ethanol conversion processes. In the 
dry milling process, the cassava is peeled, sliced into chips and dried. The production of 
starch and its subsequent conversion to ethanol follows the corn to ethanol process 
description in section 3.1.3. 
 
Table 3.2: Principal differences between wet and dry mill ethanol plants 
Parameter  Dry milling Wet milling 

Cost of construction Lower Higher  

Versatility of products Less versatile More versatile 

Co-products Dried distillers grain and 
corn meal  

Sweeteners, corn oil, gluten 
feed and gluten meal 

Value of co-products Less valuable  More valuable 

Yield per feedstock Higher  Slightly Less  

Ratio in US industry (2006) 82 18 

 
Source: compiled from Rendleman and Shapouri, 2007; RFA, 2007 
 
The production route of bioethanol from corn through the dry and wet milling processes and 
from sugar cane is presented in Figure 3.1. In each process, the grain is cleaned before it 
enters the mill. The dry milling process involves cleaning and breaking down the cereals 
kernel into fine particles using a hammer milling process. This creates a powder with a coarse 
flour type consistency. The powder contains the cereals germ, starch and fibre. In order to 
produce a sugar solution the mixture is hydrolysed or broken down into sucrose sugars using 
enzymes or a dilute acid. The mixture is then cooled and yeast is added in order to ferment 
the mixture into ethanol. The dry milling process is normally used in factories producing less 
than 50 million gallons of ethanol every year (ICS-UNIDO, 2008). In the wet milling 
process, corn kernel is steeped in a solution of water and sulphur dioxide (SO2); this helps to 
break down the proteins and release the starch present in the corn and helps to soften the 
kernel for the milling process. The corn is then milled to produce germ, fibre and starch 
products. The germ is extracted to produce corn oil and the starch fraction undergoes 
centrifugation and saccharification to produce gluten wet cake. The ethanol is then extracted 
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by the distillation process. The wet milling process is normally used in factories producing 
several hundred million gallons of ethanol every year (ICS-UNIDO, 2008). The 30- to 40-
hour extra soaking of corn in the wet milling process requires additional tanks that contribute 
to the higher construction costs of wet milling plants. A detailed step by step description of 
the dry milling process is given below. Production steps by feedstock and conversion 
techniques is also summarised in Table 3.1. 
 
3.1.3 Step by step corn to ethanol production process 

1. Milling: The feedstock (corn) is passed through a hammer mill and is grinded into a fine 
meal to free the starchy material from the grain kernel and to allow water access to all 
the starch in the grains. It is much like the grinding process that agricultural residues go 
through so that the particles have uniform size and to make the production process more 
efficient.  
 

2. Liquefaction: The meal is mixed with warm water to form a mash. An enzyme (alpha-
amylase) is added and heat is applied to enable liquefaction. The mixture is cooked at a 
high temperature of between 120 – 150 °C. The temperature is then lowered to about 
95°C. The initial higher temperature enables the elimination of possible bacteria and the 
lower holding temperature ensures that the mixture is still in the liquid state.  

 
3. Saccharification: The mash from the preceding process is cooled to 60 °C and a 

secondary enzyme (gluco-amylase) is added. The purpose of this enzyme is to convert the 
starch to fermentable sugars, also known as dextrose. The temperature keeps the reaction 
progressing fast enough while at the same time avoiding unwanted side reactions. 
Saccharification in a wet mill may take up to 48 hours, though it usually requires less 
time, depending on the amount of enzyme used. In modern dry mills, saccharification has 
been combined with the fermentation step in a process called simultaneous 
saccharification and fermentation, to save cost and time. 

 

Processes 4-7 is similar for juice from sugar feedstock 

4. Fermentation: The mash is then further cooled to a fermentation temperature of about 32 
°C. Yeast is added to ferment the sugars to ethanol and carbon dioxide (CO2) and small 
quantities of other organic compounds. The yeast contains an enzyme called invertase, 
which acts as a catalyst and helps to convert the sucrose sugars into glucose and fructose 
(both C6H12O6). The chemical reaction is shown below in equation 5.1:  
 

C12H22O11 + H2O C6H12O6 + C6H12O6

Sucrose Fructose Glucose

Invertase

 
 
The fructose and glucose sugars then react with another enzyme called zymase, which is 
also contained in the yeast to produce ethanol and carbon dioxide. The chemical reaction 
is shown in equation 5.2:  
 

C2H5OH + 2CO2

Fructose/Glucose Ethanol

Zymase
C6H12O6

 

(5.1) 

(5.2) 
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The fermenting mash is allowed to flow or cascade using a continuous process, through 
several fermenters until the mash is fully fermented and then leaves the final tank. In a 
batch fermentation process, the mash stays in one fermenter for about 48 hours before the 
distillation process is started. The fermenting mash is agitated and also circulated through 
external exchangers to remove the unwanted heat generated by the fermentation process. 
The yeast, which produces almost as much CO2 as ethanol, ceases fermenting when the 
concentration of alcohol is between 12 and 18 percent by volume, with the average being 
about 15 %. 
 

5. Distillation: The fermented mash (beer) contains significant quantity of water, as well as 
all the non fermentable solids from the feedstock and the yeast cells which must be 
removed. This is achieved by using the fractional distillation process. The mash is 
distilled in two different stages, to increase purification and separation. The distillation 
process works by boiling the water and ethanol mixture. Since ethanol has a lower boiling 
point (78.3 °C) compared to that of water (100 °C), the ethanol turns into the vapour state 
before the water and can be condensed and separated (ICS-UNIDO, 2008). The ethanol 
leaves the top of the final column at about 95 – 96% strength (ethanol and water form a 
95 – 96% azeotrope so it is not possible to reach 100% by simple distillation), and the 
residue mash, called stillage, is transferred from the base of the column to the co-product 
processing area. 

 
6. Dehydration: The ethanol from the top of the column is passed through an absorber 

containing a molecular sieve (dehydration system) to remove the remaining water. The 
ethanol at this stage is called anhydrous (pure, without water) ethanol and is 
approximately 200 proof. Three absorbers may be used to enhance efficiency. A drink 
that’s 100 proof is 50% alcohol, while a 200 proof drink is 100% pure alcohol. 

 
7. Denaturing: Fuel ethanol is at this stage denatured with a small amount (2 – 5%) of some 

product such as gasoline, to make it unfit for human consumption.  
 

Co-product from starch crops 
In the dry milling process of ethanol production, there are two main co-products created: CO2 
and Dried Distillers Grains with Soluble (DDGS). CO2 is given off in great quantities during 
fermentation. The CO2 can be collected and cleaned of any residual alcohol, compressed, and 
sold for use in carbonate beverages or to flash freeze meat. CO2 can also be released to the 
atmosphere. DDGS is high in protein and other nutrients and a highly valued livestock feed 
ingredients. For every tonne of cereals used for ethanol production on average one third will 
enter the animal feed stream as DDGS (eBIO, 2008). Because of its high protein level it is 
very much favoured as replacement of soy cake and could be sold to users.  
 
In the wet milling process, the germ is removed from the kernel, and corn oil is extracted 
from the germ. The remaining germ meal is added to the hulls and fibre to form the corn 
gluten feed (CGF) stream. Gluten, a high-protein portion of the kernel, is also separated and 
becomes corn gluten meal (CGM), a high-value, high-protein (60 percent) animal feed.  
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Figure 3.1 Integrated flow diagram for ethanol production 
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Also during the chemical processing, streams of wastewater containing biodegradable 
impurities are generated. For effective wastewater management, a wastewater treatment plant 
may be necessary, with the aim of treating the wastewater effectively so that a large volume 
of it can be recycled and reused within the plant. The remaining treated water may be 
discharged into rivers with only a small volume of wastewater being discharged to sewers to 
minimise cost. The cellulosic parts of the biomass feedstock – like the bagasse of sugar cane 
– are utilized in useful ways during ethanol processing, to create heat and electricity to power 
milling plants. 
 
Storage and distribution  
Just like gasoline, bioethanol must be stored appropriately within the period just after 
production and consumption. There is the need for long term storage tanks and short term 
storage tanks, depending on the market and feedstock situations. Road tankers have been 
recommended for the distribution of bioethanol as they are by far more flexible and can 
deliver from the factory itself straight to the destination.  Pipelines are frequently 
contaminated with water and rust and therefore not recommended for the shipping of 
bioethanol. In some cases, feedstock may have to be stored at the production site before they 
are processed. If this is the case, then storage containers are necessary to protect the feedstock 
from harsh weather conditions.  
 
 
3.2 Application technologies 

The use of ethanol as an energy source, as opposed to many of the others, such as biodiesel 
and biogas, is mainly in the transportation fuel industry. There has been a limited use of 
ethanol gel fuel for cooking in Southern Africa but this has yet to enjoy a wider application. 
Uses of ethanol in fuel cells have also been reported. The properties of fuel ethanol are 
presented in Table 3.3. 
 
3.2.1 Application in spark ignition engines 

The principal application of bioethanol up to date has been in the spark ignition engine as a 
transportation fuel. There has been reported use in compression ignition engines and also as a 
potential fuel for fuel cells. Bioethanol is best applied in spark ignition engines because of its 
high octane rating, implying very good anti-knock characteristics (van Thuijl et al, 2003). 
The energy content is however lower than that of petrol (for pure ethanol, about two-third 
that of petrol) as shown in Table 3.4. Bioethanol is also corrosive when used as a pure fuel, 
but low blends with petrol helps avoid this problem. Bioethanol can be used in blends of 
between 10 and 20% with fossil gasoline without necessary engine modifications. In Brazil, 
all brands of automotive gasoline contain anhydrous ethanol in the range of 20−25 % (Rutz 
and Janssen, 2008). Foreign vehicles have been adapted by using ethanol-compatible 
materials in the fuel system and by tuning the engines for a mid-range point, usually at the 22 
% ethanol level (E22)1. This customization has resulted in good drivability and performance, 
with fuel consumption comparable to gasoline operation. 
 

                                                 
1 An international classification for ethanol blends has been adopted by most bioethanol users. A blend of 
ethanol in gasoline is usually classified as EX where X is the percentage of ethanol in the blend. For example, 
E10 denotes a fuel blend with 10% ethanol and 90% petrol. E85 is fuel blend with 85% ethanol and 15% petrol. 
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Table 3.3: Properties of fuel ethanol 
Property Comment

Vapour density Ethanol vapour, like gasoline vapour, is denser than air and tends to settle in low 
areas. However, ethanol vapour disperses rapidly 

Solubility in 
water 

Fuel ethanol will mix with water, but at high enough concentrations of water, the 
ethanol will separate from the water 

Energy content For identical volumes, ethanol contains less energy than gasoline. On an energy 
basis, 1.0 gallon of E85 is equivalent to 0.72 gallons of gasoline 

Flame visibility A fuel ethanol flame is less bright than a gasoline flame but is easily visible in 
daylight 

Specific gravity Pure ethanol and ethanol blends are heavier than gasoline

Conductivity Ethanol and ethanol blends conduct electricity. Gasoline, by contrast, is an 
electrical insulator 

Stoichiometric 
fuel-to-air ratio 

E85 needs more fuel per pound of air than gasoline; therefore, E85 cannot be 
used in a conventional vehicle 

Toxicity Ethanol is less toxic than gasoline or methanol. Carcinogenic compounds are not 
present in pure ethanol; however, because gasoline is used in the blend, E85 is 
considered to be potentially carcinogenic 

Flammability At low temperatures, the vapour concentration in an E85 tank can fall into the 
flammable range The temperature for flammable E85 vapours depends on the 
E85 volatility. Although less likely than with E85, gasoline tanks can also contain 
flammable vapours at extremely low temperature

 
Source: NREL, 2006 
 
 
New vehicle technologies, Flexible Fuel Vehicles (FFVs)2, have been developed that can use 
blends having higher concentrations of ethanol in gasoline as fuels while achieving reliable, 
low-emission operation. FFVs have specially developed engines that can withstand the high 
octane rating of higher blends of bioethanol. FFVs are similar to gasoline vehicles; their main 
differences are the materials used in the fuel management system and modifications to the 
engine calibration system. There are no switches to flip, no additional fuelling tanks or fuel 
dispensing systems required, and E85 can be handled in the same manner as gasoline (NREL, 
2006). Usually in order to adapt an engine to run on higher bioethanol blends, changes to the 
compression ratio and spark timing are needed to obtain maximum benefits (Rutz and 

                                                 
2 Flexible fuel vehicles (FFVs) are capable of operating on gasoline, E85, or a mixture of both. Unlike natural 
gas and propane driven biofuel vehicles, flexible fuel vehicles contain one fuelling system, which is made up of 
ethanol compatible components and is set to accommodate the higher oxygen content of E85. Other than their 
fuelling capability and ethanol compatible components, FFVs are similar to their conventional gasoline 
counterparts. Their power, acceleration, payload, and cruise speed are comparable whether running on ethanol 
or gasoline. Sensors of these flexible fuel vehicles (E85 FFV) can automatically detect the type of the fuel and 
adapt engine running. They adjust the air/fuel ratio and the ignition timing to compensate the different octane 
levels of the fuel in the engine cylinders. The main reason to limit ethanol content to 85% is to enhance 
volatility conditions for cold start, particularly in cold climates. Therefore the technology does not need any cold 
start ancillary system. 
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Janssen, 2008). Also, to refit an engine which will be fuelled with pure ethanol, larger 
carburettor jets, which are about 30-40% larger by area, have to be installed. Additionally, 
below temperatures of 13 °C, ethanol engines also need a cold-starting system to maximize 
combustion and minimise uncombusted non-vaporized ethanol (Rutz and Janssen, 2008). 
 
A high-proportion bioethanol blend E85 (85% ethanol and 15% gasoline) can be used in 
FFVs with modified engines that are able to run on either E85 or gasoline, or any mixture of 
the bioethanol and gasoline. The gasoline in E85 makes the vehicle easier to start in cold 
weather and increases the vehicle’s range. FFVs have been adopted in countries which have 
widely adopted an ethanol fuel economy. Brazil, Sweden and the US have a lot of FFVs 
ruining on E85. In 2006, the number of bioethanol-powered cars in Brazil hit the 2 million 
mark, and FFVs accounted for more than three-quarters of the nation’s new car sales. There 
are more than 6 million FFVs in the US capable of utilising E85 (ICS-UNIDO, 2008). Many 
of the world’s largest car producers, including General Motors, Ford, Peugeot, Volkswagen, 
Fiat and Renault now have a presence in the flex-fuel car market. 
 
 
Table 3.4 Parameters for bioethanol in comparison with gasoline 
 Density 

(kg/l) 
Viscosity 
(mm2/s) 

Flashpoint 
(°C) 

Calorific value 
(@ 20°C 
MJ/kg) 

Calorific 
value 
(MJ/l) 

Octane 
number 
(RON) 

Fuel 
equivalence 
(l) 

Gasoline 0.76 0.6 <21 42.7 32.45 92 1 

Bioethanol 0.79 1.5 <21 26.8 21.17 >100 0.65 

 
Source: Rutz and Janssen, 2008.  
 
 
Ethanol blended with gasoline is well suited for replacing gasoline in light-duty vehicles and 
diesel fuel in trucks and buses. Currently, a small amount of ethanol (10% by volume) is 
added to gasoline to increase the octane rating and to provide oxygen to decrease tail-pipe 
emissions of carbon monoxide (Puppan, 2002).  
 
3.2.2 Application in compression ignition engines and fuel cells 

Bioethanol can also be applied in compression ignition engines (though this application has 
been quite limited) and in fuels cells. The application in fuel cells is still at the R&D stage 
and not commercially available at the moment. According to Rutz and Janssen (2008), 
ethanol can be used in standard compression ignition engines by blending ethanol with diesel. 
A good compromise in terms of fuel economy, performance, drivability and emissions can be 
achieved when diesel is blended with about 7% ethanol. Although the use of bioethanol in 
fuel cells is not yet commercially viable, technical applications of ethanol in so called direct-
ethanol fuel cells (DEFC) is possible.  
 
 
3.3 Economics 

The cost of developing first generation bioethanol is dependent on factors that may vary with 
local conditions. The primary influences include the capital and operating costs of the plant, 



49 
 

including the processing plant, services, feedstock and product storage, enzymes for the 
conversion process and buildings. The cost of feedstock production or purchasing varies 
among countries and relies on land availability, agricultural productivity, labour costs, etc. 
The size and technology of the plant also vary greatly among countries. The by-product, 
which provides a secondary revenue stream to the bioethanol produced acts as an offset 
against the unit cost of bioethanol production.  
 
Biomass feedstock cost represents around 40% of the ethanol production cost (Hamelinck et 
al., 2005). Chandel et al (2007) reports that an analysis of the potential of bioethanol in short 
and long term (2030) in terms of performance, key technologies and economic aspects such 
as cost per kilometre driven has been conducted. In this analysis, the production cost of 
bioethanol was found to be within the range of 16-22 €/GJHHV (Euro/Giga Joules High 
Heating Value) at present and down to 13 €/GJHHV in future (2030). The feedstock cost is 
major parameter influencing the ethanol production cost at a rate of 2-3 €/GJ fuel. An 
important factor for reducing the cost of bioethanol production is to use larger industrial 
facilities rather than smaller ones and also to integrate into already existing industries, such as 
the sugar industry. By increasing the plant size, the investment per unit output of product falls 
off, reducing unit capital cost charges and conversion cost which often reduce profitability 
(Chandel et al, 2007). A model for cost evaluation of ethanol production from 40 million 
gallon/year ethanol producing facility using corn dry milling process technology has been 
developed in the US (Chandel et al, 2007).  The model was developed using Super Pro 
Designer R software and data collected from ethanol producers, technology suppliers, 
equipment manufactures and engineers working in the different industries. The cost of 
ethanol was found to be increased from US$ 0.235/L to US$ 0.365/L as the price of corn 
increased from US$ 0.071 to US$ 0.125 /kg. 
 
The United States Department of Agriculture (USDA, 2006) has also conducted feasibility on 
ethanol production in the US to determine the economic cost of ethanol. In 2003, USDA 
surveyed 21 dry mill (corn) ethanol plants to estimate their 2002 production costs. These 
plants together produced 550 million gallons of ethanol in 2002. Total production costs, 
including feedstock costs, averaged 95.7 cents per gallon. Net feedstock costs ranged from 39 
to 68 cents per gallon for the plants surveyed. Average processing and total production costs 
per gallon of ethanol were estimated for the 2003-05 period for the five sugar crop 
feedstocks: sugarcane, sugar beets, molasses, raw sugar, and refined sugar. Processing costs 
per gallon of ethanol, including yeast and denaturant, for converting sugarcane into ethanol 
were estimated to average $0.92 during 2003-05. Average total ethanol production costs 
using sugarcane as feedstock were estimated to be approximately $2.40 per gallon, excluding 
capital expenditure charges (See Table 3.5 for details). The average feedstock cost of $1.48 
per gallon for the period represents approximately 62 percent of the total ethanol estimated 
production cost of converting sugarcane into ethanol.  
 
In contrast, costs are far lower in Brazil, where the total cost of ethanol production from 
sugarcane is in the range of $0.68 to $0.95 per gallon. Also, the estimated gross feedstock 
cost per gallon of ethanol produced in Brazil is about 30 cents (USDA, 2006). Comparison of 
estimated ethanol production costs for various feedstocks is presented in Table 3.6  
 
While ethanol production costs in Africa are expected to play around these figures, there may 
be slight differences because of the difference in the costs of labour and other administrative 
expenses. Also, the cost of technology, which may likely be imported, along with the 
processing enzymes will affect costs and profits significantly, especially during start-up. It is 
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expected that as technology improves, costs of production will enjoy some reduction as has 
taken place in Brazil in recent years. According to Kartha and Larson (2000), a promising 
strategy for improving the competitiveness of ethanol from sugarcane is to make more 
energy-efficient use of the bagasse and cane trash (tops and leaves). They noted that by 
reducing distillery energy demands and adopting more efficient biomass cogeneration 
technology, on-site energy demands can be met while producing a surplus of electricity for 
export to the national grid. The tops and leaves of the cane could be collected and used in the 
non-milling season to allow year-round electricity generation, and the electricity revenues 
could be credited against ethanol costs.  
 
 
Table 3.5: Estimated ethanol feedstock and production costs, sugarcane feedstock 
 2003 2004 2005 Average  

Sucrose recovery rate1 14.00 13.62 13.85 13.83 
Feedstock required (tons/gal) 0.0507 0.0521 0.0512 0.0513 

Feedstock market price ($/ton)2 29.50 28.30 28.90 28.90 

Feedstock cost ($/gal) 1.50 1.47 1.48 1.48 

Processing cost ($/gal)3, 4 0.81 0.88 0.91 0.87 

Yeast ($/gal) 0.01 0.01 0.01 0.01 

Denaturant ($/gal) 0.04 0.04 0.05 0.04 

Total cost ($/gal) 2.36 2.40 2.45 2.40 
1 US average sucrose recovery from sugarcane juice (raw sugar and molasses) 
2 2003-04 sugarcane market price used as estimate for 2005 sugarcane market price 
3 Sugarcane processing costs less credits 
4 Based on a sugarcane conversion rate 14.77 pounds of raw sugar equivalents per gallon 
 
Source: USDA, 2006 
 
 
 
Table 3.6: Comparison of estimated ethanol production costs for various feedstocks ($/gal)1 

Cost item US corn 
wet 
milling 

US corn 
dry 
milling 

US 
sugarcane 

US 
molasses3 

Brazil 
sugarcane4 

EU 
sugar 
beets4 

Feedstock costs 2 0.40 0.53 1.48 0.91 0.30 0.97 

Processing cost  0.63 0.52 0.92 0.36 0.51 1.92 

Total cost ($/gal) 1.03 1.05 2.40 1.27 0.81 2.89 
1 Excludes capital costs 
2 Feedstock costs for US wet and dry milling are net feedstock costs (estimated sale price for  the by-products 

has been taken from the total feedstock costs); feedstock costs for US sugarcane and sugar beets are gross 
feedstock costs 

3 Excludes transportation costs 
4 Average of published estimates  
 
Source: Adapted from USDA, 2006 
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3.4 Environmental impacts 

3.4.1 Engine exhaust emissions  

Researchers disagree as to the true environmental benefits of the use of ethanol as fuel. In 
general though, ethanol can lead to fossil energy consumption reductions and greenhouse gas 
emissions reductions, but will likely cause other criteria pollutants to increase and may have 
other undesirable environmental consequences associated with land and water contamination. 
In general, the types of emissions from ethanol fuelled vehicles are similar to that from 
gasoline powered vehicles, but the amount of the emissions will be less (NREL, 2006).  
When used in engines, typically there is a reduction in the emissions of Carbon monoxide but 
in some instances there may be an increase in hydrocarbons and other volatile organic 
compounds (Rutz and Janssen, 2008). The increase in hydrocarbons is mainly from newer 
vehicles. This is because there are oxygen sensors in newer vehicles that control engine 
combustion and as such reduce the benefits that ethanol can provide in reducing hydrocarbon 
emissions (WWI, 2007). Nitrogen oxides (NOx) emissions are about the same for ethanol and 
gasoline vehicles (NREL, 2006). When ethanol is added to gasoline, evaporative volatile 
organic compounds can increase due to the higher vapour pressure, measured as Reid Vapour 
Pressure (RVP) of the ethanol mixture. Generally, adding the first few percent of ethanol 
triggers the biggest increase in volatility. Raising the ethanol concentration further does not 
lead to significant further increases (and in fact leads to slight decreases), so that blends of 
2%, 5%, 10% and more have a similar impact (Rutz and Janssen, 2008). Ethanol blended 
with diesel can also provide substantial air quality benefits (WWI, 2007). Blends of 10-5% 
ethanol in diesel result in significantly lower emissions of particulate matter, carbon 
monoxide and NOx gases as compared to pure fossil diesel fuel. Researchers do not generally 
agree on benefits of higher blends.  
 
3.4.2 Impact on GHG emissions 

The Worldwatch Institute (WWI, 2007) compiled several summaries of various studies on the 
GHG reductions realised by the use of ethanol as fuel. Several researchers agree that as the 
blend of ethanol in fossil gasoline rise, the emissions benefits associated with ethanol rise as 
well. It was found that in general, of all potential feedstock options, producing ethanol from 
corn results in the smallest decrease in overall emissions. The greatest benefit was known to 
come from ethanol using sugarcane cultivated in Brazil. It has been estimated by Kaltner et al 
(2005) that the total life-cycle GHG emissions reductions associated with Brazil’s ethanol 
industry are equivalent to 46.6 million tons annually, approximately 20 % of Brazil’s annual 
fossil fuel emissions. Two factors have attributed to this trend: sugarcane yields in Brazil are 
high and require relatively low inputs of fertilizer and almost all conversion plants in Brazil 
use bagasse for energy and to produce electricity to be fed into the national grid using 
cogeneration plants.  
 
The reduction of GHG pollution is the main advantage of utilizing biomass conversion into 
ethanol. The GHG reduction potential depends on type of feedstock, agricultural practices, 
site productivity and conversion technology (Rutz and Janssen, 2008). Since bioethanol is 
made from crops, which absorb CO2 as they grow, its life cycle carbon emission performance 
is much better than gasoline. No net carbon dioxide is added to the atmosphere, making 
ethanol an environmentally beneficial energy source (Chandel et al., 2007). Ethanol contains 
35% oxygen that helps complete combustion of fuel and thus reduces particulate emission 
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that pose health hazard to living beings. Addition of ethanol to diesel fuel simultaneously 
decreases cetane number, heating value, aromatics fractions and kinematic viscosity of the 
fuel and changes distillation temperatures which lead to the complete burning of ethanol and 
less emissions (Chandel et al., 2007).  
 
3.4.3 Impact on Farmland and Food Production 

The significance of the impact of biofuels in general and ethanol in particular on food 
production has generated a lot of debate in recent years. These are mostly related to the risk 
of diverting farmland or crops such as corn for ethanol production to the detriment of food 
supply. For example, in response to the rapid growth of the demand for maize for the ethanol 
production the US expanded the land used to cultivate maize by 23%. This is expansion 
resulted in 16% decrease in the area used for soybean cultivation (Mitchell, 2008).  Critics 
worry that this is taking away food from the hungry. Notable is Jean Ziegler, the U.N. Special 
Rapporteur on The Right to Food, describing it as a “crime against humanity” to divert arable 
land to the production of crops which are then burnt for fuel, and calling for a five-year ban 
on biofuel production (Ferret, 2007).  
 
To add to the debate is the issue of the conversion of non-crop lands into energy crop lands. 
Reacting to the claim of  the environmental friendliness of biofuels and in particular 
bioethanol, the British NGO, Oxfam, published a report claimed that the increasing demand 
for ethanol has led to the use of non-crop land for farming, thereby increasing the release of 
green house gas into the atmosphere. According to the report non-crop lands serve as a 
reservoir for CO2 and other green house gases, thus their use releases the stored CO2 into the 
atmosphere (Oxfam, 2008). To defend themselves the US corn growers association, NCGA 
also published several reports (NCGA 2007, NCGA, 2008).  According to the NCGA: 
 

 The U.S. has doubled corn yields per acre over the last 40 years, thus corn can be put 
to new uses without taking food from the hungry or causing deforestation.  

 Farmers make their planting decisions based on signals from the marketplace. 
Therefore, if the demand for corn is high and projected revenue-per-acre is strong 
relative to other crops, farmers will plant more corn.  

 A large percentage of the corn produced in the US is field corn, which is not 
digestible by humans in its raw form. Most corn is used for livestock feed and not 
human food, even the portion that is exported.  

 Only the starch portion of corn kernels is converted to ethanol. The rest (protein, fat, 
vitamins and minerals) is used as feed or processed for as human food ingredients.  

 
Since reaching record high prices in June 2008, corn prices fell 50% by October 2008, 
declining sharply together with other commodities, including oil. As ethanol production from 
corn has continue at the same levels, some have argued the belief that the increased demand 
for corn to produce ethanol has significant on increasing food price was not valid. 
 
Currently Brazil is the only country considered to have a successful sustainable biofuels 
economy. Brazilian ethanol has always been considered quite environmentally friendly and a 
model of sustainability. Ethanol produced in Brazil is mainly from the cane sugar. Sugar is 
considered as a food sweetener, thus it does not play a major role in world hunger. A World 
Bank policy research working paper concluded that Brazil’s sugar-based ethanol did not 
contribute to the increasing food prices (Mitchell, 2008). The Oxfam report called Brazilian 
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ethanol “far from perfect” but considered it the most favourable biofuel in the world in terms 
of cost and GHG balance. The main criticism against Brazilian ethanol is the potential 
destruction of natural habitats such as the Amazon Forest by being converted into sugar cane 
plantation.  
 
The above sections indicate that the impact of the production and use of ethanol as fuel on the 
environment is controversial with good-and-valid arguments on all sides. This is because 
there is disagreement about its significance, either positive or negative. Generally the 
production and use of ethanol as fuel leads to:  

 Reduction in consumption of fossil fuels  

 Greener emissions when burnt in comparison to gasoline  

 Greener process, less waste and harmful emissions during production 

 Less pollution to water, air and land  

 Production of useful by-products  

 Biodegradable fuel  

 Cleaner power generation from CHP replacing electricity from the grid.  

 
 
 
3.5 Case studies of ethanol projects in Africa 

The production of ethanol in Africa has taken place mainly in the Eastern and Southern 
African Region. Table 3.7 shows the ethanol production potential in 2002 for some of the 
ethanol producing countries in those two regions. In the sections that follow, case studies on 
ethanol programmes in some of those countries are discussed. Strategic issues, such as for 
example technology transfer, are discussed with clear examples of good practices and bad 
practices which have either brought success or some forms of failure, respectively. 
 
 
 
Table 3.7 Ethanol production potential in some African Countries 
Country Cane crushed (2002) Tons Ethanol production potential*, 

thousand litres (2002) 

Kenya 5,904,108 413,288 
Sudan 5,821,000 407,470 
Tanzania 3,628,800 254,016 
Malawi 2,095,065 146,655 
Ethiopia 1,147,283 80,310 
Uganda 1,707,000 119,490 
Swaziland 6,861,600 480,312 
* Estimated ethanol potential assuming an average of 70 litres of ethanol produced per tonne 
of cane crushed and that all cane is used for ethanol production  
 
Source: Karekezi et al, 2008  
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3.5.1 Ethanol development in Zimbabwe 

Plans for a fuel ethanol plant in Zimbabwe began during the 1970s when the country was 
under international sanctions. Also, around 1978, international sugar prices were poor and 
molasses were in surplus and exports of molasses through South Africa had become too 
expensive (Thondlana, 2008). Actual Ethanol production in Zimbabwe started in 1980 at 
Triangle Limited, a sugar factory, with an annual production capacity of 40 million litres. At 
that time the international price of sugar was very low, so the conversion of sugar to ethanol 
was both economic and strategic. When the company began operating, ethanol was used as a 
transportation fuel and the blending target was 15% ethanol and 85% gasoline (E15). By 
1993, the blending ratio was changed and Zimbabwe began using E12 (Karekezi, et al, 2008). 
Zimbabwe’s land locked position, political vulnerability of supply routes and foreign 
exchange limitations influenced the development of the fuel blending programme. Recent 
economic depression in Zimbabwe has seriously hampered the ethanol programme but there 
are plans to re-establish vigorous fuel ethanol projects in the country.  
 
After sanctions were lifted on Zimbabwe, disruptions of oil supplies through Mozambique 
(due to civil war) meant an alternative fuel source was still vital, thus the 40 million litres 
Triangle ethanol plant started operating in 1980. The plant design that was used by Triangle 
Limited when they began producing ethanol in Zimbabwe was supplied by German Company 
Gebr Hermman. Triangle Limited only purchased the plants (at a reduced price) while the 
German firm supervised its activities. Adaptation was necessary and involved discarding 
many automatic controls in favour of manual operation to suit the capabilities of the local 
workforce. Local material was utilized up to 60%, substituting stainless steel used in the 
distillation columns with approval of and supervision by the German firm. Only specialist 
items such as plate heat exchangers, an air blower and instrumentation were imported. The 
authorities planned the plant in such a way that it could be run by domestic labour, manual 
technology was chosen rather than sophisticated automation. For instance, it was decided to 
build a standard batch-type fermentation plant which could be operated by existing staff at 
the sugar mill. To ensure high standards, local welders were given special training.  The final 
cost was US$ 6.4 million (1980 value) for a plant capable of 40 million litres a year 
(Batidzirai, 2007; IPCC, 2000). Financing of the plant was mainly local. In addition, all key 
aspects of prices, distribution, marketing, and related infrastructure were finalized before the 
plant was built. A well developed agricultural and industrial sector enabled cost effective 
feedstock production and manufacture of most of plant equipment at much lower cost. All the 
produced ethanol was sold to a government controlled fuel procurement agency, NOCZIM, 
which then resold to oil companies for blending and distribution, removing risks from the 
producer (Batidzirai, 2007). 
 
A number of factors contributed to the success of the Zimbabwean ethanol programme, key 
among which was the effective technology transfer and adaptation of plant design, close 
working relations between government and private sector and optimization of local resource 
use. The plant was locally planned with local control over its running even though the design 
was by foreign experts. All decisions concerning the construction of the plant were made 
locally. With government support and partnership the industry was able to select low-cost 
technology closely tailored to its needs (Thondlana, 2008). The Triangle ethanol plant was 
designed to operate on a variety of feedstocks using different grades of molasses, cane juice, 
or even raw sugar itself. This flexibility means that the plant was fully integrated with the rest 
of the sugar production process and allowed Triangle to shift sucrose to either more raw 
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sugar production or ethanol depending on relative market prices, in order to maximize the 
return on total investment in both sugar and ethanol production. Typically, B-molasses from 
the Triangle sugar mill and additional C-molasses imported from neighbouring Hippo Valley 
Estates and from Zambia were used as feedstock. Triangle also buys cane from 150 local 
growers (small farmers and private companies) (Batidzirai, 2007). 
 
Unfortunately, ethanol production was suspended in 1992, when unblended gasoline became 
cheaper than blended fuel. There was also a severe drought which drastically reduced 
sugarcane production and consequently affected molasses feedstock availability. Also, a ban 
on the use of benzene in the extraction of ethanol from sugar cane all contributed to the 
closure of the plant (Thondlana, 2008).  
 
Zimbabwe revisited the idea of blending gasoline with ethanol in 2005, in line with the 
country’s import-substitution and favourable foreign currency balance. Triangle Limited has 
since refurbished its plant and has began ethanol production again. The resumption of ethanol 
production followed an agreement between the Zimbabwe  government, the State-owned 
National Oil Company of Zimbabwe, Indian technology company Praj Industries and 
Triangle – part of South Africa’s Tongaat-Hulett Sugar – to install a dehydration plant to 
kick-start ethanol production. Praj Industries is providing technical assistance (Thondlana, 
2008). Installation of the dehydration plant cost over US$3-million. Current production levels 
are only on a trial basis and very low. It is expected that blending of ethanol with gasoline 
will commence once again.  
 
3.5.2 Ethanol development in Malawi 

Malawi has had the longest ethanol blending experience in Africa. It is the only country in 
Africa still producing and using ethanol fuel, and one of the first to achieve a national blend 
of up to 20% ethanol. Ethanol production from sugar cane molasses and blending with 
gasoline has been practiced since 1982. Currently, Malawi produces unleaded gasoline 
blended with 10% ethanol, switching over from the 20% in February 2006. The ethanol 
programme in Malawi was motivated by the high oil prices as oil was imported by road via 
South Africa due to the war in Mozambique and this longer route coupled with currency 
devaluation raised costs by 33% (Batidzirai, 2007).  
 
There are two ethanol plants in Malawi, all located close to the country’s two sugar factories, 
with combined production capacity of 30 million litres per year, but currently producing 
about 18 million litres per year (Karekezi, et al, 2007, IRIN, 2007). Both factories are 
operating below capacity because of the low availability of molasses. The plant at Dwangwa 
is run by a local firm called Ethanol Company of Malawi (ETHCO). The second plant is 
situated in Nchalo and is owned by Press Cane, another local firm. ETHCO plant produces 
about 55,000 litres of ethanol per day, which is a combination of three components – ethanol, 
rectified alcohol and potable alcohol. The plant produces ethanol from a fermentation process 
of molasses (obtained from a nearby sugar plant).  
 
The Malawian government played a much greater role in investment decisions of this plant 
than their Zimbabwean counterparts did for Triangle. Simple designs similar to those at 
Triangle and thrust on utilizing local material were also employed for the plant. The plant 
cost about US$8 million to build and is reported to have saved the country about US$32 
million between 1982 and 1990 (Batidzirai, 2007). The Dwangwa sugar factory does not 
have sufficient feedstock and ETHCO has to secure up to 40% additional molasses supply 
from the Sucoma sugar factory, located several hundred kilometres to the south. This worsens 
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the energy balance and increases the cost of ethanol produced from Dwangwa as diesel trucks 
are used to transport molasses from Sucoma. But unlike the Zimbabwean plant whose 
feedstock production was affected by drought, sufficient irrigation water is available from 
Lake Malawi to maintain production at ETHCO (Batidzirai, 2007). Ethanol production 
figures in Malawi is shown in Table 3.8. 
 
The current hike in crude oil prices has served as a motivation to the Malawi government 
which has launched a project to ensure that all vehicles in the country switch to the cheaper 
and greener alternative fuel – ethanol – in a few years. Besides promoting the production of 
ethanol from sugar molasses, the 5-year US$1 million project, funded by the Malawi 
government, is investigating the possibility of converting conventional vehicles into dual-fuel 
vehicles, or FFVs, which can run on a combination of fuels. The project will test and check 
the long-term effects of ethanol on the fuel system of vehicles and also gather data on the 
performance of a flex vehicle and build capacity for Malawians to maintain ethanol-driven or 
flex vehicles. Malawi’s department of science and technology, in partnership with ETHCO, is 
also promoting the importation of Brazilian FFVs (IRIN, 2007). 
 
 
Table 3.8: Ethanol production in Malawi (litres) 

Year  Ethanol  Rectified  Portable  Total  
2000  11,625,036  352,019  211,319  12,188,374  
2001  11,167,122  546,707  271,879  11,985,708  
2002  10,987,543  431,256  345,786  11,764,585  
2003  8,375,761  610,399  230,660  10,222,767  
2004  8,375,761  751,567  275,837  9,403,165  

 
Source: Karekezi, et al, 2007 
 
 
 
3.5.3 Ethanol development in Kenya 

Kenya was the third African country to introduce ethanol blending in the 1980s. High oil 
prices and low sugar and molasses market prices were key drivers for the Kenyan 
programme. Surplus molasses had become an environmental hazard as they normally were 
dumped into nearby rivers.  
 
