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1993 (WMD) 2003 (WMD)

Organic Materials 72.6 65.0

Inert Materials 8.9 17.1

Solid Plastics 1.3 3.5

Plastic bags, foils etc 2.7-

Glass 2.0 3.0

Paper and cardboard 7.2 6.0

Metals and cans 2.8 2.5

Textiles 1.5 1.7

Miscellaneous or other waste 0.9 1.2

Totals 99.9 100.0

Source: AMA (2009)

As shown in Oteng-Ababio, Martin et al. (2013)

Percentage Fraction (%)

Waste composition analyses conducted in 1993 and 2003
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Abstract

The challenges of waste management have persistently troubled local and national governments across the Global South.  Target 7c of the Millennium Development Goals is specifically focused on urban waste management. In sub-Saharan Africa the failure of waste management is especially pronounced in non-capital urban environments.  The failures of waste management are often attributed to failures to adequate collect and properly manage disposal, both failures are often attributed to lack of funding.  A waste management system built around anaerobic digestion has the potential to provide multiple economic incentives for full waste collection and treatment.  This thesis model’s the likely cost and economic returns to small and medium sized cities in West Africa if they operate a waste management system that incorporates locally constructed anaerobic digesters. 
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Intro
The rapid growth of cities in countries across sub-Saharan Africa, Asia and the Latin America has spurred great debate on questions of livelihood, equity and social justice.  Governments, academics, and businesses have focused on the growth on the largest cities of these regions.  Because they represent substantial challenges to urban planning, public health and safely, and the environment, they also represent untapped opportunity for economic growth.  However, the small and medium sized cities or secondary cities of these regions have received less attention but has the same challenges and potentials.  Due to their smaller population secondary cities, communities with populations between 50,000 to 500,000, receive less attention from national governments and other external international actors.  This thesis focuses on these cities and looks at the critical challenge that they and capital cities face, waste management.  Due to limited resources, secondary cities often have no or underfunded waste management systems (Henry, 2006; Okot-Okumu and Nyenje, 2011; Parrot et al. 2009).  With a focus on West Africa, I will examine the potential benefits that could be derived if cities integrated, or developed a waste management system around, anaerobic digestion.  Anaerobic digestion offers benefits such as, improved public sanitation, reduced need for landfilling, energy and fertilizer. 
I am interested in secondary cities because they are expected to experience substantial population growth over the next two decades.  Future population growth is expected to come from larger numbers of young men and women leaving rural villages and small towns and traveling to large regional capitals.  They may eventually move on to the national capital or economic hubs in the region but like settlers in an earlier era, they may simply find the large city, in which they first settled to be enough.  This migration will results in a substantial population shift and an increasing number of urban challenges.  By encouraging the growth of a waste management system, these cities provide public sanitation, offer employment and other benefits to their citizens.  

One consequence of the rapid population growth in Africa, Asia, and Latin America is that many cities are faced with challenges on a scale never before seen.  Challenges of urban density, high unemployment and underemployment, large informal sectors, limited government capacity, low-skilled labour force, high demand for energy, poor urban sanitation, to name a few.   By exploring the challenges of urban sanitation this thesis seeks to make a contribution to the discussion on how growing cities may address the coming challenges.  I am interested in understanding how local and regional governments can support the development of rapidly growing secondary cities.  Focusing on an open source technology, anaerobic digestion, and waste management the author sees connections between improving public health, increasing jobs, developing local capacity, and increasing economic development.  
Local capacity development is the enhancement of individuals’ skills and knowledge and the ability of local government to support and regulate business development.  Waste collection, separation, and disposal are labour intense tasks which has substantial benefits to public health and safety.  If local governments could encourage waste operators to utilize anaerobic digestion they may be able to address some of the challenges previously mentioned.  So it is critical that we understand the conditions under which it is most beneficial for a city to encourage anaerobic digestion in waste processing and how they can create conditions beneficial to the community and operators. I hope to make a small contribution to the ongoing debate on waste management and how it has the potential to be a renewable energy source in Africa cities of a particular size.  

Our world is rapidly becoming an urban place; this is especially true in Sub-Saharan Africa (Venard, 1995).  This thesis is not concerned with capital or primary cities in Sub-Saharan Africa as centers of power or commerce, they often have greater infrastructure than secondary cities.  Higher levels of literacy and infrastructure deployment, all contribute to the vibrancy of capital cities.  Secondary cities often have less developed infrastructure and lower levels of literacy rates, reducing their economic development.  This is reflected in substantially different energy demand profile of secondary cities than that of primate cities (Hosier, 1993).   Additionally, as a result of the lower economic activity of secondary cities, they have a higher percentage of organic waste (citation) and lower energy demands (citation). So, secondary cities are well sized to explore whether there is a scale at which AD can provide concurrent benefits in the form of energy and improved public health. 

The challenges created by rapidly urbanizing cities add to the burdens of already overwhelmed governments at every level, from the national to the local. Some pressing concerns raised by these rapidly urbanization cities are: How to manage the growth that is occurring faster in secondary cities than in primate cities? How to provide employment for the thousands of people moving into these cities daily? How to meet the energy demands of businesses and households in these cities?  To answer these questions countries are exploring renewable energies and distributive energy generation approaches to meet the energy needs of their growing cities.  I believe that governments and entrepreneurs should explore waste management and anaerobic digestion for biogas as a solution to the energy, jobs, skills, and sanitation challenges of growing SMCs. 

This thesis is focused on cities in Sub-Saharan Africa (SSA), but it draws from research done across the global south.  The UN notes “urbanization in Africa will mean both an increase in the size of urban districts and an increase in the number of cities, mainly by the elevation of a large number of existing towns and villages to the status of small city (Venard 1995)”.  In short, Africa’s urbanization will occur because people will move to large villages and small towns.  That same work defines small and medium sized cities as those with populations between 5 – 500 thousand inhabitants.  It points out that by 2020 medium sized cities will hold over 175 million residents, this is greater than the total urban population of the region in 1995.  Additionally the report highlights that limited infrastructure hinders the economic capacity of households and firms.  

These growth projections requires us to ask, are the existing villages, towns, and cities of Sub-Saharan Africa (SSA) currently able to meet the energy demand of firms and households? As countries study their capacity to finance and development energy and renewable energy resources, beyond the traditional power sources their focus appears to be technologies like Hydroelectric, Solar and Wind.  Specifically it asks what roles exist for anaerobic digestion and Biogas in meeting the energy demands of rapidly growing cities? There are various scales of operation that obtain energy from waste, the potential of low tech fixed dome Anaerobic Digestion, have been proven in various contexts around the world.  Unproven is its viability to meet energy demands on a large urban scale.
I seek to answer the question; how could cities incorporate anaerobic digestion into their waste management system, what policies would encourage entrepreneurs to accept and utilize the technology, and what potential benefits would it offer the community? 

