energies MBPY

Review

A Review of Commercial Biogas Systems and Lessons
for Africa

1,230, Muyiwa S. Adaramola >*0 and John Morken *

Department of Agricultural and Biosystems Engineering, Kwame Nkrumah University of Science and
Technology (KNUST), Kumasi, Ghana; fkemausuor.soe@knust.edu.gh

2 The Brew-Hammond Energy Center, KNUST, Kumasi, Ghana

Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life
Sciences, 1433 As, Norway

Faculty of Science and Technology, Norwegian University of Life Sciences, 1432 As, Norway;
john.morken@nmbu.no

Correspondence: muyiwa.adaramola@nmbu.no; Tel.: +47-67-23-1793

Francis Kemausuor
1

check for

Received: 1 October 2018; Accepted: 30 October 2018; Published: 1 November 2018 updates

Abstract: Many African countries have vast biomass resources that could serve as feedstock for
methane production through the adoption of commercial biogas plants. However, due to many
inhibiting factors, these resources are under-utilised. This article reviews commercial biogas
systems that treat organic waste from municipalities, large livestock farms, large plantations/crop
farms, food/beverage production facilities, and other industries, to identify essential lessons
which African countries could use to develop/disseminate such biogas systems. The review
identified the critical barriers to commercial biogas development to be high initial capital costs,
weak environmental policies, poor institutional framework, poor infrastructure and a general lack of
willpower to implement renewable energy policies and set challenging targets. In African countries
where feed-in-tariffs, quota obligations and competitive bidding programmes have been instituted,
implementation has been poor, and most state-owned utilities have been unsupportive. Using
knowledge from more experienced countries such as Germany and China, some key lessons have were
identified. Among the key lessons is the need to institute and enforce environmental management
policies to ensure that waste from medium and large livestock farms and industries are not disposed
of indiscriminately, a tool China has recently used to promote commercial biogas plants to a high
degree of success.
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1. Introduction

In many African countries, access to electricity and modern cooking fuels is still a challenge
for both residential and commercial activities. Households in sub-Saharan Africa (SSA) form the
majority of over 2.7 billion people globally that rely predominantly on traditional biomass as cooking
fuel [1]. With regards to electricity, only 38% of the population had access in 2014 [2]. There are vast
opportunities for African countries to expand access to energy using indigenous renewable energy
resources, following the growing global trend. In 2016, modern renewable energy is said to have
supplied a 10.4% share of global total final energy consumption, with traditional biomass supplying
7.8% [3]. The modern renewable energy share included energy generated from biomass fuels, such as
solid biomass and biogas for electricity and heat generation using modern technologies. The biogas
component is produced through anaerobic digestion using feedstock sources such as livestock manure,
agro-industrial residues and landfills [4]. Compared with photovoltaics and wind energy, biogas can
be stored and used on demand, providing an opportunity for use as a base load [5].
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In Asia and Africa, biogas installations are mainly family-sized plants [6] which generate biogas
for use at the household level, though there is increasing effort in China and India to install larger
plants for electricity and heat applications. In Europe and the Americas, however, biogas installations
have been restricted to large-scale plants, providing heat and electricity to municipal or national
grids, with several MW scale installations. In Europe, some of the biogas produced is upgraded
and fed into the natural gas grid or used as transport fuel [7]. Family-sized biogas plants are often
used as cooking fuel substituting fuelwood and dung [8,9], whereas large-scale commercial biogas
plants, managed by private or public-private partnerships, aim to meet internal energy needs for
processing /manufacturing or yield financial benefits by selling electricity and/or heat [10]. Biogas
production from agricultural residues, industrial and municipal waste/wastewater is an attractive
option also in developing countries. Unlike liquid biofuels, biogas produced from the sources
mentioned above does not compete with food crops for land, water and fertilisers [11], and can
help improve sanitation and organic waste management at the household, community and industrial
level [12].

Jiang et al. [13] report of surveys indicating that medium and large-scale biogas plants provide
more benefits to the user and society than household biogas digesters. The cost per unit of gas
produced is lower due to economies of scale, and the use of advanced technologies could increase
financial returns [13]. Among the key benefits are job creation and improvement in technical skills,
reduced fuel import leading to improved energy security, improved sanitation, improved waste and
wastewater management, and reduced risk of deforestation and land degradation [12].

Feedstocks for large-scale biogas plants originate from a wide range of activities and industries
such as sewage, food waste, crop waste, livestock waste, municipal solid waste (MSW), agriculture
waste and agro-processing residue. Several studies point to a high potential for these resources
globally and in many countries [14-21], with most of the resources directly correlating with increased
population and industrial expansion. The use of some of these resources as biogas feedstock engenders
multiple benefits. For example, releasing untreated municipal and industrial wastewater into the
environment leads to pollution of rivers and other water bodies [22-25]. Dumping solid waste and
manure in landfills is not only expensive but also leads to the emission of greenhouse gases (GHGs)
into the atmosphere [26]. Biogas technologies can assist in improving the environmental management
of solid and liquid waste from municipal and agro-processing facilities [27].

Notwithstanding the potential for large-scale biogas systems in Africa, its development is still
emergent. Potential target users of large-scale biogas technology in Africa could be; crop and livestock
farmers, small to medium and large food processing industries, wastewater and excreta management
(sanitation) institutions and municipalities, and solid waste management municipalities [28]. The list
also includes schools, universities, hospitals and commercial buildings. Other countries have used
commercial biogas facilities for many years and gained much experience in the sector. There is an
opportunity for African countries to learn from these countries in order to adopt large-scale biogas
technology [11].

This article, therefore, reviews commercial biogas systems with the aim of identifying the lessons
that Africa could learn to facilitate the development/dissemination of such biogas systems. In the
context of this review, commercial biogas systems are based on the definition of Rupf et al. [27],
as “large-scale systems that treat organic waste from municipalities, large livestock farms, large
plantations/crop farms, food/beverage production facilities, and other industries with significant
quantities of organic waste”. The emphasis is on biogas plants focussing on larger-scale, farm based
and commerecial, electricity and heat systems [29], and not domestic-scale digesters that are used to
provide fuel for cooking in developing countries. The review is not restricted to large systems that only
sell power and heat to the grid, but also those that provide electricity and heat for internal consumption
within their premises, and which may or may not be selling excess heat and power.