Kenya’s quest for alternative source of fuel was sparked off by the oil crisis in the 1970s. The 
Agro Chemical & Food Corporation (ACFC) was  established in 1978 – with the objective of 
utilizing surplus molasses from the sugar industry to produce ethanol. ACFC began operating 
with an installed capacity of 60,000 litres per day, daily average of 45,000 litres per day. E10 
became a popular fuel in those years when the plant was operational, but was discontinued 
after some time due to uncompetitive pricing of gasoline which made the ethanol programme 
unprofitable. There were series of droughts that affected the sustainable production of 
sugarcane in the country. Consequently, ACFC collapsed in the 1990s. Ethanol production 
was revived in 2001 through Kisumu Ethanol Plant in Western Kenya. Energem, a Canadian 
energy firm owns 55% of the company which Produces 60,000 litres per day industrial 
ethanol. The ethanol produced is transported to other countries as fuel additives. As at March 
2005, the plant was producing 30,000 litres per day of ethanol (all grades). This figure is 
projected to increase to 250,000 litres per day in the near future (Karekezi, et al, 2008).  
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Despite initial similarities with the Zimbabwean and Malawian programmes in the socio-
economic setting and plant-specific technical parameters, Kenya followed different 
implementation routes from Malawi and Zimbabwe, with sharply different results. Initially, 
two ethanol plants were to be established using sugarcane molasses feedstock – at Madhvani 
and Muhoroni. The Madhvani plant was approved by the Government without adequate 
evaluation of the key adaptive conditions such as the availability of raw material and was 
never completed. The plant design was too sophisticated and hence too costly, and took little 
advantage of the local conditions (in sharp contrast to the Zimbabwe situation discussed in 
section 3.5.1). This was mainly due to lack of access to information and finance, which 
limited the choice of technology in the international market. Furthermore, government 
involvement in the joint project had a negative impact and distorted the economics, which 
was further complicated by the absence of a clear and cohesive long term government policy 
on ethanol production (Batidzirai, 2007).  
 
Recently the government and the country’s biggest sugar milling company, Mumias, had 
planned to cultivate sugarcane on 20,000 hectares in the Tana River Delta to create jobs and 
plug an annual 200,000 tonne sugar deficit and to produce ethanol for transport. The project, 
which is expected to cost about $370 million, has come under fire from conservationists and 
environmentalist, necessitating the suspension of the project by a Kenyan court in July 2008 
(Wallis, 2008). Kenya’s National Environmental Management Authority (NEMA) had earlier 
cleared the project a month before, but it has run into fierce opposition from activists who say 
it threatens 350 species including birds, lions, elephants, rare sharks and reptiles. They accuse 
NEMA of ignoring a study showing irrigation in the area would cause severe drainage of the 
Delta, leaving local farmers without water for their herds during dry seasons. Mumias, which 
owns 51 percent of the Tana Delta project, hopes to produce about 23 million litres ethanol 
annually – to be distilled from molasses, should the project come on board. The company 
also plans to generate 34 megawatts of electricity and create some 20,000 direct and indirect 
jobs, partly through the construction of an 8,000 tonne a day sugar mill (Wallis, 2008). The 
government, which has a 30 percent stake, says the project will benefit locals and that it has 
its full support.  
Some ethanol production figures in Kenya is given in Figure 3.2.  
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Figure 3.2: Ethanol production in Kenya 
 
Source: Karekezi, et al, 2008 
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3.5.4 Ethanol development in South Africa 

South Africa is the African giant in the production of ethanol. The country first produced 
bioethanol as an indigenous motor fuel in the 1930s. However, cheap oil from the 1950’s 
through to the 1970’s made this uneconomic. South Africa rather chose synthetic fuel from 
coal due probably to economic and technical considerations. The largest producer of ethanol 
in South Africa is SASOL, producing industrial alcohol from coal and gas, with a capacity of 
around 220,000 tonnes a year. All of this is used to make ethyl acetate, high purity ethanol 
and a small volume for fuel. Besides synthetic alcohol, South Africa also produces increasing 
amounts of fermentation ethanol, with molasses being the major feedstock (Batidzirai, 2007). 
The alcohol is mainly destined for industrial and pharmaceutical export markets. 
 
Currently, an ethanol facility owned by Illovo’s Merebank produces about 40 million litres of 
ethanol per year. In early 2001, leading trade houses Alcodis and Alcotra, Belgium, acquired 
NCP Alcohols of South Africa for ZAR 70 million. NCP produces about 48,000 tonnes of 
alcohol (Batidzirai, 2007).  
 
Ethanol Africa, a South African bioethanol company has began the construction of a large-
scale bioethanol plant in Bothaville for the conversion of maize to ethanol with plans for 
eight more as part of a R7 billion investment in the inland maize farming region. The plant 
when completed should be capable of producing 158 million litres of bioethanol annually 
from 375,000 tonnes of maize. The plant will also have the potential to produce 108,000 
tonnes of animal feed. The company plans to assist farmers to produce maize for ethanol 
production since at least 100,000 ha of maize would be contracted at each plant. This 
initiative could supply up to 12.5% of the country’s fuel needs by 2015. South Africa has 3 
million tonnes of surplus white corn which could provide a feedstock for the bioethanol 
industry. Historically corn production has exceeded consumption in South Africa. Current 
government proclamations not to use corn for the production of ethanol have cast doubts on 
the sustainability of this project. There are, however, substantial amounts of sugarcane and a 
big potential for doubling current production (SADC, 2007, Salgado, 2006). Government 
policy requires that biofuels in South Africa must account for 2% of total fuel production by 
2013 (RSA, 2007). 
 
3.5.5 Ethanol development in Ethiopia 

In Ethiopia, of the three existing sugar factories, one of them produces about 8 million litres 
of ethanol annually and a substantial part of it is exported to Italy. The state-owned factory 
plans to double its production by 2008. The government is planning to expand the other two 
factories to produce ethanol while a third one is under construction. Upon completion of the 
expansion and construction programmes, the four factories together are expected to produce 
about 128 million litres of ethanol annually by 2012. One of the factories, Wonji, plans to 
start production in 2008. Initially, the factory will produce 12.2 million litres of ethanol per 
year and increase to 25 million litres by 2010/11. Metahara sugar factory also plans to launch 
ethanol production in 2009/10, initially producing 17.6 million litres, thereafter increasing 
production to 24.4 million litres. Tendaho Sugar Factory, the biggest sugar factory under 
construction, is expected to start producing ethanol in 2009/10. Initially, it is to produce 47.5 
million litres per year and increase its annual production to 60 million litres the following 
year (Batidzirai, 2007).  The Ethiopian government has come to an agreement with the oil 
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importing companies to produce fuels with 5% biofuel blends for the country’s fuel retail 
stations. 
 
3.5.6 Nigeria ethanol experiences 

Nigeria has been involved in ethanol production since 1973, although it has not been used for 
fuel purposes. It is currently exploring ways of utilizing ethanol fuel from cassava as an 
alternative to oil, and has recently adopted a 10% ethanol blending standard for the 
transportation sector.  
 
A pilot fuel ethanol programme has been established through the Nigerian National 
Petroleum Corporation (NNPC) which is expected to save the country about US$150 
million3. The pilot project will generate a business model for the establishment of large scale 
cassava and sugar cane plantations – in particular a 10,000-20,000 hectare sugarcane 
plantation with an ethanol production unit making 70-80 million litres annually, as well as a 
5000-10,000 hectare cassava plantation with an ethanol production unit capable of producing 
50-60 million litres each year. NNPC is scouting for farmlands in Anambra, Benue and Cross 
River for large scale cultivation of cassava. It has acquired a large plantation site of over 
20,000 hectares for the large scale production of cassava and sugar cane in Jigawa State. The 
project is also expected to generate employment and income for the local communities.  
 
As part of efforts to promote bioethanol, there are plans for cooperation between NNPC and 
leading research institutes to improve yield productivities of many of sugar cane and cassava 
varieties in Nigeria.  
 
Nigeria is planning to use Brazilian bioethanol fuel blueprint to create its new biofuels 
industry. Apart from copying the Brazilian model, Nigeria plans to start the industry up using 
a Brazilian import partnership4. Brazil is to initially supply Nigeria with fuel ethanol in order 
to develop the market and fuel supply infrastructure. Both countries signed a memorandum of 
understanding in 2005. Import and distribution infrastructure is already being modified in 
preparation for the supply of biofuel.  
 
Apart from the ambitious Presidential Initiative on Cassava, Nigeria is also establishing an 
ethanol from cassava plant in Niger state at a cost of $90 million with the assistance of China. 
There are also programmes to support local cassava farmers to facilitate mass production of 
the commodity in the state. 
Source: Batidzirai, 2007.  

                                                 
3 The project will be supported by the Renewable Energy & Energy Efficiency Partnership (REEEP) which is 
providing part of the funds for detailed feasibility studies to establish the supply chain for several new ethanol 
production plants [Osterkorn, 2006]. 
4 NNPC has signed a deal with Brazil’s state-run oil company, Petrobras, to import ethanol into Nigeria as well 
as train NNPC employees to implement a government program to blend 10 percent of ethanol into regular 
gasoline. Initial imports are estimated at 20 million liters and future imports are to be based on demand [ibid]. 
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4. BIODIESEL CONVERSION TECHNOLOGIES 
 
4.1 Production processes 

Introduction 
Biodiesel is increasingly becoming one of the main biomass-based renewable energy sources 
replacing dwindling and environmentally malevolent fossil fuel. This is because as an 
alternative fuel, its production is technically feasible, it is more environmentally benign and it 
is becoming economically competitive and readily available. It can be used in compression 
ignition engines with little or no modification. Biodiesel can be blended in any proportion 
with mineral diesel to create a biodiesel blend or can be used in its neat or pure form. The 
blend is often designated as BXX where B stands for biodiesel and the Xs stand for the 
concentration of the biodiesel in the blend. For example, B20 means that 20% of the blend is 
made up of biodiesel. It can be utilised not only as a transport fuel but also for powering 
some machines for small scale industries and for lighting.  
 
Biodiesel is a mixture of mono-alkyl esters produced by the transesterification of vegetable 
oils/fats and animal fats (which are triglyceride esters) with alcohols in the presence of a 
catalyst. It is important to distinguish between biodiesel and straight vegetable oils – SVOs 
(also called pure plant oils – PPOs), which were the original form of this fuel. Even though 
the latter can be used in place of petro-diesel to run machinery, including vehicles, due to 
technical difficulties (especially high viscosities and presence of impurities such as free fatty 
acids, phospholipids, sterols, water and odourants) associated with the use of SVOs, they are 
becoming less important. However, an organisation called Vegetable Motoring based in the 
UK has been promoting the use of SVOs either as virgin oil or as used oil for powering 
vehicles with diesel engines after some modification to the engine. 
 
The idea of using vegetable oils to power diesel engines dates back to the advent of the 
development of the diesel engine itself a little over one hundred years ago. Dr Rudolf Diesel 
conducted engine tests on plant oils (Mittelbach and Remschmidt, 2004). One prototype of 
his engines was tested on peanut oils at the World’s Exhibition in Paris in 1900. Dr. Diesel 
was a visionary. In 1911 he stated that ‘‘the diesel engine can be fed with vegetable oils and 
would help considerably in the development of agriculture of the countries, which use it’’. In 
1912, Diesel again said that, ‘‘the use of vegetable oils for engine fuels may seem 
insignificant today. But such oils may become in course of time as important as petroleum 
and the coal tar products of the present time’’ (Agarwal, 2007).  
 
The historical records indicate that the idea of testing peanut oils as fuel in diesel engines 
originated from the then French government’s desire to find a means of domestic fuel 
production for her African colonies (Mittelbach and Remschmidt, 2004; Knothe et al, 2005). 
Other European countries accepted and utilised the idea. With the advent of cheap petroleum, 
appropriate fractions of crude oil were refined to be used in the diesel engine, with the 
appropriate modification of the engine (Kim et al, 2004). Vegetable oils were also used as 
emergency fuels and for other purposes during the Second World War (Knothe et al, 2005; 
Ramadhas et al, 2004). The oil crisis of the early 1970s, however, brought renewed interest in 
this source of energy. 
Biodiesel has been used in commercial quantities in countries such as Germany, Austria, the 
Czech Republic, France, Italy, Slovakia, Spain and USA for up to 20 years (Mittelbach and 
Remschmidt, 2004). In some of the European countries, e.g., Germany, Austria and Sweden, 
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pure fatty acid methyl ester (FAME) fuels are marketed. France, the Czech Republic and 
Spain market blends of biodiesel and petro-diesel (ranging from 30% to 36% of the former) 
to be used predominantly in large municipal fleets. 5% Blends are available for sale to the 
public in the UK. In Italy, FAME has been used as a heating fuel for a long time and is now 
gaining grounds as a transportation fuel as well. The most important form in which biodiesel 
is marketed in the USA is the 20% (B20) biodiesel blend (Austrian Biofuels Institute, 2003).  
 
One of main technical problems associated with the use of SVO as fuel for diesel engines is 
its high kinematic viscosity which is about eleven to seventeen times higher than that of 
petro-diesel. The high viscosity causes poor atomization of the fuel in the engine’s 
combustion chambers and ultimately results in operational problems, such as engine deposits 
(Meher et al, 2006). The viscosity problems can be solved either by adapting the engine to be 
suitable for the fuel or by adapting the fuel to the use of the engine. Both approaches were 
tried but the second approach became more commercially relevant (Mittelbach and 
Remschmidt, 2004).  
 
Since the renewal of interest in vegetable oil-derived fuels during the late 1970s, four 
possible approaches to adapting the fuel to the use of the diesel engine in order to overcome 
the problem of high viscosity were investigated. These were transesterification, pyrolysis, 
dilution with conventional petroleum-derived diesel fuel, and microemulsification (Knothe et 
al, 2005). Pyrolysis is the thermal decomposition of a molecule, brought about in the absence 
of air or oxygen and optionally in the presence of a catalyst. Microemulsification involves the 
formation of a thermodynamically stable dispersion (colloidal in nature) of two otherwise 
immiscible liquids in the presence of emulsifiers, usually surfactants. Dilution or blending 
simply involves the mixing of the vegetable oils with light petro-diesel in appropriate 
proportions in order to attain the desirable viscosity. Transesterification of the plant oils with 
lower alcohols turned out to be the ideal approach to modifying the plant oils and hence the 
term biodiesel is now used to denote products obtained through this technology. The 
production of biodiesel will, therefore, be described in terms of this technology. 
 
4.1.1 Basic chemistry of biodiesel production – transesterification  

Transesterification is simply a chemical reaction in which a shorter chain alcohol replaces a 
longer chain one in an ester of an organic acid in order to produce a lower molar mass ester 
of the acid. This reaction is reversible and usually takes place in the presence of a catalyst. 
Since transesterification has been extensively used for the production of biodiesel, it has often 
been defined in terms of biodiesel production but transesterification is not necessarily 
synonymous to biodiesel production. The transesterification reaction is sometimes called 
alcoholysis because an alcohol is used to convert the oil or fat into the ester (biodiesel). 
Hence the process is sometimes called methanolysis or ethanolysis depending on whether 
methanol or ethanol is used as the alcohol. The transesterification reaction can be generally 
represented as follows: 
 
 
 
(Original Ester)      (Original Alcohol)            (New Ester)             (New Alcohol) 
 
        
In the production of biodiesel, the triglyceride (oil or fat) is the original ester and the mixture 
of new esters is the biodiesel. The new alcohol is the glycerol by-product whilst the original 
alcohol is the methanol or ethanol used for the transesterification. Since the original ester in 

RCOOR1        +        R2OH                             RCOOR2        +       R1OH           (4.1)
Catalyst
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transesterification is a triglyceride, it requires three moles of the original alcohol per mole of 
the oil/fat for the reaction to be complete. Since the reaction is reversible, equilibrium is 
attained after some time. The time of attainment of the equilibrium depends on the reaction 
conditions. In order to maximize the biodiesel yield, an excess of the alcohol is required. This 
will shift the equilibrium position to the right and hence favour the biodiesel production. The 
excess alcohol can be recovered and reused. The general equation for the production of the 
biodiesel is represented in Equation (4.2). 
 
 
    
 Triglyceride (Oil/Fat) + Alcohol                       Glycerol +  Mixture of Alkyl            (4.2) 
                                                  Acid Esters (Biodiesel) 
 
The process is, however, more complex. The triglyceride is first converted to the diglyceride. 
This is followed by the formation of the monoglyceride which is then finally converted to the 
alkyl acid esters (the biodiesel) with the release of the glycerol molecule as the by-product. 
Studies carried out by Mittelbach and Trathnigg (1990) indicated that the conversion of the 
triglyceride to the diglyceride is the rate determining step, with the other steps being much 
faster. The formation of diglyceride and monoglyceride as intermediate products means that 
in the production process, care has to be taken to ensure that these intermediate products are 
completely converted into glycerol and biodiesel. The stepwise conversion of the triglyceride 
into the biodiesel using methanol as the alcohol is represented in Equations 4.3 to 4.5. Figure 
4.1 shows a schematic representation of the course of a transesterification reaction using 
sunflower oil as the lipid feedstock, methanol as the alcohol and KOH as the catalyst. From 
Figure 4.1, it can be seen that whereas the concentration of the original triglyceride decreases 
monotonically before attaining a somewhat constant value, the concentrations of the 
diglyceride and monoglyceride increase initially, reach a plateau and then fall off to constant 
values. The attainment of equilibrium is clearly visible in the figure. In order to obtain high 
biodiesel yields, it is desirable to keep the concentration of the intermediates products as low 
as possible. Increasing the amount of methanol used in the reaction can shift the equilibrium 
position towards the products and hence increase the yield of the biodiesel (methyl esters). 
 
 
Triglyceride       +        Alcohol                          Diglyceride    +     Ester (Biodiesel)     (4.3) 
 
 
Diglyceride        +   Alcohol                      Monoglyceride   +  Ester (Biodiesel)     (4.4) 
 
 
Monoglyceride     +    Alcohol                             Glycerol      +       Ester (Biodiesel)     (4.5) 
 
 
The nature and characteristics of the original triglyceride depend on the alkyl groups 
represented by R1, R2 and R3. Some of these are saturated whilst others are unsaturated. The 
yield, quality and performance of the biodiesel, therefore, depend on the nature of R1, R2 and 
R3. Different feedstock types have different types and amounts of these alkyl groups and 
hence exhibit different properties. For instance, the oil saturation and the types and content of 
fatty acids in different oilseed species vary considerably and hence the properties and 
characteristics of biodiesel from the different oilseeds also differ. Biodiesel from highly 
saturated oils is characterized by superior oxidative stability and high cetane number, but 

Catalyst

Catalyst

Catalyst

Catalyst
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performs poorly at low temperatures. Therefore, pure plant oil (PPO) with a high degree of 
saturation is more suitable as feedstock in warmer climates (Rutz and Janssen, 2008). 
 
The presence of the catalyst allows the transesterification reaction to be carried out under 
mild conditions. Hasher conditions, e.g., high temperatures and pressures are required for the 
reaction in the absence of a catalyst. In the absence of the catalyst, the reaction will take a 
much longer time to complete. Technically, the presence of the catalyst should not affect the 
yield. It only shortens the time within which a specific amount of the biodiesel can be 
obtained under specified conditions of temperature and pressure. Selecting the right kind of 
catalysts and the right amount required for the transesterification is essential for obtaining a 
high yield of the product within a relatively short time. Since the reaction is reversible, 
removing the products as they are formed allows the process to be carried out more 
efficiently. 
 
 

 
 
Figure 4.1 Schematic Representation of the Course of a Transesterification Reaction Using 
Sunflower Oil as the Lipid Feedstock, Methanol as the Alcohol and KOH as Catalyst. 
Reaction Conditions: Molar Ratio of Sunflower Oil: Methanol = 1:3; 0.5% KOH; T = 25oC. 
The methyl esters constitute the biodiesel. 
 
Source: Mittelbach and Remschmidt, 2004 
 
 
4.1.2 Kinetics and mechanism of transesterification 

The kinetics profile followed by a transesterification process is dependent on the kinds of 
fats/oils and alcohols used. For example, since methanol is more polar and hence less soluble 
in an oil/fat than ethanol, the kinetic profiles of transesterification of the same oil (with all 
other conditions including catalyst type and concentration being the same) using the two 
alcohols are different. Some investigators have reported second order conversion of the fat/oil 
to the biodiesel (Mittelbach and Remschmidt, 2004) whereas others have reported a pseudo 
first order formation of the biodiesel and a second order kinetic for the reverse reaction (ICS-
UNIDO, 2008). Even consecutive second order and forth order kinetics have been reported 
for some transesterification reactions (Ma and Hanna, 1999). A pseudo first order formation 
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of biodiesel is understandable if one of the reactants, e.g., the alcohol, is in excess in which 
case its concentration can be considered to be a constant. If the reverse reaction for such a 
case is second order, then the removal of the products as they are formed enables a good yield 
of biodiesel to be obtained. Apart from the nature and concentration of the feedstocks, the 
order of the reaction, the rate constants and the activation energies of the transesterification 
reactions are dependent on other reaction parameters such as the kind and concentration of 
catalyst, reaction temperature and the quality of the oils/fats and alcohols. It has been shown 
that the base catalysed transesterification is generally faster than the acid catalysed one 
(Vicente et al, 2007, 2004). The presence of high concentrations of water in the alcohol and 
free fatty acids in the oils/fats will significantly affect the kinetics of the reaction. The 
kinetics of transesterification reactions are often followed by calculating the triglyceride 
conversion rate, the changes in product composition during reaction or some of the quality 
parameters of biodiesel 
 
Base catalysed and acid catalysed transesterification of oils and fats follow different 
mechanisms since the species responsible for initiating the reaction are different. In base 
catalysed reactions, the initial attacking species is the alkoxide ion which is a nucleophile 
whereas in the acid catalysed reaction the attacking species is the proton which is an 
electrophile. 
 
The base catalysed transesterification reaction follows a three-step mechanism (Eckey, 1956). 
This is, however, preceded by a pre-reaction leading to the formation of the alkoxide. In a 
typical transesterification process in which potassium hydroxide and methanol are used as the 
base catalyst and alcohol respectively, the pre-reaction proceeds as follows:  
 
 
 
 
 
The potassium methoxide (CH3OK) then dissociates to form methoxide ion (CH3O

-), an 
alkoxide, which initiates the reaction. In a general case of the transesterification of a 
triglyceride, the first step involves the nucleophilic attack of the alkoxide ion (RO-) on the 
carbonyl carbon of the triglyceride molecule, resulting in the formation of a tetrahedral 
intermediate. The reaction of this intermediate with an alcohol produces the alkoxide ion in 
the second step. In the last step, the rearrangement of the tetrahedral intermediate gives rise to 
an ester and a diglyceride (Schwab et al 1987). The process is repeated with the diglyceride 
and the monoglyceride leading to the formation of three moles of the alkyl acid esters (the 
biodiesel) and one mole of glycerol. It is important to note that the catalysts, i.e., the base is 
regenerated and hence is recycled in the reaction process.  
 
Since the formation of the alkoxide is an essential pre-reaction step in the mechanism, in an 
actual transesterification process, the alcohol is mixed with the catalyst, i.e., the base, with 
vigorous stirring before being added to the oil. In some cases, a preformed alkoxide, e.g., 
sodium methoxide or potassium methoxide, is used as the catalyst. Studies have shown that a 
catalyst consisting of the preformed alkoxide gives a higher biodiesel yield than starting with 
the hydroxide. Generally alkaline metal alkoxides (e.g., CH3ONa for the methanolysis) are 
the most active catalysts, since they give very high yields (>98%) in short reaction times (30 
min) even if they are applied at low molar concentrations of 0.5 mol% (Demirbas, 2008). The 
alkoxides, however, react dangerously with water and hence water has to be precluded from 
their use. The alkoxides can, however, be used in solution with the corresponding alcohol.  

CH3OH        +       KOH CH3OK         +        H2O   (4.6)
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Homogeneous acid catalysed transesterification utilise such acids as sulphuric (H2SO4), 
hydrochloric (HCl), phosphoric (H3PO4) and sulphonic acids. These catalysts give high yields 
of alkyl esters but these reactions are slow, requiring typically temperatures above 100 °C 
and more than 3 h to complete the conversion (Schuchardt, 1998).  
 
4.1.3 Raw materials for biodiesel production 

Three main raw materials are necessary for the production of biodiesel. These are: the 
vegetable oil/fat or animal fat, the alcohol and the catalyst. All these raw materials are 
available in different forms. The selection of the right kind and quality of raw materials is 
very essential in achieving good yields and obtaining a product of the right quality and right 
price.  
 
4.1.3.1 Vegetable oil/fat or animal fat 

From a chemical point of view, vegetable oils/fats and animal fats fall under a group of 
compounds called lipids. Lipids are chemical compounds which are fat soluble (lipophilic). 
The main difference between fats and oils is that fats are solids at room temperature whereas 
oils are liquids at room temperature. This difference is brought about by the level of 
unsaturation in the compounds.  Oils contain higher levels of unsaturated fatty acids than fats. 
In this guidebook, since biodiesel (and SVO for that matter) are used in the liquid form, the 
term “oil” may be used when referring to both fats and oils. Alternatively, the term “lipid” 
may be used for both fats and oils. 
 
The kind of lipid used for the production of biodiesel depends on the geographical region, 
climatic conditions, the easy availability, cost and the competition for that particular lipid for 
other purposes, e.g., as source of food or for soap production. Different feedstock types are 
characterized by different properties. For instance, the oil saturation and the fatty acid content 
of different oilseed species vary considerably and these affect the yield and quality of the 
biodiesel produced.  
 
Indeed, any animal or plant lipid should be a ready substrate for the production of biodiesel. 
Such factors as supply, cost, storage properties, levels of free fatty acids, water and other 
undesirable impurities and engine performance characteristics will determine whether a 
particular potential feedstock is actually adopted for commercial fuel production. 
Governmental decisions can affect this choice of feedstock, in that a governmental subsidy 
programme favouring one or the other feedstock could seriously affect feedstock choices. 
Thus, early support programmes in the United States favoured the use of first-use refined 
soybean oil as a feedstock. Conversely, although Brazil is the world’s second largest 
producer of soybeans, an effort is being made by its government to foster a castor oil-based 
biodiesel industry because it is felt that adequate markets for soy oil exist, whereas the sale of 
castor oil into the biodiesel market would provide income to impoverished regions of the 
country where soy cannot be grown (Knoethe et al, 2005). 
 
The kind of vegetable oils/fats or animal fats used for biodiesel production should satisfy 
some requirements in order to make the use of such feedstock economically feasible. Firstly, 
the source of the feedstock must be sustainable. For feedstocks from plant sources, the yield 
per hectare of land must be high and the cost of production should be reasonable. Table 4.1 
shows the oil yields for some plant seeds. Many of the high yielding crops, e.g., oil palm and 
coconut are grown in the tropics and this should give many African countries a comparative 
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advantage. However, other factors such as production cost, use of the feedstock for other 
purposes e.g., for food and for other industrial applications and environmental degradation 
can determine whether a high yielding crop is used or not. Secondly, for feedstocks from both 
plant and animal sources, the oil yield from the source must be high and the process for 
obtaining the oil must be technically easy and economically cost effective. Thirdly, the levels 
of impurities such as free fatty acids and water must be low. Feedstocks containing 
significant levels of FFA require different processing to biodiesel than do refined oils and 
fats. It is vital that the FFA be esterified or removed because they can be detrimental to fuel 
systems and engines. All current biodiesel quality specifications impose strict limits on the 
levels of FFA allowed (Knothe et al, 2005). The free fatty acid composition should be 
typically less than 0.5% (w/w) for a high yield of biodiesel to be obtained (Sharma et al, 
2008,). Examples of lipid sources that can be used for biodiesel production are given in 
Figure 4.2. 
 
 
Table 4.1:  Vegetable oil yields for some crops  

Crop  Yield (litres 
oil. Ha-1) 

Crop Yield 
(litres oil. Ha-1) 

Oil Palm 5950 Coriander  596 
Coconut  2689 Camelina  583 
Avocado  2638 Mustard  572 
Brazil nuts 2392 Pumpkin  524 
Macadamia 2246 Euphorbia 524 
Jatropha  1892 Hazel nuts 482 
Jojoba 1818 Linseed 478 
Pecan Nuts 1791 Coffee 459 
Castor Beans 1413 Soya  446 
Olives 1212 Hemp  363 
Rapeseed 1190 Cotton  325 
Groundnuts  1059 Calendula  305 
Sunflower  952 Kenaf  273 
Tung Oil Tree 940 Lupine  232 
Rice 828 Oats  217 
Safflower 779 Cashew  176 
Sesame 696 Maize  172 

                 Biodiesel yield = oil yield x 0.8 
 
Source: Wilson et al, 2005 
 
Knowledge about the composition of a lipid feedstock is essential in determining the 
suitability of the lipid for biodiesel production and use in specific regions. Cold temperature 
flow characteristics are particularly related to the composition of the triglyceride. Long chain 
saturated fatty esters significantly increase the cloud point (the temperature at which fine 
crystals which can plug fuel filters form) and the pour point (the temperature at which the 
fuel becomes gel-like and hence can no longer be poured) whereas unsaturated fatty acids 
have little effect on these parameters (Durrrett et al, 20008). The iodine number (or iodine 
value) is a measure of the level of unsaturation in a lipid. Hence, it is useful to know the 
iodine value of a lipid in order to determine its suitability for biodiesel production. Lipid 
feedstocks with low saturated fatty acids components are more useful for biodiesel 
production and utilization in cold temperature regions. Tables 4.2 and 4.3 show the fatty acid 
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composition of some lipid sources. The structures of some of the fatty acids are shown in 
Table 4.4. Other important parameters include the acid value which gives a measure of the 
amount of free fatty acids present in the lipid and the peroxide value which is a measure of 
the extent of auto-oxidation of the lipid (leading to rancidity). 
 

 
Figure 4.2: Examples of sources of feedstocks for biodiesel production 
 
Source: Rutz and Janssen, 2008   
 
 
Table 4.2: Composition of some vegetable oils  
Vegetable 
Oil 

Fatty Acids Composition (% by Weight) Acid 
Value 

Phos.  
(ppm) 

Peroxide 
Value  

 16:1 18:0 20:0 22:0 24:0 18:1 22:1 18:2 18:3 

Corn  11.67 1.85 0.24 0.00 0.00 25.16 0.00 60.60 0.48 0.11 7 18.4 

Cottonseed  28.33 0.89 0.00 0.00 0.00 13.27 0.00 57.51 0.00 0.07 8 64.8 

Crambe  20.7 0.70 2.09 0.80 1.12 18.86 58.51 9.00 6.85 0.36 12 26.5 
Peanut  11.38 2.39 1.32 2.52 1.23 48.28 0.00 31.95 0.93 0.20 9 82.7 

Rapeseed  3.49 0.85 0.00 0.00 0.00 64.4 0.00 22.30 8.23 1.14 18 30.2 

Soybean  11.75 3.15 0.00 0.00 0.00 23.26 0.00 55.53 6.31 0.20 32 44.5 

Sunflower  6.08 3.26 0.00 0.00 0.00 16.93 0.00 73.73 0.00 0.15 15 10.7 

 
Source: Marchetti et al, 2007 
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Table 4.3: Fatty Acid Composition of Some Feedstocks  

Fatty 
Acids 

Soybean Cottonseed Palm Lard Tallow Coconut 

Lauric 0.1 0.1 0.1 0.1 0.1 46.5 
Myristic 0.1 0.7 1.0 1.4 2.8 19.2 
Palmitic  10.2 20.1 42.8 23.6 23.3 9.8 
Stearic  3.7 2.6 4.5 14.2 19.4 3.0 
Oleic  22.8 19.2 40.5 44.2 42.4 6.9 
Linoleic  53.7 55.2 10.1 10.7 2.9 2.2 
Linolenic  8.6 0.6 0.2 0.4 0.9 0.0 

 
Source: Marchetti et al, 2007 
 
 
Table 4.4: Chemical structures of some common fatty acids  

Fatty acids Systematic name Structure* Formula 
Lauric  Dodecanoic 12:0 C12H24O2 

Myristic  Tetradecanoic 14:0 C14H28O2 

Palmitic  Hexadecanoic 16:0 C16H32O2 

Stearic  Octadecanoic 18:0 C18H36O2 

Arachidic  Eicosanoic 20:0 C20H40O2 
Behenic Docosanoic 22:0 C22H44O2 

Lignoceric Tetracosanoic 24:0 C24H48O2 

Oleic cis-9-Octadecenoic 18:1 C18H34O2 

Linoleic cis-9,cis-12-Octadecadienoic 18:2 C18H32O2 

Linolenic cis-9, cis-12, cis-15-Octadecatrienoic 18:3 C18H30O2 

Erucic cis-13-Docosenoic 22:1 C22H42O2 

* xx:y indicates that there are xx carbon atoms in the fatty acids with y double bonds. 
 
Source: Agarwal, 2007 
 
 
The types of oils/fats used for biodiesel production can be classified into: (a) edible oils, (b) 
non-edible oils, (c) animal fats, (d) waste or recycled oils and (e) microalgae. 
 
 
(a) Edible  oils 
 
A large group of edible oils are used for biodiesel production. Throughout the world, the 
typical lipid feedstocks for biodiesel production are refined vegetable oils. Within this group, 
the oil of choice varies with location according to availability; the most abundant lipid is 
generally the most common feedstock. The reasons for this are not only the desire to have an 
ample supply of product fuel, but also because of the inverse relation between supply and 
cost (Knothe et al, 2005). 
 
Refined oils can be relatively expensive under the best of conditions, compared with 
petroleum products, and the choice of oil for biodiesel production depends on local 
availability and corresponding affordability. Thus, rapeseed and sunflower oils are used in the 
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European Union, palm oil predominates in biodiesel production in tropical countries such as 
Malaysia and Indonesia, and soybean oil and animal fats are the major feedstocks in the 
United States.  
 
Rapeseed oil is by far the most commonly used oil for biodiesel production. About 85% of all 
the oil used for biodiesel production is from this origin. Sunflower seed oil, soybean oil and 
palm oil follow in that order. Other edible oil feedstocks which have been successfully tried 
for biodiesel production (some of which are non-traditional) include palm kernel oil, peanut 
oil, oils from Ethiopian mustard (Brassica carinata) – which is closely related to rapeseed, 
cardoon (Cynara cardunculus) - closely related to sunflower and safflower, gold-of-pleasure 
(Camelina sativa), linseed (Linum usitatissimum) and tiger nut (Cyperus esculentus) 
(Mittelbach and Remschmidt, 2004). As mentioned earlier, the selection of any of these lipid 
sources depend on the regional availability. 
 
Among the edible oils, palm oil and coconut oil which are produced from crops that give 
outstandingly high hectare yields (see Table 4.1) and do very well in the tropics good choices 
in some African countries for biodiesel production. The African oil palm (Elaeis guinensis) is 
one of the most important economic crops in the tropics because it is so widespread. New 
varieties of the African palm can be grown on more marginal land, and are resistant to pests 
and diseases. New plantations start to bear fruit after three years and generally their first 
commercial crop between five and six years and production continues for 25-30 years. The 
high level of saturated fatty acids in palm oil leading to high values of cloud point and pour 
point however, make biodiesel from palm oil source not very suitable for cold regions.  
 
Palm kernel oil, which is produced from the kernel of the palm tree, and peanut oil are also 
among the edible lipid sources that can be considered in Africa. Soybean oil, which is the 
most frequently produced vegetable oil worldwide, sunflower oil and oil from tiger nuts are 
other possible contenders for biodiesel production in Africa. 
 
The major problem with all these plant oils is their use as food sources. In a world where 
hunger is becoming endemic in some areas, especially in the least developed and developing 
countries, the competition between the use of food-based raw materials for energy production 
and as sources of food has become a major criticism for biofuel programmes. This is 
particularly true of many African countries where due to drought, war and other factors, they 
are unable to produce enough food to feed their people and hence are always at the mercy of 
charitable support.  
 
 
(b) Non-edible oils 
 
There are two main factors underpinning the search for alternative and non-edible oils for 
biodiesel production either in place of or to supplement the production from edible oils. 
These are (i) the use of the edible oils for food and in industrial applications such as 
production of soap and cosmetics and (ii) the high prices of such oils as a result of the 
competition between their use for food and other purposes and their use for biodiesel 
production. The price of biodiesel is very much affected by the price of the lipid feedstock. It 
is estimated that about 88% of the total cost of biodiesel production comes from the refined 
lipid feedstock used (Di Serio et al, 2007). Finding alternative feedstocks that are cheaper can 
reduce the price of biodiesel and make their use more economically attractive, (even without 
subsidies) than petro-diesel. Non-edible oils that tend to be cheaper can fill this gap. Many 
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countries have a large number of non-traditional lipid sources which have the potential of 
being converted to biodiesel. The annual production of non-edible oil from tree-based oil 
seeds in India alone is estimated to be more than 20 Mt (Tiwari et al, 2007). 
 
More than 350 oil-bearing crops have been identified (Demirbas, 2007), among which are 
those used for the production of edible oils. Current large scale production of biodiesel is 
based on the use of edible oils. One of the solutions to the dilemma of food versus energy use 
of energy crops is to identify and use oils from crops that can give good yields but are not 
food-based. Some of the characteristics of such plants include high yield per hectare, high oil 
content of the seeds and survival on marginal lands in order to avoid competition in land use. 
The plants that produce many of the non-edible oils possess some or all of these 
characteristics.  
 
Many of the non-edible oils are so classified because they contain substances which make 
them unsuitable for human consumption. However, in some cases, these substances can be 
removed by refining. For example, gossypol contained in cotton seeds can be effectively 
eliminated from the oil and the press cake to make them suitable for use as cooking oil and 
animal feed respectively. Harmful substances can also be eliminated by breeding as happened 
with the removal of glucosinolates and erucic acid from rapeseed oil. In many cases, 
however, the removal of toxic substances from the lipid materials has not been accomplished 
or even attempted yet (Mittelbach and Remschmidt, 2004).  
 
A number of non-edible oils have been identified for their possible use for biodiesel 
production. These include oils from the physic nut (Jatropha curcas Linn), neem tree 
(Azadirachta indica), jojoba (Simmondsia chinensis Link Schneider), castor oil (Ricinus 
communis), tall oil, rubber (Hebea brasiliensis) seed oil, sal oil, rice bran, mahua oil, palas 
(Butea monosperma) oil, kusum (Schlelchera trijuga) oil and karanja (Pongamia glabra) oil 
(Mittelbach and Remschmidt, 2004; Agarwal et al, 2008). India is making a significant stride 
in the identification, testing and use of non-traditional lipid sources for biodiesel production 
and jatropha oil has received a lot of attention in that country. Other South East Asian 
countries such as Indonesia and Thailand have organised research programmes in the use of 
jatropha oil for biodiesel production. The use of castor oil is receiving special attention in 
Brazil since it is believed that promoting its use will provide economic boost to some poor 
and deprived regions of the country. The major disadvantage with the use of the crude forms 
of many of these feedstocks is the presence of high levels of free fatty acids in the lipids from 
these sources. Advantage can, however, be taken of the many researches being carried out to 
deal with the presence of high fatty acid levels in the feedstocks (see for example Tiwari et 
al, 2007; Ramadhas et al, 2005; Ghadge and Raheman, 2005; Berchmans and  Hirata, 2008) 
 
Jatropha curcas Linn is one the high yielding oil plants with a future for biodiesel production 
in Africa. It has been identified as a sustainable source of biodiesel and many countries are 
already researching into its exploitation as an abundant biodiesel source (Thongbai, et al, 
2006). Another major advantage with this plant is that a large portion of the tropics has been 
identified as a Jatropha zone (Jongchaap et al, 2007). The zone covers a much bigger area 
than that for oil palm. Jatropha is a tough, drought-resistant and frost hardy shrub that bears 
oil-rich seeds under optimum growing conditions. It starts bearing fruits from the first year, 
and develops production after three years. Jatropha grows well in Zimbabwe and Zambia and 
is widely used in India and West African countries (e.g. Mali, Ghana, Nigeria) for biodiesel 
production. It can successfully be grown on sub-optimal land as long as it receives above 300 
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mm of summer rainfall, but it produces a much higher yield under sub-tropical conditions 
(Wilson et al, 2005). 
 