Background

Summary of Background

This thesis has two focuses the first views waste management system as an infrastructure asset that can help with job creation.  The other considers the potential to help small cities develop a sustainable low cost system that can improve their economic viability.  The interest in these topics came about as a result of my experiences over nine months volunteering in Kankan, Guinea – Conakry.  Kankan is a city of over 200,000 residents, exact population counts vary.  Kankan is arguably the second largest city in a country of approximately 10 million people but it was also a city without energy or at the time street lamps.  As of our last visit in summer 2012 the city has installed solar powered street lamps and is upgrading their electric gird.  During my time in Kankan, I asked a simple question; how can this city and others like it produce energy without needing an extremely large investment of capital?  I was also interested in whether there could be some way to develop a less environmental damaging way to fire bricks? 
How does cities in countries with limited infrastructure and financial capacity develop infrastructure? The challenges that must be overcome before any technology can be deployed are numerous they include; high initial cost, low gird connectivity, limited skills/knowledge capacity.  The viability of any technology, to meet the needs of households or industry, depends on factors including; the capacity and reliability of the national gird system, the cost of electricity generated, and the arrangements structured governments and energy providers. Biogas generated from waste is different than other renewable sources of energy because it addresses more than the problem of energy, it incentives a community to effectively manage their waste.  By utilizing waste to benefit communities it removes a nuisance, waste, while providing substantial community benefits.  
The potential benefits of anaerobic digestion are highly correlated to the scale at which it is operated. Numerous examples of AD on rural, individual household, or industrial scale highlight the benefits of this approach to meeting some level of demand (Amigun and Blottnitz, 2010; Richard et al. 2011).  Several factors suggest that anaerobic digestion can be viable in small and medium sized cities.  First, secondary cities are often a mix of low to moderate income, density urban with rural/agricultural communities, which produce a higher share of organic waste than exclusive urban and higher income communities (Oteng-Ababio, 2013; Manga, 2008; Parrot, 2009).  Second, the high transportation cost of waste to landfill is one reason for the failure in existing waste management systems in several countries (Asanteduah and Sam, 1995; Henry, 2006; Parrot, 2009).  Next, centrally locating an anaerobic digestion system reduces transportation cost and provides flexibility in energy usage, both of which represent a cost savings to a community.  Also, because it processes organic waste, anaerobic digestion requires that waste be judicially sorted before being placed in a digester. The sorting of waste provides an opportunity for reactivation of materials through effective recycling or reuse.  Last, anaerobic digesters require constant attention in the construction and operations, this necessities a trained labour force able to understand and operate the system.  Because of high rates of unemployment it is not unreasonable to believe that by creating local jobs, a waste management system would engender tremendous local support. 

Overview of challenges Sub-Saharan Africa faces in terms of population growth

The literature surrounding the growth of African cities, especially the role of primate cities to the development of nations is well documented.  Less well documented are the challenges of growth and developing in secondary or small and medium sized cities.  This is of note as there are few primate cities in comparison to secondary or small and medium sized cities (Venard, 1995).  With projected increase of small cities from 3,000 to 8,000 between 1990 and 2020, it is not possible to ignore the challenges they face as inconsequential (Venard, 1995). This rate of urbanization presents numerous challenges for cities that already have insufficient funding to provide basic services.  Challenges to the environment, of public health and safety, of economic development are just a few of the things that local governments are forced to address as their population increase.  It is critical that cities address these challenges, as a substantial obstacle to increased productivity of cities is insufficient urban infrastructure (Venard, 1995).  Inadequate infrastructure forces residents to meet their needs in ways that often produce stresses on the natural environment (Hall, 1992). Anaerobic digestion produces methane for use in energy generation and a bio-slurry that is an effective organic fertilizer (Baral, 2010; Arthur, 2011), both of which can alleviate the demand on the natural environment.
Table 1: 
[image: image1.emf]Size 1960 1990 2020

> 5 mil Inh 0 0 11

1 to 5 mil Inh 1 18 59

500,000 to 1 mill  6 26 75

100,000 to 500,000 39 180 585

20,000 to 100,000 285 790 2,200

5,000 to 20,000 750 2,470 6,700

Entire SSA 1081 3484 9630

Evolution of the number of SSA cities by size classification


Overview of approaches to meeting the energy demand issue

At present energy demand in cities of the global south is met in several ways; electricity from the local gird, kerosene for light or cooking, electricity from generator sets, or biomass for cooking (Tatieste, 2002; Wolfram, 2012).  Low levels of electrification in small and medium sized cities, results in a consumption patterns that vary drastically from that of primate cities (Tatieste, 2002; Wolfram, 2012).  Usage of biomass as cooking fuel is greater outside of primate cities.  Micro, small and medium enterprises utilize both biomass and generators to meet their energy demand.  Their consumption of biomass is critical to issues of deforestation (Hall, 1992). By observing the energy demands of small and medium cities it is possible to hypothesis the potential impacts energy obtained from anaerobic digestion could have on a cities demand. 

The usage of biogas for energy is currently growing in sub-Saharan Africa.  Movements such as the Biogas for life initiative
 or the work by, SNV, the Dutch development agency has increased the spread of anaerobic digestion and biogas and are responsible for the growing recognition of its potential.  Unfortunately, both of these entities are focused on biogas as a rural or individual household innovation.  This thesis will explore the urban environment as a potentially ideal setting for anaerobic digestion.  It will then consider the potential energy that would be generated at this scale.  Through this manner, it is hoped that an understanding of the potential impacts on energy demand will develop.
Overview of challenges Sub-Saharan Africa faces in terms of energy demand

There has been a wide set of literature on the energy demands in infrastructure deficient countries and Sub-Saharan Africa.   To limit the scope of this thesis, I focused on the literature that explores the nature of energy demand and differences in demand between infrastructure deficient versus infrastructure sufficient countries.  In his work, Energy for secondary cities, Matthew V. Milukas, uses Nakuru, Kenya as a case study to highlight the importance of energy in secondary cities (Milukas, 1993).   He notes that a key difference in energy demand of secondary cities are their higher reliance on indigenous biomass as a result of factors including – habit, price, availability and infrastructure development.  In terms of environmental impacts and development he demonstrates the linkage between the development of road infrastructure and deforestation.  In other words, the development of roads provides easier access to virgin forest leading to increase rates of deforestation.  As city urbanizes, they consume increasingly larger amounts of forest area raising transport cost involved in obtaining the wood necessary for charcoal.  While anaerobic digestion is unlikely to replace charcoal in meeting the energy demands for household in secondary cities, it may be sufficient to meet the demand of certain industries that utilize the same fuel as households, for ex. Brick makers, metal smiths and ceramics makers, possibly reducing the demand for charcoal, thus reducing the felling of trees.  