The study used a systematic search of published literature to identify relevant articles that deal
with ongoing biogas programmes and statistics in Africa and other regions, best practices in commercial
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biogas systems, biogas potential in Africa, and some of the critical barriers hindering progress in
the African region. Key databases consulted include Google Scholar, Scopus, Science Direct and
SpringerLink. Literature related to biogas and supporting policies from government portals was also
reviewed. As much as practicable, literature published in the last three years was selected. However,
where necessary, and for the sake of emphasis on historical perspectives, literature more than three
years old was consulted. While the scope of the review is limted to commercial biogas systems, there
were instances where for the sake of emphasis, especially in the case of China and India, efforts made
to promote family-sized biogas plants are briefly captured.

2. Overview of Commercial Biogas Systems in Africa and Barriers to Dissemination

2.1. Overview of Large Biogas Systems in Africa

Africa is one of the regions with high potentials in biogas production, though it has achieved
little in developing the sector. While the continent has made progress in small-scale or household
biogas systems [30-35], commercial bio-digesters are still in their infancy [27]. Several national and
regional studies have been conducted on the potential of biogas in Africa, ranging from technical
issues to economic and policy analysis. Studies conducted in South Africa, the country with the largest
installed electricity generation capacity in Africa, noted that although about 700 biogas plants had
been installed in the country, only 300 may have been in operation as of 2107 [26,36]. Of the number
under operation, about 90% are household systems. The rest are commercial plants with capacities
of between 30 kW and 19 MW (see Table 1), all private initiatives and generating power for internal
consumption. Commercial biogas production potential in South Africa is estimated at approximately
118 million cubic meters, based on estimates of feedstock sources from the wineries industry, pig farms,
poultry slaughterhouses, and from agricultural and agro-processing waste, with electricity generation
potential of 148 GWh [26].

Estimates for biogas potential in Nigeria, the most populous country in Africa, is 6.8 million cubic
meters per day from animal manure [37] and 913,440 tonnes of methane from MSW, equivalent to
482 MW of electricity [38]. Furthermore, Giwa et al. [39] estimated that up to 171 TJ of energy could be
generated from biogas by 2030 in Nigeria. In Kenya, a 2.2 MW commercial biogas plant inaugurated
in 2017 is reportedly the largest grid-connected biogas power plant in Africa [40], selling surplus
power to the grid at $0.10 per kWh. The biogas plant, located in Naivasha, about 76 km from Nairobi,
is operated by Bio-joule Kenya, an independent power producer. About 0.2 MW of the electricity
produced is used internally, and the 2 MW surplus is fed into the grid to meet the power needs of
close to 6000 rural homes. Table 1 shows other smaller commercial biogas plants installed in Kenya.
Estimates of electricity generation potential from agro-industrial waste and wastewater in Kenya using
biogas technology is estimated at 624 GWh [26]. Bio-waste from maize, cotton, barley, sugarcane and
tea residues have biogas potential of about 3284 million m? of CHy, with the gross annual electrical
energy potential of 3.92 TWh [41]. Other notable studies that have assessed the potential and viability
of commercial biogas technology in Kenya include Hamid and Blanchard [42] and Kiplagat et al. [43].

Commercial biogas plants in Ghana include a 2000 m? oil palm waste digester and a 900 m?
fruit waste digester which process wastes from an oil palm mill and a fruit processing company
respectively. The only grid-connected biogas plant in the country, a 100 kWe plant treating human
faecal matter and market organic waste, began feeding electricity into the national grid in September
2016. Studies on biogas potentials have been conducted in Ghana, where a plethora of resources
exist for biogas production [44]. The technical potential of biogas generation from crop residues,
forestry residue, animal manure and municipal waste is estimated at 2700 Mm?3/ year [45]. There is
considerable potential for biogas generation from MSW, particularly for cities where 600—800 tonnes
of waste is generated daily [46]. Ofori-Boateng et al. [47] estimates that biogas technology can be
used to produce 1-1.5 GWh electricity / year from MSW. The German Development Agency (GIZ) [48]
estimates biogas production potential capacity from oil palm processing waste in Ghana as 11,755 m?
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CHy4/h (equivalent to 37-45 MWe), fruit processing waste as 1.6-2.7 MWe, cocoa processing waste
as 2.0-2.4 MWe, and livestock waste as 7.4-9.1 MWe. Furthermore, Arthur and Glover [49] estimate
electricity generation potential from palm oil mill effluent to be more than 300 GWh of electricity
per year.

In Zambia, Shane and Gheewala [50] estimate about 1.473 x 10° m® biogas from animal dung and
1.819 x 10” m3 from crop residues. A study in Cameroon showed good prospects for biogas use as
fuel for rural electrification, in a hybrid configuration combining biogas with photovoltaic, wind and
pumped hydro [51]. Studies on biogas potential have been done in several other African countries. Net
energy potential based on estimated feedstocks available for anaerobic digestion in sub-Saharan Africa
shows high potential for West and East Africa [27]. Table 1 shows some commercial biogas systems
that are in operation in Africa. Except for South Africa, there is very little in the scientific literature
with regards to the technologies deployed for commercial biogas systems in Africa. In South Africa,
technologies used are the lagoon, plug low, and up-flow sludge blanket (UASB) [36]. There have been
recent efforts to upgrade biogas in South Africa. A waste-to-energy plant opened in Athlone, near Cape
Town will process up to 600 tonnes/day of Wet Trade Waste, Pure Organic Waste and Municipal Solid
Waste to produce organic fertiliser, compressed biomethane, liquid carbon dioxide (CO,), recyclables
and refuse-derived fuel. The biogas produced will be upgraded using Pentair Haffmans” Advanced
Plus biogas upgrading system that combines advanced membrane and cryogenic technology to split
the gas into high-purity biomethane (95.5%) and liquid CO,. The biomethane will be compressed and
distributed as an alternative to LPG or diesel and the CO, liquefied and stored for the agricultural and
wastewater treatment sectors [52].

Table 1. Example of commercial Biogas digesters in some African Countries [36,53].

