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Abstract: Anaerobic digestion (AD) can bring benefits in terms of effective management of organic
waste, recovery of nutrients and energy recovery, and is consistent with circular economy principles.
AD has been promoted and implemented worldwide, but at widely differing scales, influenced by
the availability and location of feedstocks. In developing countries, feedstock arises from small- to
medium-scale agriculture and agro-processing operations, as well as from household and municipal
waste. Biogas produced from residues from agro-processing facilities may be used for on-site heat and
power, but the lack of a gas and electricity grid infrastructure can limit opportunities to distribute gas
or generated electricity to wider users. This paper presents the findings of the first study to consider
novel technologies for small-scale and low-cost biogas clean-up into biomethane, and compression
into small bottles, suitable as a clean cooking fuel. The paper reports on the initial evaluation of
biomethane for cooking in Ghana and Uganda.

Keywords: clean cooking; anaerobic digestion (AD); biogas; biomethane; compressed natural gas
(CNG); compressed biogas (bioCNG); waste management; energy access

1. Introduction

Biogas is a mixture of gases, primarily methane, arising from the fermentation of
organic matter. Biogas is discussed here as the product of Anaerobic Digestion (AD) of a
range of organic materials, e.g., from agro-residues and wastes, food and human waste,
mixed municipal wastes, as well as from dedicated crops grown for energy production. AD
technology and the resulting biogas produced have been playing an increasingly important
role globally in the management of waste and in the provision of renewable, clean energy
options for various applications.

The scale of production of biogas can be entirely flexible, depending on feedstock
availability, levels of investment available and supporting policy mechanisms. Raw biogas
can be used directly for heating, cooking and lighting, or it can be upgraded to biomethane,
a term used to define methane (CHy4) produced from biogas, rather than methane from
fossil natural gas. Biomethane is derived from biogas after the scrubbing/purification
of the gases obtained from anaerobic digestion. It can be used to replace natural gas in
gas grid systems, in the generation of power and heat when coupled with an appropriate
conversion technologies (e.g., combined heat and power (CHP)) and as a gaseous vehicle
fuel [1]. Figure 1 illustrates this range of uses with the position of upgraded biomethane
for cooking highlighted. Biomethane can also be used as feedstock to produce chemicals
and materials, replacing the methane derived from natural gas [2].
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Figure 1. Anaerobic digestion systems and the proposed opportunity for compressed and bottled
biogas (modified from [3]).

Due to its versatility and the country specific policy mechanisms to address waste
management, renewable energies and climate change, AD and biogas uses have been
promoted in several countries [4]. The European Union has included biogas as part of
its Renewable Energy Directive [5], the Directive on Alternative Fuels Infrastructure [6]
and as part of its climate change commitment [7], and it was estimated that biogas will
contribute 25% to the 2020 EU-28 renewable energy targets [1,8]. China has had a long
history of biogas utilisation that, since 2003, has been heavily sponsored through policies
and incentives, resulting in a considerable uptake of biogas technologies at a small and
a large scale. It has been reported that in China in 2013, there were 43 million small-
scale (family) users of biogas and 10,000 large-scale biogas projects [9]. India has also
promoted the use of biogas in rural areas since the early 1970s, through policies promoting
off-grid energy, the National Biogas and Manure Management Programme and a national
programme for energy recovery from municipal solid, industrial and agricultural waste.
It has been reported that total biogas production in India is 2.07 billion m3/year, from an
estimated potential of 29-48 billion m3/year [10].