Various researchers have examined the issue of biogas or biofuel as a renewable source of energy or in comparison to fossil fuels.  Marcia M. Gowen 1989 work Biofuel v Fossil fuel economics in developing countries, sought to understand the economic rationale for nations shifting to biofuel.  Her work noted the scales at which fossil fuel achieved comparative advantages over biofuels.  Acknowledging that an exact comparison across technologies to be difficult and misleading, she noted the negative cost of utilizing animal and human waste for biogas systems in India and China, and when not used for energy generation these wastes imposes a cost on society.  An interesting point in her research is that while financial cost assumptions across systems are highly variable, biofuels are primarily competitive when meeting small to medium scale industrial energy requirements (up to 50 MW).  “Efficient biofuel waste systems should be encouraged by national and international agencies, particularly in the rural industrial sector in which the savings from the promotion of these industries are significant.”  Using 1985 figures she suggests that biofuels, in this case biomass gasifiers could operate at a cost of $200/kW versus $400/kW for imported power generation systems. Beyond the question of shifting countries away from oil cost, other benefits of biofuels suggested by Ms. Gowen is its potential to absorb excess rural labour, and increase incomes.
Richard Arthur and colleagues explored the potential of biogas as a renewable energy source using Ghana as a case study.   Providing a concise history of Biogas in Ghana they demonstrated the potential that biogas could play by highlighting the various institutional and private sector stakeholders involved with Biogas.  Their case study noted some of the challenges and benefits of biogas.  Potential benefits ranged from providing fertilizers through biogas effluent, health benefits obtained by reducing kitchen smoke, employment generation for skilled or semi-skilled labourers like masons and plumbers.  They also noted the environment benefits, as mentioned earlier, to reduce the utilization of wood fuel which limits deforestation thus preventing the release of millions of tons of carbon into the atmosphere.  They provide points of interest, first that a public restroom used by 2000 people per day would produce 60m3 of biogas, enough to run a 10 KVA generator for 8 hours.  Additionally, because by 2050 Africa will be responsible for the release of 7 billion tons of carbon from cooking fire alone.  There is of course the trade-off between carbon released from wood and carbon released from methane utilization, however as methane is more powerful than carbon the saving is gained by reducing the amount of methane released into the atmosphere.
Governance

Government support is critical to engaging waste collectors, citizens and businesses and ensures everyone understands and respects the system in place.  Responsibility for public health and sanitation often falls to local government (Adama, 2012; Parrot, 2009). The challenges of executing waste collection and regulating operators may help officials develop capacity.  A waste management system would provide local governments an opportunity to create partnerships and work towards the expansion sanitation services and energy generation.  The existing literature on governance has focused on summarizing trends that occurred as Sub-Saharan Africa shifted to more decentralized forms of government (Adama, 2012; Parrot, 2009).   Given the difficulties of politics in Sub-Saharan Africa, it is understandable that there are few suggestions on how governance practices can shift from bad to good.  Establishing an opportunity for citizens, government, and entrepreneurs to work together may be a beginning point for improved governance. 

Literature Review

Population in small and medium cities

To understand and explore the possible benefits urban communities can obtain by managing and transforming their waste into energy it is necessary to explore several topics.  By examining the literature on waste management in numerous countries, but especially the global south I gained an understanding of the bottlenecks or breakdown points in the waste system.  Taking my understanding of the waste management system in secondary urban communities I then examined possible approaches to overcoming the breakdowns in the system.  I focused on anaerobic digestion because of the benefits it offers to communities.  It was also necessary to understand the energy demands of secondary cities in sub-Saharan Africa.  Because energy is one byproduct of anaerobic digestion understanding the demands on secondary cities was necessary to considering its viability. Finally as population growth drives waste generation and energy demand it was necessary to understand what changes can be expected in coming years.  The literature reviewed for this thesis highlights both the potentials and challenges that exist within the growing secondary cities of sub-Saharan Africa and the world.  

An understanding of population growth is critical because it directs how governments focus their energies. The World Bank in their Building Blocks for Environmentally Sustainable Development in Africa report (Venard, 1995) recognized that the urbanization in Africa will result in not only larger cities but also more cities.  The report highlight’s that medium sized cities will serve as a connector between rural communities and large cities.  It also notes the challenges of integrating urban planning with long-term environmental stability becomes most pronounced in large metropolises, and urban areas.  These challenges include deforestation, unsanitary conditions due to poor water supply the threat to the water table by untreated solid and liquid waste.  In terms of productivity and economic growth it highlights that poor infrastructure constrains the ability of industry and households to provide critical linkage of infrastructure of economic production.  It is from this report that we designate small and medium sized cities, though we take some leave with the limits.   

Small – Medium city: 5,000 – 50,000 inhabitants

Medium city: 50,000 - 500,000 inhabitants

Large city: 1 million+ inhabitants
It is because of this designation that we focus on small to medium sized cities as population centers with between 50,000 – 1 million inhabitants.

The validity of these and other population estimates have questioned (Cohen, 2006; Potts, 2012).  Both authors note that many of the population growth rate estimations have proven to be substantially off mark when more accurate information is evaluated.  These early population estimates have encouraged a focus on large urban agglomerations.  However, by ignoring small cities and medium cities nations miss opportunities as cities are a focal point of economic growth, innovation and employment.   Cohen work notes the challenges of definition between rural and urban, with some countries considering centers with populations greater than 2,000 inhabitants as urban (e.g. Angola and Argentina), while others start at 10,000 (e.g. Benin).  Putting aside the conversation about growth rates, Cohen argues that what is clear in the data is that small cities are growing rapidly, and they are growing in spite of a lack of infrastructure and with poor economic outlook.   Because towns and cities with populations under 1 million will make up over half the world’s urban population, it is easier and less complex to address the infrastructure challenges before the “magnitude of the service gap becomes too overwhelming.” It is with this in mind that waste and its impact on infrastructure and jobs became the focal point of this thesis.  Often referred to as a monster (Cohen, 2006), waste is both a threat to small cities, cholera epidemics in West Africa have been attributed to poor waste management (Fobil, 2005; Parrot, 2009), and a potential savior.  If properly managed, the jobs energy and fertilizer gains could significantly contribute to local, regional and national economies.

The Trouble with waste

The importance of waste management and its’ impacts on a community has been noted by numerous authors (Asanteduah and Sam, 1995; Braber, 1995; Venard, 1995; Fobil, 2005; Edjabou et al., 2012). They and others have highlighted several choke points in the effective management waste services including; poor government planning and policy, failure to maintain and properly service equipment, high cost of equipment, and poor roads access to neighborhoods, high collection fees, poor dump or landfill management.  Taken together these failures have resulted in infrequent service, and result in communities abandoning their waste within the city.  These sites become mini-landfill around a city and are only cleared away when an epidemic or funds for a campaign are acquired.