Area Developer or Biomass Source Capacity (MW) Country
Alice University of Port Hare 0.2 South Africa
Athlone Clean Energy Africa and Wastemart 4.0 South Africa
Bredasdorp iBert 0.10 South Africa
Cavalter iBert 0.50 South Africa
Cavalter EnviroServ/Chloorkop LFG 0.19 South Africa
Cullinan
Darling Uilenkraal Uilenkraal dairy farm 0.60 South Africa
Durban Bisasar road LFG 6.00 South Africa
Durban Marrianhill LFG 1.50 South Africa
Grabouw Elgin Fruit and Juices 0.50 South Africa
Jan Kempdorp iBert 0.135 South Africa
Jan Kempdorp Jacobsdale 0.15 South Africa
Johannesburg WEC Projects/ North‘e/;;rgaste Water Treatment 1.20 South Africa
Johannesburg Robinson Deep 19.00 South Africa
Klipheuwel Farmsecure 0.60-0.70 South Africa
Mossel Bay Biotherm Energy 4.20 South Africa
Paarl Drakenstein municipality 14.00 South Africa
Pretoria Bio2watt/Bronkhorst-Spruit 4.60 South Africa
Riverdale iBert 0.10 South Africa
Riverdale Robertson 0.15 South Africa
Springs BiogasSA /Morgan Springs Abattoir 0.40 South Africa
Springs Selectra 0.50 South Africa
Springs Selectra 1.00 South Africa
Springs Selectra 1.00 South Africa
Chaka Afrisol 0.060 Kenya
Dagoretti Slaughterhouse waste 0.030 Kenya
Isinya P. J. Dave Flower Farms Ltd (PPP) 0.10 Kenya
Keekonyoike Slaughterhouse waste 0.020 Kenya
Kericho James Finlay Ltd 0.160 Kenya
Kilifi Pine Power Ltd 0.150 Kenya
Naivasha Bio-joule Kenya 2.20 Kenya
Sagana Oilvado Company Ltd 0.340 Kenya
Simbi Roses Ereka Holdings Ltd (PPP) 0.055 Kenya
Adeiso Assorted fruit waste and poultry manure 0.90 Ghana
Ashaiman Market and faecal waste 0.10 Ghana
Kwae QOil palm waste 2.00 Ghana

PPP—Public-Private Partnership collaboration with the Ministry of Energy; LFG—Landfill gas.
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2.2. Support for Commercial Biogas Systems

Over the years, some support policies have been put in place for general renewable energy
development in African countries. The support policies include renewable energy targets,
feed-in-tariffs (FiTs), utility quota obligations, tendering, and fiscal incentives [3]. According to
the Renewables Global Status Report for 2018 [3], most African countries have some form of renewable
energy target in place, either for energy, or power. Of the fifty-six (56) countries in Africa, only eleven
(11) do not have any form of renewable energy targets in place. However, with regards to regulatory
policies and incentives, many African countries fall short. Only ten (10) countries have FiTs or premium
payment for renewable energy projects; nineteen (19) countries either have policies on tendering or at
least held a tender in 2017, while twenty-three (23) countries do not have any policy or fiscal incentive
support for renewables at all.

The government of South Africa first introduced a FiT scheme for renewable energy projects in
2009, but the state electricity utility and the treasury opposed this as they feared additional cost to
the consumer [54]. It was rep laced by a competitive tender or auction-based-tariff (ABT) system in
2011 under the Renewable Energy Independent Power Producers Procurement Programme [55]. South
Africa supports commercial biogas plants with grants. For example, the funding for one of South
Africa’s prominent commercial biogas facilities, the 4.6 MW developed by Bio2watt/Bronkhorst-Spruit
(listed in Table 1) came from 24% equity, 11% Department of Trade and Industry (DTI) grant and 65%
loan from the Industrial Development Corporation [56].

Ghana uses a mix of policies, including grid access, FiTs, competitive bidding, and Renewable
Energy Purchase Obligation to promote renewable energy development, including electricity from
biogas plants [46,57,58]. The Ghana Renewable Energy Act states explicitly that “an operator of a
transmission or distribution system shall connect a generator of electricity from a renewable energy
source within the coverage area of the transmission or distribution system where a generator of
electricity from renewable energy sources so request” [59]. The Nigerian Renewable Energy Master
Plan aims for 100 MW electricity generation capacity from biomass by 2030, with expected contribution
from other renewables [37]. Under Nigeria's “Regulations on feed-in tariff for renewable energy
sourced electricity in Nigeria” [60], the off-taker is obliged to connect to accredited plants generating
electricity from eligible renewable energy sources that are within the capacity limits set by the
Renewable Energy Master Plan.

Notwithstanding these policies and fiscal incentives granted by laws and regulatory documents
in some of the countries, progress in the deployment of renewable energy technologies in general, and
commercial biogas plants in particular, have been abysmal.

3. Barriers to Commercial Biogas Dissemination in Africa

Commercial biogas plants have enjoyed very little success in the African region. Barriers that
hinder the adoption of biogas plants in Africa, mainly family-sized plants, have been discussed
extensively in the literature [12,28,61]. Commercial biogas systems may have a unique set of
barriers, compared to family-sized systems. Among the critical barriers, in the African context, are
poor institutional framework and infrastructure, weak environmental policies, inadequate planning
policies, non-implementation of the existing policies, and lack of coordination and linkages in biogas
programmes. Other barriers are price distortions that have placed renewable energy at a disadvantage,
high initial capital costs, weak dissemination strategies, lack of skilled human resources, and weak
maintenance and after-sales services [1,12,28]. This section will discuss barriers to commercial biogas
adoption in Africa under four main sub-headings: financial and economic barriers, technical and
infrastructural barriers, regulatory and institutional barriers, and market barriers.
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3.1. Financial and Economic Barriers