AD is also seen as a waste management and bioenergy opportunity for Africa. Ini-
tiatives in several African countries have been reviewed and have highlighted barriers to
implementation, such as investment costs for digester systems, understanding of feedstock
availability and a lack of promotion/understanding of the technology [11]. There has been
a particular focus on small-scale AD in Africa, for rural communities where reliance on
traditional fuels (wood and charcoal) is prevalent. Whilst the use of traditional fuels in
SSA may be seen as a contributing factor to global warming, resulting from combustion
emissions (0.4-1.2% of global CO; (eq) emissions) and black carbon emissions (6% of global
black carbon emissions) and the fuel sourcing contributing to deforestation (consumption
of >300 million tons of wood, including wood harvested for charcoal production), tradi-
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tional fuel use is also having a significant impact on the health and well-being of those
communities that rely on their use. A report by The World Bank states that ~900 million
households in Sub-Saharan Africa (SSA) will still rely on traditional cooking stoves in
2020 and that 600,000 deaths per year can be attributed directly to the smoke generated
by traditional cooking stoves and the fuels used [12]. Further health issues associated
with household air pollution (HAP) are also highlighted, and it is reported that, globally,
HAP-related deaths account for more deaths than HIV/AIDs and malaria combined. The
promotion of cleaner, more efficient cooking options for developing countries has, for many
years, focused on the design of cook stoves, which still rely on traditional energy sources;
however, alternative energy options such as ethanol, liquefied petroleum gas (LPG) and
biogas have also been promoted as affordable, clean energy alternatives for cooking in the
home, to replace traditional fuels.

At the household level, finding simple solutions to replace traditional fuels for cooking,
heating and lighting is an on-going challenge, particularly in developing countries where
both energy access and energy affordability are inadequate and are closely linked. The
bottling of biogas has been suggested as an option for providing accessible, renewable, clean
energy sources that could be delivered to the home in the same manner as Compressed
Natural Gas (CNG) (in the context of this paper, CNG is used to describe methane from
fossil resources, whilst bioCNG is used to denote compressed biomethane derived from
organic waste AD systems) [13]. However, there are technical issues that must be overcome
to make this a practical solution, most of which will add to the cost of producing the fuel
and the affordability to households. Various authors in India have explored the potential of
adopting bottling techniques for biogas, and implied that there are commercial applications
underway [13-15]. However, there is limited evidence in the public domain, and it is
evident that the bottling technology has not yet taken off at scale.

This paper presents the first scoping study of the opportunities for bottled biogas as a
clean cooking option in Africa. Set within case study contexts in Ghana and Uganda, the
study undertakes a techno-economic assessment of a novel technology for small-scale and
low-cost biogas clean-up into biomethane, and subsequent compression into small bottles,
that is suitable as a clean cooking fuel. The study also sought to understand the barriers
and key issues to be addressed, to enable the opportunity.

2. Literature Review for Anaerobic Digestion and Biogas Bottling

AD is a naturally occurring process in the recycling of organic matter in the environ-
ment. In the absence of oxygen, specific categories of anaerobic (putrefactive) bacteria
digest organic matter, producing biogas as a by-product of their metabolism. AD may
occur in any oxygen depleted environment, e.g., water-logged soils (including, e.g., paddy
fields), water bodies, the digestive systems of other living organisms [16], as well as in
landfill and other waste storage systems (e.g., farmyard effluent and manure storage, palm
oil mill effluent (POME) ponds). Managed AD systems can result in energy provision
from the methane-rich biogas; a reduction in the volume, mass and toxicity of wastes (as
the input substrate); and a beneficial slurry that can be used as a biofertilizer and soil
conditioner to improve crop yields. The composition of biogas is highly dependent on
the organic substrate and the conditions under which the process takes place. A biogas’
composition can include methane (CHy), 50-70%; carbon dioxide (CO,), 25-50%; nitrogen
(N2), 0-10%; hydrogen (Hj;), 0-1%; oxygen (O,), 0-2% with traces of hydrogen sulphide
(H,S) and water vapour [17]. The chemical composition of the organic substrate is also an
influencing factor on the AD conversion rates and yields, and the final composition of the
slurry effluent [18]. Biogas yields can range from 10-1200 m? per ton of fresh matter (from
animal slurries and dedicated crops to food wastes and fats).