As the population of a city grows the volume of waste generated is in excess of the population increase (Asanteduah and Sam, 1995).  By developing a waste management strategy at an early stage cities are more likely to be able to effectively manage increasing waste volumes.  The waste generated by households in sub-Saharan Africa is heavily organic (Mbuligwe, 2002; Duku et al, 2011; Amigun and Blottnitz, 2010; Edjabou et al 2012; Fobil, 2005; Karekezi, 2002).  Their work highlights the versatility of waste, and the economic benefits it can offer either in the form of fertilizer or biogas, or electricity through incineration.  Each has its own limitation and challenges, but they all require an effective waste management system to enhance effective collection and treatment, before they can be exploited for local benefits.  
Transforming Waste to Energy

While the term “Waste to Energy” specifically refers to the incineration of waste to power turbines and produce electricity, we are using it in refer to the anaerobic digestion process which produce methane gas.  Methane produced through anaerobic digestion can be used in electric generators to produce electricity (D.O. Hall et al., 1992), or for cooking in households (Amigun and Blottnitz, 2010), or direct burn for brick making.  While the potential of waste to produce energy is proven to work both in the developed and developing world (Budzianowski, 2012; Macias-Corral et al., 2008; Duku et al., 2011).  Researchers have noted the challenges with accurately predicting the volume of methane gas from the organic fraction of MSW, this challenge results from the heavy correlation between feedstock and energy output (Khalid et al., 2011; Macias-Corral et al., 2008).  While there are hundreds of examples for anaerobic digestion being used to generate energy in other developing countries, there are strikingly few in sub-Saharan Africa.  However, there are several campaigns working to increase the usage of biogas in sub-Saharan Africa
.  It is of note however, that there is little research on linking waste management, in small and medium cities, to anaerobic digestion as a solution to both the waste and energy problem at this scale.  

The literature on energy demand and substitution in developing countries is rich.  Studies have been conducting researching energy usage, and what households use if they are not connected to a gird (Sokona, 2013; Azomah, 2011; Gowen 1989).  It is clear that household energy demand in small and medium cities differ from that of capital cities (Wolfram 2012).  It is due to this shifted demand that makes methane from anaerobic digestion an interesting solution to some energy challenges.  It is clear that energy generated from waste will never meet all the energy needs of a city; it can make a contribution, especially when there is limited gird connectivity.

Research Methodology

Sub-Saharan Africa and the nations of the developing world face numerous pressing environmental and social issues.  One of the most overlooked is that of the management of household, human, agricultural and industrial waste.  The scale of this problem is especially glaring in the many secondary cities, those with populations between 50 thousands to 1 million inhabitants, in these cities; it is not uncommon for no solid or human waste collection or disposal to be done.  The lack of service is often attributed to several factors; high equipment cost high cost of equipment maintenance, limited payment for service, poor landfill or dump management.  This results in poor waste management in secondary cities, which seems to be closely linked primarily to the issue of revenue generation.  This is not unreasonable, as many of the approaches currently utilized in sub-Saharan Africa are direct technical transfers from western nations.  This often starts with the usage of large trucks while governments have limited ability to operate.  These trucks are often not designed to traverse the narrow streets of cities in the developing world. 

It is necessary to develop an approach to waste management that incentivizes local governments or the private sector to engage in waste management.  Anaerobic Digestion, the process of transforming organic waste into methane gas through decomposition in an oxygen free environment, may adequately incentivize the development of sustainability environmental and waste management practice.   Research done in Kenya by the Dutch development agency SNV, have presented potential cost of constructing an anaerobic digester.  By creating a model of the relationship between the volume of waste generated, cost of collection and processing, it will be possible to quantify the volume of potential value in the waste.  A construction cost model will be developed for the anaerobic digester and the potential value per kWh basis.  While the energy value of anaerobic digestion is highly correlated to the calorific value of the substrate that is fed into it, our constructed estimate will contribute to the discussion on how this could be done and what possible ranges can be obtained. 
Waste Management

The frequency of waste collection is highly correlated to ability to pay (Oteng-Ababio, 2013; Adama, 2012).  Unsurprisingly the neighborhoods most likely to have some form of waste service provision are high income, while those least likely are low income.  However, the quality of road infrastructure significantly impacts access to service, so that high income communities with poor roads are less likely to have service than low income communities with good quality roads (Oteng-Ababio, 2013; Adama, 2012).  Service providers could be, a contractor to the local government, the local government directly, or an independent small business entrepreneur who creates an arrangement directly with the waste producer.  Local governments are often required by national policy, a result of decentralization of responsibility, to ensure waste collection.  However, there is not a corresponding decentralization of revenue or the ability to generate revenue to ensure that local governments are adequate able to fulfill their mandate. No or inadequate funding results in an inability to pay salaries, maintain equipment, or ensure adequate landfilling. High to middle income communities are often able and willing to pay for waste service, this results in a more robust waste collection system.  

Considered broadly, waste has the following steps: Removal, this could be a household either dumping or burning their waste outside of their home, or collection by a private contractor or local government, or removal to a government designated point of collection.  For a small market vendor or stall owner, this means sweeping waste into street, or having waste collected by a private contractor or local government. Transfer, waste is gathered at a transfer station and either a private contractor or government will remove waste to final dump.  It is not uncommon to see the transfer station become a final dump of waste.  Reasons for this vary, but the most frequently stated is lack of funding to maintain equipment needed to remove waste to dump.  The damage to the ground water and overall community health as a result of waste left to decompose are numerous.  However, an equally troubling reaction to the failure to transfer waste from transfer stations to landfills is the decline in payment of service due to an inability to dispose of waste.  To maintain their revenue, private waste contractors will dispose of waste outside of the established waste management chain. Disposal, traditionally the stage in the waste management chain would be the landfilling or processing of waste.  However, as identified previously, disposal occurs at various points in the existing chain.  Waste taken from the transfer station will be deposited in the landfill where, due to poor planning and design, it is likely to decompose and leach into the underground water aquifers.  

Failures in the system are glaring, piles of waste found within cities and high rates of malaria and other water borne illnesses.  Any attempt to improve the waste management chain must consume the same or fewer resources while providing benefits in addition to that provided by the current system.  Anaerobic digestion with its focus on organic waste provides an incentive for the expansion of service to all communities, as low-income communities are likely to have a greater percentage of organic waste than high-income communities.   

Failure of waste collection occurs in two places, and at various levels.  At one level, the financial burden of waste collection presents challenges to sustainability and is a key reason for the breakdown in service delivery.  The maintenance and operation cost of collection equipment is over not available to local governments.  It is not uncommon to witness collection trucks broken down for wants of parts.  This inability to move waste from transfer stations hinders the impacts of independent small waste collectors.  This failure effectively results in transfer stations becoming de facto landfills.  