Jatropha oil, castor oil, rubber seed oil and neem oil are among the non-edible lipid sources 
that can be considered for biofuel production in Africa. There could, however, be many high 
oil bearing seeds on the continent which have not been identified. Preliminary work on 
Brighia sapida, a plant that grows quite well in Ghana and produces large amounts of seeds, 
shows that it can be a useful source of oil (Awudza, 2005). There is, therefore, the need to 
research into the possibility of using some of the non-traditional lipid sources, especially 
those that can grow on marginal lands on the African continent, for biodiesel production. 
 
 
(c) Animal fats 
 
Four main types of animal fats have been employed for biodiesel production. These are pork 
lard, beef tallow, fish fat (Mittelbach and Remschmidt, 2004) and poultry fat (Liu et al, 
2007). Direct acid catalysed transesterification of animal waste products such as chicken skin, 
small bone and meat tissue without previous fat extraction have also been reported 
(Mittelbach and Remschmidt, 2004). 
 
Animal fats are typically less expensive than refined vegetable oils for two main reasons: (i) 
they are a by-product rather than a primary product of animal agriculture and (ii) the demand 
for these fats is lower than for the more common vegetable oils. A major disadvantage of 
animal fats in as far as biodiesel production is concerned is that they contain a higher content 
of saturated fatty acids (SFA) than do vegetable oils. This property leads to relatively high 
melting points, which can result in precipitation and hence poor engine performance in cold 
weather conditions. On the positive side, animal fat derived biodiesel fuels, because of their 
higher saturated fatty ester content, generally have higher cetane values than vegetable oil-
derived biodiesel (Knothe et al, 2005).  
 
There are numerous grades of animal fats, differentiated largely on the basis of fee fatty acid 
(FFA) content. Only the grades with lowest FFA levels are suitable for successful direct 
alkali-catalyzed transesterification. Although the transesterification of animal fats is 
accomplished by methods analogous to those employed for vegetable oils, some unique 
considerations necessary to obtain acceptably high degrees of reaction are often adopted 
(Knothe et al, 2005).  
 
The U.S. Department of Agricultures estimates that there are 2.2 billion pounds of inedible 
poultry fat rendered each year in the U.S.A and this constitutes about 20% of the U.S. 
production of animal fats and 6.7% of the total lipids produced. The traditional use of poultry 
fat has been that of being an ingredient of animal feed. This use has, however, been 
challenged due to emerging concerns that this practice can facilitate the transmission of 
potential infectious diseases from one animal species to another (Liu et al, 2007). The 
concern for the use of animal fats (not only of poultry origin), especially bovine lipids, in 
biofuel production is the possibility of exposure to prions, the infectious proteins responsible 
for bovine spongiform encephalopathy (BSE) (mad cow) disease in cattle and variant 
Creutzfeldt-Jacob (vCJD) disease in humans (Erdtmann et al, 2004). The Scientific Steering 
Committee of the European Commission examined normal industrial tallow production 
processes and concluded that the resulting product is free of detectable BSE infectivity, even 
if the source material was highly infective (European Commission, 2000). The U.S. Food and 
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Drug Administration has ruled that tallow and other rendered fats are safe, and specifically 
omitted them from regulations prohibiting rendered products in feeds for cattle and other 
ruminants (U.S. Food and Drug Administration,). The World Health Organization (WHO) 
examined the issue and concluded that because prions are proteinaceous, they would partition 
with the cellular residues of meat and bone, rather than the nonpolar lipid fraction during 
processing. The tallow fraction was, therefore, judged not a risk to human or animal health 
(World Heath Organization, 2001). Cummins et al. (2002) assessed the danger of a human 
contracting vCJD due to the use of tallow as a fuel in diesel engines. These authors concluded 
that the risk was several orders of magnitude less than the rate of spontaneous appearance of 
CJD. Thus, scientific analyses indicate that processed (i.e., rendered) animal fat is not an 
agent of transmission of BSE (Knothe et al, 2005). 
 
 
(d) Waste or used oils 
 
The increasing production of waste frying oils (WFOs) from household and industrial sources 
is a growing problem all around the world. This residue is regularly poured down the drain, 
resulting in problems for wastewater treatment plants and energy loss, or is integrated into the 
food chain through animal feeding, thus becoming a potential cause of human health 
problems. There are many possible end-uses for this waste, such as the production of soaps or 
of energy by anaerobic digestion and thermal cracking. Recently there is an interest in using 
such oil for the production of biodiesel (Felizardo et al, 2006). 
 
There are two main attractions for the utilization of waste or used oils for biodiesel 
production: 

i. These oils are relatively cheap and hence their use can reduce the cost of biodiesel 
production. 

ii. Their disposal poses environmental problems and, therefore, their recycling into 
biodiesel is an environmentally benign process which also makes economic sense. 

 
A large variety of waste oils are available for biodiesel production. The sources of these oils 
can be categorized into the following: 

 Waste oil from households and restaurants 
 Waste oil from food industry 
 Waste oil from non-food industry 

 
Rape, soybean, palm and coconut oils are the waste oils most frequently used in biodiesel 
production. The use of these waste vegetable oils (WVO) requires additional processing to 
filter out residues and to handle the free fatty acids produced by high temperatures (Rutz & 
Janssen).  
 
Austria has a success story about the use of recycled frying oil as an alternative source of 
fatty material for the production of biodiesel. Recycled frying oil methyl esters (RFO-ME) 
have been commercially produced in that country since 1992 and have been used to fuel 
buses serving the city of Graz since 1994. It was estimated that by 2005, over one hundred 
buses would be operating on RFO-ME in Graz. Even though there had been hardly any report 
of fuel related problems as at 2004, the physical properties of the RFO-ME were found to be 
slightly different from those of rapeseed methyl esters (RME). The viscosity and carbon 
residue of the RFO-ME tended to be slightly higher (Mittelbach and Remschmidt, 2004). 
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In addition to the used oils, some by-products of the edible oil industry can also serve as 
feedstocks for biodiesel production. These include rice-bran oil, a highly acidic oil recovered 
from the waste material produced during rice dehulling, oil from palm fruit pulp, the waste 
material left over after the removal of the palm seeds, which normally is dumped without 
further treatment, soybean soap-stock, which is produced during the alkali refining steps of 
edible soybean oil production, the highly acidic sulfur olive oil, a co-product of olive oil 
refining and whey, a waste product of the diary industry. Other waste materials which have 
been suggested are waste activated bleaching earth, a by-product of the bleaching palm oil to 
remove carotenes and chlorophyll, which is estimated to contain about 40% of its weight as 
oil, industrial waste oils including tall oil, a by-product of the manufacture of sulphate pulp 
from resinous woods and trap grease, which is collected from sewage in restaurants and 
canteen kitchens (Mittelbach and Remschmidt, 2004). 
 
In making a choice of any of these waste lipid sources, it is important to take into account the 
characteristics of the material since these will affect the production process and the quality of 
the product. Waste vegetable oils normally contain high levels of free fatty acids which can 
react with the base catalyst, resulting in an inefficient target reaction and the production of 
soap as by-product and eventually deactivate the base catalyst. For efficiency of using the 
waste lipid feedstock, the excess free fatty acid has to be either removed or converted to an 
inert or useful material (Park et al, 2008; Brito et al, 2007). Tall oil for example may contain 
high levels of sulphur as a result of the sulphate pulping and hence it biodiesel may not be 
suitable for powering diesel engines (Mittelbach and Remschmidt, 2004). 
 
 
(e) Microalgae 
 
Microalgae have been suggested as very good candidates for fuel production because of their 
advantages of higher photosynthetic efficiency, higher biomass production and faster growth 
compared to other energy crops. Heterotrophic growth of some microalgae has been used for 
efficient production of biomass and some metabolites such as lipid, which can reduce the cost 
of microalgal biomass production and microalgal oil production. Chlorella protothecoides is 
an example of microalgae that can be photoautotrophically or heterotrophically grown under 
different culture conditions. Heterotrophic growth of C. protothecoides results in high 
production of biomass and accumulation of high lipid content in the cells (Miao and Wu, 
2006). 
 
Algae can grow practically in every place where there is enough sunshine. Some algae can 
grow in saline water. The most significant aspect of algae oil production is the yield and 
hence the yield of the biodiesel. It has been estimated that the yield (per acre) of oil from 
algae is over 200 times the yield from the best performing plant or vegetable oil source. 
Microalgae are the fastest growing photosynthetic organisms. They can complete an entire 
growing cycle every few days Approximately 46 tons of oil/hectare/year can be produced 
from diatom algae. Different algae species produce different amounts of oil. Some algae 
produce up to 50% of oil by weight (Demirbas, 2007).  
 
Recently the potential of cultivating algae near power plants has been recognized as the algae 
can be fed by CO2 emissions. This is possible because carbon dioxide and nitrogen oxides are 
the primary nutrients for the growth of microalgae (Rutz and Janssen, 2008). 
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The fact that oil-rich microalgae can feed on the emissions of coal, petroleum, and natural gas 
power plants in its growth process makes the production of biodiesel from microalgae a 
promising technology. The production figures given in the penultimate paragraph also 
suggest that there is a huge potential for the production of biodiesel using microalgae. There 
is, however, the need for extensive research on the exploitation of microalgae for biodiesel 
production. 
 
4.1.3.2 The alcohol 

Among the alcohols that can be used in the transesterification process are methanol, ethanol, 
propanol, butanol and amyl alcohol. Due to its lower cost, high reactivity and physical and 
chemical advantages (it is polar and is the shortest chain alcohol), methanol is the most 
frequently used alcohol and the biodiesel so produced is a mixture of fatty acid methyl esters 
(FAMEs). It can easily react with triglycerides and NaOH is easily dissolved in it. 
Stoichiometrically, a 3:1 molar ratio of alcohol to triglycerides is needed for a 
transesterification reaction. In practice, however, the ratio is higher in order to shift the 
equilibrium to a maximum ester yield (Ma and Hanna, 1999).  Ethanol can be used in place 
of methanol as a feedstock but it is not used commercially since it is generally more 
expensive. The biodiesel produced from ethanol is a mixture of ethyl esters (fatty acid ethyl 
esters – FAEE) and has somewhat different physical properties as the molecular weight is 
about 5% higher. The viscosities of the FAEE are about 7% higher than their methyl 
analogues (FAME). Generally, the dissimilarities between processing with methanol and 
ethanol are relatively minor, the major difference being in the alcohol recovery step where 
ethanol forms an azeotrope with free water. Overall, the quality of ethyl esters is lower than 
that of the methyl esters due to slower reaction rate with ethanol resulting in a somewhat 
lower level of conversion and higher levels of mono- and di- glycerides and also glycerol in 
the final product (Duncan, 2003). 
 
Another advantage with the use of methanol as the alcohol (methanolysis) is the temperature 
of the transesterification reaction which is often around the boiling point of the alcohol when 
the base catalysed tranesterification process is employed. Since methanol has a lower boiling 
point of about 65 oC as compared to 78 oC for ethanol, the transesterification temperature is 
lower for methanolysis than for ethanolysis and hence more energy is required in ethanolysis. 
Ethanolysis is, however, considered to be more environmentally friendly than methanolysis 
since ethanol can be obtained from bio-resources. It is technically possible to obtain methanol 
from bio-resources as well (methanol is called wood alcohol) and this will make the 
production of FAME entirely based on renewable resources. Another advantage with the use 
of ethanol is that it is less toxic than methanol so that biodiesel production with ethanol is less 
hazardous. The extra carbon in the ethanol also increases the heat content and the cetane 
number of the biodiesel produced using ethanol. Ethyl esters are more soluble in glycerol and 
this makes the separation between the biodiesel and the glycerol phases after ethanolysis 
quite difficult. 
 
In an alkali catalysed methanolysis, the molar ratio of methanol to oil often employed for 
optimum yield of products is 6 to 1 and the reaction takes about 1 hour to complete. 
However, in acid catalysed transesterification, the alcohol to oil ratio can be as high as 30 to 
1 in order to obtain optimum yield of the product and the reaction takes about 50 hours to 
complete (Barakos et al, 2008). 
 
The use of even longer-chain alcohols, either straight- or branched chain, in biodiesel 
production has been described in the literature, and it was shown that the fatty acid (FA) 
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esters of these alcohols offer the advantage of exhibiting lower freezing points than methyl 
ester biodiesel. The esters produced included the isopropyl and isobutyl esters of tallow; the 
methyl esters of which are solid at ambient temperatures. The low-temperature properties of 
these new esters approached those of neat soy methyl esters and were comparable to soy 
esters at the 20% blend level in petro-diesel. This improvement of properties is desirable 
because it could facilitate the use of tallow-based fuels at lower temperatures without the 
danger of fuel solidification and engine failure. The problem of fuel solidification, however, 
may be more economically addressed with available commercial fuel additives. In addition, 
the higher prices of the longer chain alcohols render biodiesel made from them impractical as 
a commercial fuel.  It appears unlikely that methanol will be generally displaced by these 
longer alcohols as the preferred alcohol for biodiesel production (Knothe et al, 2005). 
 
4.1.3.3 Catalysts 

On the large scale of automotive fuel applications, a good esterification catalyst must fulfil 
several conditions that may not seem crucial in the laboratory. Firstly, the catalyst should be 
very active and selective, as by-products other than water are likely to render the process 
uneconomical. Secondly, it should be water-tolerant and stable at relatively high 
temperatures. Finally, it should be an inexpensive material that is also readily available on an 
industrial scale (Kiss et al, 2006). 
 
Catalysts used for the transesterification of triglycerides can be classified as homogeneous or 
heterogeneous. The homogeneous catalysts can further be classified into alkali (basic), acidic 
or enzymatic catalysts and the heterogeneous catalysts can be in the form of basic, acidic or 
supported catalysts. The catalyst systems currently used on a commercial basis are mainly 
homogeneous alkali or acid catalysts. Acid catalysts are preferred if there is a high amount 
free fatty acids (FFAs) in the lipid feedstock or pre-treatment will be required in order to use 
an alkaline catalyst. There is growing interest in the more robust heterogeneous catalyst 
systems due to the advantage of being solid and hence can be removed form products and 
possibly recycled without needing expensive operations. New heterogeneous catalysts are 
being developed which can be used in the presence of high amounts of FFAs in the lipid 
feedstock (Park et al, 2008; Chai et al, 2007). 
 
 
(a) Homogeneous alkaline (base) catalysts 
On a commercial basis, biodiesel is mainly produced using the homogeneous alkaline catalyst 
system. The catalysts used are KOH, KOMe (potassium methoxide), NaOH or NaOMe 
(sodium methoxide). The main advantage of this type of catalyst is the high conversion 
within a short time (about 1 hour reaction time) using mild conditions (atmospheric pressure 
and 60 – 65 oC if methanol is used as the alcohol). Catalyst concentrations between 0.4 to 2% 
w/w of oil are often employed. The actual value depends on the purity of the oil feedstock. 
Typically, a catalyst concentration of about 1% w/w of oil can be employed for refined oil 
(Meher et al, 2006). The base catalysed transesterification requires that the levels of both 
water and free fatty acids (FFA) in the lipid feedstock should be low (FFA should be < 
0.5%). The presence of high levels of FFA will lead to saponification as a side reaction with a 
reduction in the activity of catalyst and hence more catalyst will be required. The soap 
formed can cause the emulsification of the products, requiring a long period for the 
separation of the biodiesel from the glycerol by-product. In the presence of high level of 
FFA, the triglycerides can be purified by saponification (known as alkali treating) and then 
transesterified using an alkali catalyst (Ma and Hanna, 1999). This is at an additional cost. 
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Other disadvantages associated with the use of the alkaline catalysed transesterification are: 
(i) the alkaline catalyst is corrosive to equipment including the vehicle engines if they are not 
completely removed from the product (Chai et al, 2007; Kawashima et al, 2008,); (ii) the 
catalyst residue must be removed from the products, requiring a cumbersome and expensive 
purification process (Kawashima et al, 2008,); and (iii) the process wastewater is 
environmentally toxic due to the high level of basicity resulting from the alkali catalyst used 
(Kawashima et al, 2008,). In comparison to acid catalysed transesterifications, however, the 
base catalysed transesterification is less corrosive to industrial equipment so that less 
expensive carbon-steel reactor material can be used (Mittelbach and Remschmidt, 2004).  
 
As mentioned earlier, alkoxides (which react explosively with water) are more reactive than 
the corresponding hydroxides and hence should normally be preferred as basic catalysts. The 
major advantage of alkoxides over the hydroxides is that the water forming reaction 
(Equation 4.7) cannot occur in the reaction system, thus ensuring that the transesterification 
reaction system remains as water free as possible.  
 
 
       ROH        +       XOH                              ROX      +       H2O                  (4.7) 
 
      (where R= alkyl; X = Na or K)      
     
Since the catalysts are hygroscopic, precautions, such as blanketing with nitrogen, must be 
taken to prevent contact with moisture. Another possible precaution is to keep the alkoxide in 
the alcohol used for its formation, e.g., sodium methoxide in methanol.  The use of alkoxides 
reportedly also results in glycerol of higher purity after the reaction) (Knothe et al, 2005).  
 
The alkoxides are reported to be the catalysts of choice in larger (>5 million gal/yr) European 
and some American production plants. By using the alkoxides, unreacted alcohol, residual 
acylglycerols, trace glycerol, and catalyst can be removed fairly easily from the crude 
product, resulting in a fuel which is able to meet the accepted quality specifications 
pertaining to the region in which it is produced. In all considerations of commercial biodiesel 
production, it is imperative that the product meet these specifications (Knothe et al, 2005). 
  
 
Table 4.5:  Effects of the type and nature of the catalyst on biodiesel purity and yield 

Catalyst 
  Sodium  

 Hydroxide 
Potassium 
Hydroxide  

Sodium  
Methoxide  

Potassium 
Methoxide  

Biodiesel 
Purity  
(wt%) 

99.70 99.71±0.04 99.69 99.76±0.05 99.70 99.72±0.03 99.40 99.52±0.10
99.75 99.80 99.69 99.50 
99.72 99.80 99.72 99.65 
99.65 99.74 99.75 99.53 

 
Biodiesel 
yield 
(wt%) 

 
86.33 

 
86.71±0.28 

 
91.67

 
91.67±0.27

 
99.17

 
99.33±0.36 

 
98.33 

 
98.46±0.16

86.67 91.67 99.33 98.50 
87.00 91.33 99.83 98.33 
86.71 92.00 99.00 98.67 

Temperature = 65oC, Methanol Sunflower Oil Molar Ratio = 6, Catalyst =1 wt% 
 
Source: Vicente et al, 2004 
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For industrial purposes, sodium hydroxide is more commonly used as alkali catalyst in the 
U.S. than potassium hydroxide whereas the reverse is true in Europe.  The advantage of using 
the potassium hydroxide catalyst is that the waste stream may have economic value as a soil 
fertilizer, due to its potassium content. The major disadvantage is the high cost of potassium 
hydroxide compared with sodium-based catalysts (Knothe et al, 2005). The effects of the 
type of catalysts used in the transesterification of sunflower oil using methanol with different 
base catalysts is shown in Table 4.5. It can be seen that the methoxides generally gave higher 
yields than the hydroxides.   
   

 
(b) Homogeneous acid catalysts 
 
Another approach to the production of biodiesel is to use homogeneous acids such as H2SO4, 
HCl, H3PO4, p-toluene sulphonic acid, etc. These catalysts are normally employed if the oil 
has a high level of free fatty acids and more water. They are suitable for the 
transesterification of such oils as palm oil or waste edible oils since they esterify the free fatty 
acids present. They also promote the production of long or branched chain esters which pose 
considerable difficulty in alkaline catalysis (Mittelbach and Remschmidt, 2004). The major 
disadvantages with the use of acid catalysts are the following: (i) Acid catalysed 
transesterifications are far slower than the base catalysed ones. Under the same conditions of 
temperature, pressure and with the same concentration of catalyst, the base catalysed reaction 
is found to proceed at about 4000 times faster than acid catalyses ones (Mittelbach and 
Remschmidt, 2004). (ii) Acid catalysed reactions require harsher conditions than the base 
catalyses ones. Typically, the temperatures up to 100 oC, and a pressure of up to 5 bars in 
order to keep the alcohol at such a high temperature liquid are empolyed. (iii) The acid 
catalysts are also corrosive, toxic and produce many by-products which are difficult to 
separate from the reaction medium (Chai et al). 
 
Concentrated sulphuric acid is among the most frequently cited for biodiesel production due 
to its low price and its hygroscopic nature. Its hygroscopic character is useful for the removal 
of water during the esterification of free fatty acids. It is, however, corrosive, has a tendency 
to attack double bonds in unsaturated fatty acids and can cause dark colouring in the ester 
product. Sulphonic acids, which have lower catalytic activities than mineral acids, pose fewer 
problems in handling and do not attack double bonds within the starting material (Mittelbach 
and Remschmidt, 2004). 
 
 
(c) Enzymatic catalysis 
 
Enzymatic catalysts like lipases are able to effectively catalyze the transesterification of 
triglycerides in either aqueous or non-aqueous systems. The use of the enzymatic catalysts 
can help to overcome some of the problems associated with chemical based catalysts such as 
high energy input, need to remove catalyst residues from products, interference of water and 
free fatty acids with the reaction and need for the treatment of waste water. In particular, the 
by-products, glycerol can be easily removed without any complex process, and also free fatty 
acids contained in waste oils and fats can be completely converted to alkyl esters. However, 
in general the production cost of a lipase catalyst is significantly greater than that of an 
alkaline one (Meher et al, 2006). Inactivation of the lipase by contaminants in the feedstocks, 
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and inactivation by polar short-chain alcohols are other problems associated with the use of 
lipases (Knothe et al, 2005). The enzyme catalyzed transesterification processes are not yet 
commercially developed. 
 
Heterogeneous catalysts 
The heterogeneous catalyst process is expected to be an effective biodiesel production 
process with low cost and minimal environmental impact because of the possibility of 
simplifying the production and purification processes under mild conditions. Therefore, many 
heterogeneous catalysts for the transesterification of oils have been developed. For example, 
the transesterification reaction of soybean oil with ETS-10 zeolite has been studied; 
conversion in excess of 90% was achieved at a temperature of 100 oC. It has also been 
reported that the conversion to methyl ester reaches 87% with the potassium-loaded alumina 
catalyst, when a mixture with a methanol to oil molar ratio of 15:1 is refluxed for a reaction 
time of 7 h (Kawashima et al, 2008). Many other studies on the development of 
heterogeneous catalysts for biodiesel production have been reported. These include studies by 
Corma et al (2005), Kiss et al., (2006), Kawashima et al (2008), Furuta, et al. (2006),  Brito 
et al (2007), Barakos et al (200, Bournay et al (2005), Xie et al (2006), Di Serio et al (2006) 
and Kim et al (2004). The catalytic activities of most of the heterogeneous catalysts reported 
so far are lower than those of homogeneous catalysts such as KOH. Furthermore, there is 
little information regarding their catalytic durability (Kawashima et al, 2008). The French 
Institute of Petroleum (IFP) recently announced the construction of a 160 000 t/y biodiesel 
plant based on the use of a heterogeneous catalyst developed by the IFP (Di Serio et al, 
2007). Even though the heterogeneous catalyst systems may not be as active as the 
homogeneous ones, other factors such as minimal environmental impact and reduction in 
costly purification processes makes them attractive. 
 
4.1.4 Technical aspects of biodiesel production 

Generally, crude oils/fats are not used for biodiesel production due to the high levels of free 
fatty acids, water and other impurities. The presence of water favours the formation of free 
fatty acids as a result of the hydrolysis of the triglycerides. In transesterification reactions 
involving the use of alkaline catalysts, soap is formed as a by-product. The presence of the 
soap leads to a markedly reduced catalytic activity (and hence requiring the addition of more 
catalyst) and the emulsification of the glycerol and the biodiesel thus requiring a very long 
time for the separation of the glycerol and the biodiesel. Hence it is often desirable to use 
refined oil. Unfortunately the refining process contributes significantly to the cost of the oil 
and this is reflected in the price of the biodiesel. 
 
There are three major steps from the raw feedstocks (seeds) to the finished products 
(biodiesel and glycerol by-product). These are: (a) extraction of oil, (b) refining of the oil and 
(c) the transesterification of the oil to obtain the biodiesel. The procedures for oil extraction 
and refining are based on those described by Rutz and Janssen (2008). 
 
 
(a)  Extraction of oil 
 
There are two fundamental production process types for vegetable oils: 

• Industrial: this is based on centralized production by refining in large industrial plants 
• Small scale pressing: this is a decentralized cold pressing process directly on farms or 

in cooperatives 
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In small scale cold pressing facilities, the cleaned oil seeds are exclusively mechanically 
pressed at maximum temperatures of 40 ºC. Suspended solids are removed by filtration or 
sedimentation. As a co-product, the press cake is left with a remaining oil content of usually 
over 10 %, which is used as a protein-rich fodder. Due to higher production costs, the 
decentralized oil production by farmers is not widely applied today in developed countries, 
although the chance of additional income for farmers is given. Furthermore, the co-product 
could be directly used for feeding the animals (Rutz and Janssen, 2008). Until large scale 
industrial oil extraction plants are in place, many African communities can depend on small 
scale cold pressing facilities for their oil extraction. This will have an added advantage of 
social cohesion among the farmers. 
 
The common way in oil extraction is the treatment of feedstock in centralized industrial large 
scale plants. First, the feedstock has to be pre-treated. The description given here is based on 
procedures adopted in Europe where rapeseed is one of the main oil sources for biodiesel 
production. Within the pre-treatment the rape seeds have to be dried first, but only if it will be 
stored for more than ten days. In this case, the typical water content of rape seeds, which is 
about 15 %, has to be reduced to 9 %. Subsequently, the rape seeds are cleaned. Other seeds 
that are larger in size, such as sunflower seeds, have to be peeled. 
 
After the treatment the seeds are crushed, and temperature and moisture content are 
conditioned. The adjustment of the specific moisture content is important as too high contents 
make penetration of the solvent difficult, whereas too low contents enhances compactness 
and consequently also make solvent penetration difficult. The conditioning of temperature 
above 80 °C is necessary to deactivate microorganisms and to avoid smearing of the press 
through coagulated proteins. Additionally the crushed seeds can be better penetrated by the 
solvent and the oil flow is better as it is more liquid. 
 
After conditioning, the oil seeds are pressed at relatively higher temperatures (80 °C) than 
used in small-scale cold pressing. Thereby approximately 75 % of the total rape oil content 
can be extracted This pressed raw oil then is filtered and dehydrated and the final pure oil can 
be used for further refining into PPO or for biodiesel production. 
When pressing rape seeds, the press cake is left as co-product. It still contains the remaining 
25 % of the total rape seed oil content and, therefore, is further treated. First, the press cake 
has to be crushed so that the added solvent, which is usually hexane, can extract the oil at 
temperatures of up to 80 ºC. The results of this process step are a mixture of oil with hexane, 
also called miscella, and the so called extraction grist. The solvent is separated from both 
compounds and recycled to the process. After these process steps, the oil has more undesired 
components as in cold pressing. They are removed by refining. The end product is an oil 
designated as fully refined in edible oil quality. 
The process of oil extraction for other oilseed crops is similar to that of rape seed. Some 
process steps might be added or modified. For example some seeds have to be peeled, others 
do not need peeling. Nevertheless the final end product is always unrefined oil. After the 
refining, which is described in the subsequent section, the plant oil can be directly used as 
PPO.  
 
 
(b) Oil refining 
 
The refining process is an important treatment of creating PPO and of preparing vegetable oil 
for the transesterification process of biodiesel. It is important in order to remove undesirable 
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substances, such as phosphatides, free fatty acids, waxes, tocopherols and colorants. These 
substances can alter oil storage life and hamper further processing. During this first refining 
step the oil mass (4 to 8 %) and the solvent contents are reduced. Since the refining process 
depends on the vegetable oil quality, the refining steps depend on the feedstock source. There 
also exist alternatives of refining and some refining steps are merging.  
 
The first purification step of oil refining is the removal of phosphatides, also known as 
degumming process. This is necessary as phosphatides make the oil become turbid during 
storage and as they promote the accumulation of water (Mittelbach and Remschmidt 2004 p. 
44). Phosphatides can be removed by two different ways: water degumming and acid 
degumming. Water soluble phosphatides can be removed by water degumming. In this case 
water is added to the oil at 60-90°C and the mixture is separated by centrifugal separation of 
the water phase and the oil phase. Acid degumming is applied to phosphatides which cannot 
be hydrated. Acid substances like citric or phosphoric acid are added. (Mittelbach and 
Remschmidt, 2004) also summarize benefits from using small amounts of methanol in this 
process step or the application of enzymatic hydrolysis to effectively remove both soluble 
and insoluble phosphatides.  
 
The second refining step is the deacidification. It is an important step for edible oils as the 
development of rancid flavours of free fatty acids (FFA) is prevented. The content of these 
FFA’s in unrefined pure oil is between 0.3 and 6 %. In this step also phenol, oxidized fatty 
compounds, heavy metals and phosphatides are removed. The purification of all these 
substances is not only important to edible oils, but also to fuel production as these compounds 
alter the storage life and influence transesterification in the biodiesel process. Several 
methods of deacidification are in operation: 
 Neutralization with alkali: This is the most applied method. FFA’s are saponified 

with alkaline solutions and the resulting soap is separated. 
 Distillation: For this alternative more energy is needed. 
 Deacidification by esterification: This is done by esterification of FFA’s with 

Glycerine 
 Deacidification and extraction of colorants and odours with various solvents: (e.g.,. 

ethanol, furfural, propane) 
 
In the third step which is bleaching, colorants are removed. This process step enhances 
storage life of the biofuel. Bleaching is mainly conducted by adsorbing substances, such as 
bleaching earth, silica gel or activated carbon. Oxygen, ozone, hydrogen peroxide and heat 
(200°C) can also be used for bleaching. 
In the deodorization step odorous substances (ketone, aldehyde) are removed by steam 
distillation. Finally a dehydration step has to be conducted, as traces of water may decrease 
conversion in the transesterification process of biodiesel production. The removal of water is 
either accomplished by distillation under reduced pressure or by passing a stream of nitrogen 
through the fatty material (Mittelbach and Remschmidt, 2004). 
 
 
(c) Transesterification 
 
The detailed chemistry of the transesterification process given earlier forms the basis for the 
small-scale and industrial production of biodiesel. The transesterification process consists of 
four principal steps: pre-treatment of the lipid feedstock, biodiesel production through 
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transesterification, biodiesel purification and glycerol purification. The procedures given here 
are based on descriptions by Knothe et al (2005) and Duncan (2003). 
 
 

1. Pretreatment of the lipid feedstock 
 
This step depends on the nature and quality of the lipid feedstock. Different feedstocks 
require different types of pretreatment. The description given here is for tallow or vegetable 
oil. Pretreatment of tallow or oil feedstock is meant to remove components that will be 
detrimental to subsequent processing steps. The process is somewhat different for tallow and 
vegetable oils, the former removing free fatty acids and the latter gummy materials. 
 
Acid-catalyzed pretreatment is applied to oil or fat containing significant amounts of FFA. 
Used cooking oils typically contain 2–7% FFA, and animal fats contain 5–30% FFA. Some 
very low-quality feedstocks, such as trap grease, can approach 100% FFA. When an alkali 
catalyst is added to these feedstocks, the FFA react with the catalyst to form soap and water 
as shown in the reaction below: 
 
 
R-COOH       +      KOH                              R-COOK       +         H2O           (4.8) 
Fatty acid      Potassium hydroxide             Potassium soap         Water 
 
 
Up to ~5% FFA, the reaction can still be catalyzed with an alkali catalyst, but additional 
catalyst must be added to compensate for that lost to soap. The soap created during the 
reaction is either removed with the glycerol or washed out during the water wash. When the 
FFA level is >5%, the soap inhibits separation of the glycerol from the methyl esters and 
contributes to emulsion formation during the water wash. For these cases, an acid catalyst 
such as sulphuric acid can be used to esterify the FFA to methyl esters as shown in the 
following reaction: 
 
 
R-COOH           +        CH3OH                      R-COOCH3      +      H2O          (4.9) 
Fatty acid                     Methanol                     Methyl ester              Water     
 
This process can be used as a pretreatment to convert the FFA to methyl esters, thereby 
reducing the FFA level. Then, the low-FFA pretreated oil can be transesterified with an alkali 
catalyst to convert the triglycerides to methyl esters. As shown in the reaction scheme, water 
is formed and, if it accumulates, it can stop the reaction well before completion. It was 
proposed that the alcohol should be separated from the pretreated oil or fat after the reaction. 
Removal of this alcohol also removes the water formed by the esterification reaction and 
allows for a second step of esterification; alternatively, one may proceed directly to alkali-
catalyzed transesterification. The methanol-water mixture will also contain some dissolved 
oil and FFA that should be recovered and reprocessed. Pretreatment with an acidic ion-
exchange resin has also been described. It was shown that acid-catalyzed esterification can be 
used to produce biodiesel from low-grade by-products of the oil refining industry such as 
soapstock. Soapstock, a mixture of water, soaps, and oil, is dried, saponified, and then 
esterified with methanol or some other simple alcohol using an inorganic acid as a catalyst. 
The procedure relies on a large excess of alcohol, and the cost of recovering this alcohol 
determines the feasibility of the process.  
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2. Biodiesel production through transesterification 
 
The processes described here are based on the use of methanol as the alcohol, sodium 
hydroxide or methoxide as the catalyst and oil feedstocks normally used in the USA as the 
lipid source. Thus the process is based on the American biodiesel production process, aiming 
at a standard fuel quality of ASTM D 6751-02. 
 
In the actual transesterification the pretreated triglycerides are reacted with methanol to form 
the raw methyl esters and glycerol. There are two basic steps: the reaction process followed 
by separation of the methyl ester and glycerol streams. In most technologies, these two steps 
are undertaken twice in order to push the transesterification closer to completion by reducing 
the concentration of glycerol in the second stage. The reaction is also pushed closer to 
completion by using an excess of methanol (6 to 1 molar ratio of methanol to oil ratio is 
preferred in alkaline catalysed methanolysis). The processes are generally designed in such a 
way as to achieve a high level of conversion, and methyl ester purity (>98%), as lower 
conversion rates result in increased levels of mono- and di-glycerides, causing processing 
problems with emulsion formation and low temperature hazing problems with the biodiesel 
itself as these compounds have higher melting points (and viscosity) than the methyl ester. 
 

 
 
Figure 4.3: Process Flow Scheme for Biodiesel Production 
 
Source: Knothe et al, 2005 
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For alkali-catalyzed transesterification, Figure 4.3 shows a schematic diagram of the 
processes involved in biodiesel production from feedstocks containing low levels of FFA. 
These include soybean oil, canola (rapeseed) oil, and the higher grades of waste restaurant 
oils. Alcohol, catalyst, and oil are combined in a reactor and agitated for ~1 h at 60°C. 
Smaller plants often use batch reactors but most of the larger plants (>4 million L/yr) use 
continuous flow processes involving continuous stirred-tank reactors (CSTR) or plug flow 
reactors. The reaction is sometimes done in two steps in which ~80% of the alcohol and 
catalyst is added to the oil in a first-stage CSTR. Then, the product stream from this reactor 
goes through a glycerol removal step before entering a second CSTR. The remaining 20% of 
the alcohol and catalyst is added in this second reactor. This system provides a very complete 
reaction with the potential of using less alcohol than single-step systems. 
 
After the reaction, glycerol is removed from the methyl esters. Due to the low solubility of 
glycerol in the esters, this separation generally occurs quickly and can be accomplished with 
either a settling tank or a centrifuge. The excess methanol tends to act as a solubilizer and can 
slow the separation. However, this excess methanol is usually not removed from the reaction 
stream until after the glycerol and methyl esters are separated due to concern about reversing 
the transesterification reaction. Water may be added to the reaction mixture after the 
transesterification is complete to improve the separation of glycerol.  
 
 

3. Biodiesel purification 
 
After separation from the glycerol, the methyl esters enter a neutralization step and then pass 
through a methanol stripper, usually a vacuum flash process or a falling film evaporator, 
before water washing. Acid is added to the biodiesel product to neutralize any residual 
catalyst and to split any soap that may have formed during the reaction. Soaps will react with 
the acid to form water-soluble salts and FFA according to the following equation: 
 
 
R-COONa        + HAc                         R-COOH         +       NaAc             (4.10) 
Sodium soap      Acid                            Fatty acid                     Salt 
 
 
The salts will be removed during the water washing step and the FFA will stay in the 
biodiesel. The water washing step is intended to remove any remaining catalyst, soap, salts, 
methanol, or free glycerol from the biodiesel. Neutralization before washing reduces the 
amount of water required and minimizes the potential for emulsions to form when the wash 
water is added to the biodiesel. After the wash process, any remaining water is removed from 
the biodiesel by a vacuum flash process. 
 
 

4. Glycerol purification 
 
The glycerol stream leaving the separator is only ~50% glycerol. It contains some of the 
excess methanol and most of the catalyst and soap. In this form, the glycerol has little value 
and disposal may be difficult. The methanol content requires the glycerol to be treated as 
hazardous waste. The first step in refining the glycerol is usually to add acid to split the soaps 
into FFA and salts. The FFA are not soluble in the glycerol and will rise to the top where they 
can be removed and recycled. Mittelbach and Koncar (53) described a process for esterifying 
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these FFA and then returning them to the transesterification reaction stream. The salts remain 
with the glycerol, although depending on the chemical compounds present, some may 
precipitate out. One frequently touted option is to use potassium hydroxide as the reaction 
catalyst and phosphoric acid for neutralization so that the salt formed is potassium phosphate, 
which can be used for fertilizer. After acidulation and separation of the FFA, the methanol in 
the glycerol is removed by a vacuum flash process, or another type of evaporator. At this 
point, the glycerol should have a purity of ~85% and is typically sold to a glycerol refiner. 
The glycerol refining process takes the purity up to 99.5–99.7% using vacuum distillation or 
ion exchange processes. Methanol that is removed from the methyl ester and glycerol streams 
will tend to collect any water that may have entered the process. This water should be 
removed in a distillation column before the methanol is returned to the process. This step is 
more difficult if an alcohol such as ethanol or isopropanol is used that forms an azeotrope 
with water. Then, a molecular sieve is used to remove the water. 
 