Financing is at the heart of the many challenges faced by energy and other infrastructural projects
in Africa. Admittedly, commercial biogas plants are expensive, and for many livestock farmers,
agro-industrial complexes and large institutions that are already struggling to finance their operations,
investing into biogas plants as a waste management option is often out of the question, especially in
areas where environmental policies are hardly enforced. The economy of a biogas plant consists of
large investments costs and some operation and maintenance cost [28]. The initial investment cost
is especially the major bottleneck to the adoption of commercial biogas technology in Africa [62,63].
Central Bank policy rates range from 14 to 17% in African countries such as Ghana, Egypt, Angola,
Sierra Leone, Malawi, Mozambique and Nigeria [64,65]. This has resulted in high lending rates, which
makes long-term financing options very expensive and often inaccessible, affecting the economic
viability of biogas projects [66] and an entry barrier for private developers [67]. Most financial
institutions are reluctant to provide financial packages because of the high risks and experiences
of low recovery [10]. Government support in the form of guarantees to project developers has
not been encouraging. Ghana’s Ministry of Energy, for example, has indicated its reluctance to
provide government guarantees in support of renewable power projects [46], leaving projects stranded.
Additional barriers arise in the financing of biogas systems due to the scattered efforts initiated by
investors, governments, local agencies, and policy-makers. [68]. In some countries where FiTs are in
place, it has been challenging for project developers to sign Power Purchase Agreements (PPAs) with
the utilities, which are in many instances, state-owned.

3.2. Technical and Infrastructural Barriers

Whereas there is a fair technical experience with family-sized biogas systems on the African
continent, there is little experience in commercial systems. Commercial biogas systems are larger
and more complex, requiring higher skills and expertise in their conception, design, construction and
management. Technical and infrastructural challenges start with feedstock supply. The inadequate
transportation infrastructure in some communities increases disruption risk of feedstock supply chains,
especially in areas where feedstock is not all available at the power plant [69]. Where biogas technology
has been tested, there are reports of setbacks, partly attributed to the failure of governments to support
the technology through a focused energy policy, lack of information regarding its economic viability,
poor designs and construction of digesters, wrong operation and lack of maintenance by users [70].
According to Gebreegziabher et al. [71], the extent to which users understand the technology is
essential, and this is often lacking, leading to a situation where technical challenges are difficult to
resolve, affecting the maintenance and sustainability of installed units.

Technical capacity for the construction and maintenance of commercial biogas plants is lacking
in many developing countries in general, though the impact may be country specific [12,72]. The
successful systems reported in South Africa, Kenya, and Ghana have depended on foreign engineering
and construction companies [56], a scenario that has cost implications, as foreign labour imported to
Africa is often more expensive than local labour. A study by Mukumba et al. [73] noted that there is
little biogas technology education at the different educational levels on the continent.

One of the very critical infrastructural barriers is the issue of poor grid network in many African
countries, which poses challenges even to existing power plants [57]. Grid infrastructure is not robust
enough in some parts of the continent, and that affects their capability to grant grid access to renewable
energy power plants in general. This has been reported in many countries, including Ghana [46],
Kenya [66], Nigeria [74], Zambia [75] and Uganda [76].

3.3. Regulatory and Institutional Barriers

Establishing commercial biogas plants in a country or region requires organisational capability
and initiative. According to Okello et al. [77], countries that have strong institutional support to biogas
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programmes have registered significant success in promoting the technology. Where renewable energy
policies are in place in Africa, there is often a general lack of coherent strategy in place to promote
commercial biogas technology [28,62]. A 300 kW MSW-to-energy plant (Taka Gas Project in Dar es
Salaam, Tanzania) that underwent vigorous planning and was supposed to generate 7.08 MWh/d of
electricity from 2368 m> of methane per day [78] failed to take off due to what Parawira [28] describe as
‘bureaucracy’. The institutional structures failed to come to a consensus on the actual direction for the
project, whose main aim was to produce biogas from MSW and serve as a model for other urban areas
in Africa [28]. There is a reported general lack of coordination and linkup among important institutions
such as local and central governments agencies, research institutions and business institutions [68].

As the case has been in South Africa, the monopolistic nature of the utility was enough to kill
the FiT scheme, instead, introducing a bidding system where they had control. Unfortunately, the
bidding process was expensive and complicated “with the cost to the developer being in the region
of $2 million per bid, depending on the size of the contract, with the bulk of the fees due to legal
costs and raising of the bid bond” [37]. For example, the 4.6 MW Bio2watt/Bronkhorst-Spruit biogas
plant in South Africa encountered a problem during its development due to the tedious steps it had to
take to comply with rigid environmental legislation before construction could commence, spending
approximately 8 million Rand (US$ 0.8 million) in legal costs for about 7 years [56]. Notwithstanding
the progress made by South Africa in the development of commercial biogas systems, legislation in
the country did not permit this plant, which is grid connected, feeding surplus electricity back into the
grid [56].

In Ghana, it has been reported that project developers must obtain up to eleven licenses, approvals,
agreements and clearances from different institutions, with each increasing transaction costs and
opening up the system for corrupt practices [66].

3.4. Market and Awareness Barriers

Among the major obstacles to the uptake of commercial biogas plants in Africa is a lack of
cognisance on the viability of biogas as a source of electrical energy and/or heat production as well as
sustainable waste management method [26]. Many crop and livestock farmers, as well as processing
companies, are not informed about the opportunities offered by biogas technology as a dual “fuel
production and waste management technology” [79]. This barrier cuts across several African countries.
Electricity generated from biogas plants must compete with low-priced (often subsidised) electricity
from thermal plants and other sources. Even with free substrates in most instances, biogas technology
for electricity generation is expensive, especially in countries where technology is imported. Most
analyses, and indeed FiTs published by governments (e.g., that of Ghana), show that other renewable
sources like solar, hydro and wind are cheaper than anaerobic digestion based power generation [10,57].
FiTs have almost always been more expensive than existing electricity tariffs, and this is the main
reason why South Africa’s electricity utility kicked against the FiT scheme in South Africa, instead
opting for competitive bidding. Poor performing public utilities in African countries such as Ghana,
Zambia, Tanzania, Kenya and Niger [80], are not creditworthy, and there are too many risks engaging
with them on PPAs [66]. Also, not all governments are willing to provide the needed guarantees to
private investors [46].