Anaerobic Digestion

What is Anaerobic Digestion

Substantial work research has explored the field of waste to energy and anaerobic digestion.  Professor Nickolas Themelis, of Columbia University, described the various processes and aspects of anaerobic digestion at the 12th North American Waste to Energy Conference as a process through which bacteria breakdowns organic waste converting it into a mixture of biogas, made up of Methane, Carbon dioxide and small fractions of other gases.  

While it is a simple process, the type of digester used and the parameters under which it is operated greatly impact its efficiency and stability.  Important factors to the efficiency of a digester are the feedstock or substrate, digestion size, temperature and retention time, the organic load rate and the presence of toxics.  Research has demonstrated the co-digesting waste yields greater quantities of biogas (Macias-Corral, 2008).  Digesters are used at various scales from small household units with few moving parts to fully automated industrial facilities.  The process of digestion occurs in several stages: 1. Hydrolysis and acidogenesis, here complex organic material are broken down into sugars, amino or fatty acids, from this stage bacteria breaks down even farther into simple organic compounds, alcohols, acids and ketones. 2. Acetagenesis, in the second stage of the process, Acetagenesis bacteria converts acids and alcohols into acetate, hydrogen, and carbon dioxide.  At this stage in the process, the pH levels drop and the environment become less acidic; this aids the acidogenesis and Acetagenesis bacterias, which prefer pH level between (pH 4.5 – 5.5). 3. Methanogenesis also referred to as Methane fermentation, occur as bacteria convert soluble matter into methane.  Methanogenesis bacteria prefer a neutral or slightly alkaline environment and are very sensitive to change.  While the processes can be considered as three separate stages, they occur simultaneously and work in conjunction with each other.  The bacteria involved in digestion are most productive at two temperatures levels, mesophilic which is 25-40°C (77-104°F), or in the thermophilic range, at 50-65°C (122-149°F). 
The two most prevalent anaerobic digesters in West Africa are the fixed dome (appendix 1), floating drum dome (appendix 2).  The fixed drum design, due to its simplicity of design and operation, and long life is preferred in sub-Saharan Africa.  Anaerobic digesters in sub-Saharan Africa vary in size from 4 m3 to 5000 m3 (Amigun and Blottnitz 2010).   An understanding the existing capacity suggests the potential range that could be developed.  Research has established that on a per person basis, Sub-Saharan Africa generates .34 kg waste per day; additionally between 55-80% of that waste is organic (Edjabou, 2012; Oteng-Ababio, 2013; Okot-Okumu, 2011; Henry, 2006).   With these two points, along with the estimated population of a city, we can estimate the amount of waste a city generates per day, its waste fraction, and even possible Megawatts of energy possible from that waste.
Research on capacity cost on biogas plants in Africa (Amigun and Blottnitz, 2010) has demonstrated that large-scale biogas technology >20m3 has stronger economies of scale when compared to smaller biogas technology.  In terms of cost “all potential biogas projects have equal merit on a cost basis.” 1 ton of organic fraction of municipal solid waste is roughly equivalent to 1 m3 and produces between 100-150 kWh of energy or 20-25 MJ/m3 (Braber, 1995). 
At work in a secondary City

Waste management exists to varying degrees in secondary cities; some have full coverage provided either by local government or private contractors, while others have no service.  However, it is very likely that most cities are somewhere in the middle, with some degree of waste collection service.  The average condition is likely to be waste service provided by local operators who collect waste, sweep streets and collect revenue from either households and market vendors or the local government.  These existing entrepreneurs often supplement their income, by sorting and selling the metals, plastics and papers in the waste, items for which they can obtain value.  The remaining organic fraction, the large percentage of waste, is bulky to transport and is perceived, to be of little value.  This waste is often openly dumped or abandoned in the transfer stations.  While waste operators remove the items of value, metals, plastics and papers or cardboard, it is not is not possible to remove all the material once it has co-mingled with organics.  As a result, there is substantial contamination of land used for waste dumping.  Open dumping in this manner also results in a loss of life-stock as animals that consuming materials end up choking themselves.  
The question of integrating Anaerobic digestion into an urban environment is made more challenging because of the difficulties involved in waste collection.  Anaerobic digestion itself has proven effective and is used throughout sub-Saharan Africa on an institutional scale.  The focus is, when trying to apply it to a secondary city, not on the energy or fertilizer potential but rather on the benefits obtained by simply establishing a low cost solution to the overabundance of waste.  Both the energy and fertilizer obtained are positive benefits that would be utilized, but required the creation of other systems of delivery or management.  

To demonstrate the potential benefits that a city may obtain, if it were to develop a waste management system that utilizes, we will take the city of Kankan, Guinea as a case study example.  

Modeling Waste Composition
Table 2. Waste Fraction, Accra Metropolitan Authority

Kankan is the third largest city in Guinea and has a population of approximately 200,000 inhabitants.  To understand the range that a city’s waste fraction can take, we will look at two different estimates on waste composition.  One, is a study of a rural town in Togo, West Africa identified trends in waste profiles that we will use for our case study Edjabou et al. 2012).  The town of Ketao has an approximate population of 20,000 residents, but its once weekly market attracts an estimated 50,000 people to the town. Ketao generates approximately 2646 tonnes of waste annually, of which 93% is generated by households, 5% by commerce, and 2% by markets. Approximately 41% of waste in soil content, this contrast to 22% observed in Kumasi, Ghana and 40% in Lome, Togo.  In Ketao, organic waste is 38% this is below the other research estimates on organic matter in low-income countries.  The waste analysis in the table above shows the waste fraction from Accra Metropolitan Authority and is more in line with average organic contribution to waste in the region.  Additionally, it gives some idea of what volumes of other fractions of waste can be expected.  Pairing this data with the waste fraction of 1993 Accra, we will calculate an estimate quantity of waste to be generated daily.  The 1993 waste fraction was selected because its organic percentage is in line with estimates of organic waste in several studies of waste.  
Kankan: A case study

Table 3: constructed estimates of waste generation in metric tons, based on 2012 population estimates
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Population 207,790 .55 kg 