Some authors state that it is possible to bring about a reaction between the oil and methanol 
without a catalyst, which eliminates the need for the water washing step. However, high 
temperatures and large excesses of methanol are required. The difficulty of reproducing the 
reaction kinetics results of other researchers was noted and was attributed to catalytic effects 
at the surfaces of the reaction vessels; it was also noted that these effects would be 
exacerbated at higher temperatures. Not including the effect of surface reactions could cause 
difficulties when scaling up reactors due to the decrease in the ratio of reactor surface area to 
volume. Kreutzer described how higher pressures and temperatures (90 bar, 240°C) can 
transesterify the fats without prior removal or conversion of the FFA. However, most 
biodiesel plants use lower temperatures, near atmospheric pressure, and longer reaction times 
to reduce equipment costs (Knothe et al, 2005). 
 
The transesterification process can be undertaken using simple equipment and biodiesel is 
manufactured on a small scale by enthusiasts for the fuel, using buckets amongst other 
paraphernalia. However, to produce the fuel on a commercial basis, more sophisticated 
conditions are required to meet consistent quality requirements for the large volumes 
involved and to improve yields and rates of reaction. A number of process configurations are 
used with the principal alternatives being batch and continuous processes and high and low 
pressure systems. Generally, the more modern systems favour lower pressures because of the 
attendant lower plant costs and continuous processes are used in the larger and newer plant 
although some companies prefer batch systems. Plants have been built with capacities up to 
100,000 tonnes per annum. As the transesterification process is common for both tallow and 
vegetable oils, it is possible to interchange the feedstock in most types of plant, provided that 
account is made for the higher melting point of tallow. However, a single stage process 
designed for vegetable oils may not be able to produce a biodiesel with sufficiently low Cold 
Filter Plugging Point - CFPP (a measure of low temperature waxing in diesel) as the mono- 
and di-glycerides produced from tallow usually will have higher melting points than their 
vegetable oil counterparts. Two-stage transesterification, which appears to be the norm in 
most modern plants, will generally reduce the tallow mono- and diglycerides to acceptable 
levels. 
 
In terms of production plants, it is important to be aware that it is not always possible to use a 
plant meant for vegetable oils for example for the transesterification of pork lard or beef 
tallow. For example, the plant built by Oelmuehle Leer Connemann GmbH in Germany is 
designed specifically for vegetable oils and cannot process untreated tallow, whereas the 
plant built by Energea of Austria is designed for both types of feedstocks. The pre-treatment 
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technologies are well understood. Similarly, the processes used for the purification of the 
methyl esters and the glycerol products are well known outside the fuel processing industry. 
Upgrading of glycerol is commonplace to achieve higher quality levels and enhanced prices. 
 
With the establishment of specifications for biodiesel in Europe and North America, product 
quality is not necessarily an issue as new plant being built can be designed to meet these 
specifications, based on experience in the design and operation of commercial plant, 
particularly in Europe. 

 

4.2 Application technologies 

There are a number of compelling reasons for a search for alternative and renewable sources 
of energy. In the first place, there is an increasing demand for energy for domestic, 
commercial and industrial uses and for transportation. Mechanized agriculture, which can 
ease the overdependence on hoes and cutlasses in developing countries require energy in 
different forms. The International Energy Agency forecasts that the world will require 50% 
more energy over present consumption levels by 2020 (Thongbai et al, 2006). It is well 
known that access to energy is important for development and since development is 
necessary for every community, energy becomes a key ingredient among the resources for 
community planning and development. The price of energy affects the prices of many other 
goods and services, hence energy is an important factor for production as well. Secondly, 
dwindling world oil, gas and coal reserves means that the supply of energy from these non-
renewable sources cannot meet the demands of growing and developing economies. Thirdly, 
the localization and politicization of fossil fuel has led to astronomic increases in the prices of 
petroleum products and this is having adverse effects on the economies of non-oil producing 
countries especially those whose economies are already fragile. The price of crude oil has 
more than doubled in the past one year. Fourthly, environmental concerns, especially about 
greenhouse emissions and attendant global warming call for a reduction in the dependence on 
fossil-based fuels.  The Kyoto protocol signed in 1997 requires every nation to address the 
issue of greenhouse emissions in one way or the other. The protocol requires from the 
European Union (EU), for example, the commitment to reduce greenhouse emissions by 8% 
between 2008 and 2012 from their 1990 level (Di Serio et al, 2006).  Another important 
motivation for renewable energy use especially in rural communities is the availability and 
distribution of energy. In such communities, particularly in remote locations, transmission 
and distribution of energy generated from fossil fuels can be difficult and expensive. 
Producing renewable energy locally can offer a viable alternative. 
 
In the search for alternative and renewable sources of energy, sustainability is very important. 
The alternative energy must be technically feasible, economically competitive, 
environmentally benign and easily available (Demirbas, 2007). Biodiesel is one such 
alternative sources of energy.  There is a significant increase in the production and use of 
biodiesel in many countries over the past few years. For example the biodiesel production 
level in Europe increased from less than 1 million metric tonnes in 2000 to over 5.7 million 
metric tonnes in 2007 (European Biodiesel Board, 2008). Within the same period, the USA 
biodiesel production level increased from just about 2 million gallons in 2000 to about 450 
million gallons in 2007 (National Biodiesel Board, 2008). In Southeast Asia, Malaysia and 
Thailand have embarked on biodiesel programmes. The rapid demand for biodiesel is driven 
by a number of factors among which are the following: 
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(a) Biodiesel is a renewable source of energy which diversifies and increases energy 
security especially for those countries which depend heavily on imported crude oil. 
Many countries and regions have set targets for using energy generated from 
renewable sources. The target for the European Union is 5.8% renewable energy by 
2010 and 20% by 2020. Thailand has a target of 8% by 2011, including a target of 
10% biodiesel in the diesel pool by 2012. 

(b) Biodiesel has comparable diesel properties to petroleum diesel and may be used as the 
neat (100%) biodiesel (B100) or as a blend with petro-diesel (typically B5 or B20) 
without significant modifications to existing vehicles 

(c) Biodiesel has a much better lubricity than petro-diesel even when used as a blend. It 
improves the lubrication in fuel pumps and injector units leading to a decrease in wear 
and tear. 

(d)  Biodiesel has a higher cetane number (about 60 to 65 depending on the vegetable oil) 
than petro-diesel (about 53) and improves cetane number when blended with petro-
diesel. 

(e) Biodiesel has a higher flash point (above 120oC) than petro-diesel (EU specification is 
a minimum of 55 oC) which makes biodiesel safe for handling, distribution and 
storage. This property makes biodiesel particularly suitable for underground mining 
operations where the risk of fire outbreak in underground shafts must be reduced to 
the minimum (Crabbe, 2001). 

(f) The cleaner combustion of biodiesel not only produces 78% less carbon dioxide 
emissions than petro-diesel but it also reduces particulate matter emissions by 70% 
and carbon monoxide emissions by 50%. In addition, biodiesel is virtually sulphur 
free and does not contribute acid rain. This helps to meet Kyoto Treaty targets for the 
reduction of greenhouses gases.  

(g) Biodiesel reduces a country’s oil import requirements and helps save foreign 
currency. (Thongbai et al, 2006). 

 
 
Other benefits that can be derived from the use of biodiesel as a fuel source includes:  
 
 It is renewable and hence sustainable 
 It is biodegradable. It has been estimated that about 98% of biodiesel degrades in 

water in a few weeks (Kiss et al, 2006) 
 Some of the plant-based lipid feedstocks used for the production of biodiesel, e.g., 

jatropha oil, can be grown on marginal lands 
 Vegetable oils used for biodiesel production require less energy inputs for their 

production 
 It can be produced from waste material such as waste cooking oil and hence reduce 

the disposal problems associated with such materials 
 Biodiesel contains less aromatic compounds than petro-diesel. Aromatic compounds 

increase particulate emissions which are considered carcinogens 
 On technical grounds, an important benefit that can be derived from the use of 

biodiesel is the fact that the molecules extracted from bio-based resources are already 
functionalized. 

 Biodiesel use has a positive social impact because it can enhance rural agriculture and 
revitalization 
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Application in diesel engines 
Biodiesel has similar characteristics as petro-diesel and hence can generally be applied in 
machinery that make use of petro-diesel. The applicability of biodiesel in such machinery is 
based on the benefits listed above. Currently, it is used either in the neat form (100% 
biodiesel – B100) or as a blend in powering vehicles with diesel engines with little or no 
engine modifications. It is suitable for buses and heavy duty machinery. The city of Graz in 
Austria has been using biodiesel produced from recycled frying oil for running a fleet of 
buses since 1994. 
 
As mentioned earlier, due to its high flash point, biodiesel is very suitable for use in 
underground mining operations. Since mining operations create marginal lands and some of 
the energy crops that are used for the production of biodiesel can be grown on marginal 
lands, biodiesel programmes in mining communities can serve a dual purpose –land 
reclamation and provision of safe energy for mining operations. 
 
Biodiesel can be used to run agricultural machinery. In rural agricultural communities, 
biodiesel programmes can help provide the energy needs for their farming activities if they 
mobilize themselves into cooperatives to own the farm machinery. Such an arrangement can 
also help to increase their income. 
 
Biodiesel can be used in lamps in place of kerosene. 
 
A major challenge in the production and use of biodiesel is the use of food crops, e.g., palm 
oil, maize, soya beans, sorghum, and coconut oil for the production of fuel. This challenge 
can be overcome if non-edible crops are employed. Jatropha curcas, which grows quite well 
on marginal lands and is toxic to human beings, can serve as an energy crop to fill that gap. 
 
Usage of biodiesel will allow a balance to be sought between agriculture, economic 
development and the environment. Application of life cycle assessment can help to ensure the 
sustainability of the production and use of biodiesel 
 
 
4.3 Economics 

The success of replacing petroleum diesel with biodiesel depends to a large extent on the 
economics of the process. Knothe et al (2005) reported that all materials reviewed found the 
cost of producing biodiesel to be more expensive than cost of producing petroleum based 
diesel. According to You et al (2008), the cost of producing biodiesel is about 1.5 times 
higher than the cost of producing diesel depending on feedstock. Reasons assigned for the 
high cost of producing biodiesel will be grouped into three main areas for the purpose of this 
study. The areas are: 

 Cost associated with the cultivation of the oil seed 
 Cost associated with producing the biodiesel 
 Other factors that may affect the cost of production 

4.3.1 Cost of producing oil  

The cost of producing biodiesel is reported to depend to a large extent on the cost of 
feedstock (You et al, 2008; Amigun et al, 2008). Sharma et al (2008), go further by reporting 
that the raw material costs constitute about 80% of the total cost of producing biodiesel. The 
cost of feedstock is country specific and depends on: 



88 
 

1. Cost of land 
2. Labour 
3. Farm machinery 
4. Cost of fertilizer 
5. Cost of planting materials (seeds), herbicides, irrigation, etc 

These factors combined constitute the total cost of cultivating the oil seed. Availability and 
cost of land is country specific. Cost of labour, planting materials and irrigation are also 
country specific. For instance in African countries, land, labour and planting materials may 
be lower than in developed countries. The tendency to establish large mechanized farms to 
reduce specific cost of production makes nonsense of the socio-economic benefit of 
providing employment to a larger number of people. According to a World Bank report, a 
biofuel industry in Africa based on feedstock would have numerous economic benefits 
(Amigun et al, 2008). Wilson et al (2005) using the cultivation of sunflower as a case study 
concluded that if small holder farms are employed, the cultivation of 4,000ha within a radius 
of 30km will generate about 1600 secured jobs  if 2 people work on a 5ha farm. In another 
study Wilson et al (2005), reported that if 15% of the current national diesel consumption in 
South Africa is replaced with biodiesel by means of small plantations a total of about 290 000 
secured jobs will be created. The socio-economic benefit of cultivating feedstock may even 
depend on the type of feedstock chosen. Caminiti et al (2007) conducting a feasibility study 
on biodiesel in Ghana concluded that jatropha cultivation may provide 3 times more 
employment than palm oil cultivation. The type of feedstock planted may also have an effect 
on the cost of fertilizer application. For instance, jatropha is known to grow well in barren 
and less productive soils as compared to soybean or oil palm.  
 
The fatty acid profile of the seed oil and the extent of conversion of the product also affect 
the choice of processing technology and the cost as well. As shown in figure 4.4 below, the 
higher the free fatty acid content of the feedstock the higher the installed capital cost. This is 
due to the fact even a small increase in free fatty acid content will require pre-treating the oil 
to reduce the free fatty acid content to appreciable limits and this will obviously require 
additional equipment to do this. The other way of overcoming the problem of high free fatty 
acid content is to change the processing technology of the biodiesel to an acid catalysed 
reaction rather than the more preferred base catalysed reaction. According to Tyson (2006), 
pre-treatment of vegetable oils can increase the capital cost by as much as 25%. 
 
 

 
Figure 4.4: Installed cost of biodiesel plant as a function of oil type 
 
Source: Center for Industrial Research Services, Iowa University Extension 
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4.3.2 Production cost 

Cost associated with producing the biodiesel can be grouped into capital and operational cost. 
The capital cost is basically the cost of setting up the plant. This includes the cost of land, 
clearing, equipment and installation of equipment. All these cost are dependent on the size of 
the plant. Table 4.7 below gives the typical installed plant size as a function of the volume of 
output.  You et al (2008) reported that plant capacity of 100,000t/year is more economically 
viable when compared to plant capacities of 8000 and 30,000t/year. This due to the fact that 
the bigger the plant the lower the equipment cost and the operating expenses per litre of 
biodiesel produced. In other words the bigger the plant capacity the better. Even though this 
may be true, bigger plants are usually expensive to set up as shown in table 4.7 below and 
highly dependent on the availability of sustainable market for the product. Wilson et al 
(2005) however reports that biodiesel plants are generally insensitive to economies of scale. 
They therefore argue that it is more economical to sep up more small and medium scale 
plants in more areas so as to spread the employment potential than set up a few large scale 
plants. 
 
 
Table 4.7: Plant installed cost based on volume 
plant size (million litres) Installed cost (low, US$ m) Installed cost (high, US$ m) 
1 1.9 3.1 
3 3.6 6 
5 4.9 8.2 
7.5 6.3 10.5 
10 7.5 12.5 
15 9.5 15.8 
20 11.4 19 
30 14.5 24.1 
50 19.7 32.8 
1131 21 (CAD $)  
Source: Howell, 2005 
 
 
Operational cost includes labour, utilities, and plant overhead cost which are also country 
specific.  
 

4.3.3 Other cost factors 

Other factors that may affect the cost of biodiesel positively when considered and put in their 
proper contest include government subsidies and additional income from the sale of by-
products of the biodiesel production process. 

Government subsidies are essential tools needed to make the price of biodiesel comparable to 
diesel. For instance according to Wassel and Dittmer (2006), subsidies are only comparable if 
biodiesel is the least expensive method of reducing diesel pollution. Using published estimate 
of emission reduction from biodiesel and placing value on the emission reduction under 
conservative estimates, Wassel and Dittmer (2006) concluded that the environmental benefit 
associated with using biodiesel far outweighed subsidies granted. By this statement they 
justify subsidies on biodiesel as a way of protecting the environment and the health of the 
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people. Subsidies by way of tax exemption on biodiesel by the German parliament in 2002 
helped to boost the economic viability of biodiesel production (Wassel and Dittmer, 2006). 
To make biodiesel production competitive in Ghana, the government must grant tax subsidies 
of about 5% on the cost of all blended fuel (Caminiti et al, 2007). 

So far most of the economics carried out on biodiesel do not include the potential additional 
revenue that can accrue from the sale of the by-product. Glycerine which is a by product of 
biodiesel production is a potential raw material for the production of soap. According to Haas 
et al (2006) if glycerol is recovered and sold on the market as 80% w/w aqueous solution, the 
cost of biodiesel production will be reduced by about 6%. This study took into effect the 
price fluctuations of glycerine on the international market.  The cake obtained after the 
extraction of the oil is also a potential raw material for the production of biogas which can be 
used to generate electricity or for heating purposes, this will likely reduce the cost of utilities.  
The sludge after producing the biogas can be used as a potential organic fertilizer. This 
potential if tapped will remove entirely or reduce the cost of application of fertilizer which 
will in turn affect the cost of cultivation and hence the cost of producing biodiesel.   

 

4.4 Environmental impacts 

One of the major reasons for developing bioenergy programmes as alternatives to energy 
from fossil fuel is a concern for the environment. A large number of researchers allude to the 
positive environmental gains associated with biodiesel in their publications. These include 
Brito et al, (2007), Bournay et al, (2005), Durrett et al, (2008), Kiss et al, (2006), Chai et al, 
(2007), Giuliano et al, (2004), Georgogianni et al, (2007), Lebedevas et al, (2006), 
D’Ippolito et al, (2007), Watanabe et al, (2007) and  Yagiz et al, (2007).  
 
The biggest advantage of using biodiesel, especially given today’s environmental and 
political concerns, is that biodiesel in principle is a sustainable source of liquid transportation 
fuel and is essentially neutral with respect to the production of carbon dioxide. This is 
because the energy contained within the reduced hydrocarbon chains of biodiesel is 
ultimately derived from the sun: plants capture solar energy using photosynthesis, converting 
carbon dioxide and water to the sugars from which triacylglycerides are derived. Even when 
taking into account other inputs such as fertilizer and energy for transportation and 
conversion, biodiesel returns almost double the energy used for its production; its subsequent 
combustion in place of conventional diesel reduces greenhouse gas emissions by 40% (Hill et 
al., 2006 in Durrett et al, 2008). 
 
Biodiesel has a higher oxygenated state compared to conventional diesel. This leads to lower 
carbon monoxide (CO) production and reduced emission of particulate matter. Particulate 
matter is especially problematic in European cities, motivating temporary curfews for diesel-
powered vehicles (Durrett et al, 2008).  The use of biodiesel reduces carbon dioxide (CO2) 
emissions by almost 70% compared to conventional diesel fuel (Bournay et al, 2005). It has 
also been estimated that by using 1 kg of pure biodiesel instead of fossil fuel, 3.2 kg of CO2 

production could be avoided (Chai et al, 2007). Biodiesel also contains little or no sulphur or 
aromatic compounds. The presence of relatively high levels of sulphur in conventional diesel 
contributes to the formation of sulphur oxides and sulphuric acid while the aromatic 
compounds also increase particulate emissions and are considered carcinogens.  
 



91 
 

Biodiesel can undergo fast biodegradation and this is particularly advantageous in 
environmentally sensitive areas where fuel leakages pose large hazards. Biodiesel has a 
greater lubricity than conventional diesel and this is also environmentally advantageous due 
to the widespread mandated adoption of low sulphur diesel fuels. The elimination of sulphur-
containing compounds from conventional diesel removes the fuel constituents that contribute 
to the inherent lubricity of the fuel. Blending high lubricity biodiesel with low sulphur fuel 
restores the lubricity of the conventional diesel fuel and reduces the negative environmental 
impact of high sulphur fuels (Knothe et al., 2005). 
 
The production of more nitrogen oxides than conventional diesel is one of the negative 
environmental impacts of biodiesel usage. Table 4.6 shows the average emissions from 
biodiesel compared to conventional diesel fuel. The general reduction in emissions with 
respect to biodiesel usage is evident from the table. 
 
 
Table 4.6 Average diesel emissions compared to conventional diesel 
Emission Type B20 / % B100 / % 
Total Unburned Hydrocarbons -20 -67 
CO -12 -48 
CO2 -16 -79 
Particulate Matter -12 -47 
NOx +2 +10 
SOx -20 -100 
Polycyclic Aromatic Hydrocarbons (PAHs) -13 -80 
Nitrated PAHs -50 -90 

 
Source: Kiss et al, 2006 
 
 
4.4.1 Impact on land 

The major environmental challenges associated with the use of biodiesel are land degradation 
and associated destabilisation of the ecosystem. A paradigm shift from the use of petro-diesel 
to biodiesel use will require the cultivation of large hectares of land with oil crops. This may 
require intensive agriculture which can easily impact negatively on the environment if not 
properly managed. For some oil crops, water may be needed for irrigation. This can 
destabilise aquatic life. These challenges can be managed if proper environmental impact and 
life cycle assessments are carried out before any major large production of oil crops are 
initiated. 
 
The use of homogeneous alkali and acid catalysts for the production of biodiesel release large 
amounts of waste products which are environmental pollutants. The replacement of these 
homogeneous catalysts with heterogeneous ones which can be easily removed and recycled 
can solve this problem but development of commercial heterogeneous catalysts systems for 
biodiesel production is at its infant stage. 
 
4.4.2 Impact on forests 

The prices of feedstock produced in Asia and Africa for biodiesel production are currently 
less expensive than those produced in Europe and North America. This suggests that imports 
to these wealthier nations are likely to increase in the future FoE, 2006). This potential 
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increase in demand for cheap oils from tropical regions raises serious environmental 
concerns. This is especially so, if tropical forests are cleared to grow feedstock, thus having a 
damaging impact on the ecosystem and biodiversity. 
 
An interesting case of deforestation for palm oil plantation is that of Indonesia. According to 
several reports the loss of habitat is as a result of the deforestation is threatening many 
species of plants and animals. The popular example cited in these reports is the already-
shrinking populations of orangutans on the Indonesian islands of Borneo and Sumatra, which 
face extinction if deforestation continues at its projected rate (Buckland and Matthew, 2005; 
Nellemann et al, 2007). 
 
4.4.3 Impact on food production  

The issue as to whether biodiesel production affects food production is debatable. The largest 
biodiesel producers were the European Union, the United States, Argentina, Australia, and 
Brazil, with a combined use of vegetable oils for biodiesel of about 8.6 million tons in 2007 
compared with global vegetable oils production of 132 million tons (Lustig, 2008). While 
maize displaced soybeans in the U.S., the expansion of biodiesel production in the EU 
diverted land from wheat and slowed the increase in wheat production which would have 
otherwise kept wheat stocks higher (Mitchell, 2008).   
 
Flavin, of the World Watch Institute notes the increase in world agriculture prices caused by 
the global boom in biofuels could benefit many of the world’s rural poor. He notes that the 
central cause of food scarcity is poverty, and seeking food security by driving agricultural 
prices even lower will hurt more people than it helps. According to Urbanchuk, 2008 the 
greater use of fats and oils for biodiesel production increases the value that farmers receive 
for their crops, while making protein meal rather less expensive.  
 
Whilst there is the potential risk of diverting farm lands for biodiesel production, a growing 
percentage of biodiesel is made from waste vegetable oil and greases. In addition, Non-food 
crops like Jatropha, used for biodiesel, can thrive on marginal agricultural land where many 
trees and crops won’t grow. Also the cultivation of jatropha and fruit picking by hand is 
labour-intensive and needs around one person per hectare. In parts of rural Africa this 
provides much-needed jobs, which in turn leads to food security. 
 
 
4.5 Case studies  

4.5.1 Biodiesel development in Ghana 

In 2006, the government published the Strategic National Energy Plan (SNEP), a policy 
document to guide government in the energy sector from 2006-2020.  The document which 
outlines government’s policy direction, seeks to ensure energy security and meet rising 
demand. In this regard special emphasis has been placed on the role of renewable energy in 
especially the petroleum sub sector. The policy direction of government is to achieve 10% 
penetration of biofuels by 2015 rising to 20% by 2020 (SNEP 2006). More specifically, in the 
agricultural and fisheries sub sector biodiesel penetration is expected to reach 2% by 2015 
and 10% by 2020. The road map for the introduction of biodiesel was also drawn for B5 and 
B10 (5% and 20% biodiesel blend with 95% and 90% diesel respectively). According to the 
road map, B5 will be introduced in 2008 though marketing companies will not be mandated 
to sell it. However by 2010 all petroleum marketing companies will be mandated by law to 
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sell both B5 and B10.  Though refreshing, the document failed to establish standards for both 
biodiesel production and blending the biodiesel with diesel. According to Asser (2007), the 
Energy Commission which is tasked to provide technical advice to government and formulate 
policy for adoption by government has adopted 17 ISO and 27 ASTM standards. After public 
review these standards will be gazetted. The Energy Commission is also tasked with the 
licensing of all companies who intend to produce biodiesel whiles the National Petroleum 
Authority will be concerned with issues of pricing and consumer protection. Potential sources 
of biodiesel feedstock in Ghana are; palm oil, coconut oil, jatropha and soybean.  
 
Policy implication 
Though government has not come out clearly on which biodiesel feedstock to promote, there 
is growing concern that the government may settle on jatropha as the feedstock to promote 
(Caminiti et al, 2007). This is due to the fact that jatropha has the ability to create more jobs 
and can also be grown on barren and deprived soils (Caminiti et al, 2007; Amoah, (undated)).  
According to Caminiti et al (2007), Ghana’s demand for biodiesel will be about 63, 204MT 
by 2010 and rise to about 330, 431MT by 2015. This high demand for biodiesel will equally 
results in high demand for feedstock. Palm oil is grown for both export and local 
consumption in Ghana. Average Annual production of palm oil is about 800, 000T with over 
240,000ha under large, medium and small scale plantation (Duku, 2007). Production of 
coconut oil is mainly done for human consumption in Ghana though an export potential exist. 
On the average about 270,000T of coconut are harvested annually in Ghana (Lartey and 
Acquah, 1999). Basic statistics of annual production of oil is however scarce. Information on 
production of jatropha is also scarce.  Presently large plantations of jatropha do not exist in 
the country even though government has plans of establishing one (Caminiti et al, 2007). 
Total cultivated land stands at about 2000ha (Duku, 2007). According to Duku (2007), the 
country has the potential to use other oils like soybean and sunflower oil as potential feed 
stock for biodiesel production. Current production of soybean stands at 50MT, however, the 
country has the potential of producing 700MT of soybean annually. 
 
Policy response 
Governmental Agencies have been slow in responding to the policy direction of government. 
For instance, the Energy Commission has struggled to come out with the standards and 
regulatory mechanism thereby delaying the road map for the introduction of B5 onto the 
market. It is almost certain that B5 will not be introduced this year also because education on 
the benefit of using biodiesel is very low whiles the country also lacks the capacity presently 
to meet the large volume required. SNEP has identified 13.6 million acres of idle land for the 
cultivation of feed stock for biodiesel production. To make use of the idle land government in 
2006 through the ministry of agriculture rolled out a programme dubbed the National 
Jatropha Plantation Project to cultivate about 1 million hectares of jatropha on the next 5-
6yrs. A committee has been setup to plan and ensure the success of the programme (Amissah-
Arthur et al, 2007).  The government is also embarking on large scale cultivation of palm oil 
through the Presidential Special Initiative (PSI) on Palm Oil. Farmers response to the PSI on 
palm oil have been described as very positive especially because of the direct involvement of 
government in the nursing of the seedlings. So far about 100,000 hectares of land is expected 
to be cultivated and increased to 300 000 hectares in the near future. Though this is not an 
endorsement by government of palm oil over jatropha since government has not come out 
with any such statement, it remains to be seen what the palm oil will be used for in the future 
when the trees begin to bear fruits. 
 



94 
 

The private sector’s response has been somehow encouraging. Even in the absence of 
standards and regulatory mechanism, certain individuals have taken up the challenge, some 
with donor funds to setup plantations and processing plants.  
 
 
Table 4.7: List of biodiesel companies, installed capacity, feed stock and plantation 
developed 
Company Installed capacity Feed stock Plantation 

developed 
B1 Ghana limited 2,000t/month Jatropha  700 ha 
Anglogold Ashanti No plant established Jatropha  20ha 
Ghana Bio Energy 80 tons oil storage tanks Jatropha  200ha 
Gold Ray Biodiesel To build 151,000gal/year Jatropha Yet to establish 
D1 Oils Ghana Limited To build 22, 000l/day Jatropha Yet to establish 
New Energy No plant established Jatropha 6ha 
Gbimsi Women Group Run an MFP with jatropha 

oil 
Jatropha 4ha 

ADRA/UNDP No plant established Jatropha 800ha 
Anuanom Ind. 
Bioproduct. Ltd. 

500t/month Jatropha Yet to be 
established 

Source: Duku 2007 and Hagan, 2007 
 
 
Table 4.7 shows the number of registered biodiesel producers in the country and their 
installed capacity. Some corporate institutions have shown interest in the cultivation of 
jatropha as means of recapturing waste lands and also ensuring alternative livelihood in the 
event of the company exhausting its concession. Anglogold Ashanti, a gold mining firm is 
presently nursing jatropha seedlings for distribution to their workers and farmers in their 
catchment areas. The Gbimsi Women Group which runs a Multifuctional Platform (MFP) on 
blend of jatropha oil and diesel has been a huge success for the women in the area. The group 
uses the MFP to process shea butter for export.  
 
Financial institutions are yet to be seen playing the catalytic role in biodiesel production 
especially in the cultivation of the feed stock. There is no existing program for financing 
individual farmers who may want to venture into the cultivation of jatropha. As a result of 
this, in spite of availability of land, cultivated land remains rather marginal. This situation 
may be due to the lack of ready market for either the seeds or the oil however the Bulk Oil 
and Storage and Transport is reported to have offered recently to buy all biodiesel produced 
in the country (Amissah-Arthur et al, 2007).  Foreign interest in biodiesel production in 
Ghana seems to be on the ascendancy with some reports suggesting that large tracts of lands 
have been acquired for the cultivation of jatropha which they hope to process into biodiesel 
for export. 
 
Capacity building  
The country’s research institutions in the absence of a clear policy on the type of feed stock 
to produce have been conducting research on all the major feed stock oils  available in the 
country but with greater emphasis on jatropha. Short term engine test have been carried out 
with jatropha, coconut and palm kernel oil blends with diesel at the Kwame Nkrumah 
University of Science and Technology (KNUST) obtaining very good performance 
characteristics comparable to diesel (Akuffo et al, 1987; Forson et al, 2004). Physical and 
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chemical properties of the feed stock oils have been determined whiles test have also been 
conducted on the suitability of replacing kerosene in lamps and stoves with biodiesel at the 
same University (Sekyere, 2008). Researchers in KNUST have also looked at improved 
species of jatropha with higher oil yield and also local fabrication of manual press for the 
extraction of jatropha oil. The Agronomy of jatropha and its susceptibility to pest have also 
received attention by researchers. Others like Biodiesel One and the University of Ghana 
have looked at the behaviour of jatropha plants under different climatic and agro-ecological 
zones in Ghana and the development of planting materials through tissue culture (Hagan, 
2007).  
 
4.5.2 Biodiesel development in Mali 

Mali is still struggling to define an energy policy with specific targets and clear cut goals 
(Porcaro and Takada, 2005). The bulk of the government policy direction on the energy sub-
sector is captured in the Poverty Reduction Strategy Paper (PRSP) of the Government and 
People of Mali which was adopted in 2002.  The key strategies in the PRSP are; 

 Production and distribution of low cost electricity 
 Increasing the population served by electricity 
 Reducing wood consumption through use of improved equipment and alternate fuel 

sources 
 Implementing a program to promote solar powered and photovoltaic equipments for a 

large share of the population 

The policy direction of government is geared towards increasing access to electricity and also 
reducing the use of traditional energy sources. A specific policy on the introduction of 
biodiesel is missing however it can be inferred from PRSP that government has the intensions 
of promoting biodiesel which is an alternative fuel source. Implementation strategies adopted 
by government in the same document include; 

 Development and provision of cost effective energy sources including renewable 
 Awareness-raising among the population about the use of wood-substitute energy 

sources. 
 Development of natural forest for energy use 

Once again government is silent on the biodiesel although it is implied. No mention is made 
of the particular renewable energy source and feedstock for the production of biodiesel to 
promote. The admission of government on the role of renewable energy (including biodiesel) 
on providing energy security for the nation is refreshing even though specific objectives and 
targets are needed to provide the necessary stimulus needed. 
 
Response 
Even though government has not set out a clear policy on the introduction of biodiesel onto 
the market, Mali’s unique case of over dependence on firewood resulting in rapid 
desertification has created the opportunity for Non Governmental Organizations (NGOs) in 
collaboration with some governmental bodies to play a leading role in the introduction of 
biodiesel as an alternative fuel source to the Malian people. All the biodiesel projects in Mali 
are using jatropha apparently because of its drought resistance ability and the fact that it can 
do well in barren lands. Jatropha cultivation was also seen as a poverty reduction tool for the 
mainly poor Malian people (Asselberg, 2006). Mali-FolkCenter (MFC) an NGO has been at 
the forefront of promoting jatropha as an alternative fuel in rural Mali by cultivating the crop, 
extracting the oil and demonstrating its use as a possible substitute for diesel. So far jatropha 
has been used in its raw form only and there is no known conversion of jatropha into 
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biodiesel taking place in Mali (MFC Nyaetaa, 2007). Multi-Functional Platforms (MFP) 
which provides decentralized energy to rural villages has seen a tremendous growth in its 
deployment since it was first introduced by United Nations Development Program (UNDP) 
and the Internal Fund for Agricultural Development() in 1994. The MFP’s consist of a small 
diesel engine to which a grinding machine, welding machine, battery charger or oil press can 
be attached. Originally designed to run on diesel, almost all MFP’s now run on raw jatropha 
oil (Burn and Coche, undated). With further help from UNDP, the number of MFPs installed 
in Mali as at 2004 stood at 394. MFC with the support of local people and major stake 
holders in the energy sector has established a 1000ha nursery of jatropha at Garado, a village 
in the southern part of Mali. By the end of 2007 about 1,000,000 seedlings had successfully 
been transplanted on a total of 413ha of land. Three 100kW diesel generator sets have been 
installed to provide electricity for economic and domestic applications to the people in the 
village. Presently the three generators have been successfully converted to run on raw 
preheated jatropha oil. The Malian government through the National Renewable Energy 
Center trained local people in the village of Keleya on jatropha cultivation and also installed 
a generator to run on jatropha oil to provide light for the 3000 inhabitants of the village 
(UNDESA, 2007) 
 
Capacity building 
In order to sustain the MFPs, MFC trained the local people on the operation and maintenance 
of the MFP to ensure longevity. MFC in collaboration with Areliers Militaires Centraux de 
Markala a local Malian company modified and are now manufacturing the original Sundara 
type oil expeller to ensure sustainable oil supply to keep the MFPs running. (Asselbergs, 
2006). Also, MFC procured two cars which they tested on raw jatropha oil (MFC, 2007). The 
results of the test have however not been published.   
 
4.5.3 Biodiesel development in Tanzania 

Renewable sources of energy a minimal role in the energy mix of the country, however, 
threatened with a low access to modern energy, climate change, health and rapid and 
sustainable growth, the government sees renewable sources of energy as a tool to overcome 
these problems. The energy policy document (2003) captures government vision concerning 
the energy sector. It outlines key policies and strategies to be undertaken to solve the key 
issues raised earlier. In addressing these and other issues the document stipulates that 
government intends to; 

 Develop domestic energy resources which are shown to be least cost option 
 Promote economic energy pricing 
 Improve energy reliability and security 
 Reduce forest depletion  
 Develop human resources 

Also captured in the document are specific policies to address low access to modern energy 
in rural areas. The Rural Energy Agency and the Rural Energy Fund have been set up in the 
Ministry of Energy and Mines, MEM to address energy related issues affecting rural areas. 
Strategies adopted or to be adopted include; 

 To support research and development in rural areas 
 Promote the application of alternative energy sources other than wood fuels in order 

to reduce deforestation, indoor pollution , health hazards, etc 
 To promote entrepreneurship and private initiation in the production and marketing of 

products and services in renewable energy for rural areas 
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 To establish norms, codes of practice and standards and guidelines for cost effective 
rural energy supplies. 

 To facilitate and increased availability of energy services including grid and non grid 
electricity in rural areas 

 To continue the electrification of rural economic centres and make electricity 
accessible and affordable to low income customers  

In these strategies no specific mention was made of biodiesel except for the fact that biodiesel 
can be classified as a domestic energy resource. The document fails to provide a clear policy 
direction for the development of biodiesel (Sawe, 2007). No targets were set for the 
integration of biodiesel into the energy mix of the country neither were any timelines 
provided. To encourage the private sector, economic incentives were expected to be part of 
the strategies however no mention was made of such a move by government. To address 
these loopholes in the policy document, the Ministry of Planning and Economic 
Empowerment in 2006 set up a task force to work out a road map for sustainable biofuel 
development and utilization in Tanzania. The task has come out with a draft policy plan and 
budget which is about to be ratified by major stakeholders (Mwihava and Rwebangila, 2008). 
The yet to be ratified draft policy is expected to focus on; 

 Developing domestic power generation capacity based on indigenous fuel based 
resources in order to meet local and regional trade requirement through both local and 
regional trade 

 Encouraging investment in bio-energy (biodiesel) on account of socio-economic 
dimensions including creating employment, empowering communities and rural 
development 

Specific targets and timelines are expected to be included in the final policy document which 
will be ready by 2009.  The policy is expected to address blending ratios, standards and 
regulations as well as the recognition of biodiesel as a petroleum product. Other areas the 
policy is expected to touch on will be establishing project monitoring unit within MEM, 
hiring of biodiesel expects and  land mapping and zoning of land for growing biodiesel feed 
stock (Mwihava and Rwebangila, 2008) .  
 
The absence of a clear policy on biodiesel has led to uncoordinated effort by governmental 
agencies, private sector, NGOs and individuals who are interested in pursuing biodiesel 
development. The synergy which is needed for effective promotion of biodiesel is therefore 
missing. The effect of an absence of policy, legal and regulatory framework has resulted in 
the marginal use of biodiesel in Tanzania. There is no known commercial production of 
biodiesel taking place in Tanzania even the use of jatropha oil as a fuel is limited (Asselbergs, 
2007). In spite of the marginal penetration of biodiesel in Tanzania, the idea of using MFP’s 
to solve rural energy problems have been very successful despite replicability problems 
which are primarily due to the absence of jatropha plantations across the nation and a 
biodiesel policy (UNDESA, 2007). The first three MFPs installed in 2006 in De res Salaam, 
Ngarinairobi and Engaraku villages have served to provide light, energy to charge batteries 
and grinding of cereals for meals. Economic activities in these villages have also been 
enhanced greatly. All three MFP are currently running on both jatropha and diesel (Sawe, 
2007) although designed to run on diesel. This is due to the fact that the cost of running on 
jatropha oil is twice cheaper than on diesel but with some technical problems (UNDESA, 
2007). 
International interest in producing biodiesel in Tanzania is also growing steadily. Prokon of 
Germany is developing 1000ha of jatropha plantation under a contractual arrangement and 
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out grower scheme. FELISA, a joint Tanzanian and Belgium company is also into the 
cultivation of Oil palm as a potential biodiesel feedstock. Others include Sun Biofuels who 
are planning to cultivate 18,000ha of jatropha in Lindi. Diligent, a Dutch firm is also 
cultivating jatropha under contract farming and also promoting the cultivation of jatropha as a 
hedge.  
 
Capacity building 
Local expertise in biodiesel production is rather low as is evident from the fact that no known 
production of biodiesel on commercial basis is taking place in Tanzania. The University of 
Dar Es Salaam is developing a prototype jatropha oil stove with KAKUTE limited. The 
project has proved to be quite challenging but progress is being made. Bosch Siemens Home 
Appliances have developed a new Protos plant oil stove which is currently being tested by 
GTZ’s Programme for Biomass Energy Conservation in Southern Africa. Results of this test 
has not been published however if successful, Bosch Siemens Home Appliances is hoping to 
set up a local manufacturing plant in Tanzania. The training of rural farmers on best farming 
practices with regards to jatropha plantation has also been successfully carried out by 
Alterative Resource Income Projects for Munduli women (ARI-MUNDULI). This project 
was supported by UNDP GEF and Heifer Market Links with funding provided by Mcknight 
Foundation (Asselberg et al, 2006). KAKUTE Limited has also successfully trained over 
1500 people in jatropha management techniques and planted over 400ha of jatropha on 
mainly marginal lands (UNDESA, 2007).  
 