The chemistry of the AD process has been widely described in the literature [11,16-20]
and occurs during four processes, which are carried out by various groups of bacteria that
work together during the decomposition of organic materials, i.e., hydrolysis, acidogenesis,
acetogenesis and methanogenesis. The AD process and composition of the raw biogas
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outcome is dependent on the type of feedstock, most importantly, the carbon (C) and
nitrogen (N) content and the C/N ratio [21]. It can also be affected by the presence of toxic
compounds that may be present in waste materials (e.g., high ammonia content, soluble
copper, zinc, nickel, mercury and chromium salts; pesticides and synthetic detergents [22]).
The AD process is also influenced by the composition of the bacterial flora used to initiate
the process, which are, in turn, influenced by process parameters such as temperature
(i.e., mesophilic bacteria predominate at 30—40 °C, whilst thermophilic bacteria function
between 50-60 °C) and pH (i.e., a low pH can inhibit bacterial function). Numerous types
of AD systems exist, and the type and design of the AD process facilities will depend on
the application and scale of the system required (e.g., small-scale household /farm waste
management or large-scale municipal waste treatment (solid or water waste)), slurry treat-
ment, agro-processing waste and food waste treatment. AD facility designs and the process
parameters that affect biogas production are well reported in the literature [2,19-21,23].

Biogas can be used directly as a cooking fuel in its “raw” state, as well as for the provi-
sion of heat and light for local requirements (e.g., direct process heat in agro-processing
facilities from which the waste is derived). Small-scale household and/or farm waste
management in India and China has demonstrated the use of AD technology for direct
use in cooking (without biogas clean-up) [9,10]. Large-scale waste treatment of solid or
liquid waste, slurry treatment, agro-processing and food waste has also become common-
place in several countries, providing electricity (using biogas in CHP), a direct injection of
biomethane to gas grids or use as a transport fuel. However, these larger scale applications
rely on access to the existing infrastructure for electricity or gas distribution. In many rural
areas, such infrastructure may not exist and would be costly to deploy; therefore, providing
a means of utilising biogas in a transportable format would allow distribution and access
to a clean cooking fuel to more widely dispersed rural communities.

As a result of the composition of raw biogas, downstream uses may require the re-
moval of harmful contaminants (e.g., the combustion of H,S in biogas causes corrosion
in downstream equipment due to the formation of acids, as well as being detrimental
to human health [24,25]) and the removal of CO; to increase the energy concentration
(>98% CHy) to be most effective [26]. Biogas purification technologies are well documented
in the literature and can be considered according to their function, i.e., biogas cleaning is
the removal of toxic, harmful or corrosive contaminants, whilst biogas upgrading is the
improvement of the calorific/heating value by the removal of CO, and water vapour [27].
Different processes for biogas clean-up and upgrading have been designed to target spe-
cific contaminants related to the starting feedstock or the removal of targeted gases. In
the literature, biogas cleaning processes are variously referred to according to the target
gases for removal or by the system/mechanism used for separation. Biogas cleaning and
upgrading technologies include the removal of unwanted components in raw biogas by
physical or chemical absorption; adsorption on solids; physical separation (membrane
separation), cryogenic separation and chemical conversion [13,28]. Gas scrubbing systems
often refer to the absorbents used for the removal of unwanted gases, e.g., water scrubbing,
acidic scrubbing, solvent scrubbing and amine scrubbing [24,29,30].

The technologies used for the clean-up and upgrading of biogas will depend on the
AD substrate composition and resulting biogas composition, but also on the end use of the
biogas, the scale of biogas production and on the technical specifications for downstream
systems [31]. The cost of the biogas clean-up and upgrading technology plus the installation,
energy and operation and management (O&M) costs will affect the feasibility of the end
use application. A summary of biogas upgrading technologies in Europe [32] suggests
that high pressure water scrubbing is the most suitable for small scale biogas upgrading,
due to the low installation and maintenance costs and high yields of high purity biogas.
Water scrubbing is also highlighted for its economic viability at a larger scale, where biogas
upgrading is aimed at maximizing methane content and purity, and energy efficiency [28].

In countries that have promoted AD for waste management and energy provision,
feedstock availability and biogas production may be intermittent but can be managed
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through the existing energy infrastructural capacity, by biogas storage or by feedstock
storage and regulation [33,34]. In countries where no such infrastructure exists, there
may be limited options for further downstream uses of biogas once the immediate needs
of a household or facility have been met. Compression and bottling could provide a
decentralised option to utilise biogas [14], allowing for the transportability and storage
of biogas; however, raw biogas would require a cost effective process for cleaning and
upgrading to maximise the energy content to be effective.