4. Overview of Successful Commercial Biogas Programmes

4.1. Global Overview

There are currently more than 35 million biogas installations across the globe, though the majority
comprises of family-sized installations in India and China [81], with commercial-scale plants mostly in
Europe and North America (see Figure 1). Biogas production in Europe reached 14,120 toe in 2016 from
about 7934 toe in 2009, boosted primarily by the development of favourable conditions for electricity
production from biogas, such as FiTs in Germany, the obligation certification for energy renewability in
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the UK, and the tax policy (i.e., economic exemptions) in Sweden [82]. European countries derive their
motivation from the EU legislation, which set a target of 20% renewable energy contribution by the
year 2020 [83], and also to meet the organic waste management directive [68]. In some of the developed
countries, for example, Denmark, Germany, the United States and Sweden, advanced technologies
have been employed to upgrade biogas into advanced fuels. The process is carried out either in-situ,
which involves the injection of hydrogen inside the digester, or ex-situ with hydrogen injection in a
separate reactor [84]. A compilation by the United Nations Industrial Development Organisation [52]
provides examples of biogas plants that have advanced upgrading technologies, including one plant in
South Africa. Subsequent sub-sections will review biogas programmes in selected countries, including
Germany, China, and India.
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Figure 1. Global installed biogas plant capacity between 2007 and 2016 [85].
4.2. Germany

Germany is the leader of biogas production in Europe, helped by a number of support measures.
As shown in Figure 2, there are more than 8000 biogas plants currently in operation in Germany, with
total electricity generation capacity of approximately 5 GW as of 2016 [26,85]. Biogas production in
Germany is done mostly using small to medium-scale anaerobic digesters, with an average installed
capacity of about 500 kWe [86].
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Figure 2. Details of biogas plants in Germany at the end of 2016 [85,87].
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The biogas industry in Germany is supported by various policy instruments. The Renewable
Energy Sources Act (EEG), which has undergone several revisions since it was first adopted close
to three decades ago, outlines the critical support measures. First, there was the “Act on Feed-In
of Electricity” in 1991, which set the pace for the development of biogas in Germany [88]. This
metamorphosed into the Renewable Energy Sources Act of 2000 (or EEG 2000), which provided the
following benefits to renewable energy developers: right of grid connection, obligation on the part of
grid operators for preferential purchase, and a guaranteed minimum FiT [86]. An amendment to the
Act in 2014 (EEG 2014), limited the annual expansion of biogas plant capacity to 100 MWe. The latest
version, adopted in July 2017 (EEG 2017), raised the annual expansion celling to 150 MWe until 2019,
and 200 MWe from 2020 onwards [89]. The 2017 version of the EEG also changed from a fixed tariff to a
tender system, in response to market trends. However, biowaste digestion plants and smaller manure
plants up to 75 kW, capacity can be built outside the tenders. Also, installations with a maximum
capacity of 150 kW, may decide to either use the FiT scheme or take part in tenders.

4.3. China

Asia in general, and China in particular, is one of the pioneer developers of biogas technology but
efforts in China have in the past focussed mainly on household biogas systems [90,91]. Data from Chen
et al. [92] indicates that by the close of 2015, there were 111,000 commercial biogas plants in China, of
which 103,898 were medium- to small-scale plants, 6737 were large-scale plants, 34 were super-large
plants, and 306 were industrial waste biogas projects. Commercial biogas plants, in addition to other
biomass power plants, has made China the world’s largest bioelectricity producer, with an installed
capacity of 14.9 GW and generation of 79.4 TWh in 2017 [3]. This compares to total grid-connected
electricity generation installed capacity in sub-Saharan Africa of 36 GW (excluding South Africa) in
2013 [93].

Like Germany, China’s biogas development programme is supported by a set of energy and
environmental policies, as well as economic policies, laws, and the development of standards [92].
The energy policies include the Rural Biogas Projects and the 12th Five-Year Plan for Bioenergy
Development (2011-2015). The laws include the Agricultural Law and the Renewable Energy Law
released in 2005 (and the revised version of 2009). The 2009 revised Renewable Energy Law stipulated
a full support system for power generated by renewable energy. Among the economic policies were
financial support and interest-free loans for both small, medium and large biogas plants, with supports
of 20,000 CNY or approximately US$ 2937 (at 1 US$ = 6.81 CNY; www.xe.com, 24 July 2018) per 100 m?
of large- and medium-scale [92]. After 2009, the subsidy programme was enhanced, with the central
government covering 25% to 45% of the total cost of biogas projects, and setting up policies similar to
FiTs [94]. This consisted of a state special fund and additional renewable energy surcharge of 0.002
CNY per kWh in the sale price of power, which is used to provide a premium price for power from
renewable energy generally.

4.4. India

The first anaerobic digestion plant in Bombay, India in 1859 is said to have generated biogas from
a treatment facility and used for lighting streets [4]. In the 1970s, India started programmes to promote
biogas in the country. Sensing the need to valorise agriculture waste, animal manure and other biomass
sources, India started programmes such as the National Biogas and Manure Management Program
and Off-grid Biogas Power Generation Program for providing renewable energy for cooking and
lighting [95]. At the end of 2017, about 300 MW capacity of commercial biogas production has been
installed in India.

Even though less successful than the Chinese biogas programme, the Indian government has
provided much support to the biogas industry in India. A Ministry of New and Renewable Energy has
been created to oversee biogas and other renewable energy investment programmes. The Ministry
has initiated some programmes and policies, as well as instituted subsidy programmes. The National
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Biogas and Manure Management Program was also initiated to tackle sub-programmes such as the
“Biogas-Based Distributed /Grid Power Generation Programme”, “Recovery of Energy from Industrial
Wastes” and “Recovery of Energy from Urban Wastes” [1]. Incentives have been provided for the
setting up of community-scale biogas plants. The Railway Company in India is currently experimenting

with bio-based fuels, including biogas, on its networks [3].