4.5.4 Biodiesel development in South Africa 

South Africa’s policy on renewable energy is in response to ensuring energy security through 
diversification of sources and also more importantly concerns of global warming as a results 
of the countries over dependence on coal which is carbon intensive. Though the government 
spelt out its energy policy direction in 1998, it was not until 2003 that it came up with a white 
paper on renewable energy policy. 
 
The White Paper on Renewable Energy Policy (2003) sets a 10 year medium target of 
10,000GWh (0.8mtoe) renewable energy contribution to final energy consumption by 2013. 
This is to include power generation and non electric technologies like biofuels including 
biodiesel. The government followed this white paper up with a more elaborate policy 
specifically on biofuels in the Draft Biofuel Industrial Strategy in 2006. This policy document 
seeks to achieve a 4.5% biofuel penetration of liquid road transport fuels (petrol and diesel) 
by 2013.  This when achieved is likely to contribute about 75% to the national renewable 
energy target. A Biodiesel Joint Committee has been set up at the ministry of energy and 
minerals to coordinate all biodiesel activities in the country. The joint committee has recently 
adopted EN14214 over ASTM standards apparently because of Europe’s long association 
with biodiesel as compared to USA. 
 
Policy implications 
It is expected that when fully implemented the policy will lead to the creation of 55 000 jobs, 
an average balance of payment savings of R3.7 billion and a greenhouse gas emission savings 
of about R100 million per annum. To achieve this it will require investment in biofuels 
factories to the tune of about R6 billion (Draft Biofuel Industrial Strategy, 2006). 
The government is treading cautiously on the promotion of jatropha as the nation’s preferred 
feedstock for the production of biodiesel. This is apparently due the fact that jatropha is not 
endemic to South Africa and also there are inherent environmental concerns (Wilson, 2005). 
Meanwhile a Jatropha Task Team has been formed under the auspices of KZN department of 
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Agricultural and environmental affairs the task of investigating the impact of jatropha as a 
feedstock in South Africa. A report conducted by CSIR of South Africa identified sunflower 
oil as the preferred potential biodiesel feedstock over soybean, groundnut and cottonseed oils 
because it has the greatest potential to produce large volumes of biodiesel feedstock though 
its oilcake has limited market value. 
 
Land availability is a big issue in South Africa, only 14% of the total available land is arable. 
However about 3 million hectares of underutilized high potential lands have been identified 
in the former homelands. Utilizing 1 million hectares of that land could produce biodiesel to 
replace 5% of the national diesel consumption (Draft Biofuel Industrial Strategy, 2006). 
Meanwhile some private companies like D1 oils have entered into contract farming with 
some farmers in West Africa to cultivate jatropha. They hope to import the pressed oil from 
the jatropha seeds to produce biodiesel in South Africa. South Africa can also count to some 
extent on its neighbours like Zambia, Zimbabwe were some reports indicate that large scale 
cultivation of jatropha is taking place.  
 
Policy response 
The private sector has been actively involved in the development of biodiesel as an 
alternative fuel in South Africa. The North West province recently announced the cultivation 
of 45 000ha of jatropha in arid soil estimated to cost about R270 million. Crude oil obtained 
from the seeds is expected to be supplied to D1 Oils for processing into biodiesel (Wilson et 
al, 2005). Sasol, a private company in South Africa is planning to set up three biodiesel 
refineries. Each refinery is expected to produce 60 000 tons of biodiesel per year from 
soybean oil. D1 Oils was expected to set up a refinery in Durban in 2005 to produce about 
7000 tons of biodiesel per year from jatropha oil with the crude vegetable oil coming from 
Ghana (Wilson et al, 2005). In its Annual Report and Accounts (2007), D1 Oils listed D1 
Oils Africa Pty its subsidiary company in South Africa’s nature of business as dormant. This 
indicates that no activity was taking place as of 2007. 
 
Mitsui and Co in collaboration with ThyssenKrupp Group of Germany have also been 
reported as planning to produce about 100,000 tons of biodiesel with the preferred feedstock 
of jatropha. Production was expected to begin by 2006. They are expected to be the first 
company to produce B5 for sale in South Africa. Biodiesel S. A. is reported to be currently 
producing biodiesel for export to the EU market. It is expected to expand production with the 
preferred feedstock jatropha oil (Wilson et al, 2005).In spite of the interest shown by the 
private sector there is no retailing of biodiesel taking place in South Africa at the moment. 
The reasons maybe lack of adequate education of users of the potential benefit, regulatory 
framework and firm commitment on the side of government to support the budding industry 
(Wilson et al, 2005). De Beers Fuel is reported to be producing 144 000 liters of biodiesel 
daily from sunflower. It also intends to start producing about 16-20 million liters of biodiesel 
from algae within the next five years (Karekezi et al, 2007) 
 
Capacity building 
The department of chemical engineering at the University of Cape Town has been involved in 
research on the quality of used vegetable oil from a range of sources and their effect on 
biodiesel production. Other research conducted at the same university is the life cycle 
analysis of biodiesel refineries and the underlying drivers to the cost of biodiesel production. 
Governmental agencies like the Water Research Council, South African National Energy 
Research Institute (SANERI) and the Council for Scientific and Industrial Research (CSIR) 
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are expected to collaborate and provide support in technology and development initiatives 
(Wilson et al, 2005). 
 
4.5.5 Biodiesel development in Zimbabwe 

Zimbabwe’s energy policy is in direct response to energy security as a result of international 
sanctions against her. The draft energy policy of the government of Zimbabwe was published 
in 2007. In the area of petroleum fuels the following objectives were outlines: 

 Reduce fuel import bills by developing local fuel sources 
 To continue to investigate the incorporation of biofuels in the sub-sector 
 To continue investigation into potential sources of fuels. 

Although biodiesel is not specifically mentioned in broader objectives of the draft policy, 
biodiesel has been identified as a strategic commodity to save Zimbabwe of scarce foreign 
currency and free itself from price fluctuations on the international market. By this the 
government has set up a National Biodiesel Production Programme with the specific 
objective of meeting at least 10% of Zimbabwe’s annual fossil diesel consumption by 2010. 
 
Policy implications 
Meeting 10% of Zimbabwe’s annual fossil fuel consumption requires about 300,000 litres of 
biodiesel daily. If all the biodiesel is produced from jatropha feedstock then approximately 
365,000 tons of seeds will be required. To produce 365,000 tons of seeds about 122,000ha of 
land is needed to be cultivated with jatropha. Zimbabwe cultivates other seed oil crops like 
cotton, sunflower, peanut and is even the largest producer of soybean in tropical Africa, 
however all the produce from these crops are mainly used for food therefore redirecting them 
for use in biodiesel production will be extremely difficult (Garwe et al, undated). Presently 
total cultivated land with jatropha stands at 6500ha comprising of individual, institutions, 
women and youth farms. It is however projected that by 2010 about 80,000ha of jatropha will 
be under cultivation.  
 
Policy response 
A national biodiesel production programme has been rolled out to coordinate the objective of 
substituting 10% of the national fossil diesel consumption by 2010. Under this programme a 
National Biodiesel Feedstock Production Taskforce was put in place to provide realistic 
programme that can produce and process 370,000 tons of seeds per annum. The government 
right from the onset has not minced words on the choice of feedstock to promote. Jatropha oil 
remains the oil of choice for biodiesel production in Zimbabwe because of its toxic nature 
and the familiarity of farmers to the crop who are reported to be using it as a fence crop. To 
meet the set target the taskforce has been involved in setting up community-owned jatropha 
nurseries in various districts in the Mashonaland East and West provinces (Garwe et al, 
undated). Reports indicate that so far some 2,500,000 seedlings have been successfully set up 
in individual farmer nurseries. To sustain and expand this programme, the National Oil 
Company of Zimbabwe (NOCZIM) has been tasked with the objective of purchasing 60, 000 
tons of jatropha seeds for distribution to outgrower farmers. Target groups for the cultivation 
of jatropha include communal farmers, schools, private companies and national institutions. 
The NOCZIM has also been tasked with the purchase of oil extraction technology and 
transesterification technology to support the national biodiesel programme (Garwe et al, 
undated) 
 
To demonstrate its seriousness about the National Biodiesel Production Programme, the 
government of Zimbabwe through the Reserve Bank of Zimbabwe commissioned what is to 
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be Africa’s first commercial biodiesel production plant in December 2007. The plant is a 
joint venture between the Reserve Bank of Zimbabwe and Youn Woo Investment of South 
Korea. Details of the venture are not yet known. The plant is reported to be situated at Mount 
Hampden just outside Harare. At full capacity, the plant is expected to produce 100 million 
liters of biodiesel a year requiring 500 tons of oil. The plant is designed to process oil from 
any vegetable source including jatropha, cotton seed, sunflower and soyabean. Reports 
indicates that the purity of the biodiesel is about 100% and this makes it’s the highest in the 
world so far. At the commissioning of this maiden plant, the Governor of Reserve Bank 
announced a one trillion Zimbabwean dollar financial package to finance similar facilities in 
each province. 
 
Some individuals and a number of organizations through donor support have procured oil 
extraction equipment to extract oil to produce (Table 4.8).  
 
 
Table 4.8: Capacities of oil press and their location across Zimbabwe 
Location  Capacity  Actual oil/biodiesel 

production 
Promoting NGO 

Nyanga 1 small press <5-10l/h 
3 medium size press <20l/h 

Oil for soap 
production 

African Self help 
Assistance 
Programme 

Mutare  1 small press <5l/h 
1 small hand operated press 
<3 -5l/h 

Oil for soap 
production 

Biomass Users 
Network SAFIRE 

Bulawayo  1 industrial size <500l/h Producing 500 l/h of 
Castor oil for 
industrial sector 

Private  

Binga 1 medium size press 20l/h 
7 electric powered press 5-
10l/h 
 

Oil for soap 
production 
 
Oil for soap 
production 

Binga Trees Trust 
 
 
CADEC 

Makonde 1 small size press 5-10l/h Oil for soap 
production 

Private  

Mutoko  1 manual press <3-5l/h Oil for soap 
production 

Industrial 

Mudzi  1 medium size press  
< 20l/h 

Oil for soap 
production 

CIDA 

Chitungwiza Industrial size 3000l/day Not yet processing  IDC joint venture 

Harare 
Polytechnic 
College 

Small press and small size 
plant with capacity of 
processing 500l/day biodiesel 

500l/day Harare Polytechnic 
College 

Masvingo 
Polytechnic 
College 

Small press and small size 
plant with capacity of 
processing 1000l/day 
biodiesel 

Not yet producing Masvingo 
Polytechnic College 

 
Source: Ministry of Energy and Minerals Development 
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Although most of the processing plants as shown in table above are using the oil for soap 
production they are being encouraged to expand their activities so as to support the national 
biodiesel programme 
 
Capacity building 
To sustain the National Biodiesel Programme, the taskforce is working to produce adequate 
extension materials on jatropha growing. A biodiesel resource centre is to be established in 
the Ministry of Energy and Power Development to collect, archive and share out media 
publications on feedstock production. Training of trainer courses is also expected to be 
organized for extension officers nationwide. Harare polytechnic has set the pace by being the 
first institution in Zimbabwe to put up a pilot plant to produce 500l/day of biodiesel. After 
initial trial production, the need arose for standards to characterize performance arose. To 
address this need, the Zimbabwean Technical Committee which comprises of representatives 
from academia, the motor industry, petroleum dealers and marketers, biodiesel 
manufacturers, farmers unions, governmental agencies and the Standards Association of 
Zimbabwe agreed to adopt and adapt ASTM D6751 specifications for biodiesel fuel blend 
stock. The need to adapt the standards arose due to the fact that the ASTM D6751 standards 
were developed using soybean as the feedstock for the biodiesel production as a result of this 
they may be totally or partially different from those obtained using jatropha as the feedstock. 
The technical committee is working to develop standards for biodiesel blends ranging from 
B2 to B20. To this end a memorandum of understanding has been signed between ASTM 
international and the Standard Association of Zimbabwe since 2002 to promote the 
participation of Zimbabwean experts in ASTM standards development. Through this 
programme a Zimbabwean representative will visit the ASTM later this year to learn more 
about the standards development process (ASTM, 2008).  
Other research activities going on include screening of indigenous fruits and seeds as 
potential biodiesel feedstock.  
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5. BIOMASS GASIFICATION TECHNOLOGIES 
 
5.1 Production processes 

5.1.1 Introduction 

Gasifier technologies offer the possibility of converting biomass into syngas, an energy 
carrier, which can then be burnt for delivering heat or electrical power in an efficient manner 
(Kartha and Larson, 2000). The biomass converted into gaseous form is obtained mainly 
from wood and crop residues such as those of cotton, coconut, maize, rice and wheat residues 
(Karekezi and Ranja, 1997). These can be acquired directly from energy plantations or from 
commercial and non-commercial biomass markets. Before it is gasified, the biomass is 
treated, either physically by drying or cutting/chipping to reduce its size, or thermally by 
converting the material into charcoal. After this, it is subjected to partial oxidation then 
pyrolysis (heating to high temperatures in absence on oxygen) in a machine known as a 
gasifier (Karekezi and Ranja, 1997). While this approach could make a contribution to 
helping solve the energy problem in developing countries, such potential can be meaningfully 
realised only with the large-scale deployment of biomass gasifier-based energy systems 
(Gosh et al., 2003). 
 
5.1.2 Feedstock  

Biomass as an energy source is being used mainly for non-electricity application and 
accounts for about 50 to 60 % of the primary energy source in Africa (Dasappa, 2007). The 
wood residues are very abundant in the region and through gasification, could be turned into 
electricity and heat. Other important feedstocks for gasification include agricultural waste 
from coffee, cacao, and palm oil effluents (Kerekezi et al., 2007), palm kernel, cashew shell, 
maize stover, rice straw among others. With the area under the forest and non-forest zones 
amounting to about 1000 million hectares and with even 2 tons per hectare per year as the 
yield, the amount of residue available would be equivalent of 1000 million tons in Africa. 
Assuming 10 % availability for power generation, the potential is about 10000 MW operating 
for about 7000 hours in a year. Apart from the currently used land, waste lands availability 
can also be significant (Dasappa, 2007). Assuming that with 30 percent availability of about 
30 million tonnes of cereal residue in the form of husk available in Africa, the potential from 
agro residue is about 6000 MW of power operating for about 7000 hours annually (Dasappa, 
2007). Establishment of energy crop plantations would be useful for feeding the gasification 
plants. 
 
The chemical composition of the feedstock influences the constituents in the product gas, and 
the gasification design and product gas cleanup method must be matched to the intended use.  
Some feedstocks may prove more costly or challenging to gasify and clean if the product gas 
must be very pure. For example, a forest waste feedstock with a high alkali content (sodium, 
potassium) must have the alkali cleaned from the product gas prior to use in a gas turbine. In 
general, feedstocks should have a high carbon-to-nitrogen ratio, relatively little sulfur, and 
moisture content of less than 50 percent (Wisconsin Biorefining Development Initiative, 
2007). The potential sources and types of gasifiable feedstocks are given in Table 5.1. 
 
Only wood, with uniform dimensions, has proven to be a suitable final gasifier fuel. Several 
experiments with gasifying other types of biomass have been conducted but most of them 
failed due to the specific biomass characteristics. Biomass comes available in different forms, 
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for example chips or loggings from forest activities, bales from verge grass or straw, loose 
from construction activities (demolition wood) and thinnings from landscape conservation 
activities. This material has to be received, handled, stored and processed prior to 
gasification. In order to identify the necessary pretreatment steps it is important to have a 
thorough understanding of the biomass characteristics related to gasification (Stassen and 
Knoef, Undated). 
 
 
Table 5.1: Bioresource for gasification in Africa 
Wood Energy - residues from cleared-felled areas          

- small trees and residues from thinning         
- residues from wood industry 
 

Forest Biomass   
 

- fast growing trees 
 

Energy Crops - residues from agriculture 
- crops grown for energy 
- natural vegetation 

                    
Source: Dassapa, 2007 
 
 
5.1.3 Biomass characteristics related to gasification  

Each type of biomass has its own specific properties which determine its performance as a 
fuel in gasification plants. The most important properties relating to gasification are (Stassen 
and Knoef, Undated): 
 
a) Moisture content 
The moisture content of biomass is defined as the quantity of water in the material expressed 
as a percentage of the material's weight. For thermal conversion processes like gasification, 
preference is given to relative dry biomass feedstocks because a higher quality gas is 
produced, i.e. higher heating value, higher efficiency and lower tar levels. 
 
Natural drying (on field) is cheap but requires long drying times. Artificial drying is more 
expensive but also more effective. In practice, artificial drying is often integrated with the 
gasification plant to ensure a feedstock of constant moisture content. Waste heat from the 
engine or exhaust can be used to dry the feedstock. 
 
b) Ash content and ash composition 
Ash is the inorganic or mineral content of the biomass which remains after complete 
combustion of the feedstock. The amount of ash between different types of feedstocks differs 
widely (0.1% for wood up to 15% for some agricultural products) and influences the design 
of the reactor, particularly the ash removal system. The chemical composition of the ash is 
also important because it affects the melting behaviour of the ash. Ash melting can cause 
slagging and channel formation in the reactor. Slags can ultimately block the entire reactor. 
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c) Elemental composition 
The elemental composition of the fuel is important with regard to the heating value of the gas 
and to the emission levels. The production of nitrogen and sulphur compounds is generally 
small in biomass gasification because of the low nitrogen and sulphur content in biomass. 
 
 
Table 5.2: Physical and thermal properties of feedstocks 

Type LHVw* (kJ/kg) MCw
+ (%) ACd^ (%) 

Bagasse 
 
Cocoa husks 
 
Coconut shells 
 
Coffee husks 
 
Cotton residues: 
- stalks 
- gin trash 

 
Maize: 
- cobs 
- stalks 
 
Palm-oil residues: 
- fruit stems 
- fibres 
- shells 
- debris 
 
Peat  
Rice husks   
 
Straw   
 
Wood  
 
Charcoal  

7,700 - 8,000 
 

13,000 - 16,000 
 

18,000 
 

16,000 
 
 

16,000 
14,000 

 
 

13,000 - 15,000 
 
 
 

5,000 
11,000 
15,000 
15,000 

 
9,000 - 15,000 

14,000 
 

12,000 
 

8,400 - 17,000 
 

25,000 - 32,000 

40 – 60 
 

7 – 9 
 
8 
 

10 
 
 

10 - 20 
9 
 
 

10 – 20 
 
 
 

63 
40 
15 
15 
 

13 – 15 
9 
 

10 
 

10 – 60 
 

1 - 10 

1.7 - 3.8 
 

7 – 14 
 
4 
 

0.6 
 
 

0.1 
12 
 
 
2 

3 - 7 
 
 
5 
 
 
 
 

1 – 20 
19 
 

4.4 
 

0.25 - 1.7 
 

0.5 - 6 
* LHVw – Lower Heating Value (wet basis) 
+ MCw – Moisture Content (wet basis) 
^ ACd – Ash Content (dry basis) 
 
Source: Stassen and Knoef, Undated 
 
 
d) Bulk density and morphology 
Bulk density refers to the weight of material per unit of volume and differs widely between 
different types of biomass. Together with the heating value, it determines the energy density 
of the gasifier feedstock, i.e. the potential energy available per unit volume of the feedstock. 
Biomass of low bulk density is expensive to handle, transport and store. Apart from handling 
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and storing behaviour, the bulk density is important for the performance of the biomass as a 
fuel inside the reactor: a high voidage tends to result in channelling, bridging, incomplete 
conversion and a decrease in the capacity of the gasifier. The bulk density varies widely (100 
- 1000 kg/m3) between different biomass feedstocks, as a result in the way the biomass comes 
available (chips, loose, baled, etc.). 
 
e) Volatile matter content 
The amount of volatiles has a major impact on the tar production levels in gasifiers. 
Depending on the gasifier design, the volatiles leave the reactor at low temperatures (updraft 
gasifiers) or pass through a hot incandescent oxidation zone (downdraft gasifiers) where they 
are thermally cracked. For biomass materials the volatile matter content varies between 50 
and 80%.   
 
Typical values of moisture content, ash content and net heating values for different 
feedstocks are listed in Table 5.2. 
 
5.1.4 Gasification reaction 

The chemistry of biomass gasification is complex. Biomass gasification proceeds primarily 
via a two-step process, pyrolysis followed by gasification (Figure 5.1). Pyrolysis is the 
decomposition of the biomass feedstock by heat. This step, also known as devolatilization, is 
endothermic and produces 75 to 90% volatile materials in the form of gaseous and liquid 
hydrocarbons. The remaining non-volatile material, containing high carbon content, is 
referred to as char (Bridgwater and Evans, 1993). 
 
 

 
Figure 5.1: Gasification steps.  
 
Source: Ciferno and Marano, 2002 
 
 
The volatile hydrocarbons and char are subsequently converted to syngas in the second step- 
gasification (Ciferno and Marano, 2002). In conventional gasifier types such as downdraft, 
updraft and cross draft, gasification processes occur over four main zones. The chemical 
reactions happening in these zones must be controlled in order to obtain maximum efficiency 
of producer gases (Goswami, 1986). These zones are the drying, pyrolysis, oxidation 
(combustion) and reduction zones (Figure 5.2). 
 
Drying zone 
Water is removed from the feedstock in the drying zone. During the drying process, the mass 
transfer from the feedstock to the surrounding depends on: the feedstock temperature, the rate 



107 
 

of heat transfer from the surrounding to the biomass and the relative humidity of the 
surrounding gas layer. It was observed that the ions present in the surrounding gas layer will 
affect the partial pressure and water concentrations around the feedstock (Souza-Santos, 
2004). At atmospheric pressure, drying is considered to occur at a wide range of temperatures 
- from ambient (Souza-Santos, 2004) up to 200 °C (Goswami, 1986). 
 
 

 
Figure 5.2 Updraft and downdraft gasifiers – Air flow paths and reaction zones 
 
Source: Goswami, 1986 
 
 
Pyrolysis zone 
Also known as devolatilization or carbonaceous solid-utilization, pyrolysis is the process by 
which a mixture of organic and inorganic gases and vapours are released to the surrounding. 
These products are hydrogen (H2), methane (CH4), carbon monoxide (CO), carbon dioxide 
(CO2), water (H2O) and tars. Tars are composed of heavy organic and inorganic molecules in 
the form of gases and liquids such as benzene, toluene, phenol and naphthalene. The 
remaining solid products from pyrolysis are chars made of carbon (Souza-Santos, 2004). 
 
Pyrolysis products are affected by the initial carbon structure and composition, pyrolysis 
temperature, pressure, residence time in the reactor, heat losses, feedstock consumption and 
heating rate. Generally, the following transformations are found to occur during these 
temperatures: 
 
1. Moisture evaporation – 100 °C and higher 
2. Decomposition of extractives - 100-250 °C 
3. Decomposition of hemicellulose - 250-350 °C 
4. Decomposition of lignin - 500 °C 
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In addition, from 200 to 280 °C, carbon dioxide, acetic acid and water are released, while 
between 280 and 500 °C, tars, methyl alcohol, and other gases are produced. From 500 to 700 
°C, the gas production is low, but may contain H2 (Goswami, 1986). The devolatilization 
process as a function of temperature is fairly similar between coal and biomass (Souza-
Santos, 2004). Pyrolysis occurs at different heating rates; categorized as slow, moderate, and 
fast. Ten degrees Kelvin per second refers to the heating rate of slow pyrolysis, while fast 
pyrolysis occurs generally at rates above 103 K/s. The type of reactor influences heating rate, 
as a result pyrolysis is dependant on the design of the reactor. In moving and fixed bed 
combustion or gasification, moderate and slow pyrolysis may happen. In fluidized beds, 
heating rates of 102 – 104 K/s are obtained (Souza-Santos, 2004). An increase in pyrolysis 
pressure results in a reduction of the yield of volatiles, an increase of H/C ratio in volatiles 
and a decrease of char gasification reactivity (Souza-Santos, 2004; Cetin et al., 2005). 
Methane is desired for its high calorific value. Methane formation can be enhanced by 
increasing operating pressure. The atmosphere surrounding the process also affects the 
volatiles. Pyrolysis is an anaerobic process; however, the enhancement of hydrogen 
atmosphere increases the volatile yield. The lack of hydrogen leads to pyrolysis products with 
longer chains with lower mobility (Souza-Santos, 2004). 
 
Combustion (Oxidation) zone 
If complete combustion takes place, all carbon in fuel is transformed into carbon dioxide and 
all hydrogen is transformed into water; the theoretical temperature obtained is 1450°C. 
 
C    + O2 =  CO2     ( ΔH = - 393 MJ/kg mole) 
 
2H2 + O2 =  2H2O  (ΔH = + 242 MJ/kg mole) 
 
 
Reduction zone 
The amount of fuel which has not been combusted passes into the charcoal bed. The 
processes in the reduction zone are mainly endothermic reactions and hence there is a drop in 
temperature. The temperature of the reduction zone varies between 600 and 700 °C. The 
common reactions are (Goswami, 1986; Sampathrajan, 2002): 
 
C     +  CO2    = 2CO                 (ΔH = + 164.9 MJ/kg mole)  
C     +  H2O    = CO + H2           (ΔH = + 122.6 MJ/kg mole) 
CO   +  H2O   = CO2 + H2         (ΔH = - 42 MJ/kg mole) 
C     +  2H2    = CH4                    (ΔH = - 75 MJ/kg mole)  
CO2 +  H2       = CO + H2O         (ΔH = + 42.3 MJ/kg mole) 
 
Biomass gasification is a starved (partial) combustion process that partially oxidizes biomass 
into a still-combustible mixture of gases. Types and quantities of reactions depend on the 
temperatures of the reactor and the oxidants used. Air, steam, and oxygen are common 
oxidants use for biomass gasification. According to the oxidant species used in biomass 
oxidation, gasification can be further classified into categories: air gasification (the most 
common way of gasifying solid bio-fuels), pure oxygen gasification, and steam gasification. 
The distinctions among these categories in terms of output syngas are in the LHV level and 
composition. When biomass is gasified with air, the resulting syngas has about 50% nitrogen 
content and LHV around 2.5 to 8.0 MJ/Nm3. Gasification with pure oxygen results in a high-
quality mixture of carbon monoxide and hydrogen, and virtually free of nitrogen. The LHV in 
this case can range from 10 to 20 MJ/Nm3 (Stevens, 2001). 
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5.1.5 Gasifier types 

Currently, the two main gasifier types used for biomass gasification are fixed-bed and 
fluidized-bed reactors. While these gasifiers differ in system construction or possibly in bio-
fuels used, the chemistry of gasification is the same for both gasifier types. However, there 
are four distinct zones in the reaction chamber of fixed-bed gasifiers relating to the four 
gasification steps described earlier, whereas this is not the case in fluidised-bed gasifiers. 
This aspect is the largest dissimilarity between the two types (Wei, 2005). 
 
Determining which type of gasifier to use depends on the species and the properties of bio-
fuels available, the scale of the gasification system, and the end uses of the syngas to be 
produced. Maniatis (2001) and Knoef (2000) investigated 50 gasifier manufacturers in 
Europe and North America and found that, of currently offered gasifiers, 75% are the 
downdraft type, 20% are fluidized-bed, 2.5% are updraft and 2.5% are of other designs 
(Figure 5.3). Characteristics and principles of these gasifiers are presented in the following 
sections. 
 

 
Figure 5.3: Types of gasifiers in application. 
 
Source: Wei et al. 2005 
 
 
Fixed-bed gasifier 
Fixed-bed gasifiers typically have a grate to support the gasifying biofuels and maintain a 
stationary reaction bed. They are relatively easy to design and operate, but have limited 
capacity. Therefore, fixed-bed gasifiers are preferred for small- to medium scale applications 
with thermal requirements up to 1 MW (Klein, 2002). Based on the method of air 
introduction, fixed-bed gasifiers can be further classified into two primary types: updraft 
(also known as counter-flow) and downdraft (also known as co-current flow). 
 
Updraft gasifier 
The basic structure of an updraft (“counter-flow”) gasifier is shown as Figure 5.2. Here, the 
bio-fuels enter the top of the reaction chamber while air (or steam, or oxygen in some cases) 
enters from below the grate. The bio-fuels flow downward and the upward flowing hot gases 
dry the biofuels. The lower the bio-fuels go in the chamber, the higher the temperatures they 
have. These bio-fuels undergo the four steps of gasification, and are converted into three 
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products, syngas, char residues, and ash residues. The syngas exits from the top of the 
chamber, while the chars and the ashes fall through the grate. The tars and volatiles produced 
during this process are carried in the exiting syngas stream. 
 
The major advantages of updraft gasifiers include the following: (a) a simple gasifier 
structure, (b) high char oxidation rate, (c) high internal heat exchange between the downward 
flowing bio-fuels and the upward flowing hot gases, leading to low syngas exit temperatures 
and high equipment efficiency, and (d) the possibility of operation with many types of bio-
fuels (sawdust, cereal hulls, etc.) The updraft design can handle bio-fuels with high ash and 
moisture contents since air is blown through the grate to remove the ash or char residues that 
may clog the reaction bed. However, a major drawback of updraft gasifiers is that the syn-gas 
contains high levels of volatile oils (tars), making it unsuitable to be directly used in gas 
engines or turbines. Furthermore, there are problems associated with the treatment of tars. 
These problems are of minor importance if the syngas is directly combusted for heat, in 
which case the tars are simply combusted with the syngas. There are other means of 
addressing tar problems, but the treatments may create their own problems. For example, the 
use of charcoal as fuel to yield low-tar syngas involves a loss of energy in the conversion of 
wood to charcoal and thus is an inefficient use of wood resources. The use of cleaning 
systems to remove the tars in syngas involves difficult waste disposal problems (FAO, 1986). 
 
Downdraft gasifier 
In a fixed-bed downdraft gasifier, biofuels are also fed at the top of gasifier, but air is 
introduced at or above the oxidation zone and drawn down through the biofuels (Figure 5.2). 
After these bio-fuels are gasified, the produced syngas is taken off from the bottom of the 
gasification bed, and the produced char and ash residues also fall through the grate. The bio-
fuels and air move in the same direction, as schematically shown in Figure 5.2, so this type is 
also called a co-current flow gasifier. As the products of bio-fuel pyrolysis (tars, oils, char 
and gases) move downward through the reaction bed, they pass through high temperature 
oxidation and reduction zones, where these products are reduced and converted into the stable 
gases (CO, CH4 , CO2, H2 or H2O). This reduction process reduces the tar contents within the 
stream of syngas exiting in the system. The degree of tar reduction depends on the 
temperatures of these hot zones and the residence time of the mixture of tars, oils, chars, and 
gases in the hot zones. A more or less complete breakdown of the tars can be achieved by 
controlling the temperature and residence time. Thus, a great advantage of downdraft 
gasifiers is the possibility of producing a low-tar syngas that can be directly used as fuel 
source for gas turbines or engine operations. The syngas containing low tars is easier to fully 
combust in engines, and so the emissions of the engines are less harmful. Thus, downdraft 
gasifiers tend to have fewer negative environmental impacts than updraft gasifiers. Moreover, 
downdraft gasifiers are relatively simple to build and operate, making them easy to alter and 
study for different purposes (Wei, 2005). 
 
Downdraft gasifiers also have some drawbacks, such as difficulties in handling bio-fuels with 
high moisture and/or ash contents. For example, the grate of a downdraft gasifier can be 
easily clogged by a bio-fuel with high ash content. Furthermore, fluffy, low density materials 
give rise to flow problems and excessive pressure drop since the movement of biofuels in the 
gasifier relies on gravity. Therefore, these types of solid bio-fuels must be densified (e.g., 
pelletized) before use. As compared to updraft, downdraft gasifiers have somewhat lower 
efficiency resulting from the lower internal heat exchange, and they produce syngas of lower 
heating value. In addition to these drawbacks, it is necessary for downdraft gasifiers to 
maintain uniform high temperatures over a given cross-sectional area in the reaction 
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chamber. Taken together, these requirements typically limit the use of downdraft gasifiers to 
a power range of less than 1 MW (FAO, 1986; Warnecke, 2000; and Maniatis, 2001). 
 
Cross-draft gasifier 
Cross-draft is designed similar to downdraft; instead of air or oxygen entering parallel to the 
fuel movement, the entry is by the side, usually at the same height of the outlet. Outlet is 
situated on the side of the gasifier (Goswami, 1986).  
 
Fluidized-bed gasifier 
Fluidized bed gasifiers have been a later development. This design provides a uniform 
contact temperature between gases and solids (Reed, 1981). Fluidized bed gasifier uses a bed 
of heating media such as sand for thermal process to occur. The bed is heated at desired 
temperature and feedstock is inserted to it. The heating media bed and biomass are 
maintained in a suspended stage as the name indicates (Pilon, 2007). 
 
In fluidized-bed gasifiers, biofuels, having been reduced to a specified particle size, are fed at 
the bottom of the reaction chamber. Air is blown through a hot bed of inert granular solid 
material such as sand or ceramic at a sufficient velocity to keep these particles in a suspended 
state. Injection of high-velocity air from below forces the gasifying biofuels upward through 
the bed of heated particles to create turbulence, resulting in a mixture resembling a boiling 
liquid, which distributes and suspends the biofuels. The biofuel particles are very quickly 
mixed with the hot bed materials and nearly instantaneously heated up to the temperature to 
combust, thus maintaining an isotropic temperature for the reactor (Wei, 2005). 
 
During this process, the biofuels are dried and pyrolyzed very quickly, resulting in a 
component mix with a relatively large amount of gaseous materials. Further gasification and 
tar conversion reactions occur in the gas phase. The processes of pyrolysis and char 
conversion occur throughout the bed. Ash particles are also carried out through the top of the 
reactor and are removed from the gas stream. The suspended ash and char particles are 
known as “fly-ash”. Most systems are equipped with an internal cyclone in order to minimize 
the amount of fly-ash carried downstream. The fluidized bed design increases heat transfer 
between bio-fuels and air and bed materials, and allows operating temperatures below 900°C, 
helping to reduce nitrogen oxide (NOx) emissions (Wei, 2005). 
 
The fluidized-bed design has many benefits. First, there are no apparent scale-up limitations 
(though size may be limited by availability of bio-fuels or local energy demand). The 
gasifying agent is usually air, supplied at atmospheric pressure, but pressurized gasification 
can be advantageous when supplying gas turbines larger than 100 MW. Second, Fluidized-
bed gasifiers can handle biofuels with high ash and/or moisture contents. Third, the danger of 
ash agglomeration is low because of the relatively low operating temperature (about 850°C). 
The melting or fusion points of most ashes are above 850°C. Finally, the ability of fluidized-
bed gasifiers to deal with fluffy and fine grained materials (like sawdust, etc.) without the 
need of pre-processing can be very important (Wei, 2005). 
 
Major drawbacks of the fluidized-bed gasifier are that the resulting syngas has relatively high 
tar content (up to 500 mg/Nm³), incomplete carbon combustion, and poor response to load 
changes. If the syngas is fed to an ICE, an efficient clean-up system is essential. Because of 
the amount of clean-up equipment required, very small scale fluidized-bed gasifiers are not 
recommended. The application range of this type gasifier is generally above 500 kW. 
Although fluidized-bed gasifiers can handle a wider range of bio-fuels, the bio-fuel particles 
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typically must be less than 100 mm in length, and the moisture content no more than 50%. 
Problems with feeding, instability of the reaction bed, and fly-ash sintering in the gas 
channels can occur with some bio-fuels (FAO, 1986; Van Den Aarsen, et al., 1982; and 
Maniatis, 2001). 
 
The two typical types of fluidized-bed gasifiers are bubbling fluidized-bed (BFB) and 
circulating fluidized-bed (Wei, 2005). They are distinct in that the circulating type separates 
and recycles fly-ash from the reaction bed while the bubbling type does not. Fluidized-bed 
gasifiers have been the focus of appreciable research and development for large scale power 
generation. Many (semi-) commercial fluidized-bed gasifier applications have been seen in 
Europe and the U.S. over the last decades; for example, a 15-MW circulating fluidized-bed 
(CFB) project at McNeil power station at Burlington (Vermont, USA) a 5-MW BFB project 
at Paia (Hawaii, USA), a 15-MW BFB pilot plant of Enviropower Inc. in Tampere (Finland), 
a 27-MW CFB power plant at Pöls (Austria), a 10.9-MW CFB “Energy Farm” project at Pisa 
(Italy), and a 100-MW CFB power plant  at Rüdersdorf (Germany) (Klein, 2002; and 
Spliethoff, 2001).  
 
 

Table 5.3 Comparison of small-scale gasifiers 
Gasifier type Down draught Up draught Cross draught 
Max. proven commercial 
capacity (kWel) 
 
Start up time (min) 
 
Sensitivity to fuel 
characteristics 
 
Tar production full load 
(g/Nm3gas) 
 
Size & volume gas cleaning 
section 
 
Quantity residual tars 
 
Sensitivity to load fluctuations 
 
Turn down ratio 
 
HGeff full load (%) 
 
CGeff full load (%) 
 
Cold gas heating value full load 
(MJ/Nm3) 
 

350 
 
 

10 -20 
 

sensitive 
 
 

< 0.5 
 
 

small 
 
 

small 
 

sensitive 
 

3 – 4 
 

85 – 90 
 

65 – 75 
 

4.5 - 5.0 

4,000 
 
 

15-60 
 

not sensitive 
 
 

1 – 15 
 
 

big 
 
 

big 
 

not sensitive 
 

5 – 10 
 

90 – 95 
 

40 – 60 
 

5.0 - 6.0 

appr. 150 
 
 

10 - 20 
 

sensitive 
 
 

< 0.1† 
 
 

small 
 
 

very big 
 

sensitive 
 

2 – 3 
 

80 – 90 
 

60 – 70 
 

4.0 - 4.5 

† low volatile content (< 10 %wt) charcoal 
Adapted from Stassen and Knoef, Undated 
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5.1.6 Selection of gasifier for small-scale application 

Considering the aforementioned gasifier characteristics, downdraft gasifiers are preferable for 
ICE applications. They produce low-tar syngas, require lower capital investments, and can be 
used where a biomass source has a decentralized supply or in rural areas. The main technical 
and operational parameters values of updraft, downdraft and cross draught are listed in Table 
5.3.  
 
Design 
A gasifier system (Figure 5.4) typically includes the following equipment: fuel metering bin, 
continuous flow weigh meter, reactor/gasifier, refractory lined reactor gasifier, cooling water 
system, water-cooled ash discharge conveyors, multi-zoned air supply, rotary feeders, and 
instrumentation required to provide automatic control over the process. The entire 
gasification/combustion process, from metering to ash discharge, can be controlled manually 
or electronically. 
 