constructed Organic waste  in tons per day 114.28

AMA 1993 (WMD) 1 day 1 week 1 Month 1 year

Organic Materials 0.726 82.97 580.79   17,423.81   209,085.78  

Inert Materials 0.089 10.17 71.20     2,135.98     25,631.73    

Solid Plastics 0.013 1.49 10.40     312.00       3,743.96     

Plastic bags, foils etc 0.027 3.09 21.60     647.99       7,775.92     

Glass 0.020 2.29 16.00     479.99       5,759.94     

Paper and cardboard 0.072 8.23 57.60     1,727.98     20,735.78    

Metals and cans 0.028 3.20 22.40     671.99       8,063.91     

Textiles 0.015 1.71 12.00     360.00       4,319.95     

Miscellaneous or other waste 0.090 10.29 72.00     2,159.98     25,919.72    


With an estimated population of 207,790 inhabitants, Kankan is growing and facing the challenges of other urbanizing cities.  Using .55 kg, as the average amount of waste produced in sub-Saharan Africa per person per day, we estimate the city produces 114.28 metric tons of waste per day (Edjabou, et al. 2012).  We use the Accra Metropolitan Authority 1993 waste fraction percentages, as a proxy for Kankan; we do this because the population of Accra in 1993 is a closer representation of Kankan than that of 2003. While this percentage of organic waste is high, it is not substantially outside of the range of organic fraction in sub-Saharan African, estimated between 40% - %, (Edjabou, et al. 2012).  Using this waste fraction percentage with the average daily waste produced per person we estimate approximately 70 tons of waste produced per day.  Of the approximate 70 tons of waste produced daily, 50 tons are organic, 6 tons are of inert materials, likely to be solid and dirty, and the remaining approximate 10 tons are plastics, paper and cardboard, glass, metals and cans, textiles and other miscellaneous waste.  In most cities, materials of value that can either be reused or recycled would be taken out of the waste stream to provide value to the waste collectors. Without limited options of waste disposal, operators leave the remaining share of waste that is of no value to them to be transferred to landfill by the local government.  As previous stated this transfer of responsibility is often a breakdown point in the waste management system.  As a result waste is abandoned at the transfer station or designation collection point.  Having identified the scale in volume of waste Kankan or similar cities face in regards to waste we can now explore solutions.

The challenge then for our model city is to determine how best to manage the organic fraction of the waste stream and what value can be obtained from the remaining fractions.  Additionally, how can a system be built to allow the integration of existing waste collectors into a system that generate valuable to both the community and operators.  Tons of organic waste decomposing in the streets of a growing city is a threat to the health and well-being of city residents.  There are a variety of solutions available but they will require some organization on the part of local government.  Given the weak state of waste collection any solution should not be too onerous to operators or too complex to manage.  Two solutions to handling the waste of cities are composting or anaerobic digestion of waste.  We consider these solutions because they can occur within a city, overcoming the need for a transfer of responsible.   Both have potential benefits but corresponding cost and challenges of infrastructure development.  They each have advantages and disadvantages, of note to the local governments should be that the infrastructure necessary for both are the same.  

Quantifying waste

The factors involved in getting waste from source to digester and utilizing the generated outputs are various by critical.  In cities, such as Kankan, where there is limited existing waste collection infrastructure, it will be necessary to employ several hundred individuals to ensure waste collection.   To increase the likelihood of organic waste capture, it will be necessary to develop a program designed to raise awareness of source separation and proper waste disposal.  This will simplify the collection process and ensure a greater volume of organic fraction of municipal solid waste.  Data has suggested that in larger urban environments approximately 70% of all waste is actually collected (Bartone and Bernstein, 1993; Parrot et al, 2009).  OF-MSW or food waste, has according to the UN Environment Program Developing Integrated solid waste management plan, has a calorific value of 3809 Kj/kg.  The range of waste generation per person varies from, 1.1 kg in Lagos (Parrot et al. 2009), while in Uganda the average is .55kg/capita/day (Okot-Okumu and Nyenje, 2011), .77 kg in an average of 23 developing countries, (Troschinetz and Mihelcic, 2009) and .33 kg in Togo (Edjabou et al, 2012) taking the .77 and .33 because they are more in line with other estimates provide us an average of .55 kg per person per day.  Using this average, with the current estimated population of Kankan of 207,790 and the estimate of waste likely to be collected we can estimate the city would generate approximately 114 metric tons of waste per day.   However, it is likely that only 80 tons of that waste would be collected.  
To determine the potential of energy that exist in the waste we need the percentage of organics waste within the city’s waste.  Troschinetz and Mihelcic 2009, suggests that over 55% of waste in developing countries is organic, this is supported by (Braber, 1995) who highlights that approximately 50% of MSW consists of organic matter.  Edjabou et al, 2012 calculated that in small villages’ putrescibles and vegetable waste is 38%.  However, in Cameroon, organic fraction of waste has been calculated at 75% of all waste collected (Parrot et al. 2009).  In Uganda this biodegradable portion of waste is between 72-86.5% (Okot-Okumu and Nyenje, 2011).  Utilizing these estimates, we construct an average organic waste fraction of 65%.  While this waste is feed into the digester not all of it will be broken down into biogas.  (Curry and Pillay, 2012) has suggested that between 40 - 65% of organic waste is broken down and used for energy.  Taking the average of this range, we estimate that 52.5% of organic waste is used for energy generation.  By calculating these reductions we are approximate that 29.25 tons of organic waste is available for use in energy generation.  

Constructing an Anaerobic Digester 

Table 4. Potential cost of digestion construction
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Number of households (7 people per) 29,684              

Estimated waste generated (t) 114.28

75% 100% 80%

Waste Collected (t) 85.71 114.28 91.43           

Organic waste fraction  (t) 55.71 74.28 59.43           

Waste in cubic yard  38.61 51.48 41.18

Waste in cubic meters 29.54                39.38            31.51           

Retention period (30 days) 886.09               1,181.45        945.16         

Rwanda & South Africa Estimates 147.68               196.91          157.53         

Cost of digester 148,336.06 $      197,781.41 $  158,225.13 $ 

Monthly cost ($1,417.58) ($1,890.10) ($1,512.08)

Ghana 88.61                118.15          94.52           

Cost of digester $310,131.84 $413,509.12 $330,807.30

Monthly cost ($2,963.78) ($3,951.71) ($3,161.37)


The task of constructing a digester unit is highly correlated to local conditions.  Any estimate of cost, even when extrapolated from known cost of a plant is inherently flawed.  Digester costs are presented here to demonstrate a possible scenario and will later be discussed as part of recommendations for waste management.  The cost is amortized over a period of 15 years, at an interest rate of 8%, to determine the possible gains or losses that would be obtained.  To obtain an estimated digester size it is necessary to know the volume of organic waste, determine a retention time, and calculate volume of waste in cubic meters.  With 29 m3 of waste per day, and a 30 day retention time, the city of Kankan would require digester space of 886 m3.  For the sake of discussion, we assume that Kankan would construction a digester as one unit.  Construction of the digester depends on local conditions, the arrangement could be done several ways; as one complete unit, or constructed as separate parts of two units of 443 m3 or as four separate units of 221.5 m3.  Our estimates are done assuming one unit of 886 m3.  The cost estimates range from between $1149.86 to $859.00 for a 6 m3 digester in Rwanda and South Africa
, to $2,800.00 to $4,200.00 for a 10 m3 digester in Ghana (Arthur, R. et al, 2011).  These costs are then broken down per cubic meter, and used to construct price for an 886 m3 digester, with a broad cost estimate of ranging from $148,336.06 to $310,131.84 which can be then amortized over several years.   Over 15 years, using an 8% interest rate, the monthly cost of a digester would vary from $1,417.58 to $2,963.78, depending on cost.  Providing an average monthly cost for a 886 m3 digester at $2,190.68. 
Potential Impact of Energy
Table 5: Financial potential of energy consumption 
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Number of households (7 people per) 29,684              