4.5. Other Countries

Other major commercial biogas promotion countries include Italy, the United Kingdom, and
the United States. Italy is the second largest biogas producer in Europe, with more than 1300 biogas
plants and electricity generation of over 8 GWh [96]. The proliferation of biogas plants in Italy was
helped in part by a high feed-in-tariff of €0.28/kWh for plants with a capacity of less than 1 MW for
20 year duration [97]. A new feed-in-tariff instituted in 2012 varies based on the kind of substrate, the
installed power, the use of heat and the technology used, with an overall aim to favour small sized
plants (<500 kW) using animal and agricultural waste [97]. The United Kingdom (UK) is another
notable producer and user of biogas in Europe. Installed bioelectricity capacity in the UK reached
6 GW in 2017, with electricity generation of 31.8 TWh, from a combination of solid biomass fuels,
anaerobic digestion and MSW [3]. At the lower end, countries with moderate biogas production in
Europe include Denmark, Czech Republic, Bulgaria and Austria. Denmark is very experienced in
the use of commercial biogas facilities and has been promoting technologies for treating co-digested
manure, clean organic industrial wastes and source-separated municipal solid waste (MSW) for
decades. Denmark uses “Green Pricing”, a policy tool that provides incentives for manufacturers
that use biogas to generate electricity, to promote the use of biogas [98]. The Czech Republic has a
subsidy system to support the construction of agricultural biogas plants that process purpose-grown
crops [99]. Bulgaria promotes biogas plants using the “credit line for energy efficiency and renewable
energy sources for Bulgaria”, in which projects can receive up to 20% grants [79]. Austria introduced a
green electricity act and feed-in-tariff in 2002 increasing installed capacity of biogas from 15 MW at
the beginning of 2002 to about 80 MW by the end of 2015 [100]. The feed-in-tariff varies, based on the
capacity and technology of the plant and origin of the biogas, such as sewage gas or landfill gas [101].
In 2013, Swedish biogas production reached 1.7 TWh, with the production sources being wastewater
treatment plants (40%), co-digestion plants (34%), landfill gas valorization (14%), industrial waste
treatment plants (7%), and farm-scale plants (5%) [102]. Over 50% of this is upgraded and used in
vehicles [102], making Sweden the world leader in the use of biogas for transportation.

Besides China and India, other Asian countries that have been promoting biogas systems include
Nepal, Bangladesh, Vietnam, and Thailand. As of 2013, Vietnam had constructed more than 1 million
biogas digesters, which includes 500,000 medium scale plants and 150,000 industrial plants treating
industrial wastewater [1]. A policy directive launched by the Government of Thailand calls for an
increase in local electricity generation from biogas from 120 MW in 2011 to 600 MW by 2021 [103].
Efforts in Japan to boost industrial biogas plants have been reported [104].

In the Americas, The United States and Brazil are among the prominent biogas developers in the
region. The American Biogas Council [105] reports that there are more than 2100 operational biogas
systems in the United States as of 2016, with more than 11,000 prospective sites. Biomethane potential
from livestock alone is estimated at 5,128,334.6 million gallons per year, which is equivalent to 4360.41
million gallons of diesel or 4883.29 million gallons of gasoline [106]. The United States Federal and
State Governments provide tax incentives, grants, performance-based incentives, soft loans, among
others, for commercial biogas projects. A few examples include: tax credits worth $0.015 per kWh for
ten years in Iowa; Oregon and Pennsylvania provide grants to agricultural plants of 25-50% of total
project costs; Massachusetts provides grants offer of 75% for the design-phase costs and 25% for the
construction-phase costs and six states provide incentives of $0.015 to $0.1 per kWh produced [107].

As of 2017, Brazil operates about 127 commercial biogas plants, fed mainly with livestock manure
and municipal waste [81]. Estimates are that about 100 million m® methane could be generated daily
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from livestock manure, agricultural waste, wastewater and municipal waste Brazil [81]. Biomethane
potential from livestock alone in Brazil is estimated at 1,961,171.9 million gallons per year, which could
replace 1667.42 million gallons of diesel or 1848.34 million gallons of gasoline [106]. Brazil is the largest
producer of bioelectricity in South America, with an estimated generation of 49 TWh [3].

4.6. Summary Lessons from Country Reviews

A number of lessons could be drawn from the commercial biogas programmes in the countries
reviewed above. Virtually all the countries that have a booming commercial biogas method have
one form of support or another for the sector. The support systems include priority grid access for
electricity, FiT for electricity, quota schemes, tax reduction for biomethane as a fuel, investment grants,
special aids for farm-based biogas from manure, tax exemption from vehicle tax, tax exemption for
biomethane application from CO; tax and energy tax. Support systems in Germany are dynamic,
and evolves with changing market trends, aiming at all times, to create a win-win situation for both
the private sector and the federal government. China has drafted policies and laws to guide biogas
programmes in different sections of the economy, including rural, agricultural, and industrial sectors.
The same situation pertains in India, where there are separate programmes for rural areas, urban waste
and industrial waste. Other countries have unique support programmes, such as the green pricing
policy in Denmark, preferential FiTs based on plant sizes in Italy and federal/state government grants
in the United States. A summary of the countries presented in this section is shown in Table 2.

Table 2. Summary of other countries’ capacities and support systems.

Installed Biogas Power

Country Capacity in 2016 (MW) * Support for Biogas Projects
Rkl oic ek ol o e capaciy e
Brazil 451 Incentives for energy from waste resources
Bulgaria 30 Projects receive up to 20% grant
Czech Republic 369 Subsidy to support construction
Denmark 1o et hat o bogas to generae clecticty
Ttaly 1387 E;\e]—icr;—gzziiftf},] which favours smaller plants with less than 500
South Africa 22 Investment incentives
Sweden 2 Vehicle fleet to be independent of fossil fuels by 2030.
Methane will be one of the principal fuels
Thailand 435 Increase biogas capacity to 600 MW by 2030
United Kingdom 1667 Feed-in-tariff

The federal government provides tax incentives, grants,
United States 2438 performance-based incentives, soft loans. Various state
governments provide tax credits and grants.

* Capacity shown is for installed power only. Some of the countries also use a large portion of biogas as a
transportation fuel.

5. Lessons for Africa

Africa has been described as “the most powerful future biogas market” [68], but a lot remains
to be done if this accolade is to become a reality. Indeed, there is high potential and opportunities
to generate electricity from biogas, but Africa has so far failed to utilise these opportunities [63].
While Africa has a lot to learn from countries such as Germany and China where commercial biogas
programmes have flourished, it is also important to note that not all such support measures can be
wholly lifted and implemented in Africa. Based on the reviews of what we have termed “successful”
biogas programmes, important lessons have been grouped under four principal areas: enacting energy
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and environmental policies; rolling out economic and policies; promoting research and development;
and other support schemes.