 
Figure 5.4: Gasifier system 
 
Source: Dassapa et al. (2004) 
 
 
In the syngas cleaning system, the first preparatory step is cooling the gas from the evolution 
temperature. The initial cooling is accomplished by indirect heat exchange with air or water. 
Secondary cooling, ash, and initial tar are removed by direct liquid scrubbing. Exiting the 
liquid scrubber, the gas is finally mechanically scrubbed of tar, cooled in a heat exchanger 
with cooling water from the external cooling tower, and slightly boosted in pressure. The 
clean producer gas is premixed with heated combustion air before being injected into the 
ICE. The engine is direct coupled to an electrical generator. 
 
 
5.2 Application technologies 

The cleaned medium energy content gases can be used as auxiliary fuel in boilers, as a fuel 
for electricity and steam generation via gas turbines or fuel cells, or as a feedstock in the 
production of industrial chemicals such as methanol, ethanol and acetic acid (Brown, 2003). 
Gasifiers used simply for heat generation do not have such complex requirements and are, 
therefore, easier to design and operate, less costly and more energy efficient. 
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5.2.1 Thermal applications 

The thermal application of gasifiers are mainly for crop processing, industrial furnaces, fired 
heaters, dryers, oven, small boilers, kilns in various industries,  such as the silk, textile, agro 
processing and small chemical industries. For example, The Swiss Agency for Development 
and Cooperation has provided support for the development of gasifiers for the silk reeling and 
cardamon drying enterprises in India (Gosh et al., 2004). Palit and Mande (2007) developed 
both downdraft and updraft gasifier systems for institutional cooking in India. Benilo 
developed and installed rice husk gasifiers for bakeries and rice mills in the Philippines. Palit 
and Mande (2007) have installed over 150 gasifiers at cottage industries in India for the 
processing of horticultural produce.  
 
5.2.2 Electricity generation 

A detailed micro- and macro-analysis by Jain (1989) showed that the overall potential in 
terms of installed gasifier capacity in India could be as large as 10,000 to 20,000 MW by the 
year 2000, consisting of small-scale decentralized installations for irrigation pumping and 
village electrification, as well as captive industrial power generation and grid-fed power from 
energy plantations.  
 
Size of biomass gasification power generation units varies from small scale systems that 
generate 5 to 25 kW of electricity (USDOE, 2004) to industrial and electric utility scale 
systems in the 5 MW to 12 MW electric range (Stevens, 2001). Systems providing up to 85 
MW thermal energy are co-firing product gas into utility power generating stations (Stevens, 
2001). 
 
5.2.3 Transportation fuels 

Methanol, hydrogen and Fischer-Tropsch (FT) diesel can be produced from biomass via 
gasification. Besides MeOH, hydrogen and FT-liquids, DME (DiMethylEther) and SNG 
(Synthetic Natural Gas) can also be produced from syngas. The gasifier produces syngas, a 
mixture of CO and H2, and a few other compounds. The syngas then undergoes a series of 
chemical reactions. The equipment downstream of the gasifier for conversion to H2, methanol 
or FT diesel is the same as that used to make these products from natural gas, except for the 
gas cleaning train. A gas turbine or boiler, and a steam turbine optionally employ the 
unconverted gas fractions for electricity co-production (Hamelinck, 2004). 
 
So far, commercial biofuels production via gasification does not take place, but interest is on 
the rise and development efforts have been made over the past decades. Using gasification 
technology for production of transport fuels, in particular FT diesel and hydrogen has 
received a lot of attention lately. The main development challenges are gas cleaning, scale-up 
of processes and process integration. Deployment on large scale (e.g. over 1000 MWth) is 
required to benefit maximally from economies of scale, which are inherent to this type of 
installations. In total however, this (set of) option(s) has a strong position from both 
efficiency and economic perspective (Tijmensen et al, 2002; Hamelinck and Faaij, 2002; 
Williams et al., 1995; Hamelinck et al., 2004).  
 
 
5.3 Economics 

The investment in biomass gasification and power generation mainly includes three parts 
(Wu et al., 2002): gasification and gas cleaning, power generation device and civil works. 
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Analysis shows that the economic and financial aspects of using a gasifier for thermal 
applications in SMEs in India are extremely favourable across different unit capacities (Gosh 
et al., 2006). In cases where gasifiers replace liquid-fuel use, payback period to a firm owner 
installing a small (with a unit size of the order of 30 kW) or a medium (with a unit size of the 
order of 100 kW) sized gasifier is only of the order of 6 months. Investment in a medium-
sized gasifier that replaces liquid-fuel use for thermal applications is also extremely 
financially attractive for a firm owner – analysis of the cash flow streams for such an 
investment shows the present value (PV) of cash flows to be more than four orders of 
magnitude higher than the initial capital requirement, and an internal rate of return (IRR) 
approximating over 690% (Gosh et al., 2007). The economics of the study is presented in 
Table 5.4. 
 
 
Table 5.4: Economics of thermal applications of biomass gasifiers in SMEsa 
 Gasifier unit size

(30 kW) 
Gasifier unit 
size (100 kW) 

Unit capital costsb for gasifiers ($/kW) 
Total gasifier capital costs ($) 
 
For SME units with existing liquid fuel 
consumption 
Substitution of liquid fuel by biomass 
(litres/h) 
Net savings ($/h) 
Payback (months) 
 
For SME units with existing solid biomass 
burning 
Reduction in biomass consumption (kg/h) 
Net savings ($/h) 
Payback (years) 

200 
3750 

 
 
 
 

9.4 
3 
6 
 
 
 

30 
0.8 
2 

146 
12,500 

 
 
 
 

31.3 
9 
6 
 
 
 

100 
2.7 
2 

aAn average 8 h of daily operation is assumed for a firm in the SME category. 
bAll cost figures in the study are in 2003 US$. 
 
Source: Gosh et al., 2007 
 
 
A sample financial analysis of a project based on a 100kW gasifier coupled to a producer gas 
engine establishes its financial attractiveness in India (Gosh et al., 2003). The IRR from the 
project is reasonably high at 26%, and the PV of recurring cash flows is almost double the 
initial capital outlay. Such a project would also be financially attractive in that cash flows are 
positive from the first year of operations since the avoided costs of power purchase are quite 
substantial. The project breaks even in the fifth operating year (Gosh et al. 2007).  
 
Wu et al. (2002) analysed data from a 1-MW biomass circulating fluidized-bed (CFB) 
gasifier power plant in China and reported a unit capital cost of 60-70% of coal power 
station. They reported a much lower operational cost than that of a conventional power plant. 
However, due to the relatively low efficiency of small-scale plant, the CFB gasifier 
technology will lose its economic attraction when its capacity is smaller than 160 kW or the 
price of biomass is higher than US$24/tonne. The development of medium-scale CFB plants, 
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with capacity ranging from 1000 to 5000 kW, is recommended; as is the demonstration of 
CFB technology in suitable enterprises (e.g. rice mill and timber mill) in developing countries 
where large amounts of biomass wastes are available so that biomass collection and 
transportation can be avoided and the operation cost can be lowered Wu et al. (2002).  The 
unit investment in 1MW system in China was $367/kW, which was lower than that of a 
small-scale coal-fired power station (about $720/kW). The reason is that CFB for rice mills 
does not need special collection and transportation devices, or storage facilities. However, the 
unit investment of CFB will increase with the diminution of the system capacity (Wu et al., 
2002). 
 
Some data is reported in the Gasifier Inventory database (Gasifier Inventory, 2004) in the 
USA. Capital costs for mid-sized (75 MW electric), first-of-a-kind biomass gasification 
combined cycle electric plants are estimated to be in the $1,800-$2,000/kWe range, with the 
cost dropping rapidly to the $1400/kWe range for a mature plant in the 2010 time frame 
(Bain and Amos, 2003). Capital costs for biomass gasification plants that produce only 
thermal energy or co-fire product gases into existing electric generating plants are 
significantly less costly. For example, a 16 MW thermal output plant was built in Jonesboro, 
Arkansas by Primenergy in 1996 at a cost of $5 million ($312/kW thermal) (Gasifier 
Inventory, 2004).  
 
Because of the variety of feedstocks and processes, costs of bio-power vary widely.  Co-
firing in coal power plants requires limited incremental investment ($50-$250/kW) and the 
electricity cost may be competitive (US$0.02/kWh) if local feedstock is available at low cost 
(no transportation). For biomass typical cost of $3-$3.5/GJ, the electricity cost may exceed 
$0.03-$0.05/kWh. Due to their small size, dedicated biomass power plants are more 
expensive ($1500-$3000/kW) than coal plants. Electricity costs in cogeneration mode range 
from $0.04 to $0.09/kWh. Electricity cost from new gasification plants is around $0.10-
$0.13/kWh, but with significant reduction potential in the future (IEA, 2007). 
 
 
5.4 Environmental impacts 

Biomass gasification systems produce solid, liquid, and gaseous wastes that, if not adequately 
controlled, could harm the environment (Stassen, 1995). Solid wastes are primarily residue 
ash. The amount produced may vary between 1 and 20 percent, depending on the biomass 
fuel. In most cases, disposal of this ash is not a problem, and in some cases, such as rice 
husks, the ash may have value for use by steel or cement industries.  
 
The temperature of the gasification process turns ash and other inert material in the feedstock 
into a molten liquid that, when cooled, is an inert, non-leaching, sand-like material – called 
frit or slag – that has construction uses. If the frit is landfilled, it exhibits none of the leaching 
characteristics of scrubber wastes from conventional pulverized coal plants that can cause 
water pollution problems (Gasification Technologies Council, 2002).  
 
GHG emissions from biofuels derived from gasification routes are likely to be very low in 
comparison with fossil-derived liquid fuels. For example, the well-to-tank GHG emissions 
for Fischer-Tropsch biodiesel projected for 2020 are estimated at around 2.9 – 6 kgCO2e/GJ 
(depending on whether or not residues or energy crops are used as a feedstock), resulting in a 
93-96% reduction in GHG emissions compared with fossil diesel (E4tech, 2008). 
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Jain (2006) reported a drastic reduction in emission levels in producer gas (Table 5.5) from a 
gasifier deployed in India. It was observed that CO reduced by half or a third in value, while 
NOx reduced by a third. Hydrocarbons and particulate matter reduced by a hundred fold. 
 
 
Table 5.5: Emission levels with producer gas 
Gas Permissible limits as per 

CBCP norm (g/MJ) 
Emission observed (g/MJ) 

CO 1.2 0.4 – 0.6 
NOx 2.2 0.7 
Hydrocarbons 0.3 0.005 
Particulate matter 0.2 0.005 
 
 
Environmental pollution can be exacerbated when large quantities of liquid effluents are 
produced if wet−gas cleaning systems are used, which can dramatically increase the volumes 
of contaminated liquid effluent. In all cases, the effluent can be highly toxic, and untreated 
disposal of such effluent can lead to contamination of drinking water, fish kills, and other 
negative impacts. Fortunately, most downdraft gasifiers can be equipped with dry−gas 
clean−up systems, which drastically reduce the quantity of liquid effluent produced. As a 
result, disposal can be accomplished in a more controlled and acceptable manner. The 
problem does not arise in heat gasifiers, because such systems usually combust the dirty hot 
producer gas completely—that is, inclusive of the tarry components, which are gaseous at 
higher temperatures (Stassen, 1995).  
 
 
5.5 Case Studies  

5.5.1 Biomass gasification in Uganda 

 
This case study is based on a paper by Buchholz et al., 2007: Electricity from small-scale 
gasification in Uganda. 
 
This case study is on the operational aspects and financial implications of a 10 kW gasifier 
system that has been installed on a 100 acre farm in Mukono, Uganda. The gasifier installed 
is manufactured by Ankur Scientific India and powers a Fieldmarshall modified diesel engine 
that runs on a dual fuel-mode rated at 25 % diesel and 75 % gas producing 3-phase 
electricity. The maximum electrical output is rated at 10 kW. Due to the small size and the 
capability of the engine to start with 100 % diesel it can be started off a battery and does not 
need an additional generator to start. The vacuum created by the air intake of the engine is 
enough to run the gasifier without the need for an additional blower. Once the gas is 
produced, the diesel share of the fuel is reduced automatically governed by the engine speed. 
Starting time is between 5 to 10 minutes. The grid consists of 30 electricity poles and a total 
of 700m wire to transmit power to the farm house, pig sty and security lights. 
 

Operational aspects 
The gasification system has been running since August 2006 on a daily basis for 6 hours in 
the evenings producing 3kW on one phase only. It is fuelled by eucalyptus prunings from a 
farm with diameters of less than 2cm and which are cut by a circular saw to a maximum 
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length of 5cm and air dried for 3 months. The system is operated by an employee with a three 
years college course in electrical installations, daily workload is approximately 1.5 h per day 
including fuel preparation. The 500 litres of cooling water are replaced every 2 to 3 months. 
 
 
 

 
Figure 5.5: 10 kW dual fuel mode gasifier for electricity production in Uganda 
 
 
Efficiency and financial analysis 
Scenario 1: Current situation 
Under the current use of 18kWh daily, the gasification system uses 0.84kg of air dried wood 
and 0.17 litres diesel per kWh produced. This sum up to 15 kg of wood and 3 litres of diesel 
per day. As seen in Table 5.6 last column, the dual fuel mode ratio diesel to woodfuel is close 
to 1:1 and not 1:3 as rated by the manufacturer. This implies that only 3 litres of diesel are 
saved every day. Under this scenario, even when excluding labour and fuelwood costs, the 
system produces electricity at 0.67 $/kWh and is not competitive with diesel gensets (for 
capital costs, grid costs, diesel costs etc. in this calculation, refer to Table 5.6). 
 
Table 5.6: Energy shares between the two fuels in dual fuel 
 Consumption Energy 

Content 
Conversion 
Efficiency 

Total share per kWh 
electricity produced 

Diesel 0.17/kWh 0.3 kWh 33% 50% 
Fuelwood 0.84 kg/kWh 4.25 kWh 14% 50% 
Mode at 3 kW 
 
Source: Buchholz et al., 2007 
 
 
Scenario 2: Increased power demand 
The high diesel share of 50 % of the total energy required for electricity production in 
scenario one is caused by the little power demand. Running the system close to its rated 
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capacity of 10kW would allow to shift the fuel ratio towards a higher fuelwood share and 
decrease relative fuel costs. At the same time, a higher power output would decrease capital 
costs per kWh produced. It is obvious that at this low baseload the gasification system can 
not operate efficiently. In scenario 2 it is assumed that the same gasification system is 
running at 9 kW (e.g. not only supplying the farm but also the neighbouring village) for 12 
hours a day. This is still a fairly conservative scenario as the maximum rated capacity is not 
used and the system runs only half of the day. Table 5:7 shows operation costs and input 
assumptions as well as the economic implications. 
 
 
Table 5.7: Input and output figures for the gasifier system producing 9 kW for 12 hours a day 
Cost and Input Assumptions Value Unit 
Fuelwood price 
Diesel price 
Diesel share in fuel mix 
Electricity output 
Load factor 
Electricity cost (diesel genset) 
Interest rate 
Depreciation period 

18.5 
0.96 
25 
9 kW 
50 
0.35 
10 
10 

US$/tonne 
US$/l 
% 
kW 
% 
US$ kWh 
% 
years 

 
Output 

  

Net Present Value 
Internal Rate of Return 
Investment costs 
Electricity costs 
Fuel costs (diesel and wood) 
Fuelwood supply 
Diesel supply 

32,508 
51 
2,300 
0.20 
0.10 
136 
8.9 

US$ 
% 
$/kW 
$/kW 
$/kW 
kg/day 
l/day 

 
Source: Buchholz et al., 2007 
 
 
Under technical and financial aspects, scenario 2 is economically viable and an attractive 
alternative to a diesel generator. It produces electricity at 0.2 US$/kWh and earns an IRR of 
51 % considering electricity price for diesel generated power of 0.35 $/kWh. The highest 
share of total costs, of over 50 %, are the capital costs. However, this high up-front 
investment can be justified by the low running costs, i.e. fuel costs of 0.1 $/kWh. Labour 
costs to operate the system – which are often used to argue against gasification when 
compared with diesel fuelled power production – account for 5 % of total costs only. The 
payback period is less than three years (Figure 5.6). 
 
Sustainable fuelwood supply 
An economically viable gasification system for electricity production (see scenario 2) 
requires a sustainable feedstock supply system. On-farm trees and agricultural residues are 
usually not sufficient. In Table 5.8 the minimum and maximum area demand for the 
feedstock is presented per kW installed. In the best or least land-consuming case, one would 
still have to calculate with 0.5 ha per kW installed. If agricultural residues are available 
without drawbacks on soil fertility this will reduce the required area. 
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Figure 5.6: Payback period for scenario 2 
Source: Buchholz et al. 2007 
 
 
Table 5.8: Area demand per kW at 80% load for different efficiencies and growth rates 
 Consumption 

in kg 
wood/kWh 

Electrical 
efficiency 
(%) 

Stand 
productivity 
(tonnes) 

Area demand 
(ha/kW) 

‘Worst’ Case 1.5 13 5 2.1 

‘Best’ Case 1.0 12 15 0.5 

 
Source: Buchholz et al. 2007 
 
 
5.5.2 Biomass gasification in Mali  

By the mid−1960s, as a result of cooperation between the governments of Mali and China, 
rice husk gasifiers were installed at large, government-owned rice mills in Mali. The World 
Bank Biomass Gasification Monitoring Program (BGMP) monitored a 160−kWel generator 
set, situated near the remote village of Dogofiri, that used a rice husk gasifier in combination 
with a large Otto engine. The actual maximum power demand on site was only 90 kWel. The 
electricity produced by the gasifier plant was the major power source for the mill and 
compound. The plant (one of three originally commissioned in Mali) was built in and 
imported from China, where this type of gasification technology was developed and 
commercialised. Installation and commissioning were effected by Chinese personnel, and 
Chinese engineers apparently were on site for at least a year after startup, presumably to train 
the Malian operators. The Dogofiri rice husk gasifier was installed in 1967 and had 
accumulated more than 55,000 hours of operation. 
 
In the 20 years since startup, a number of major technical problems were encountered, and 
the plant was down for prolonged periods (mainly while awaiting spare parts from China), 
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but the local Malian technicians and operators have consistently restored the plant to working 
condition, with overall availability of the unit since 1968 apparently about 90 percent.  
 
The plants in Mali cannot be considered truly commercial because of the soft conditions 
under which the government of China made the gasifiers available. In practice, this meant 
that the rice mill management only considered operation and maintenance costs in comparing 
gasifier operation with diesel operation or connection to the local grid. On this basis, gasifier 
operation is cost efficient. However, when all costs are taken into account, the cost of power 
production on site (US$0.2/kWh) by means of gasifier is more or less the same as for diesel 
power generation. It may be noted, however, that the relatively high cost of gasifier power is 
attributable mainly to the fairly high plant cost quoted to BGMP by the Chinese 
manufacturer. 
 
The BGMP monitoring report suggests that the prolonged successful operation of the 
Dogofiri and other rice husk gasifiers in Mali results from a sound project setup, of which the 
main characteristics are thorough training of local personnel, highly profitable operation (at 
least from the viewpoint of the mill management), and consistent technical backup in the first 
and most difficult stage of project. Despite its apparent success in Mali, the rice husk 
gasification technology, as installed in Dogofiri, has at least two drawbacks that must be 
remedied before further implementation can be considered. The major problem with the 
technology is the gas-cleaning component, which contains a number of water scrubbers. 
These are not particularly efficient in removing tar from the gas stream and produce large 
amounts of scrubber water seriously contaminated with phenolic tars. The phenol content of 
the wastewater from the scrubbers constitutes a clear environmental and health problem. 
Therefore, it is absolutely necessary to devise and install equipment that either prevents 
scrubber wastewater from being contaminated or safely and efficiently removes the tarry 
phenols from it. Second, the gas cleaning equipment has limited tar removal capacity, 
requiring labour-intensive engine maintenance that may adversely affect economy of 
operation. 
Source: Stassen, 199 
 
 
5.5.3 Biomass gasification in Burundi  

By 1984, a 36 kWel dual−fuel diesel generator set equipped with a downdraft gasifier was 
installed at the Tora tea factory in Burundi. The installation was designed and built in 
Belgium, paid for by the EC/LOME II programme and provided at no cost to the factory 
through the government of Burundi. Although the unit was tested only with woodfuel, it was 
sold as suitable also for peat gasification. BGMP monitoring established, however, that the 
plant could not be operated for any sustained period on Burundi peat, the only fuel available. 
This conclusion marked the end of biomass gasification efforts at Tora factory. 
 
Lessons learnt from these case studies show that the criteria for gasifier selection should also 
include local availability of the appropriate feedstocks, manpower requirements, spare-parts 
and the environmental impact of the gasifier operation on the environment. 
Source: Stassen, 1995 
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6. BIOGAS CONVERSION TECHNOLOGIES 
 
 
Introduction:  

Biogas can be defined as a gas composed principally of a mixture of methane (CH4) and 
carbon dioxide (CO2) produced by anaerobic digestion of biomass with a heating value of 
about 55%–60% that of natural gas. The technology of converting some organic matter into 
gaseous substance through a natural biological process has potential of benefiting from the 
clean development mechanism (CDM) of Kyoto protocol. Each year, some 590 - 880 million 
tons of methane are released worldwide into the atmosphere through microbial activity. 
About 90 percent of the emitted methane derives from biogenic sources, i.e., from the 
decomposition of biomass. The remainder is of fossil origin (e.g., petrochemical processes). 
In the northern hemisphere, the present tropospheric methane concentration amounts to about 
1.65 ppm (APCAEM, 2007). 
 
Biogas technology is generally accepted to be simple and readily amenable for use in rural, 
peri-urban and urban areas. It can be utilised for many purposes including lighting, heating 
and power generation at the individual and community levels. Biogas technology offers many 
benefits including provision of sanitation option, agriculture via manure (bio-solid fraction) 
and effluent (liquid fraction). The job creation inherent with this technology through 
employment of artisans for construction and appliance manufacturing is an added incentive. 
Figure 6.1 illustrates the various applications, uses and benefits to be derived from biogas. 
Africa have a suitable climatic characteristics of tropical rainfall forest with mean 
temperatures of 24 and 28 oC with little seasonal variation and annual rainfall above 1,500 
mm that is ideal for biogas production. The African indigenous agricultural practices of 
mixed farming and in some cases of zero-grazing are also conducive for biogas technology 
practices. Mixed farming with night stables and day grazing in parts of Africa also favour 
biogas dissemination. 
 
 
6.1 Production processes 

Biogas is produced by bacteria during digestion or fermentation of organic matter under 
airless condition (anaerobic process). The gas consists mainly of CH4 and CO2. Typically, 
biogas consists of about 60 % methane (CH4) and 40 % carbon dioxide (CO2). It also 
contains small proportions of other substances, including up to 1% hydrogen sulphide (H2S). 
The water content is usually removed through water drains (APCAEM, 2007). Many kinds of 
organic waste can be used in a biogas plant as feedstock as shown in Figure 6.2. A wide 
range of agricultural, industrial, and urban activities generate residue streams with high 
organic loadings that are suitable for anaerobic treatment. They include: intensive animal 
husbandry (excreta, and bedding materials); food processing (sugar production and vegetable 
preparation); breweries and distilleries; and materials production (such as pulp and paper, 
pharmaceutical manufacture, and sewage treatment). The design of the biogas plant can be 
greatly influenced by the feedstock available, be it, animal dung, chicken droppings, human 
excreta or solid waste (from agricultural residues, domestic or municipal sources). The 
fractions of gas, biofertilizer and effluent exuding from such systems can vary from one 
another depending on the feedstock differences alone as depicted in Table 6.1. Table 6.2 also 
shows biogas potentials of some types of feedstock. 
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Figure 6.1: Benefits, applications and uses of biogas  
 
Source: Taleghani and Kia, 2005 
 
 
 

 
 
Figure 6.2:  Schematic diagram of feedstock and unit operations in a typical biogas plant  
 
Source: APCAEM, 2007 



124 
 

Table 6.1: Potential Biogas Production for typical animal per day (Sorenson, 2004) 
Source  Manure per day Biogas per day 
 Kg wet weight  MJ m3 MJ 
cows 40 62 1.2 26 
pigs 2.3 6.2 0.18 3.8 
Hens  0.19 0.9 0.011 0.26 

 
 
Table 6.2: Potentials of Biogas Production from some types of Dung 

Dung type Potential Biogas Yield 
Cattle (cows and buffalos) 0.023 - 0.040 
Pig 0.040 - 0.059 
Poultry (Chicken) 0.065-0.116 
Human 0.020- 0.028 
Pre-treated Crop Waste 0.037 
Water Hyacinth 0.045 

 
Source: Adapted from FAO, 1996 
 
 
The state of the feedstock determines whether premixing has to be carried out to generate 
slurry for feeding the digesters. There are several varieties of digesters in existence. The basic 
varieties include balloon, fixed dome and floating drum (Sasse, 1988). The specific choice of 
design depends on factors such as building material (for example, polythene or masonry 
(Armorer, 2007)) and the site conditions (Devkota, 2003).  
 
The efficiency of the biogas production is affected by the following factors: air tightness, 
suitable temperature, necessary nutrients, water content, suitable pH, Carbon : Nitrogen-ratio 
(C:N recommended to be between 30:1 and 10:1, however, materials such as bagasse, 
sawdust, straw and seaweed are reported by Sorenson (2004) to have higher C:N ratios than 
specified), volatile solid content, loading rate, toxicity, dilution, retention time and mixing 
(Reid et al, 2005).  
 
Three types of processes can be carried out namely continuous, batch and plug flow 
(Devkota, 2003). The choice of a specific process has to be critically evaluated depending on 
factors including material availability, capacity of the digester and end user needs. Different 
fractions of the digester occupy various levels and contain different total solids as shown in 
Figure 6.3. There are three main types of simple biogas plants: the balloon, fixed-dome and 
floating-drum types. 
 
Balloon Plants 
The balloon plant consists of a digester bag (e.g., PVC) in the upper part in which the gas is 
stored. The inlet and outlet are attached directly to the plastic skin of the balloon. The gas 
pressure is achieved through the elasticity of the balloon and by added weights placed on the 
balloon. The advantages of this system are its low cost, ease of transportation, low 
construction sophistication, high digester temperatures, and its rather simple cleaning, 
emptying and maintenance. The disadvantages can be the relatively short life span, high 
susceptibility to damage, little creation of local employment and, therefore, limited self-help 
potential. A variation of the balloon plant is the channel-type digester, which is usually 
covered with plastic sheeting and a sunshade (Figure 6.4). Balloon plants are recommended 
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wherever the balloon skin is not likely to be damaged and where temperatures are not too 
high. 
 
 

 
Where 1= settlement of sand and soil; 2 = viscous slurry or sludge of 6-7% total solids; 3 = liquid slurry fraction 
with 12% total solids; 4 = Floating scum with 15-50% total solids and 5 = Biogas 
 
Figure 6.3 Schematic diagram of CAMARTEC digester (Source: GTZ, 1991) 
 
 

 
 
Figure 6.4: Balloon storage under a shed 
 
 
Fixed-Dome plants 
The fixed-dome plant consists of a digester with a fixed, non-movable gas holder, which sits 
on top of the digester. When the production of gas starts, the slurry is displaced into the 
compensation tank. The gas pressure increases with the volume of gas stored and the height 
difference between the slurry level in the digester and the slurry level in the compensation 
tank. The advantages of this system are the relatively low construction costs and the absence 
of moving parts and rusting steel parts. If well-constructed, fixed-dome plants have a long life 
span. The underground construction saves space and protects the digester from temperature 
changes (Figure 6.5). The construction provides opportunities for skilled local employment. 
The disadvantages are mainly the frequent problems with the gas-tightness of the brickwork 
gas holder, where even a small crack in the upper brickwork can cause a heavy loss of biogas. 
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Therefore, fixed-dome plants are recommended only where construction can be supervised by 
experienced biogas technicians. The gas pressure fluctuates substantially depending on the 
volume of the stored gas. Even though the underground construction buffers temperature 
extremes, digester temperatures are low. Many models of this type exist, four of them 
schematically shown in Figure 6.5 
 
Floating-Drum plants 
Floating-drum plants consist of an underground or a stationary digester and a moving 
gasholder. The gasholder floats either directly on the fermentation slurry or in a water jacket 
of its own. The gas is collected in the gas drum, which rises or moves down, according to the 
amount of gas stored. The gas drum is prevented from tilting by a guiding frame. If the drum 
floats in a water jacket, it cannot get stuck, even in substrate with a high solid content. 
 
The main advantage of this system is its simplicity and ease of operation, as the volume of 
stored gas is directly visible to the user. The gas pressure is constant and determined by the 
weight of the gas holder (Figure 6.6). The construction is relatively easy and mistakes do not 
lead to major problems in operation or gas yield. The disadvantages are high material costs of 
the steel drum and the susceptibility of steel parts due to corrosion. Because of this, floating-
drum plants have a shorter life span than fixed-dome plants and regular maintenance costs for 
the painting of the drum. 
 
The conventional material for digester construction in Africa is masonry. However, these can 
be made of plastic materials and are appreciated for the benefits of being inexpensive to 
acquire compared to other biogas models (a quarter of the price $120 compared to >$500). 
However, a survey of 26 of units installed by The Foundation for Sustainable Rural 
Development (SURUDE) found 11 of the units to be non-functional. Technical problems 
included pressure too low for cooking heavy meals, low gas production, problems with 
burners, and lack of water although substitution of cattle urine for water was utilized by one 
household without adverse effects (Nhete and Kellner, 2008). 
 

 
where 1= Biogas plant from Chengdou/China, 2 = Janata plant from India, 3 = Dheenbandhu plant of AFPRO 
from India and 4 = Modified BORDA plant from Cankuso in Burundi.  
 

Figure 6.5: Different models of Fixed dome plants: (Source: GTZ, 1991) 
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where G.L. = Ground Level. 
Figure 6.6: A typical Biogas Plant Floating Dome (LHS) and Fixed Dome (RHS)  
 
Source: Amigun B. and von Blottnitz H., 2007 
 
 
 
 
Table 6.3: Biogas Yield of Selected Feedstock 

Feedstock  Feeding 
rate 

Dry 
matter 

Volatile 
solids 

Biogas  Methane 
yield per day 

 Kg/day % % m3CH4/kg VS m3CH4 

Cattle manure (liquid) 1030 8 80 0.55 36 

Cattle manure (solid) 330 25 80 0.55 36 

Grass (fresh) 470 21.1 91 0.4 36 

Market waste 400 25 90 0.4 36 

Vegetable waste/market 
waste 

400 25 90 0.4 36 

Fish processing waste 270 30 90 0.5 36 

Food waste (from 
canteen kitchen) 

185 40 98 0.5 36 

Park and garden waste 
(fresh) 

175 42 97 0.5 36 

Organic waste 
(domestic) 

90 75 90 0.6 36 

Oil seed residue (pressed 65 92 97 0.62 36 

Source: Rottaller, 2008 
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Potential feedstocks classification 
The following list contains the most popular feedstock for biogas production: 

i) Dung from Cow/Sheep/Pigs, etc. – These have been utilised in Uganda, Ghana and 
Rwanda 

ii) Chicken droppings – Burundi offers example of such usage. 
iii) Human excreta – Usage of public latrines in Kenya and Ghana and in Prisons in 

Rwanda. 
iv) Solid Waste (Agricultural residues, Industrial residues, Domestic or /and Municipal 

refuse) – Collective cooking houses in Ethiopia show examples of usage. 
 
Table 6.3 shows the variation in computed quantities of the various feedstock (implemented 
in Kenya and India) feeding a particular biogas plant yet yielding the same quantity of 
methane fraction but varying volume of biogas obtainable.  

 

6.1.1 Construction of biogas plants 

The success or failure of any biogas plant mainly depends upon the quality of construction. 
The capacity of the plant is dependent on the availability of feedstock. Table 6.4 gives some 
relevant data about these six different sizes of biogas plants. 
 
Table 6.4: Data for determining biogas plant capacity 
Size of Plant* Daily Fresh Dung (Kg) Daily Water 

(Litres)
Approx. No. of 
Cattle Required 

4 24 24 2 - 3 
6 36 36 3 – 4 
8 48 48 4 – 6 
10 60 60 6 – 9 
15 90 90 9 – 14 
20 120 120 14 and more 

* Plant size is the sum of digester volume and gas storage and is based on a hydraulic 
retention time of 70 days 
 
 
Factors such as site specifications including the nature and type of soil must be taken into 
account to make room for the structural stability. The feedstock type to be used in the 
digester determines the quantity of biogas and therefore affecting the capacities of both 
digester and storage facility to be designed. Constructional material availability & choice 
affect both the capital cost and operating cost both of which need to be minimized to enhance 
the economics of the biogas system. Highly trained manpower with the requisite skills 
available impacts greatly on the longevity of the plant to be constructed and minimizes 
importation. Due to the differences in the configurations of various digester types and their 
limitations and advantages, the choice for a suitable usage is critical. The hydraulic retention 
time in the digester is influenced by the nature of feedstock and loading rate. This rate varies 
among feedstock types whilst the efficiency of operation is governed by this parameter. The 
retention time is critical for digesters utilising human excreta as feedstock because of the risk 
of epidemic outbreak cholera among others, from pathogenic microbes especially if the 
exuding slurry is used in planting readily edible species (Schmitz et al, 2007, GTZ, 1991). 
Figure 6.7 illustrates the relationship between gas production and the retention time in a 
digester. The material integrity of gas holders must be high to avert potential safety hazards 
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associated with gases. Correct scheduling of pipes avert pressure fluctuations and choosing 
the appropriate material of construction minimises corrosion rate. 
 

 
 

Figure 6.7: Relationship between biogas production and retention time  
 
 
Constructing a first biogas plant all by yourself (if you are not an expert in the field) is not an 
easy task. It is advisable that expert knowledge be sought before initiating the process. In 
most technical universities on the continent, biogas experts exist that could assist in the 
construction and early maintenance of a biogas plant. Several manuals and publications that 
detail the construction and maintenance process for biogas plants also exist. Excerpts from 
such manuals and publications (Marchaim, 1992; FAO 1996; Biogas Support Programme, 
1994; Sorensen, 2004; Fischer et al, 2006) are presented below to give an idea as to the key 
processes involved in the construction process. The manuals referenced above are available 
for download from the internet.  

Construction materials 

If the construction materials to be used in the plant construction such as cement, sand, 
aggregate etc. are not of good quality, the quality of plant will be poor even if design and 
workmanship involved are excellent. Brief description regarding the specifications of the 
materials is given below.  

a) Cement 

The cement to be used in the plant construction has to be of high quality portland cement. It 
must be fresh, without lumps and stored in a dry place. Bags of cement should never be 
stacked directly on the floor or against the walls but wooden planks should be placed on the 
floor to protect cement from dampness. 

b) Sand 

Sand for construction purpose must be clean. Dirty sand has a very negative effect on the 
strength of the structure. If the sand contains 3% or more impurities, it must be washed.  
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c) Gravel 

Gravel should not be too big or very small. It should not be bigger than 25% of the thickness 
of concrete product where it is used in. As the slabs and the top of the dome are not more 
than 3” thick, gravel should not be larger than 0.75” (2 cm) in size. Furthermore, the gravel 
must be clean. If it is dirty, it should be washed with clean water. 

d) Water 

Water is mainly used for preparing the mortar for masonry work, concreting work and 
plastering. It is also used to soak bricks/stones before using them. Besides these, water is also 
used for washing sand and aggregates. It is advised not to use water from ponds and irrigation 
canals for these purposes, as it is usually too dirty. Dirty water has an adverse effect the 
strength of the structure; hence water to be used must clean. 

e) Bricks 

Bricks must be of the best quality locally available. They must be well baked and regular in 
shape. Before use, bricks must be soaked for few minutes in clean water. Such bricks will not 
soak moisture) from the mortar afterwards. 

f) Stones 

If stones are to be used for masonry work, they have to be clean, strong and of good quality. 
Stones should be washed if they are dirty. 

Construction site selection 

The following points should be kept in mind when deciding on a site for biogas plant 
construction. 

 For proper functioning of the plant, the right temperature has to be maintained in the 
digester. Therefore, a sunny site has to be selected.  

 To make plant operation easy and to avoid wasting raw material specially the dung, 
the plant must be as close as possible to the stable (cattle shed) and water source 
(Figure 6.8). If the nearest water source is at a distance of more than 20 minutes walk, 
the burden of fetching water becomes too much and it is not advisable to install a 
plant in such places.  

 If a longer gas-pipe is used the cost will be increased, the pipe is expensive. 
Furthermore, a longer pipe increases the risk of gas leakage due to more joints in it. 
The main valve has to be opened and closed before and after use. Therefore, the plant 
should be as close as possible to the point of use so that the above problems are 
eliminated.  

 The edge of the foundation of the plant should be at least two meters away from the 
house or any other building to avoid risk of damages.  

 The plant should be at least 10 metres away from a well or any other underground 
water sources to protect water from pollution.  
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Digging and pit depth 

The excavation work should only be started after deciding the location of manhole and outlet 
tank. The pit wal1s should be as vertical as possible and, most important, the pit bottom must 
be levelled and the earth must be untouched. While digging, excavated soil should be thrown 
at least one foot away from the layout, so that it does not fall inside the pit when the 
construction work is in progress. After digging the pit, a suitable arrangement must be made 
for the inlet pipe(s). If because of hard rock or underground water, the right depth cannot be 
achieved, the pit has to be made as deep as possible, while after completion of the structure 
some protective measure have to be constructed so that the wal1s of outlet and dome is 
supported well from outside.  

 

 

Figure 6.8: Digester should be constructed near and below the lavatory and cowshed 

 

Construction of round-wall 

At the centre of the pit, a straight rod or pipe must be placed in an exact vertical position. At 
ground-level, a heavy pole or pipe has to be placed horizontally on the centre of the pit. The 
vertical pipe can now be secured to the horizontal pipe or pole. After securing, the vertical 
pipe has again to be checked whether it is still in the right position. A string or wire can now 
be attached to the vertical pipe. After deciding the radius of digester, the construction of the 
round wall can begin. The first row of bricks must be positioned on their sides so that a 4.5” 
high, 9” wide base is made. It is essential that first row is placed on a firm, untouched and 
level soil. The next rows of bricks can be positioned on their lengths so that the wall 
thickness becomes 4.5”. It is not necessary to make pillars in the wall but the backfilling 
between wall and pit-side must be compacted with great care. This backfilling has to be done 
in the morning before starting the construction work. Earth should be well compacted by 
adding water and gentle ramming all along the circumference of the digester. Poor 
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compaction will lead to cracks in round-wall and dome. If stone is used for the construction 
of round wall, the wall should rest against the pit-side as it is difficult to have proper 
backfilling because of the irregular shape of the outside of the stone wall. The cement mortar 
used can be 1 cement: 4 sand to 1 cement: 6 sand depending on the quality of the sand. 
 
The dung inlet pipe and toilet pipe must be placed in position when the round-wall is 35 cm 
high. To reduce the risk of blockages, the inlet pipe(s) must be placed as vertically as 
practical possible. Exactly to the opposite of the dung inlet pipe, a 60 cm wide opening must 
be left in the round-wall which acts as manhole. The digested slurry also flows out to the 
outlet tank through this opening. The inlet pipe from the latrine should be placed as close as 
possible with the dung inlet pipe with a maximum distance of 45 degrees from the dung inlet 
on the dung inlet-centres-manhole line. When the round-wall has reached the correct height, 
the inside must be plastered with a smooth layer of cement mortar with a mix of 1 cement: 3 
sand. The digester floor can made from bricks or small stones with plaster in cement mortar. 