Estimated waste generated (t) 114.28

75% 100% 80%

Waste Collected (t) 85.71 114.28 91.43           

Organic waste fraction  (t) 55.71 74.28 59.43           

% of waste used for energy  (t) 29.25 39.00 31.20

Potential biogas yield (m3) 2,778.72            3,704.96        2,963.97       

Energy content Mj 69,468.01           92,624.02      74,099.21     

Potential electric energy on 

assumed generation efficiency in MJ 20,840.40           27,787.20      22,229.76     

Potential kWh per day 5,793.63            7,724.84        6,179.87       

Potential KW per day 241.40               321.87          257.49         

Average energy usage charge 1,448.41 $          1,931.21 $     1,544.97 $    


In 2008, over 550 million inhabitants of sub-Saharan Africa were without electricity.  The region has a 28% electrification rate, broken down between rural and urban the rates are 11.5% and 57.5% respectively.  That is 40% of the population without electricity in all developing countries.   Research has indicated that over 95% of available energy in SSA is consumed in the urban areas, leaving peri-urban and rural communities without energy
.   Anaerobic digestion is being promoted by several initiatives to help tackle this lack of energy for commerce or household.  
Several studies have indicated that biogas can be generated at 95m3/t of municipal solid waste (Rao et al. 2010).  Using the constructed tonnage of organic waste with Rao study of biogas generation we estimate that if a city collects an average of 75% of its waste, it may be able to generate over 2,778.72 m3 of biogas, which equals to 69 thousand mega joules of energy or .241 KW of energy per day.  Because of limited energy infrastructure, the ability to utilize these mega joules or megawatts of energy would be highly dependent on the operators’ motivations and incentives.  Possible usages of the energy could be as a fuel for independently operated generators or direct flaring to fire brick.  Generators could drive the creation or clustering of firms like tailors or cyber café operators whose businesses consume energy.  Because of the limited energy, it is unlikely anaerobic digesters at this urban scale would be able to power households, given that higher demand would likely come from industry (Kirubi, C. et al., 2009). 
In their work on community based micro girds in Kenya, Charles Kirubi and his colleagues identify previous research that households in rural communities are willing to pay between $0.1 – 0.40/kWh for energy, or an average of $.25/kWh
.  Utilizing this as a reference point, we can place a value of the daily biogas production of approximately $579.36 to $2,317.45 per day or an averaged energy charge of $1,448.41 per day.  Because the usage of the energy can be highly varied and that some infrastructure will have to be built, this potential earning may be lowered than calculated here.    
Potential Impact of Fertilizer
Table 6: Financial potential of bio-slurry as fertilizer 
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Number of households (7 people 

per) 29,684            

Estimated waste generated per 

day (t) 114.28

Average price of regional 

fertilizer 265.35 $          

Percentage of Collection 75% 100% 80%

Waste Collected (t) 85.71               114.28             91.43              

Organic waste fraction  (t) 55.71               74.28               59.43              

Bioslurry output (t) 12.65               16.86               13.49              

Potential earning from Bio-slurry 

used as fertilizer, per day 3,355.88 $        4,474.51 $        3,579.61 $       

Earnings per month 100,676.51 $     134,235.35 $     107,388.28 $    

Earnings per year 1,224,897.55 $  1,633,196.73 $  1,306,557.39 $ 


Waste management using anaerobic digestion offers communities increased access to fertilizer.  This is because the decomposition of organic waste produces a bio-slurry which because it is decomposed organic matter is a natural fertilizer.  Calculating the organic waste generation of a city the size of Kankan, it would produce 55.71 tons of organic waste per day, assuming it collects 75% of waste generated.  A study of anaerobic digestion, suggests that the organic fraction of municipal solid waste would experience a weight reduction of 78.3%, the remaining 22.7% is a nitrogen rich bio-slurry (M. Macias-Corral et al., 2008).   Thus, after several weeks of digestion, a Kankan would have 12.65 tons of bio slurry, or potential fertilizer generated per day.  The potential of several tons of fertilizer per day will have some impact on local agricultural yield, improving farmers’ income and improving the soil.

(Bumb et al., 2011) highlights that on average farmers pay $15.17 per 50kg.  Unbundling the cost of the domestic supply-chain of fertilizer across four sample countries in West Africa for 2009, they noted the five domestic cost that impacts the price per metric ton; Finance ($66.80), Inland Transportation ($68.20), Government Charges ($69.90), Distribution (38.63), Port charges ($21.83)
.    An averaging of these costs provides and average cost of $265.35 for fertilizer, with the lowest being DAP at $248.10, with the highest as NPK blends at $286.30.  
In 2002, fertilizer use in SSA was 8 kg/ha, this was many times below the Latin America Average, and the average of developing countries (Morris, 2007).  A World Bank report, identified that between 1996 and 2002, Guinean farmers used less than 25kg/ha (World Bank, 2007).  These are substantially lower than the 78 kg/ha or the 96 kg/ha used in Latin America or East and Southeast Asia respectively.  The retail price for fertilizer per ton in 2008/09 was $685.95, $620.11, $612.52 in Ghana, Mali and Senegal respectively annually (Morris, 2007).   These carry an import price of $366.42, $404.20, $391.12 for the same countries (Morris, 2007) annually.  Reflecting a substantial cost involved in simply being the fertilizer into country.  A reading of the (World Bank, 2007) highlights reasons for the higher prices of fertilizer in Africa.  Among them are poor port and transportation infrastructure which results in a retail price that is doubled or more of the import price.  Also, poor dealer networks for distribution that forces farmers to travel up to 30 kilometers to purchase fertilizer and other agricultural inputs.  An additional constraint is the cost of financing, which requires almost $300,000 for a dealer to sell 1,000 metric tons.  This means that for 1 ton of fertilizer a dealer requires approximately $300 of financing.  The high cost involved in fertilizer offers an opportunity for local fertilizer producers.  

Averaging the import and retail price of fertilizer in the three countries listed above we find $387.25 and $639.53, for Import and Retail price respectively.  The difference between these two prices is $252.29, very similar to the $265.35 average of fertilizer domestic supply chain in a sample of West African countries.  For this reason we utilize domestic supply chain as a substitute for the price of fertilizer.  Combining an understanding of domestic supply chain cost with the ton of bio-slurry expected we can estimate the value of fertilizer in Kankan.  The city could produce between 12-17 tons of fertilizer per day depending on the volume of waste collected per day.  This would result in between 360 - 510 tons of fertilizer per month or 4320 – 6120 per year.  If we select the domestic supply-chain price as the price of fertilizer and apply it to these tonnages of fertilizers, a city could potentially access $3,184.20 to $4,510.95 per day or $95,526 or $135,328.50 per month.  Considered in relation to the financing price of $300 per ton shown early, Kankan or similar cities could potentially access $3,600.00 to $5,100.00 per day in financing or $108,000.00 or $153,000.00 per month.  
The organic waste produced in a city of approximately 200,000 inhabitants could cover over 480 hectares of land, at 25kg/ha.  If the average cost of fertilizer is $15.70/50 kg, this city could earn $3,768 for 240, 50kg sacks of fertilizer.  A waste management system efficiently managed and built around anaerobic digestion offers national governments an opportunity to increase the volume of fertilizer consumed. While this would be a small increase to the volume of fertilizer used in a region, the benefits, as my calculations show, to the farmers and the local economy should not be overlooked.   