5.1. Energy and Environmental Policies

The commitment of governments and their ministries/agencies in charge of energy, agriculture,
science, technology, environment and local government are of the utmost importance to the promotion
of commercial biogas projects on the African continent [108]. Setting up appropriate policy and
institutional framework is needed to tackle the barriers hindering the adoption of commercial biogas
projects in Africa [109]. These policies, such as FiTs, quota obligations, grid access and competitive
bidding programmes, are already instituted in some African countries, but implementation has been
poor, and in some cases, repulsive to investors. An example of such is the South African situation,
where bidding processes alone cost about two million dollars, should be avoided. Grid access is
another critical area of concern for biogas power plants. Ghana and Nigeria are examples of two
countries whose laws and regulatory documents grants grid access to “approved or licensed” biogas
power plants. However, South Africa may not automatically grant access to the grid, as indicated
in earlier sections of this article by findings from a GIZ study [56]. As the case is in Ghana and
Nigeria, other African countries that do not currently have grid access must reconsider their positions,
especially for power plants that have been licensed or approved by the regulatory authorities.

Enforcement of environmental laws and policies has been a challenge in some countries, including
for example Ethiopia, Malawi, Uganda and Tanzania [110,111], often leading to situations where
bio-waste is disposed of indiscriminately. Commercial biogas systems can be integrated into the waste
management systems, providing both sanitation and energy benefits [112]. They provide a treatment
platform for decreasing large amounts of complex organic materials, converting the majority of such
molecules into methane and carbon dioxide [113]. As the review has shown, countries/regions with
thriving commercial biogas systems have environmental policies and directives that require proper
management of bio-waste, which serves to motivate livestock farms and industries that generate
bio-waste. In other words, some biogas plants in these countries are constructed in response to stringent
environmental management policies. According to Chen et al. [91], China’s ambition to control
pollution from livestock production facilities led to the establishment of environmental regulations,
which resulted in the proliferation of biogas plants for waste management. The principal regulations
include: “Discharge Standard of Pollutants for Livestock and Poultry Breeding”, “Management
Approach for Pollution Prevention of Livestock and Poultry Farms”, “Criteria for Evaluating the
Environmental Quality of Livestock and Poultry Farm’s” and “Technical Specifications for Pollution
Treatment Projects of Livestock and Poultry Farms”. These regulations recognised biogas technology
as an environmentally friendly measure that, in addition to energy production, may contribute to a
more efficient and safe recycling of manure to fields or fish ponds [13]. The 2010 revised version of the
China Renewable Energy Law provided regulations with a focus on medium and large-scale livestock
and poultry breeding farms. A deliberate attempt was made in the Law to promote biogas technology,
and regulations were prepared accordingly. To reduce pollution from livestock farms and agro-process
industries and provide better solid and liquid waste management, new and stricter regulations must
be established in African countries. Anaerobic digestion, producing biogas, is one of only a few
biotechnological processes, which utilise such wastes effectively while generating energy [1,114]. It
has been used widely in the waste stabilisation process because of the need to treat waste before
disposal, and the need to reduce methane emission into the environment [115,116]. A government
ban on disposal of MSW to landfills in Germany increased the demand of biogas plants for MSW
management [117]. Environmental policies and regulations in Africa should aim to enforce strict waste
management rules and promote segregation, especially in the cities, to promote biogas technologies.
This should trickle down to environmental objectives and developmental agenda of municipalities,
with the mindset to assess biogas technology not only for direct economic benefits but also for broader
environmental services [71]. Most important is to enforce such policies and regulations.
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In countries where there are energy policies in place, implementation has been slow. Some of
the countries, such as South Africa, Nigeria and Ghana and for instance, have drafted (in the case of
Ghana) or approved Renewable Energy Masterplans that set targets for commercial biogas systems, but
implementation has been slow. While countries such as Germany and China are ahead of their biogas
targets, and in fact, Germany is controlling the rate of biogas proliferation in the latest Renewable
Energy Act of 2017, African countries tend to ignore their plans and policies. Again, Germany keeps
updating policy supports and targets for biogas electricity, in line with local and international trends,
and in response to industry concerns. This is something that African countries could quickly adapt.
Germany also switches from FiTs to tenders, as and when necessary, to always create a win-win
situation for both the state and the private sector. As stated earlier, Denmark uses “Green Pricing”, a
policy tool that provides an incentive for manufacturers that use biogas to generate electricity [4].

In line with renewable energy, environment, and climate change policies of the European Union
and other regions, it may be prudent for the African Union and other regional blocs to make
commitments or follow through on targets already in place. The Economic Community of West
African States (ECOWAS), for example, has set some impressive targets such as generating 10% of
peak electricity load from renewables by 2020 and 19% by 2030 (minus medium and large hydro) [118].
There are similar targets by the Eastern African Countries (EAC) regional bloc. Unfortunately, progress
made to date is not encouraging and cast doubts on the continent’s ability to achieve these targets,
unless the targets are enforced.

5.2. Economic and Financial Policies

As mentioned earlier, one of the most critical barriers to the adoption of commercial biogas plants
is the high capital costs. It has been pointed out that without government mandates and favourable
economic policies, it is difficult for electricity from commercial biogas plants to be competitive in the
electricity market [119]. This is more pronounced in regions where environmental externalities are
not associated with the final price of electricity from fossil fuels [10,120], leading to disinterest from
the private sector. Due to the immaturity of commercial biogas plants in Africa, economic policies,
including subsidies and favourable FiTs are needed to promote them. In a review of the Africa Biogas
Partnership Programme, it was noted by Clemens et al. (2018) that none of the partner countries in
East Africa has economic policies supporting biogas investment programme. As the case has been in
China, financial support from central and state governments are required to bridge the viability gap
and make commercial biogas plants viable [5,10]. Chinese government support for commercial biogas
plant construction on livestock farms includes special “interest-free” energy loans [13]. Between 2003
and 2009, Chinese government support to the biogas industry reached 19.0 billion Chinese Yuen (CNY),
with approximately 10% going into the construction of commercial plants, and about 8% financing
service systems.