Dome construction 

When the construction works of round wall as described above is completed, the dome has to 
be constructed. Before filling the pit with earth to make the mould for dome, the backside of 
the round wall should be filled with proper compacted back-filling. If this is not done, the 
pressure of earth for the mould can lead to cracks in the round-wall. It is important that the 
earth of the mould is well compacted. If the earth is further compressed after casting the 
dome, by its own weight and that of the concrete, it can lead to cracks in the dome.  

Before starting the casting work enough manpower and construction materials like sand, 
gravel, cement and water has to be collected on the site. The casting has to be done as quickly 
as possible and without interruptions as this will negatively affect the quality of the cast. A 
constant, adequate supply of concrete (1 cement: 3 sand: 3 gravel) must be made for the 
masonry work. No concrete older than 30 minutes should be used. 

A special care should be taken to maintain the thickness of dome while casting, i.e. the 
thickness in and near the edges should be more than the thickness in the centre. For 4, 6, 8 
and 10 m3 plant, the thickness in the edge should be 25 cm where as the thickness in the 
centre should be 7 cm. Similarly, for 15 and 20 m3 plants, the thickness in the centre should 
be 8 and 9 cm respectively and the thickness in the edge should be 25 cm. The small pipe on 
the top of the mould must be left in place till the main gas pipe is installed. This is to make 
sure that the main gas pipe is exactly in the centre. Already during the casting, the concrete 
has to be protected against strong sunlight by covering it with jute bags or straw mats. This 
protection has to be left in place for at least one week. Any delays can lead to leakage 
between main gas pipe and dome. Also from the day after the casting onwards, the dome has 
to be sprinkled with water 3 to 4 times a day which known as curing. After approximately 
one week, depending on the temperature the earth of the mould can be removed through the 
manhole. When all earth is removed, the inside of the dome has to be thoroughly cleaned 
with a brush and clean water. 

Construction outlet chamber 

To construct the outlet tank, excavation has to be done just behind the manhole. The earth 
behind the manhole and under the outlet floor has to be very well compacted otherwise 
cracks will occur. The walls have to be vertical and finished with a smooth layer of cement 
plaster (1 cement: 3 sand). On the outside, the walls have to be supported with sufficient earth 
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body up to the overflow level. This again is to avoid cracks. The outlet tank should be on a 
slightly higher elevation than the surrounding so that there are no chances of water running 
into the outlet during the rainy season. At the same time of dome casting, the concrete slabs 
for the outlet should be constructed. It is easy to make some additional concrete at this time 
and the slab will be well cured before they are placed on the outlet. The slabs must be 2.5” to 
3” thick with proper reinforcement at 0.75” from the bottom side. The surface, on which the 
slabs are casted, has to be flat and clean. Special care has to be taken for the compaction of 
the concrete, as small holes will expose the steel reinforcement to corrosive vapour coming 
from the slurry in the outlet and will cause the corrosion which may ultimately lead to the 
collapse of the slab. Hence, if holes are formed in the slab these should be blocked with 
plaster layer. The outlet cover slabs are essential to protect people and animals from falling 
inside and to avoid excessive vaporization of the slurry in dry season. 

Construction of inlet pit 

The inlet pit is constructed to mix dung and water. This can be constructed with or without a 
mixing device. Installation of a mixing device is preferable not only because it makes plant 
operation easier for the user but also because it improves the quality of mix. When a mixer is 
installed it has to be firmly attached to the structure, easy to operate, effective in the mixing 
process and the steel parts in contact with the dung are to be galvanized. The top of the 
structure should not be more than one meter high from the ground level and both inside and 
outside of the pit has to be covered with a smooth layer of plaster (1 cement: 3 sand). The 
bottom of the tank must be at least 5 cm above the outlet overflow level. The position of the 
inlet pipe in the floor must be such that a pole or rod can enter through it without 
obstructions. For the same reason the inlet pipe must be without bends. 

Lay-out of pipeline 

The gas pipe conveying the gas from the plant to the using point is vulnerable to damages by 
people, domestic animals and rodents. Therefore, only light quality galvanized iron pipe 
should be used which must be, where possible, buried 1 foot below ground level. Fittings in 
the pipeline must be sealed with zinc putty, teflon tape or jute and paint. Any other sealing 
agent, like grease, paint only, soap etc. must not be used. To reduce the risk of leakage, the 
use of fittings, especially unions, should be kept to a necessary minimum. No fittings should 
be placed between the main gas valve and the dome gas pipe. The biogas coming from the 
digester is saturated with water vapour. This water vapour will condense at the walls of the 
pipeline. If the condensed water is not removed regularly, it will ultimately clog the pipeline. 
Hence, a water drain has to be placed in the pipeline. The position of the water drain should 
be vertically below the lowest point of the pipeline so that water will flow by gravity to the 
trap. Water can be removed by opening the drain. As this has to be done periodically, the 
drain must be well accessible and protected in a well, maintained drain pit. For connecting 
burners with gas pipelines, use of transparent polyethylene hose must be avoided. Only 
neoprene rubber hose of the best quality should be used. As soon as there is gas production, 
all joints and taps must be checked for leakage by applying a thick soap solution. If there is 
leakage the foam will either move or break. 

Compost pits 

Compost pits are an integral part of the biogas plant; no plant is complete without them. A 
minimum of 2 compost pits must be dug near the outlet overflow in such a way that the slurry 
can run freely into the pits. Enough earth body must remain however, at least 1 meter, 
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between the pits and the outlet chamber to avoid cracking of the chamber walls. The total 
volume of the compost pits must be at least equal to the plant volume. To make it potent and 
easy to use as fertilizer, the compost pits should be filled with agricultural residues together 
with the slurry from the plant. The earth coming from digging the compost pits can be used 
for backfilling of the inlet and outlet chamber and for top filling on the dome. 

6.1.2 Stages in the biogas production  

In a typical biogas plant, there are three discernible stages in the production of biogas 
(Sorenson, 2004). In the first, complex biomass material is decomposed by a heterogeneous 
set of microorganisms, not necessarily confined to anaerobic environments. These 
decompositions comprise hydrolysis of cellulosic material to simple glucose, using enzymes 
provided by the microorganisms as catalysts. Similarly, proteins are decomposed to amino 
acids and lipids to long-chain acids. The significant result of this first phase is that most of 
the biomass is now water soluble, and in a simpler chemical form, suited for the next process 
step. The chemical equation for the phase one process is sown in equation 6.1. 

(C6H10O5)  + nH2O → nC6H12O6     (6.1) 

The second stage involves dehydrogenation (removing hydrogen atoms from the biomass 
material), such as changing glucose into acetic acid, carboxylation (removing carboxyl 
groups) of the amino acids, and breaking down the long-chain fatty acids into short-chain 
acids, again obtaining acetic acid as the final product. These reactions are fermentation 
reactions accomplished by a range of acidophilic (acid-forming) bacteria. Their optimum 
performance requires a pH environment in the range of 6−7 (slightly acid), but because the 
acids already formed will lower the pH of the solution, it is sometimes necessary to adjust the 
pH, for example, by adding lime. The net result of the phase two reaction is shown in 
equation 6.2. 

nC6H12O6 → 3nCH3COOH      (6.2) 

Finally, the third phase is the production of biogas (a mixture of methane and carbon dioxide) 
from acetic acid by a second set of fermentation reactions performed by methanogenic 
bacteria. These bacteria require a strictly anaerobic (oxygen-free) environment. Often all 
processes are made to take place in a single container, but separation of the processes into 
stages will allow greater efficiencies to be reached. The third phase takes of the order of 
weeks, the preceding phases of the order of hours or days, depending on the nature of the 
feedstock. The third phase reaction is represented in equation 6.3. 

3nCH3COOH → 3nCO2 + 3nCH4     (6.3) 
 
 
6.1.3 Operational issues 

Slurry mixing is an essential stage or unit of the biogas system that ensures uniform feedstock 
material and the attainment of the appropriate water content of the slurry. Otherwise, flow of 
the feed into the digester may be severely hampered and thereby reduce the production of 
biogas significantly. Conversely, too much of water content will lead to reduction of 
digestion efficiency due to decreased retention time and therefore lower gas production. 
Digesters can be fed on batch or continuous regime. The feedstock state, which is dependent 
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on the distance between feedstock source and digester, influences the feedstock stock 
significantly and the storage condition is equally influential in this regard. 
 
Table 6.5: Carbon-Nitrogen ratio of Some Organic Materials  
Material Carbon-Nitrogen (C/N) Ratio 
Cow Urine 0.8 : 1 
Lucerne 2 : 1 
Clover 2.7 : 1 
Slaughterhouse Waste 3 - 4 : 1 
Pig Urine 6 : 1 
Duck Dung 8 : 1 
Human Excreta 8 : 1 
Chicken Dung 10 : 1 
Silage Liquor 11 : 1 
Goat Dung 12: 1 
Grass Clippings 12 : 1 
Sewage Sludge 13 : 1 
Kitchen Refuse 6 – 10 
Pig Dung 18: 1 
Alfalfa Hay 18 : 1 
Sheep Dung 19: 1 
Pig Droppings 20 : 1 
Cow Dung/ Buffalo Dung 24 : 1 
Water Hyacinth 25 : 1 
Cow Dung 25 : 1 
Chicken Manure / Dropping 25 : 1 
Potato tops 25 : 1 
Elephant Dung 43 : 1 
Straw (Maize) 60 : 1 
Straw (Rice) 70 : 1 
Seaweed 80 : 1 
Straw (Wheat) 90 : 1 
Bagasse 150 : 1 
Straw 60 – 200 : 1 
Sawdust 200 – 500 :1 
 
Source: FAO, 1996 and Sorenson, 2004 
 
Digester conditions govern the type and rate of degradation of the feed material. However, 
the microbial content of digesters depends on feedstock composition. Rumen tends to have. 
higher amylolytic microorganisms whilst dung has proteolytic organisms as predominant 
species (Nagamani and Ramasamy, 2007). The bacterial action is inhibited by the presence of 
metal salts, penicillin, soluble sulphides, or ammonia in high concentrations. Hence these 
elements are avoided in digesters. Two temperature regimes namely mesophilic and 
thermophilic may be operated depending on the prevalent microbial type(s) present and 
which biochemical pathway is being utilised to produce biogas. For mesophilic activities, 
temperature range of 28 - 45 oC is operated whilst the thermophilic activities predominate at 
temperatures of 60 oC and above. Since the microbial activities are also pH dependent, 
generally, digesters are operated at pH range of pH 6.6 to 7.6. These issues have been 
thoroughly discussed by Nagamani & Ramasamy (2007), Sorenson (2004), FAO (1996) and 
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Marchaim (1992). Carbon-Nitrogen (C/N) ratio factor emanates from the type or combination 
of types of feedstock used for a digester. Table 6.5 shows the variation in the C/N ratio for 
different organic materials which are usually used as feedstock for digesters. 
 
 
6.2 Application technologies 

Biogas usage has proven to be good in replacing the other forms of biomass usage as heat and 
power source in cooking, lighting, operating dual fuel engines as in vehicles, refrigerators and 
boilers (Devkota, 2003). It is used in replacing conventional power sources such as electricity 
by burning as fuel source in generators and also when upgraded, it can be used as a 
transportation fuel. These applications have been carried out in the developed economies 
such as USA and Scandinavian countries of Sweden and Austria. A schematic diagram of the 
areas of application is shown in Figure 6.9. 
 

Biogas

Co-generation Stoves / Heaters Lamps Engines

Electricity Heat Light Motive Power

 
Figure 6.9: Application Areas of Biogas  
 
Source: FAO, 1996  
 
 
 
Table 6.6: Comparison of Biogas with Other Energy Sources  

Fuel Unit, u Calorific 
Value, 
kWh/u 

Application Efficiency 
(%) 

Biogas 
Equivalent 

(m3/kg) 

u/m3 
Biogas 

Cow dung kg 2.5 Cooking 12 0.09 11.11 
Wood kg 5.0 Cooking 12 0.18 5.56 

Charcoal kg 8.0 Cooking 25 0.81 1.64 
Hardcoal kg 9.0 Cooking 25 0.59 1.45 
Butane kg 13.6 Cooking 60 2.49 0.40 
Propane kg 13.9 Cooking 60 2.54 0.39 
Diesel kg 12.0 Cooking 50 1.83 0.55 
Diesel kg 12.0 Engine 30 2.80 0.36 

Electricity kWh 1.0 Motor 80 0.56 1.79 
Biogas m3 6.0 Cooking 55 1 1 
Biogas m3 8.0 Engine 24 1 1 

 
Source: GTZ, 1991 
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Methane is the most valuable component of the biogas used as a fuel. The calorific power of 
biogas is about 6 kWh/m3 – this corresponds to about half a litre of diesel oil however this 
value varies with altitude and temperature (GTZ, 1991). The net calorific value during 
burning also depends on the efficiency of the burners or appliances. Table 6.6 show the 
comparative ranking of biogas with other sources of energy terms of calorific value and 
efficiency in different application areas. 
 
The historical evidence of biogas utilization shows independent developments in various 
developing and industrialized countries. Normally, the biogas produced by a digester can be 
used in the same way as any other combustible gas. It is possible that further treatment or 
conditioning is necessary, for example, to reduce the hydrogen-sulphide content in the gas. 
When biogas is mixed with air at a ratio of 1:20 a highly explosive gas forms; therefore, 
leaking gas pipes in enclosed spaces poses a hazard. 
 
Biogas is a lean gas that can, in principle, be used like other fuel gases for households and 
industrial purposes such as: 

 Gas cookers/stoves – Household burner consumes 200-500 l/h.  
 Industrial Burners consume range between 1000 and 3000 l/h. 
 Lamps – The range for such devices is between 120 and 180 l/h 
 Radiant heaters – Small-heater outputs range from 1.5 to 10 kW thermal power. 
 Incubators – Usually applied in Poultry hatches. 
 Refrigerators – Biogas consumption ranges between 30 and 80 l/h for a 100 l volume 
 Engines – 700 l of biogas is consumed for each kWh electricity generated whereas 

420 l/h consumption is reported per bhp for biogas/diesel engines. (GTZ, 1991) 
 
6.2.1 Gas cookers/stoves 

A cooker is more than just a burner. Biogas cookers and stoves must satisfy certain aesthetic 
and utility requirements, which can vary widely from region to region. Various basic 
requirements including: 

i. Simple and easy to operate 
ii. Versatility e.g. for pots of various size, for cooking and boiling 

iii. Easy to clean, acceptable cost and easy to repair 
iv. Good burning properties, i.e., self-stabilizing flame and high efficiency 
v. Agreeable in appearance 

 
The burners should be set initially and then fixed so that efficiency remains at a high practical 
level. Single-flame burners and lightweight cook-stoves tend to be regarded as stop-gap 
solutions until more suitable alternatives can be found, however, most households prefer two-
flame burners. Biogas cookers require careful installation with adequate protection from the 
wind. For a compact, bluish flame the pot should be cupped by the outer cone of the flame 
without being touched by the inner cone. Test measurements are recommended to be 
performed to optimize the burner setting and minimize gas consumption. 
 
The gas demand can be defined on the basis of energy consumed previously. For example, 1 
kg firewood then corresponds to 200 litres biogas, 1 kg dried cow dung corresponds to 100 
litres biogas and 1 kg charcoal corresponds to 500 litres biogas. The gas demand can also be 
defined using the daily cooking times. The gas consumption per person and meal lies 
between 150 and 300 litres biogas. For one litre of water to be boiled, 30-40 litre of biogas 
are required, for 1/2 kg rice 120-140 litres, and for 1/2 kg legumes 160-190 litres.  
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6.2.2 Lamps 

In villages without electricity, lighting is not only a basic need, but also a status symbol. 
However, biogas lamps currently provide little relief as they are not very energy-efficient and 
they tend to get very hot. The bright light of a biogas lamp is the result of incandescence, i.e., 
the intense heat induced luminosity of special metals, so-called “rare earth” metals like 
thorium, cerium, lanthanum, etc., at temperatures of 1,000 - 2,000 oC. If they hang directly 
below the roof, they pose a potential fire hazard. Also, the mantles do not last long. It is 
important that the gas and air in a biogas lamp are thoroughly mixed before they reach the 
gas mantle, and that the air space around the mantle is adequately warm. 
 
The light output (luminous flux) is measured in lumen (lm). At 400-500 lm, the maximum 
light-flux values that can be achieved with biogas lamps are comparable to those of a normal 
25-75 W light bulb. Their luminous efficiency ranges from 1.2 to 2 lm/W. By comparison, 
the overall efficiency of a light bulb comes to 3-5 lm/W, and that of a fluorescent lamp ranges 
from 10 to 15 lm/W. One lamp consumes about 120-150 litres of biogas per day. 
 
The performance of a biogas lamp is dependent on optimal tuning of the incandescent body 
(gas mantle) and the shape of the flame at the nozzle, i.e., the incandescent body must be 
surrounded by the inner (and hottest) core of the flame at the minimum gas consumption rate. 
If the incandescent body is too large, it will show dark spots; if the flame is too large, gas 
consumption will be too high for the lightflux yield. The lampshade reflects the light 
downward, and the glass prevents the loss of heat. 
 
Practical experience shows that commercial-type gas lamps are not optimally designed for the 
specific conditions of biogas combustion (fluctuating or low pressure, variable gas 
composition). The most frequently observed shortcomings are: 

i. Excessively large nozzle diameters; 
ii. Excessively large gas mantles; 

iii. No possibility of changing the injector; 
iv. Poor or lacking means of combustion-air control. 

 
Such drawbacks result in unnecessarily high gas consumption and poor lighting. While the 
expert/extension officer has practically no influence on how a given lamp is designed, s/he 
can at least give due consideration to the mentioned aspects when it comes to selecting a 
particular model. 
 
6.2.3 Radiant heaters 

Infrared heaters are used in agriculture for achieving the temperatures required for raising 
young stock, e.g., piglets and chicken, in a limited amount of space. Good ventilation is 
important in the stable nursery in order to avoid excessive concentrations of CO or CO2. 
Consequently, the animals are kept under regular supervision, and the temperature checked at 
regular intervals. Heaters for pig or chicken rearing require some 200-300 l/ h in general. 
 
Radiant heaters develop their infrared thermal radiation via a ceramic body that is heated to 
600-800 oC (red-hot) by the biogas flame. The heating capacity of the radiant heater is 
defined by multiplying the gas flow by its net calorific value, since 95 percent of the biogas 
energy content is converted to heat. However, experience shows that biogas heaters rarely 
work satisfactorily because the biogas has a low net calorific value and the gas supply 
pressure is below 20 mbar. Biogas-fuelled radiant heaters should always be equipped with a 
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safety pilot, which turns off the gas supply if the temperatures go too low, i.e., the biogas 
does not burn any longer. An air filter is required for sustained operation in dusty barns. 
 
6.2.4 Biogas-fuelled engines 

A minimum of 10 m3/day of biogas output is needed for it to be used for fuelling engines. For 
example, to generate 1 kWh of electricity with a generator, about 1.0 m3 biogas is required. 
Small-scale systems are therefore not suitable as energy suppliers for engines and are treated 
elsewhere (APCAEM, 2007). 
 
The following types of engines are, in principle, well-suited for operating on biogas: 

i. Four-stroke diesel engines 
ii. Four-stroke spark-ignition engines 

iii. Converting diesel engines 
iv. Converting spark-ignition engines 

 
 
6.3 Economics 

6.3.1 Costs and benefits of methane digestion systems 

The costs of establishing and running a methane digester are dependent on the specific type 
and size of the digester. Hog manure has an optimal retention time of 15-25 days to maintain 
fermentation bacteria at an adequate level. The capacity required for a hog operation digester 
is approximately 15 times the daily volume of manure. A few common costs can, however, 
be applied to all biogas operations. These costs are the capital and operational costs. 
 
Table 6.7 Fixed Capital Investment Cost for Biogas Installations in Some African Countries 

Plant location Capacity 
(m3) 

Year built Original cost Original cost 
(normalised to ENR 
index 2004) US 

Namibia  4 1999 750 US$ 860 
Ethiopia  4 2000 554 US$ 618 
South Africa  5 2002 5000 Rand 504 
South Africa  5 2003 5000 Rand 685 
Nigeria  6 199 763 US$ 874 
Nigeria  10 2005 429 100 Naira 3565 
South Africa 10 2001 20 000 Rand 2541 
South Africa 11 2004 23, 000 Rand 3487 
South Africa 11 2004 23, 000 Rand 3487 
South Africa 11 2004 23, 000 Rand 3487 
South Africa 11 2004 23, 000 Rand 3487 
Rwanda  16 2004 2, 000 US$ 2000 
Rwanda  16 2004 2, 500 US$ 2500 
Zimbabwe  16 2004 2, 212, 804 Zim $ 3173 
Ghana  20 2000 7, 974 US$ 8901 
Ghana  20 1996 750 US$ 6334 
South Africa  40 2002 97 000 Rand 9784 
Burundi  50 2002 18, 000 US$ 19118 
Rwanda  74 2002 7, 150, 000 RWF 15943 
Source: Amigun, B. and von Blottnitz, H. 2007 
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Capital cost of establishing a biogas plant includes interest and financing the plant, interest 
rate, loans, equity, etc., which are dependent on the size of the operation. To reduce capital 
cost digesters may be built with local construction materials to local specifications. Table 6.7 
illustrates the variations in the capital costs of digester construction in various African 
countries. This study by Amigun and von Blottnitz (2007) further shows a reflection a cost 
factor which is size or capacity dependent in the capital cost of digesters (Figure 6:10).  
 
Acquisition of raw materials, water for mixing materials, feeding and operations of the plant, 
preventative and on-going maintenance, supervision, storage and disposal of the slurry, gas 
distribution and utilization, and administration are all different operating costs associated 
with running a biogas plant. Table 6.8 shows cost estimations for digester plants of varying 
sizes in Gambia. This estimation shows the highest cost driver to be construction materials. 
 

 

 
Figure 6:10: Cost Capacity Factor for Biogas Plants in Some African Countries  

 
Source: Amigun, B. and von Blottnitz, H. 2007 
 
 
Table 6.8: Cost Structure for Biogas Plants in Gambia (Source: Anon, 2007a) 

S. 
No. 

Materials  Total cost (in Gambian Dalasis) per Plant 
Size 
6 cum 8 cum 10 cum 

1 Construction materials 16555 18962 21040 
2 Skilled and unskilled labour 5625 6750 7500 
3 Pipes and fittings 2690 3015 3015 
4 Miscellaneous consumables 1188 1188 1188 
5 Total  26, 058 29, 915 32, 743 

Note: /US$ is approximately 28 Dalasis 
 

Source: Anon, 2007a 
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Table 6.9: Prices of Biogas Digesters from 3 Companies in Tanzania  
Plant size  MIGESADO CAMARTEC ABC Ltd 
5 m3 938, 700   
6 m3 985, 320   
8 m3 1, 062, 180 1, 219, 575  
10 m3 1, 127, 700   
12 m3 1, 208, 970 1, 584, 700  
16 m3 1, 382, 850 2, 001, 575 1, 393, 455 
Include issues to the 
offer, conditions 

   

Overhead/contingencies 5% 15% 5% 
Cost of attached latrine 
included 

Included  Excluded  Excluded  

Supervision of 
construction 

no yes yes 

Gas piping system 
included 

yes yes no 

Transport of materials 
to the site 

no At least partly no 

Transport for 
supervision 
work/logistics 

no At least partly no 

Accommodation for the 
artisans 

yes yes no 

 
Source: Schmitz, 2007 
 
 
Table 6.10: Cost Buildup for Biogas Plant in Burkina Faso (GTZ, 2007) 

COST ESTIMATE 

Item  Unit (piece, kg) FCFA/ unit Total FCFA 
brick 352 (351.75) 175.00 FCFA/1 units 61600.00
cement 10 (454.02) 5500.00 FCFA/50 kg-

bag 
55000.00

lime 2 (32.31) 7000.00 FCFA/20 kg 14000.00
Gravel 1 3500.00 FCFA/6m3 35000.00
Sand 1 3500.00 FCFA/6m3 35000.00
Sealing compound 6 1250.00 FCFA/1m2 7500.00
SUB-TOTAL   208100.00
PVC pipe 4.0 inch 1 9255.00 FCFA/6m3 9255.00
PVC pipe 6.0 inch 1 27500.00 FCFA/6m3 27500.00
SUB-TOTAL   36755.00
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For efficient biogas plant operation, skilled management by well-trained personnel can have a 
direct effect on the gas yields in biogas plants. Capital costs are reported to be able to be 
reduced for small operations through new technologies, such as the use of high-density 
polyethylene in place of current tank materials (APCAEM, 2007).  
 
Tables 6.9 and 6.10 give comparative price buildup for different digesters in Tanzania and 
Burkina Faso. Table 6.11 also shows both economic and financial analysis of implementation 
of anaerobic digestion in six different European countries. France appears to have the highest 
biogas economic benefit whilst the Netherlands recorded the least economic gains. 
 
 
Table 6.11: Economics and Financial Buildup for Biogas Plants in 6 European Countries  

Economic Benefits for Farmers in 6 European Countries in 2005 (Figures in 
€1,000/year) 

  NL B F IRL SP GR 
Plant Capacity (t/day) 600 200 120 144 460 93 
Manure Storage 0 -7 -7 -14 0 0 
Manure Spreading 16 -11 -1 -22 0 0 
Fertiliser Value 0 17 16 40 0 0 
Long Distance Transportation 1054 22 0 0 0 0 
Total Cost Savings 1070 21 8 4 0 0 

Investment Costs  in 6 European Countries 
Biogas Plant 6.1 3.9 4.2 3.7 5.3 2.7 
CHP Facility 2.1 0.5 0.5 0.4 1.3 0.3 
Total Investment Costs 8.2 4.4 4.7 4.1 6.6 3 

Economic Performance of the CAD System in 2005  
Transport Waste -1540 -209 -133 -111 -595 -45 
Storage 0 -19 -7 -22 -1 -0.1 
Separation 0 0 0 -40 0 0 
Net Result Biogas Plant -24 88 486 -53 197 129 
Profit -1564 -140 346 -226 -399 84 

 
Source: Adapted from Hjort-Gregersen et al, 2007 
 
 
There are several economic benefits resulting from biogas plant including: 

1. Treatment of solid waste without long-term follow-up costs usually due to soil and 
water pollution. 

2. Reduction of foreign exchange needs: 
 through production of compost to reduce fertilizer, chemical herbicides and 

pesticides demand; 
 through direct utilization of energy produced (biogas/electricity/heat) in the 

treatment process to reduce fossil energy demand. 
3. Generation of income through compost and energy sales (biogas/electricity/ heat) to 

the public/public grid. A study by Murphy et al (2004) established that 1m3 of biogas 
has the potential to earn €0.39/Nm3 as a petrol substitute, €0.28/Nm3 as a diesel 
substitute, €0.19/Nm3 in a CHP plant, €0.143/Nm3 for electricity-only production. 
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4. Improved soil/agricultural productivity through long-term effects on soil structure and 
fertility through compost utilization. 

5. Recovery of material to be recycled or sold to the recycling industry, improving its 
economic prospects. 

6. Reduction of landfill space and consequently land costs. 
 
Subsidies, biogas cleaning and alternative energy price have been shown to significantly 
impact on the economics of biogas utilization according to a study by Pipatmanomai et al 
(2008). 
 
In addition to direct cost effects are social benefits, including health. 

1. Creation of employment in the recycling sector. 
2. Improvement of health and hygiene situation, particularly for women due to their role 

in households and for people employed or active in the waste sector. 
3. Improvement of the general condition of farmers due to the local availability of soil-

improving fertilizer (transport distances, workload, budget). 
4. Mesophilic treatment of the waste at 35 oC and intensive composting improves the 

aspect of the waste and makes application of the final products to land fertilizer 
possible without health risks 

5. Improved appearance of the streets of towns and cities resulting from good waste 
handling as a resource. 

 
 
 
6.4 Environmental impacts 

The use of biogas technology can improve human well-being (improved sanitation, reduced 
indoor smoke, better lighting, reduced drudgery for women, and employment generation) and 
the environment (improved water quality, conservation of resources – particularly trees, 
reduced greenhouse gas emissions) and produce wider macroeconomic benefits to the nation 
(Nhete and Kellner, 2008). Biogas systems may lead to significant environmental 
improvements directly and indirectly. The direct result may come from fossil fuel substitution 
with biogas giving lower CO2 and air pollution. The indirect benefit results from changed 
land use and organic waste management (e.g. reduced nitrogen leaching, emissions of 
ammonia and methane) which is seldom considered in biogas evaluation (Börjesson and 
Berglund, 2007). Winrock International, (2007) has reported that biogas plants in Nepal have 
had positive impacts on a number of fronts. The reduction of indoor air pollution in 
beneficiary households has lowered respiratory infection, particularly among children. 
Firewood collection time has been reduced, as has the time to cook and clean pots. Women 
have saved an average of 3 hours per day on these chores (detailed in Table 6.12). Houses 
using the biogas produced for lighting are saving on kerosene bills. Increased confinement of 
animals has made more organic fertilizer available to farmers. A significant number of the 
owners of biogas plants have also attached new toilets to them, leading to improved 
sanitation and hygiene. 
 

6.4.1 Fuel and fertiliser 

In developing countries, there is a direct link between the problem of fertilization and 
progressive deforestation due to a high demand for firewood. According FAO data, some 78 
million tonnes of cow dung and 39 million tonnes of phytogenic waste were burned in India 
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alone in 1970 which amounted to approximately 35 percent of India’s total non-
commercial/non-conventional energy consumption. The burning of dung and plant residue is 
a considerable waste of plant nutrients. Farmers in developing countries are in dire need of 
fertiliser for maintaining cropland productivity. The amount of technically available nitrogen, 
potassium and phosphorous in the form of organic materials is estimated be about eight times 
as high as the quantity of chemical fertilisers actually consumed in developing countries. 
After extraction of the energy content of the feedstock in the digester, the resulting sludge is 
still a good fertiliser, supporting soil quality as well as higher crop yields. Biogas systems 
yield not only higher quantity of fertiliser, but also higher quality. As a result, more fodder 
becomes available for domestic animals. This, in turn, can lessen the danger of soil erosion 
attributed to overgrazing. According to report issued by the Indian Council of Agricultural 
Research (ICAR), a single biogas system with a volume of 100 cubic feet (2.8 m3) can save 
as much as 0.3 acres (0.12 ha) of woodland each year. 
 
According to empirical data from India, the consumption of firewood in rural households 
equipped with a biogas system is much lower than before, but has not been fully replaced. 
But many biogas systems are too small to handle the available supply of substrate or are 
operated inefficiently. However, many existing biogas units sit unused because of minor 
mistakes made in their manufacture. A very important problem is that a household biogas 
system programme can only reach the small percentage of farmers who have or can raise the 
needed investment capital required. Biogas co-generation presents the advantages of 
electricity production from wastes and of generation of electricity and heat. For that reason, it 
is considered as a possible way for emissions reduction (Chevalier and Meunier, 2005).  
 
6.4.2 Organic substances in fertilisers 

While there are suitable inorganic substitutes for the nutrients nitrogen, potassium and 
phosphorous from organic fertiliser, there are no artificial substitutes for other substances 
such as protein, cellulose, lignin, etc. They all contribute to increasing soil’s permeability and 
hygroscopicity while preventing erosion and improving agricultural conditions in general. 
Organic substances also constitute the basis for the development of the microorganisms 
responsible for converting soil nutrients into a form that can be readily incorporated by 
plants. 
 
6.4.3 Nutrients and soil organisms 

Due to the decomposition of parts of its organic content, digested sludge provides fast-acting 
nutrients that easily enter into the soil solution, thus becoming immediately available to the 
plants. They simultaneously serve as primary nutrients for the development of soil organisms, 
e.g. the replenishment of microorganisms, lost through exposure to air in the course of 
spreading sludge over the fields. They also nourish actinomycetes (ray fungi) that act as 
organic digesting specialists in the digested sludge. Preconditions for the success of this 
process are adequate aeration and moderate moisture-levels. 
 
6.4.4 Reduction of soil erosion 

The humic matter and humic acids present in the sludge contribute to a more rapid 
humification, which in turn helps reduce the rate of erosion due to rain and dry scatter, while 
increasing the nutrient supply, hygroscopicity, etc. The humic content is especially important 
in low-humus tropical soils. The relatively high proportion of stable organic building blocks 
such as lignin and certain cellulose compounds contributes to an unusually high formation 
rate of stable humus, particularly in the presence of argillaceous matter. The amount of stable 
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humus formed with digested sludge amounts to twice the amount that can be achieved with 
decayed dung. It has also been shown that earthworm activity is stimulated more by 
fertilizing with sludge than with barnyard dung. Digested sludge decelerates the irreversible 
bonding of soil nutrients with the aid of its ion exchanger contents in combination with the 
formation of organic-mineral compounds. At the same time, the buffering capacity of the soil 
increases, and temperature fluctuations are better compensated. 
6.4.5 Reduction of nitrogen washout 

The elevated ammonium content of digested sludge helps reduce the rate of nitrogen washout 
as compared to fertilisers containing substantial amounts of more water-soluble nitrates and 
nitrites (dung, compost). Nitrogen in soil that is in the nitrate or nitrite form is also subject to 
higher denitrification losses than in ammonium, which first requires nitrification in order to 
assume a denitrificable form. It takes longer for ammonium to seep into deeper soil strata, in 
part because it is more easily adsorbed by argillaceous bonds. However, some of the 
ammonium becomes fixed in a non-interchangeable form in the intermediate layers of clay 
minerals. It is proven that ammonium constitutes the more valuable form of nitrogen for plant 
nutrition. Certainly the nitrogen efficiency of digested sludge may be regarded as comparable 
to that of chemical fertilisers. In addition to supplying nutrients, sludge also improves soil 
quality by providing organic mass. The porosity, pore-size distribution and stability of soil 
aggregate are becoming increasingly important as standards of evaluation in soil-quality 
analysis increase (APCAEM, 2007).  
 
6.4.6 Firewood consumption and soil erosion 

A unique feature of biogas technology is that it simultaneously reduces the need for firewood 
and improves soil fertilization, thus substantially reducing the threat of soil erosion. While 
most firewood is not acquired by actually cutting down trees, but rather by cutting off 
individual branches so that the tree does not need to suffer permanent damage, a substantial 
amount of firewood is also obtained through illegal felling. In past years, the consumption of 
firewood has steadily increased, and will continue to do so as the population expands _ unless 
adequate alternative sources of energy are developed, such as biogas, or sustainable tree 
production for fuel-wood consumption is attained. 
 
Firewood gathering is usually sought by women in developing countries as part of their 
domestic duties. Studies carried out in Nepal which is shown in the Table 6:12 below shows 
the time saving in replacement with biogas as energy source (FAO, 1996). 
 
Table 6.12: Average Saving in Women’s Work in Selected Districts and Villages in Nepal  
 Rupandehi 

District 
Nuwakot 
District  

Madan 
pokhara       
village 

Pithuwa  
Village  

Hathilet  
Village  

Average plant size  10m3 10 m3 6 m3 10 m3 15 to 20 
m3 

Average Savings of 
Women’s Work Time 

4:30 hrs 2:35 hrs 1:55 hrs 3:14 hrs  -0:15 hrs  
(increase) 

Sample Size (Households) 100 100 4 4 4 
Limiting Factor fuelwood Water  Water  fuelwood Water  
 
Source: FAO, 1996 
 
 



146 
 

6.4.7 Reduction of the greenhouse effect 

Last but not least, biogas technology takes part in the global struggle against the greenhouse 
effect by reducing the release of CO2 from burning fossil fuels in two ways. First, biogas is a 
direct substitute for gas or coal for cooking, heating, electricity generation and lighting. 
Second, the reduction in the consumption of artificial fertiliser avoids CO2 emissions that 
would otherwise come from the fertiliser-producing industries. Through these interventions, 
biogas saves the ecosystem especially through the forest maintenance which becomes a 
carbon sink. Methane, the main component of biogas is itself a greenhouse gas with a much 
higher “greenhouse potential” than CO2. Converting methane to CO2 through combustion is 
another contribution in the mitigation of global warming. However, this holds true only for 
the case that the material used for biogas generation would otherwise undergo anaerobic 
decomposition, thereby releasing methane into the atmosphere.  
Defective technology and leakages give rise to uncontrolled losses of methane gas. These can 
be classified under two categories (Börjesson and Berglund, 2006): 

i) storage losses – the proportion of this can be between 5 – 20%  
ii) upgrading and pressurization – proportion varies between 0.2 and 13 %. 

However, such leaked gases contribute to the greenhouse effect. 
 
Burning biogas also releases CO2. Similar to the sustainable use of firewood, this returns 
carbon dioxide which has been assimilated from the atmosphere by growing plants. There is 
no net intake of carbon dioxide in the atmosphere from biogas burning, as is the case when 
burning fossil fuels (APCAEM, 2007). There are large variations in emission levels of gases 
among biogas systems as presented in Table 6.13. These variations are feedstock-dependent 
and also depend on the plant size. 
 
6.4.8 Effect on food production 

 While it is true that biogas is produced much more efficiently from crops such as maize 
which yields twice as much biogas energy than ethanol, its chief advantage is that it can be 
produced from a wide variety of organic wastes such as livestock manure, crop residues, food 
and food processing wastes, even paper and human manure. A comparative study by the 
Biogas Support Programme on a farming community revealed that no perceptible change was 
observed in the cultivation of crop as a result of biogas production and use. It was noted that 
in the biogas area, the use of compost declined after the installation of the plants and the use 
of liquid and composted biogas slurry increased considerably. Due to the use of bio-slurry, 
the use of chemical fertiliser was found to be reduced by about 9 percent. It was also noted 
about 10 percent increase in maize yield and 18 percent increase in cabbage yield were 
obtained in farmer’s field experimental plots with the application of digested slurry at the 
rates of 10 and 20 metric tons per hectare, respectively (BSP, 2002).  
 