Recommendations 
The potential contribution of 12 tons of fertilizer on the local agricultural and its related economic is another benefit of linking waste management and anaerobic digestion.  These and other contributions provide the justification for implementing the recommendations below.  These recommendations suggest improvements that can be made to the existing waste management model in sub-Saharan Africa.  They seek to provide a financial incentive that will strengthen the existing system.  Beginning at the source of waste product; houses, markets, and industries and ending at utilization of the outputs they will in do more than just focus on waste management.   As was argued at the beginning of this work, the critical importance of waste management requires that it be considered not just for the cost it imposes on communities but as part of the potential it offers.
Before laying out our recommendations, we will summary the operation of waste collection.  Operators collect waste from households and other producers, that was is then transferred to collection points.  From the collection point, the local government takes the waste to the dump.  However, there are several failures that occur within the system.  First, many households do not receive waste service whether because the streets are too narrow or they are unable to pay.  No waste collection occurs for them as a result they dispose of their waste by dumping in the streets, and periodically set fire to these piles.  Next, when waste is collected because of limited funding on the part of local governments, the transfer points become effective landfills, with waste decomposing for several months before it is removed.  This only occurs when funds are procured or donated.  Finally, if and when waste is transferred to the land fill, there is often little or no planning done regarding siting or management of the land fill.  
1. A critical component of a city’s waste management strategy must be the encouragement of source separation of waste.  Waste collectors currently extract as much economic potential from waste by sorting and separating out plastics and metals for resell.  Source separation simplifies the waste sorting process after collection.  This allows operators to more easily separate materials and increases the quantity of waste feed into anaerobic preparation.  This can be done through a campaign of awareness building.  Another strategy could be to provide households’ bins to encourage the separation of organic and non-organic materials.  Households already utilize at least one bin for rubbish; an additional bin would promote source separation and the name of the waste operator.
2. Ability to access households is critical to ensuring all communities have waste collection service.  The existing vehicles are a financial burden on local governments who are unable to repair then when they break down.   Construction waste carts, and distributing to local waste operators, this is already done in many countries around the world where governments establish partnership with the private sector.  Carts, constructed locally can also be repaired locally reducing the likelihood that waste will not be uncollected as a result of equipment failure.   Additionally, waste carts 
3. Conduct study of local energy demand, to determine how generated biogas will be utilized. Because the manner in which biogas is utilized may determine where digester should be sited, it is important to understand local energy demand and likely consumers.  Potential energy consumers are industries such as brickmaking who can directly buy the biogas or energy consumers such as tailors, or cyber café operators.
4. Waste separation and anaerobic digestion requires an amount of land related to the volume of waste and the size of the digester.  Because anaerobic digesters, of the kind used in the region are underground the land area should not exceed several acres.  By providing site for waste processing/anaerobic digestion, a government is creating a partnership with the waste operators.  As communities are divided into operator zones it may not be possible to provide sites for several operators, however several operators could be made to process their waste at one site.  This would bring the organic fraction of waste to the digester while providing operators a place to store the materials they are holding for sale.  Additionally, one centralized location would simplify the resell of sorted material as it would allow bulk buyers to purchase large quantities of material in one location.
5. The local government will work with community groups and waste operators to determine fee and establish contract for waste service.  Community group will have authority to ask that operator contract be terminated if service is not being adequately provided.  Establishing contract that empowers local community generates support for waste service and builds opportunity to teach about waste separation.  Waste operators will be responsible for the collection of fees but local authority will maintain responsibility for transferring of non-usable or recyclable waste to landfill.  To fund this service, waste operators will be required to make monthly payments to local authority.  However, if the local authority fails to transfer waste to landfill, waste operators will be responsible for the transfer but the following month’s payment from operator will be withheld.
6. Local authority will guarantee to purchase fertilizer if anaerobic digester operators are unable to sell generated fertilizer.  This creates a local market and offers some guarantee of security to producers.  However, it is possible that through partnerships with international non-governmental organizations, local governments are able to secure regular purchasers for any generated fertilizer. 

7. On a national level, the creation of a financing scheme, for both digester construction and fertilizer sales may encourage entrepreneurs to explore the potential within waste management.
Conclusion

These recommendations seek to suggest how partnerships could be formed between governments, entrepreneurs and existing waste collectors that have the potential to bring many benefits to growing cities.  It is not meant to suggest that the government must hand off the collection of waste to private operators.  At its core, this thesis presents the idea of a public private partnership as a possible solution to the challenges of waste in secondary cities in sub-Saharan Africa.  It starts by evaluating the potential volume of waste a city might generate then looks at the potential energy that could be obtained from that waste.  Waste management poses serious challenges to public health and safety of growing cities.  However, as this thesis demonstrates it also has the potential to provide substantial economic and social benefits.  The monthly cost of constructing a 800 m3 digester amortized over 15 years, Fixed drum digesters have a life span of 20 years, is $2,963.78, this does not include the cost of constructing waste carts.  However, a reasonable expectation would that a cart could be constructed for about $300 per.  The economic returns of a digester may be $1,448.41 in energy and over $100,000 per month in fertilizer sale.  This suggests that anaerobic digestion may be a financial viable option for developing cities.  There are numerous challenges that hinder the deployment of waste management and anaerobic digestion this thesis makes some suggestion on how progress could be made.  However, significant further research is necessary to study the waste profile of developing cities, on standardization of anaerobic digestion to reduce cost while increasing efficiency, additionally a more robust examination of the energy demand would enable better pricing for developing cities.   Additionally, research into the potential economic impacts and benefits of waste collection will quantify the value benefits a community earns.  This thesis encourages the further study of issues in secondary cities as the data suggest there are benefits of scale and cost that could be obtained if planning interventions are wisely introduced.  Greater research should focus on secondary cities and how interconnecting issues can reveal social and economic benefits.
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� As cited by Amigun, 2010


� As cited by Azoumah et al, 2011


� As cited by (Kirubi, C. et al 2009): ESMAP 2003, Rural electrification and development in the Philippines: measuring the social and economic benefits


� The prices included are averages over four types of fertilizers used in West Africa
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