A South African study has estimated that an investment subsidy of about 54% is required to make
commercial biogas plants viable for piggeries in the country [121]. Many countries have provided
financial support to commercial biogas plants through the use of FiTs, tax reliefs, and technology
bonus. According to Seghal [1], biomethane plants in the UK enjoy FiTs of GBP 0.71/kWh and in
France, EUR 69-125/MWh depending on the plant’s production capacity. As shown from the country
reviews, Germany uses either a fixed FiT or tender system, depending on the plant capacity, to attract
commercial biogas plants. Experience from some of the other countries reviewed shows that there is a
need for demand-driven and market-oriented subsidy-led programmes to increase the adoption of
commercial biogas plants. Therefore, to motivate the private sector into building commercial biogas
plants, African governments must consider the possibility of using monetary incentives through
regulated loans or subsidies to bring down production costs [9,39].

According to Meyer [122], financial support is not a permanent issue, and that project costs reduce
gradually as more projects become successful. In effect, when there is legislative support through
FiTs or tendering arrangements, there is less need for project developers to receive capital aid for
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installation. Instead, investors become confident enough to invest in projects. Also, the provision of
capital for investment goes hand-in-hand with technological support, since the establishment of new
technologies needs an initial push to the market [123,124].

Apart from making the right laws, policies and regulations, African governments can provide
other forms of support to commercial biogas plants. Many commercial biogas plants producing
electricity and heat in European Countries were built due to the strong public support for renewable
energies in general [125]. Germany supports biogas proliferation by refusing to tax biogas used
as a vehicle fuel [68]. In China, instead of subsidising conventional power, the government rather
surcharges them, using the additional funds to support power generation from renewable resources.
The higher credit rating of governments can be used to secure low-cost funds on the local and
international capital markets, which could be transferred at a relatively lower cost to commercial
biogas plant developers [46,126,127]. In some situations, governments may be needed to provide
capacity building support, so that private project developers can package projects to assess climate
funds and other multilateral grants available to the African region and respective countries.

5.3. Research and Development

Research and development has been at the heart of commercial biogas programmes globally, and
African countries cannot progress without doing the same, as part of the lessons it could take from
existing biogas programmes elsewhere. In India, a “Biogas Development and Training Centre” has
been instituted under the National Biogas and Manure Management Program to implement monitoring
of biogas installations. Also in China, the Biogas Institute of the Ministry of Agriculture (BIOMA), a
part of the Chinese Academy of Agricultural Sciences (CAAS), focuses on issues like fundamental
research on anaerobic microbiology and design of biogas projects [81]. Germany and the Netherlands
have emphasised the vital role that research and development has played in shaping their commercial
biogas sector. In Italy, the Research Center for Alternative and Renewable Energies has particular
research programmes dedicated to biomass and biofuels, with an annual budget of USD 6 million per
year [1].

Research support is much less intense in African countries, as governments fail to fund research
activities to support their programmes [63]. Where available, it has focussed on low-tech biogas
solutions for domestic use [112,128-130]. A study on the subject by Mshandete and Parawira [11]
has provided details of research needs and priorities for commercial biogas plants. Where there
is research in Africa, there is a lack of coordination. A study in Ethiopia, for instance, found that
“despite the existence of various research trials, both at private and institutional levels, they were
fragmented and lacked continuity” [61]. Ongoing research must identify, prioritise, and coordinate
relevant research activities so that the limited resource available is optimised [11]. The Africa Biogas
Partnership Programme must move beyond household biogas systems and additionally venture into
promoting commercial biogas programmes across the continent. The Ministries in charge of agriculture,
energy, environment, innovation, science and technology, must allocate funding from their budgetary
allocations to boost research into commercial biogas systems, and help scale up biogas production from
rural systems into those that can provide power and create jobs. Research must also tackle issues with
regards to the safety of commercial biogas systems since the industry is nascent in the African region.

5.4. Other Support Schemes

Governments must also come up with proper long-term objectives with appropriate planning and
strategies for commercial biogas development on the continent [131,132]. As noted by Parawira [28],
“new technologies often need to be nurtured for over decades, before sufficient socio-technical
momentum emerges, and alignment between the technical, economic, regulatory and social context
can provide the basis for building up momentum until the biogas technology can survive on its own”.
Government partnerships with the private sector will be crucial for success, as governments take
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necessary steps to uplift biogas utilisation through existing programmes and facilities, and improve
harmonisation and communication between public and private sectors [68].

6. Conclusions and Recommendations

Africa’s energy crisis is not due to lack of resources, but the inability to properly harness the
resources using appropriate technologies, infrastructure and policy. Organic resources such as crop
and animal waste, municipal and industrial wastewater, and municipal solid waste can be harnessed
in commercial biogas plants to supplement power supply for internal consumption and excess fed to
the grid. The African Union (AU) and the regional blocs have all prioritised or set targets for renewable
energy development in separate strategy and policy documents. Renewable energy development
is one of the critical areas of the AU’s Agenda 2063, the continent’s 50-year development agenda.
The Economic Community of West African States (ECOWAS) is aiming to supply households with
decentralised energy systems by 2030 and has set targets for electricity from biomass. Others such as
the East African Community (EAC) and the Southern African Development Corporation (SADC) have
targets in place. Commercial biogas plants can supplement solar, wind, hydro and other renewable
energy resources towards achieving energy security in Africa and could serve as base loads in areas
where the grid has yet to reach.

Like family-type biogas systems, the development of commercial biogas systems will require
support from African governments as the case has been in other countries and regions. Successful
development and management of commercial biogas systems require not only technical expertise but
also serious attention to economic, energy and environmental policies.

Also, the various university and research campuses across the region must intensify research
on the subject. Research should deal with the challenges from a multidisciplinary perspective and
focus on generating practical evidence to support policy decisions, using case studies to investigate
the economic, logistic and technical feasibility of commercial biogas systems. African countries must
also promote commercial biogas training and capacity building programmes, and create links between
research institutions and potential beneficiary industries.

The private sector will require capacity building in the development of climate-smart projects
that can compete on the international financial market. Therefore, public-private partnerships are
needed, so that private companies and government agencies can tap into each other’s strengths and
complement their weaknesses.

Ultimately, sound environmental and sanitation policies and their enforcement are crucial to
the success of commercial biogas plants, and also key to ensuring environmental sustainability in
African countries.
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