Applying an appropriate gas purification technology to AD systems in developing
countries may also need to take into account the local conditions for customisation of tech-
nologies, e.g., warmer climates might require a cooling instead of a heating functionality,
furthermore lower cost construction materials, manufacturing and re-development may
make technologies more attractive/applicable. A new water scrubbing system has been
developed by Engas UK Ltd. (a small-medium enterprise located in West Sussex, UK),
which combines biogas scrubbing, drying and compression into one single step, enabling
significant reductions in capital costs and an improved energy efficiency. Figure 2 shows
the system. The technology has secured several rounds of competitive research funding
from Innovate UK, and a version of it is already on the market and in commercial use, but
it is not configured for the cooking application investigated here.
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Figure 2. Engas UK'’s bioCNG plant.

The technology is light weight and, by combining the three key stages of conventional
water scrubbing, i.e., the pre-compression, scrubbing and drying of biogas, offers a biogas
upgrading technology that could be applied to smaller scale agro-processing facilities,
e.g., dairy and poultry farms, cassava/starch processing industries or hotel/university
campuses that have deployed AD as a means of dealing with waste. In the context of
this study, it may also be suitable for larger scale facilities (e.g., sugarcane or palm oil
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processors) that currently deploy AD for waste management and produce more biogas
than is used for local requirements. Due to a lack of downstream infrastructure for biogas
uses, biogas may then be flared to the atmosphere.

3. Case Studies on Anaerobic Digestion and Biogas Use

The opportunities for AD are strongly affected by the characteristics of the feedstock
available, and the opportunities for new clean cooking options depend on the characteristics
of the existing fuels in use. It is, therefore, important to set the analysis in specific contexts
and then to explore how outcomes are affected by different local conditions. For this initial
feasibility study in Africa, two case study countries were selected, Ghana and Uganda.
Each offers a variety of organic feedstock options, but AD and commercial scale biogas
activities are further advanced in Ghana. Importantly for this analysis, the two countries
differ significantly in the economics of the key competing clean cooking fuel, LPG, with
prices in Uganda more than twice those in Ghana.

3.1. Ghana

Ghana’s economy is reliant on a strong agricultural sector that is comprised of five
major subsectors, i.e., food crops (59.9%), livestock (7.1%), fisheries (7.6%), cocoa (14.3%)
and forestry (11.1%) [35]. These sub-sectors generate waste at the point of production (i.e.,
field/farm residues) and at the point of processing (i.e., process residues and by-products
and wastewater). Additionally, municipal organic waste (from households, markets,
catering, etc) and human organic waste require management to which AD systems could
be applied [36,37]. Biomass is traditionally used in Ghana as a fuel for household needs,
comprising 90-95 percent of wood fuels in the forms of firewood and charcoal [38]. Large
and untapped biomass resources indicate that Ghana has significant bioenergy potential
and a number of scientific studies indicate the availability of biomass resources for biogas
production, as summarised in Table 1 [37,39,40].

Table 1. Theoretical biogas potential from various organic waste sources in Ghana [37].

Residue Type Quantity (Mt) Biogas (Mm3 CHy/Year)  Energy (PJ/Year)
Field crop residues 20 1600 57
Process residues 750 27
Wood waste 0.35 19 0.63
Animal manure 2860 100 3.6
Municipal solid waste 21 230 8.4
Municipal liquid waste 0.56 17 0.61
Total 2883 2716 97.2

Specific agro-processing industries in Ghana that have been reviewed include oil palm
processing (where untreated Palm Oil Mill Effluent (POME) is a known environmental
issue due to the methane emissions); the fruit processing industry; cocoa processing; starch
production from cassava; livestock farming and waste from abattoirs and slaughterhouses
(Table 2).

Whilst there is opportunity for the development of AD technologies in Ghana, these
have largely been promoted to manage waste rather than for energy provision [45]. AD
opportunities are largely promoted in small-scale applications for institutions, industries
and communities, where biogas can be used directly for cooking, process heat and lighting.
Research into the development of biogas in Ghana is ongoing (e.g., [46—48]), and the
following market segments were identified as investment opportunities for small-scale
applications such as the bottling biogas technology presented here:

e  Design and installation of agricultural waste-to-energy or feedstock to energy systems
for oil palm plantations, food/fruit processing, abattoirs and packaging companies;

e Biogas lanterns and generators for rural communities—sale of equipment components
to landlords and estate companies with biogas digesters;
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Wastewater/effluent/sludge to energy using AD from starch factories, breweries, etc;
Extraction, cleaning, storage and use of landfill gas from various open dumps for
energy and electricity;

e  Combined faecal sludge and municipal solid waste to energy systems.