The discussion in the sub-sections above indicates that biogas production has both direct and 
indirect positive impact on food security. By-products from biogas serve as natural fertilisers 
which can boost food production for the community. The danger, however, is that the biogas 
economy will be hijacked by big companies for centralised power-generation from bio-
energy crops, which may well jeopardise our food security and prevent its full energy and 
carbon mitigating potentials and other benefits. 
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Table 6.13: Emission Levels for Different Scales of Biogas from Varying Feedstock 
Raw Material / 
Biogas 
Technology 

Energy 
input (MJ) 

Emissions 
CO2 

(g) 
CO 
(mg) 

NOx 
(mg) 

SO2 
(mg) 

HC 
(mg) 

CH4 
(mg) 

Particles 
(mg) 

Ley crops         
Farm-scale 0.46 18 16 140 16 9.2 5.4 5.0 
Large-scale 0.40 21 15 150 16 9.2 5.3 5.0 
(incl. upgrading) (0.51) (27) (18) (170) (16) (9.6) (6.6) (5.3) 

 
Straw          
Farm-scale 0.46 11 13 74 3.0 5.1 2.0 1.7 
Large-scale 0.35 14 12 85 2.9 5.0 1.8 1.7 
(incl. upgrading) (0.46) (20) (15) (97) (3.1) (5.4) (3.1) (2.0) 

 
Tops and leaves of 
sugar beet 

        

Farm-scale 0.34 92 9.9 72 3.6 4.5 1.4 1.6 
Large-scale 0.27 12 9.8 81 3.7 4.5 1.4 1.6 
(incl. upgrading) (0.38) (18) (12) (93) (3.9) (4.9) (2.7) (1.9) 

 
Liquid manure         
Farm-scale 0.42 7.9 9.0 49 1.8 3.2 2.0 1.4 
Large-scale 0.31 11 7.8 63 1.9 3.3 1.8 1.3 
(incl. upgrading) (0.42) (17) (11) (75) (2.1) (3.7) (3.1) (1.6) 

 
Food industry 
waste 

        

Large-scale 0.15 5.4 3.5 33 1.0 1.8 0.77 0.67 
(incl. upgrading) (0.26) (11) (6.5) (45) (1.2) (2.2) (2.1) (0.97) 

 
Municipal organic 
waste 

        

Large-scale 0.26 12 14 85 2.8 6.1 1.1 1.5 
(incl. upgrading) (0.37) (18) (17) (97) (3) (6.5) (2.4) (1.8) 
Source: Adapted from Börjesson and Berglund, 2006 
 
 
 
 
6.5 Case studies  

6.5.1 Biogas developments in Uganda 

Like most African countries about 73% of the population in Uganda derives their livelihood 
from agriculture, accounting for 42% of country’s GDP. Uganda has a vibrant dairy sub 
agricultural sector which is estimated to contribute about 20% to the food processing 
industry. Smallholder farmers own 90% of all cattle and almost 100% of Goats, Sheep and 
Poultry. The country has a cattle population of over 6 million of which about 8.5% are exotic. 
Domestic cattle are reported to be mainly managed in semi-zero grazing environment where 
they are penned two days for them to be milked and at night to avoid theft. On the other hand 
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the exotic cattle are mainly managed under a zero grazing mechanism. Access to electricity is 
rather low, in the region of about 5% of the total population. Meanwhile woodfuel continues 
to dominate primary energy source accounting for nearly 93% of the total demand (Kamese, 
2004).  
 
Dissemination of biogas technologies in Uganda has been very slow even though it has a long 
history dating back to the early 1980’s (Kamase, 2004). High initial cost of the technology 
and local expertise to maintain the plant once it has been constructed has been identified as 
some of the reasons. Nevertheless there are some success stories worth taking noting.  
 
Dissemination of biogas technology has been driven by NGOs and donor support through 
governmental agencies. The Chinese Government in 1997-1998 supported the construction of 
20 demonstration biogas plants and the training of Ugandans in the design, construction and 
maintenance of the digesters. Though this was successfully carried out it did not provide the 
needed stimulus. The World Bank also funded the establishment of 10 biogas digesters. 
Meanwhile a cost effective biogas technology introduced has led to the successful adoption 
of the technology in five districts namely Mpigi, Kabarule, Lgange, Tororo and Mbale where 
zero grazing is practiced.  Households are provided with a biogas facility to produce gas for 
heating water to milk the cows. The slurry from the digester is used to fertilize the land which 
is used to grow a special type of grass used to feed the cattle. Through this project about 10 
plants have been installed in each district bringing the total to about 50. This numbers is still 
very low. A survey conducted revealed that out of 600 biogas digesters installed in the 
country however only 500 are functioning properly (Government of Uganda, 2007).  
 
The key objective of government of Uganda in its energy policy is to meet the energy needs 
of its people for social and economic growth in an environmentally sustainable way. 
Identifying the role renewable energy can play in achieving this objective, the government of 
Uganda in 2006 became among the first African countries to publish a draft policy on 
renewable energy and the first in Africa to set a target for the dissemination of biogas 
technology in that country. The draft National Renewable Energy Policy has set an ambitious 
target of 30,000 domestic and institutional biogas facilities by 2012 and 100 000 by 2017. To 
achieve this, a National Biogas Programme has been rolled out with the objective of 
disseminating biogas technologies in rural areas where access to modern sources of energy is 
very scarce. The ultimate goal of the programme is to establish a sustainable and commercial 
biogas sector in Uganda (Rugumayo, 2008). A National Biogas Steering Committee is 
expected to be set up at the Ministry of Energy and Minerals Development comprising of all 
stakeholders. The committee is expected to ensure that the implementation plan of the 
National Biogas Programme is in line with Uganda policies and also review the work of the 
Biogas Taskforce Team to ensure effective implementation of the National Biogas 
Programme.  
 
To effectively carry out the National Biogas Programme and achieve its objective, the 
problem of initial capital cost must be addressed. A feasibility study conducted by Winrock 
on behalf of BFBL identified the cost of the Carmatec digester which is mainly used in 
Uganda to be about twice more expensive than the Nepal type digester. Aside the initial cost, 
other issues such as maintenance cost and durability may also inform the choice of digester. 
Meanwhile at the 1st workshop on biogas, the fixed dome digester was recommended to be 
promoted nationwide by the local experts who met (Rugumayo, 2008). As stated earlier, a 
greater majority of livestock farmers do not practice zero grazing. This makes providing them 
with biogas facilities not feasible because of apparent lack of feedstock. Any biogas policy 
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must therefore address this problem by encouraging farmers to practice zero grazing so that 
they could be provided with a digester. In other words the success story of the districts in the 
Eastern part of the country should guide the government in packaging biogas as an 
agricultural enhancing tool rather than a sanitation improvement programme in such areas. 
 
Water plays a key role in biogas technology as equal volumes of feedstock and water must be 
mixed together to kick start the digestion process. A study revealed that where families walk 
for more than 20 minutes to fetch water for household chores, providing biogas for such 
household is not feasible. According to Winrock (2004), water availability will hinder biogas 
dissemination especially in the Northeast part of the country where families have to walk 
over 2km to collect water daily. Uganda is reported to have a policy that requires all 
households to have at least a pit latrine constructed. Whereas this is being enforced 
effectively in the southern part, 90% of households in the Northeast are reported to have no 
access to toilet facilities. Government can push forward the idea of bio-latrine in those areas 
as well as in the south where there is also a big potential to replace all pit latrines with bio-
latrines.  
 
6.5.2 Biogas developments in Rwanda 

Rwanda is mainly an agricultural dependent country with over 90% of the population 
engaged in agriculture (Deklever et al, 2005). Access to electricity is one of the lowest on the 
continent. In Kigali which is the capital of the country, only 37% of the population have 
access to electricity (Deklever et al, 2005) whiles nationwide only 1% of the rural population 
is connected to the national grid (Huba and Paul, 2007). Firewood continues to dominate 
cooking fuels in rural areas, accounting for 90.4% and the remaining taken up by charcoal, 
7.4% and agricultural waste, 2.2% (Deklever et al, 2005). Rwanda is reported to have lost 
about 50.2% of its forest and woodland habitat between 1990-2005 as a result of its 
overdependence on woodfuel and the clearing of land for agricultural purposes (Huba and 
Paul, 2007).  
 
Domestic biogas dissemination had not been that impressive in Rwanda. This may be due to 
the lack of governmental support by way of a clear policy direction in the past. In 1982, four 
domestic biogas plants were constructed at Kabuye through the initiative of FAO. Through 
the support of SNV Rwanda, other plants were built in Rwesero, though the plants were 
successful, discussions between SNV and the Energy Directorate to roll out a biogas 
dissemination programme was not successful (Dekelver et al, 2006). According to Deklever 
et al, (2006) there were about 100 fixed dome type domestic biogas plant in Rwanda as of 
1990. The current number of biogas plant is however unknown. 
 
Over the past seven years (from 2001), Kigali Institute of Science and Technology (KIST) 
through its Centre for Innovation and Technology Transfer (CITT) have successfully solved 
the environmental problem of waste disposal which was a nuisance to neighbours and nearby 
communities in prisons and some schools across the nation through the provision of biogas 
plant. This is by far the most successful attempt at an organized institutional biogas 
dissemination in Africa and this effort has been duly recognized by the Ashden Awards for 
Sustainable Energy when it awarded its prestigious award of US$50, 000 to KIST.  As of 
2005, a total of 6 prisons including Cyangugu, Kigoma and Gitarama prisons had been 
provided with biogas plants serving a combined population of about 30, 000 inmates and 
providing 27 000 m3 of biogas annually (Ashden Awards, 2005). The programme is not only 
involved in the construction of the biogas systems but also in the training of inmates and 
private individuals in the design, construction and maintenance of the biogas facilities. 
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According to Ashden Awards (2005), a total of about 250 prisoners and about 30 individuals 
had been successfully trained. Out of this number, 3 private biogas private companies have 
emerged. The project which was meant to solve an environmental problem has ended up 
reducing the cost of fuel wood used to cook food for prisoners by 50% from an estimate  of 
around US $1 million5 per annum and also co-currently provided carbon savings, the 
equivalence of 10, 000 tonnes of CO2 annually (Ashden Awards, 2005).  
 
The biogas plants are reported to be a combination of either 50 or 100m3 (Ashden Awards, 
2005) CAMARTEC digesters (Dekelver et al, 2006). The CAMARTEC digesters in use are 
quite different from the normal floating drum or the fixed dome digester. It has the form of a 
fixed dome but has been modified first by GTZ and then by a Tanzanian engineer to include a 
compensating chamber which acts as a reservoir of methane bacteria for enhanced gas 
production (Ashden, 2005).  
 
The KIST is reported to have built a smaller digester (25 m3) for the Lycée de Kigali, solving 
its sewerage and hygiene problem. “The methane gas produced is used to cook for 400 
students and for operating bunsen burners in the school science laboratories...” (Richard, 
2005). KIST is also researching into the use of porous volcanic rocks inside the digester in 
order to increase the surface area available for the anaerobic bacteria.  The potential of water 
hyacinth to boost gas production is also being investigated whiles the use of effluent water 
for fish farming has also received attention (Ashden Awards, 2005). Other governmental 
organizations like the Institut de Recherche Scientifique et Technologique (IRST) is also 
involved in research into the possibility of producing biogas from geranium leaves and 
sorghum stem (IMF, 2006). They also hope to disseminate biogas technologies through the 
construction of biogas plants in schools, however no plan has been drawn yet (Dekelver et al, 
2006). 
 
As part of its assistance to Rwanda, China through its economic aid project under the Biogas 
Training Project conducted seminars for 37 trainees from various provinces in collaboration 
with Energy Department of the Ministry of Infrastructure in 2005. A feasibility report on the 
utilization of biogas in Rwanda and some biogas generation and utilization materials were 
reported to have been handed over to the Rwandan Government (Embassy of the Republic of 
China in the Republic of Rwanda, 2005). The effect this programme had on biogas 
dissemination in Rwanda is not readily known. A National Domestic Biogas Programme has 
been launched in Rwanda by the Ministry of Infrastructure with support from SNV and GTZ. 
The programme has the objective of establishing a commercially viable and environmentally 
sustainable market driven biogas sector. Through the programme 100 biogas plants were 
expected to be built by the end of 2007 and 15, 000 plants subsequently in 2011 (Huba and 
Paul, 2007; Dekelver et al, 2006). After a feasibility study by Dekelver et al (2005), it was 
concluded that there were about 110, 000 households with sufficient dung which stand to 
benefit from such a programme. The entire project is expected to cost about US$ 1, 447, 000 
with funding provided by SNV, the Government of Rwanda, Non-Governmental 
Organisation and the beneficiaries of the system. To enable the farmers take part in the 
programme, an arrangement has been made with the Rwanda Micro-Finance Forum (RMF) 
to provide loan facilities at 18% interest for a period of four years (Dekelver et al, 2006).  
The National Domestic Biogas Programme is consistent with government policy direction 
which envisages the role of renewable energy in meeting the county’s energy demand. 
 

                                                 
5 www.handsontv.info 
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The intention of government with regards to the application of renewable energy technologies 
is best captured in its energy policy objectives of: 

 Promoting efficient biomass and end-use technologies in order to save resources, rate 
of deforestation, land degradation and minimize the effect of climate change 

 Promote application of alternative energy sources other than wood and charcoal for 
cooking, heating, cooling, lighting and other applications in order to reduce 
deforestation, indoor health hazards, and time spent by rural women and children in 
search of firewood. 

 Establish norms, guidelines and standards for renewable energy technologies to 
facilitate the creation of an energy environment for sustainable development of 
renewable energy sources. 

 
6.5.3 Biogas developments in Ghana 

Woodfuels happens to be the fuel of choice for most Ghanaian household. An overwhelming 
87% of all Ghanaian household use firewood or charcoal for cooking (KITE, 2008). This 
overdependence on woodfuels has resulted in Ghana losing about three quarters of her forest 
from the beginning of the century till date at the rate of 3% per annum (KITE, 2008). Should 
this trend continue then artificial forest must be expanded from 750, 000 ha in 2006 to about 
6.5 million ha by 2020 (SNEP, 2006) otherwise there will be a shortfall of about 13 million 
tonnes of woodfuel by this date (KITE, 2008). Even though access to electricity is one of the 
highest in Africa, a survey conducted by the statistical survey in 2005 revealed that about 
50.1% of the Ghanaian population especially those in rural areas depend on kerosene to meet 
their lighting needs (GSS, 2005). The government of Ghana has pursued a vigorous rural 
electrification programme in a bid to connect as many rural areas as possible to the national 
grid. Though this programme has been successful to some extent it has become increasingly 
clear that to achieve a 100% electrification, standalone power systems have to be deployed in 
areas already far away from the grid. These gaps in the energy sector make biogas an 
effective option for providing sustainable modern energy to the population.  
 
Table 6.14: Biogas companies in Ghana 
Company Date 

Established 
Workforce 
(Full 
Time) 

Type of Biodigester 
Installed 

Number of 
Digesters 
Installed 

Biogas Engineering Ltd 2002 6 CAMARTEC fixed dome 
type, and effluent treatment 
plants  

10 

Biogas Technologies West 
Africa Limited (BTWAL) 

1994 148 Fixed dome and effluent 
treatment plants 

35 

RESDEM  1996  Mostly bio-latrine digesters 25 
UNIRECO 2001 5 Mostly bio-latrine digesters  
Global Renewable Energy 
Services 

1996 4 Traditional Fixed Dome with 
external gas holders 

20 

Beta Civil Construction Ltd. 1975 25 Puxin Biogas Digesters 12 
Renewable Energy and 
Environmental Systems 
(REES) 

2002    

 
Source: KITE, 2008 
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In spite of these clear energy gaps and the apparent possibility of solving some of them with 
the deployment of biogas plants, Ghana has a sad story to tell about biogas dissemination in 
the country. Until 2006, there was virtually no policy on dissemination of biogas technology. 
In fact according to Edjekumhene (2008) government does not consider biogas as a viable 
energy option. This is shown in the target set by SNEP to achieve just 1% penetration of 
biogas for cooking in restaurants and institutional kitchens by 2015 and 2% by 2020. 
Assuming restaurants and institutional kitchens are even the largest consumers of energy for 
cooking this is woefully below expectation as it even falls below the rate of deforestation in 
the country especially when there is no policy at addressing cooking fuel use in households. 
Apart from the absence of a policy direction, dissemination of biogas plants have often been 
considered as an expensive option since according Ahiataku-Togobo (2008) firewood is 
considered to be in abundance and until there is a shortage of firewood; biogas will not 
receive the needed attention it deserves. Also other things like the lack of water in some areas 
where there is dung like Bawku in the north and in some areas the fact that women are 
prevented from fetching the dung of the kraal when it is pregnant has been cited as some of 
the socio-cultural problems which have bedevilled biogas dissemination in Ghana.  
 
The absence of a clear policy on biogas technology dissemination until 2006 led to 
uncoordinated efforts at providing affordable and environmentally friendly energy using 
biogas. The first biogas plant is reported to have been built in 1986 at Shai Hills after the 
Government of Ghana had sought the assistance of their Chinese counterparts. The result of 
this collaboration was also the training of Ghanaians in the design, construction and 
maintenance of biogas plants. So far according to Ahiataku-Togobo (2008) about 12 
Ghanaians have received training from the Biogas Research Training Center (BRTC) in 
Chengdu, China. Through the support of UNICEF some domestic biogas plants were 
installed in Jisonuyilli and Kurugu in the northern region in 1997 (Edjekumhene, 2008).  
 
However, since 1996 there has been a slight upsurge in interest in biogas technology. This 
increase has been driven solely by the private sector. There are about 7 registered private 
biogas companies operating in the country at the moment as shown in Table 6.14. The 
number of biogas installation built since 1996 is close to about 100 (KITE, 2008). Most of 
these plants are reported to be institutional plants whiles few are domestic and almost all of 
them are sanitation driven. 
 
As already stated, deployment of institutional biogas plants have been motivated more by the 
need to provide a more environmentally friendly means of treating the waste generated in 
those institutions. To this end the Catholic Church has been involved in the construction of 
biogas plants in three of their hospitals in Nkawkaw, Akwatia and Battor. In these institutions 
the gas produced is used to heat water for laundry services which was until then done with 
firewood or electricity. KNUST and Ejura slaughterhouses have biogas plants installed on 
their premises as well to treat the waste generated as a result of processing meat for human 
consumption.  Another area which made use of biogas technology is the area of bio-latrines. 
A number of secondary schools in the country have bio-latrines installed on their campus to 
treat their waste. According to Ahiataku-Togobo (2008) because these plants were seen more 
as an environmental intervention programme the biogas is often seen as a byproduct of the 
process and is therefore flared or in some cases released into atmosphere.  

The Appolonia biogas plant which was commissioned in 1987 was the first major biogas 
demonstration project in the country (KITE, 2008). The project was meant to solve both the 
energy and environmental problem of the whole, mainly farming community and also 
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demonstrate how renewable energy could be deployed to the benefit of the society. This 
project deserves to be flagged because of the grandeur associated with it but how woefully it 
failed to provide the stimulus it was expected in leading the way for a full scale biogas 
deployment in the country should it have succeeded.  Consisting of 26 floating drum 
digesters, it was fed with a combination of cow dung from kraals nearby and also from a 
latrine constructed nearby which was supposed to be used by the community. The gas from 
the digesters was channelled to a 12.5kW diesel generator installed on the site of the plant to 
produce electricity to light streetlights, schools, social centres and light for domestic 
applications in the community (Ahiataku-Togobo, 2008). Part of the gas was also used for 
cooking in individual homes (KITE, 2008). The plant failed to perform as expected and at the 
moment has become a white elephant. Multiplicities of factors have been attributed to the 
plants failure. According to some experts the failure of the project implementers, that is the 
Ministry of Energy to involve the people in the planning of project led to the outright 
rejection of the community of the project. The absence of dung has also been cited as one of 
the problem which led to the dismal performance of the plant. Cattle farmers in the area do 
not practice zero grazing so the collection of the dung became a problem even though a 
tractor was provided for perhaps following the cows to collect their dung. Anecdotal sources 
indicate that the ministry continued to pay the staff working at the plant and also fuel the 
tractor for collection of cow dung as well as pay for the maintenance of the digesters. The 
energy was virtually free for the community as a result of this when the Ministry decided to 
wash off its hands from the project by limiting the resources committed to it; the people did 
not find it necessary to fund the project themselves. In effect what was meant to be a trail 
blazer ended up killing interest in biogas because of improper planning. 

Presently, the government does not have any policy on domestic biogas plants. What is 
captured in the Strategic National Energy Policy (SNEP) is on institutional biogas plant 
dissemination. A feasibility study conducted by KITE concluded that it is technically feasible 
to provide 80,000 households in the Ashanti region and three northern regions with at least a 
6m3 fixed dome digester to meet their cooking fuel needs. Even though biogas digesters were 
found to be relatively high as compared to other countries, the report proposed a Public 
Private Partnership financing mechanism as the way forward in promoting domestic biogas 
dissemination in Ghana (KITE, 2008). 

The use of engineered landfill biogas generation for power production is under promotion in 
Ghana, with the proposed construction of five sites in Accra (Kwabenya), Tema, Kumasi, 
Sekondi-Takoradi and Tamale. Power extraction of each landfill is 1MW on the average 
(SNEP, 2006).  
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7. FINANCING AND INVESTMENT OPPORTUNITIES 
 
Under normal circumstances, a well written proposal with clear process descriptions as has 
been outlined in this book should be able to secure financing from banks and financial 
institutions for bioenergy projects. Experience from many entrepreneurs in Africa has 
however shown that this can be very difficult, especially since some of the technologies are 
not very much known by the traditional banks and financial institutions. For existing 
companies in the sugar and energy industry, starting-up with company financing should make 
it a bit easier to approach the banks for further funding or to seek investors as partners. For 
entrepreneurs who are beginning fresh projects in bioenergy, start-up financing can be very 
difficult to come by.   
 
There exist also a number of multilateral financing mechanisms that could be approached and 
as possible sources of financing and cooperation for modern bioenergy project initiatives. 
A few of these financing mechanisms are discussed in this chapter. 
 
 
7.1 The Global Environment Facility (GEF) 

The Global Environment Facility (GEF) is an autonomous body, providing financial support 
to developing countries with particular interest in projects that promote environmental and 
economic sustainability. It is a global partnership among 178 countries, international 
institutions, non-governmental organizations (NGOs), and the private sector to address global 
environmental issues while supporting national sustainable development initiatives. The fund 
is managed by 3 implementing agencies: United Nations Development Programme (UNDP), 
United Nations Environment Programme (UNEP) and the World Bank. Each implementing 
agency contributes its particular expertise to GEF operations: the UNDP is primarily 
responsible for implementing technical assistance and capacity building programmes; the 
UNEP takes the lead in advancing environmental management at regional and global levels 
within GEF financed activities and in catalysing scientific and technical analysis; and the 
World Bank helps to develop and implement investment projects and seeks to mobilize 
resources from the private sector. 
 
GEF provides grants for projects related to the following six focal areas: biodiversity, climate 
change, international waters, land degradation, the ozone layer, and persistent organic 
pollutants. Bioenergy projects in gasification, cogeneration and biogas, which have tended to 
use waste to generate energy, are good projects for funding under the GEF. It is a potential 
source of funding also  in the area of the cultivation of bioenergy feedstock, especially those 
that have other advantages, such as providing erosion and forest cover. 
 
Traditionally, GEF has not financed liquid bioenergy projects as the debate has raged on 
about the sustainability of some of these projects. Recently, the fund set up a committee to 
advice it on the way forward for liquid biofuels and possible funding from the GEF. At the 
end of deliberations and workshops, the Scientific and Technical Advisory Panel of GEF 
(GEF, 2007) has recommended that the fund reconsider its position on the funding of liquid 
bioenergy. The panel specifically recommended that: 
 

1. Demonstration of cross-sectoral, integrated national strategies which determine 
sustainable land-use opportunities for biofuel developments and factor in food-
versus-fuel considerations should be included in any project proposal as a 
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prerequisite for being considered for GEF funding. To the extent that targeted 
research activities include scenario-based modelling for assessing the cross-sectoral 
impacts of biofuel production; they would also help in identifying optimal strategies 
for governments to adopt.  

2. More LCA studies are needed, in particular for crops and conditions prevalent in 
tropical regions, to assess the GHG mitigation potential of different biofuels. The 
inclusion of the preparation of such studies in GEF targeted research activities. In 
that respect, the development of reference methodologies for GHG accounting that 
may be used by the GEF should be supported, together with the related capacity-
building. In this process, it will be important to consider the full range of potential 
biofuel pathways, including stationary as well as transport applications.  

3. GEF should help developing sustainability standards for biofuel projects through 
targeted research, and introducing such standards to its projects, taking into account 
the results of the ongoing development of such standards in various fora. In that 
respect, GEF-financed pilot projects could help also to establish good practices, and 
to test monitoring, certification and verification schemes.  

4. Project proposals should be evaluated in two criteria: (i) biofuels in the context of 
modernization of bioenergy, and (ii) reductions of GHG emissions from the transport 
sector.  

5. GEF should consider funding of first generation biofuel projects that deliver clear 
and substantial life-cycle GHG reductions in a cost-competitive manner and that meet 
the sustainability standards mentioned earlier. Appropriate benchmarks may be set 
and required for parameters such as the net energy ratio and GHG reduction ratio in 
absolute and per hectare terms.  

6. GEF becomes an active supporter and – in the medium-term, as GEF biofuel projects 
become operational – contributor to the multilateral activities on information access, 
and knowledge sharing regarding sustainable biofuels. In that respect, the GEF may 
play an important role in enhancing the flow of information and knowledge into 
practice, by leveraging and supporting networks such as FAO’s International 
Bioenergy Platform and other initiatives including public-private partnerships; and 
by appropriate promotion and demonstration activities.  

 
With these recommendations, it is expected that properly packaged bioenergy projects that 
have strong sustainability basis may be able to receive funding from the GEF.  
 
 
Table 7.1: Contact information for GEF 
GEF website: http://www.gefweb.org/  
Contact  
 

GEF Evaluation Office 
1818 H Street, NW MSN G6-604 
Washington, DC 20433 
USA 
Telephone: (202) 473-4054 
Fax: (202) 522-1691/3240 
E-mail: GEFEvaluation@TheGEF.org 

Eligibility 
Criteria & 
Project Cycle:  

http://www.gefweb.org/interior.aspx?id=76 
Any eligible individual or group may propose a project, which must meet 
two key criteria: It must reflect national or regional priorities and have the 
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 support of the country or countries involved, and it must improve the 
global environment or advance the prospect of reducing risks to it. GEF 
project ideas may be proposed directly to UNDP, UNEP, or the World 
Bank. Country eligibility to receive funding is determined in two ways. 
Developing countries that have ratified the relevant treaty are eligible to 
propose biodiversity and climate change projects. Other countries, 
primarily those with economies in transition, are eligible if the country is a 
party to the appropriate treaty and is eligible to borrow from the World 
Bank or receive technical assistance grants from UNDP. 
 

 

7.2 Renewable Energy and Energy Efficiency Partnership (REEEP) 

The Renewable Energy and Energy Efficiency Partnership (REEEP) is a coalition of 
progressive governments, businesses and organisations committed to accelerating the 
development of renewable and energy efficiency systems. It was initiated at the Johannesburg 
World Summit on Sustainable Development (WSSD) in August 2002 by the UK government. 
REEEP works with all stakeholders to translate commitments for sustainable energy into 
concrete actions on the ground. REEEP focuses on specific actions in two key areas:  

 Policy and regulations: assisting governments with regulatory policy frameworks 
which integrate renewables into the energy mix, promote energy efficiency and help 
establishing ‘investor friendly’ climates; and 

 Innovative financing: assisting with the creation of renewable energy funds, financing 
models, ESCO business models, tradable renewable energy certificates schemes, and 
bundling of small-scale projects.  

 
The goal of REEEP is to accelerate the global market for sustainable energy by acting as an 
international and regional enabler, multiplier and catalyst to change and develop sustainable 
energy systems. REEEP works with Governments, Businesses, Industry, Financiers and Civil 
Society across the world in order to expand the global market for renewable energy and 
energy efficiency technologies. The partnership is funded by a number of governments 
including: Australia, Austria, Canada, Germany, Ireland, Italy, Spain, The Netherlands, New 
Zealand, Norway, The United Kingdom, The United States and the European Commission. 
 
REEEP supports bioenergy projects and is currently supporting the cultivation of large-scale 
plantations of cassava and sugarcane for the production of ethanol in Nigeria (Osterkorn, 
2006). The project is being developed by the Nigerian National Petroleum Corporation, 
which has been given the mandate of creating the new alternative energy industry in Nigeria. 
The REEEP-funded pilot project will generate a business model for the establishment and 
cultivation of the plantations themselves – in particular a 10,000-20,000 hectare sugarcane 
plantation fitted with an ethanol production unit making 70-80 million litres annually, as well 
as an 50,000-10,000 hectare cassava plantation fitted with an ethanol production unit capable 
of producing 50-60 million litres each year. 
 
Besides funding and creating public-private partnerships for concrete biofuel projects in 
Africa, REEEP works towards developing innovative financing mechanisms, political 
capacity-building and disseminating important information on case-studies and broader 
analyses of the sector.  
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Table 7.2: Contact information for REEEP 
REEEP website http://www.reeep.org/  
Contact  
 

Partnerschaft für erneuerbare Energie und Energieeffizienz  
(REEEP) - Renewable Energy and Energy Efficiency Partnership 
(REEEP) 
Street: Wagramerstrasse 5 (Vienna International Centre) 
City: A – 1400 Vienna, Austria 
Phone: +43 1 26026-3425 
Fax: 43 1 21346-3425 
Email: info@reeep.org 

 
 
 
REEEP intends to continue to support the development of biofuels to reduce greenhouse gas 
emissions, but the partnership will always ensure that projects take a comprehensive 
approach, requiring biofuels production to consider sustainability, economic development 
and land use holistically. REEEP does not support biofuels production that involves 
deforestation or displacement of food crops. 

 

7.3 The Global Energy Efficiency and Renewable Energy Fund (GEEREF) 

The Global Energy Efficiency and Renewable Energy Fund (GEEREF), was proposed by the 
European Commission in October 2006 which intends to kick-start the fund with a 
contribution of €80 million over the next four years (EC, 2007). Financing from other public 
and private sources has already taken the initial funding to at least €100 million. These 
investments are expected to attract risk capital of between €300 million and €1 billion for 
investment in projects on the ground. GEEREF will prioritise small investments, below €10 
million, that are largely ignored by commercial investors and international financial 
institutions. In addition to utility-based projects, investments will include manufacturing and 
assembly businesses, consumer, SME, and micro-finance intermediaries. 
 
GEEREF aims to accelerate the transfer, development and deployment of environmentally 
sound technologies and help to bring secure energy supplies to people in poorer regions of 
the world. These projects will also combat climate change and air pollution. 
 
According to the European Commission, the GEEREF is expected to support regional funds 
for sub-Saharan Africa, including the Caribbean and Pacific Island States, Latin America, 
Asia, North Africa and other EU neighbouring countries. Priority will be given to 
investments in countries with energy efficiency and renewable energy policies that are 
conducive to private sector engagement. The Fund will provide equity finance to a broad mix 
of energy efficiency and renewable energy technologies. The emphasis is on deploying 
technologies with a proven technical track record in regions that are currently ignored by 
commercial investors. Small hydro and biomass may comprise a large part of investment 
prospects, with on-shore wind also offering significant potential. Solar energy could provide 
stable solutions for remote areas. Co-firing solutions (e.g. burning coal together with 
biomass), energy service companies and other small and medium-scale clean energy solutions 
will also qualify (EC, 2007a). 
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The GEEREF will provide risk capital in areas where previously none was available. The 
major part of the GEEREF will be used to provide “affordable” risk capital to different types 
of investment projects. In addition, the fund will include a technical assistance facility 
(around 10 % of the total fund size) to engage local and international technical expertise for 
improving project proposals and business plans. This combination is intended to make the 
fund a ‘one stop shop,’ which in turn will reduce transaction costs and improve the fund’s 
overall performance (EC, 2007a). 
 
The European Commission has appointed Triodos Investment Management BV in 
cooperation with E+Co, to structure and financially close the fund and build an investment 
pipeline. Triodos Bank is a fully licensed independent European Bank with branch offices in 
The Netherlands, Belgium, United Kingdom and Spain. Triodos Bank is a pioneering force in 
the world of sustainable banking. E+Co invests in clean energy enterprises in developing 
countries to realize financial, social and environmental – triple bottom line – returns. To that 
end it attracts various sources of capital and offers a blend of services, such as seed capital, 
enterprise development services and (mezzanine) growth financing. E+Co has offices in 
Bolivia, Brazil, China, Costa Rica, Ghana, South Africa, Thailand, the Netherlands and the 
United States. 
 
 
Table 7.3: Contact information for E+Co 
E+Co website http://www.eandco.net/index.php 

Contact Africa 
No. 11 Pieter Street 
Highveld Technopark 
Centurion 
South Africa 
Tel: +27.12.665.3454 
Fax: +27.12.665.0883 
Email: EandCo.Africa@EandCo.net 
 
E+Co Ghana  
Vincent Yankey, Investment Officer 
Pearl Mussey, Office Manager 
7A Silver Star Tower, Airport City 
P. O. Box TN 355, Accra, Ghana 
Tel : +233 21 776507 
Fax : +233 21 782029 
Cell : +233 244 941895 

Entrepreneur guidelines http://www.eandco.net/entrep_guidelines.php 

 
 
 
7.4 African Rural Energy Enterprise Development (AREED)  

The African Rural/Renewable Energy Enterprise Development (AREED) is a rural energy 
enterprise development initiative that UNEP has been running since 2000. The motivation of 
AREED is to expand access to modern energy services that are convenient, affordable and 
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sustainable.  Existing approaches to energy service delivery – whether modern utilities or 
traditional informal enterprises – are not up to the task of delivering modern energy services 
to currently underserved populations, the majority of whom live in rural areas. AREED rather 
targets small and medium enterprises (SMEs) that are into energy development and is ideal 
for entrepreneurs who are planning to go into bioenergy SMEs. Funding for AREED was 
initially provided by the United Nations Foundation (UNF) with support from the German, 
Dutch and Swedish governments.   
 
AREED depends very much on a number NGOs that are the partners of the programme in the 
five countries where the initiative is currently active: The partner in Ghana is the Kumasi 
Institute of Technology and Environment (KITE).  In Zambia there is the Centre for Energy, 
Engineering and Environment of Zambia (CEEEZ). In Tanzania there is the Tanzanian 
Traditional Energy and Development Organisation (TaTEDO), while the partners in Senegal 
and Mali are respectively ENDA and the Mali-Folkecenter (MFC). Further information on 
the AREED partners is given in Table 7.4.  
 
An important role of the partners is to identify entrepreneurs and bring those of them with the 
most promising ideas into the AREED ‘pipeline’ of eligible proposals for funding 
consideration. The fundamental theory to which AREED partners subscribe is that SMEs can 
play key roles as providers of energy services. The majority of AREED sponsorship so far 
has gone to other renewable energy projects with just a few on bioenergy. Only 4 modern 
bioenergy projects have been sponsored by the AREED programme; two of these bioenergy 
projects involved Jatropha oil enterprises, one in Mali and another one in Zambia.   
 
 
Table 7.4: AREED partners and their contacts 

Country Organisation 
in charge 

Web address Contact  

Email Telephone 

Ghana KITE http://kiteonline.net/ info@kiteonline.net +23321256800 
+23321256 801 

Mali  MFC http://www.malifolkece
nter.org/ 

ibrahim.togola@ 
malifolkecenter.org 

+2232200617 
+2232206004 

Senegal  ENDA http://www.enda.sn/ se@enda.sn +221338699948 

Tanzania TaTEDO http://www.tatedo.org/ energy@tatedo.org +255222700771 
+255222700438 

Zambia CEEEZ  F.D.Yamba@ENG.UNZA.ZM +260 1 240267 

 
In addition to providing loans and/or equity, AREED offers entrepreneurs technical and 
financial know-how and partnerships with institutions such as banks and NGOs involved in 
rural energy projects. AREED would usually guide the entrepreneur through the proposal 
development process, thus attaching themselves to the business right from the beginning and 
giving the necessary advice and recommendation towards making the business a success. 
Entrepreneurs who after developing their proposals are not able to obtain an AREED funding 
are usually giving professional assistance towards securing project financing from other 
institution. AREED works closely with some financial institutions to make this scheme a 
success. Phase one of AREED was completed in mid-2007 and Phase two is about to start. 
 
 
 



160 
 

7.5 African Biofuels & Renewable Energy Fund (ABREF) 

The African Biofuels & Renewable Energy Fund (ABREF) is a fund that is being created to 
finance the development of renewable energy in Africa. It aims to reinforce Africa’s energy 
and economic independence and help African countries profit from the clean energy market 
and face the challenges resulting from global warming. In order to realize its objectives, the 
Fund hopes to strive to lead the development of the biofuels and renewable energy industry in 
the African region, with a focus on West African countries. 
 
The Fund will be set up by the ECOWAS Bank for Investment and Development (EBID) in 
collaboration with CF Assist of the World Bank, UNCTAD, Ecobank Development 
Corporation, Fonds Africain de Garantie et de Coopération (FAGACE), and the governments 
of Burkina Faso, Ghana, Senegal, Nigeria, Togo, Guinea, Benin etc.  
 
The fund, when available, will focus on financing investment activities targeting biofuels and 
other renewable energy development in West African countries that have ratified the Kyoto 
Protocol by providing Equity, Debt, Mezzanine Finance, Lease of credit, Carbon Funds etc. 
The ABREF will primarily target projects that provide energy security benefits as well as 
attractive carbon credit generation such as clean energy projects. Small projects within one 
country or across countries may be bundled together to reduce transaction costs and generate 
sufficient carbon credits (ABREF, 2008). 
 
 
7.6 CDM Funding  

The Clean Development Mechanism (CDM) is an arrangement under the Kyoto Protocol in 
which industrialised countries or their companies can earn emission credits by investing in 
emission-reducing-projects in developing countries, while the developing countries acquire 
technology and capital as well as earn emission credits that can be banked or sold. Biofuel 
projects, including the cultivation of large hectares of Jatropha and other energy crops are 
potential projects that could be funded under the CDM. Both the developed country and the 
developing country cooperating to develop CDM projects must both have ratified the Kyoto 
Protocol.  
 
The CDM has two key goals: 

 To assist developing countries which host CDM projects to achieve sustainable 
development through the deployment of such projects as sustainable bioenergy.  

 To provide developed countries with flexibility for achieving their emissions 
reduction targets, by allowing them to take credits from emission reducing projects 
undertaken in developing countries. The greenhouse gas benefits of each CDM 
project are measured according to internationally agreed methods and quantified in 
standard units, known as ‘Certified Emission Reductions (CERs). These are expressed 
in tons of CO2 emissions avoided; these have market value and are traded.  

 
The projects must qualify through a rigorous and public registration and issuance process 
designed to ensure real, measurable and verifiable emission reductions that are additional to 
what would have occurred without the project. The mechanism is overseen by the CDM 
Executive Board, answerable ultimately to the countries that have ratified the Kyoto Protocol. 
 
In order to be considered for registration, a project must first be approved by the Designated 
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National Authorities (DNA). The agencies that serve as the DNA in most countries include: 
the Environmental Protection Agency, Ministry of Environment, Ministry of Energy and 
Ministry of Science and technology. In most instances, the EPA should have information on 
which agency is the DNA in a country. If a project developer requires assistance to determine 
whether or not a planned project will qualify for CDM funding and how much funds can be 
obtained from the CDM, the DNA should be the point of call. The duties of the DNA include 
assessing the country’s participation in the CDM project activity and ensuring that all 
projects contribute to the sustainable development of the country. By sustainable 
development, it means that all such projects should contribute to the economic, social and 
environmental goals of the country. The CDM has been operational since the beginning of 
2006 and has already registered more than 1,000 projects which are anticipated to produce 
CERs amounting to more than 2.7 billion tonnes of CO2 equivalent in the first commitment 
period of the Kyoto Protocol, 2008–2012.  
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