Table 2. Theoretical biogas potentials from agro-processing in Ghana.

Agro-Processing Industry (Mm? E)I%Iinear) Ref.
Oil Palm POME 0.0118 [41]
Fruit processing (mango and pineapple) 5.32-7.70 [42]
Cocoa processing 4.72 [42]
Starch production (cassava) 6.13 * pers comm
Livestock farming 305.26 [43,44]
Livestock processing (data from largest 2 abattoirs) 0.0179 [42]
Total est. 321.46

* Factory manager at starch plant.

3.2. Uganda

The agricultural industry also plays a significant role in Uganda, accounting for 24.9%
of the GDP in 2016/2017 [49]. As with Ghana, organic wastes and residues can be divided
into field/farm and processing residues, and have been assessed with a view to bioenergy
use and potential [50,51]. The key industries in agro-processing account for 61% of gross
output for the manufacturing sector in Uganda and include the processing of meat, fish,
vegetable oils and fats; dairy products; coffee processing; grain milling; tea processing;
sugar manufacturing; bakery and the manufacture of other food products; the manufacture
of beverages and tobacco; cotton ginning and the manufacture of textiles and leather
products [52]. Whilst no specific studies have been carried out on the biogas/energy
potential across the agro-industries, agro-processors have been adopting AD as a means of
conforming to The National Environment (Standards for Discharge of Effluent into Water
or on Land) Regulations (S.I. No. 4 of 1999). Biogas is generally used for on-site process
heat and energy requirements, but often it is not optimised, and excess biogas may be flared
to the atmosphere. The estimates of biogas potential for this study were based on annual
production rates for primary products and wastewater potential for the sugar processing,
dairy processing and fish processing industries [45].

Waste from the livestock industry can also be considered in terms of livestock rearing
and livestock processing, and reports suggest a high potential for biogas production
(Table 3).

Table 3. Theoretical biogas potential from livestock industry in Uganda.

Agro-Processing Industry Biogas (Mm3 CHy/Year)  Ref.
Livestock farming (cattle, sheep, goats, pigs, poultry) 1258.00 [53]
Livestock processing (estimated biogas production based on 0.0152
wastewater generated /day from 20 abattoirs in Uganda) '
Total est. 1258.02

Municipal waste and sewerage also hold great potential for energy recovery in Uganda,
using AD as a conversion technology; however, currently there is no significant manage-
ment and capture of these resources [54-56].

Uganda has been part of the African Biogas Partnership Programme and has gained
technical experience in the development of small scale AD for domestic use for cooking and
lighting, with some uptake for electricity generation [57]. Although widespread uptake
of AD technology is still limited in Uganda, it is increasingly of interest to the Ugandan
government, and studies on the economics of small scale systems for biogas to electricity
demonstrate the attractiveness of the AD biogas proposition [58].
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4. Materials and Methods

A simple techno-economic analysis was undertaken, seeking to compare the cost of
cooking using bottled, compressed biomethane (bioCNG) with the most common modern
energy source use for cooking in the case study countries, LPG.

The underpinning question is, what would be the simple payback period for an
investment in a bioCNG plant, if the resulting bottled gas is sold to households at a price
that gives a cooking cost equivalent to that of LPG? Comparison to a popular competitor
provides an immediate check on the feasibility of the bioCNG proposition. Further analyses
could also consider bottled bioCNG as a replacement for traditional wood fuel and charcoal
as cooking fuel options, as well as directly calculating the necessary selling price, or the
price target needed for a realistic investment case.

LPG retail prices were assumed to be USD 1.08/kg in Ghana, i.e., USD 15.66 for a
14.5 kg standard LPG cylinder [59], and USD 2.6/kg in Uganda, i.e., USD 37.7 for one
14.5 kg LPG cylinder [60]. Based on research in other parts of Sub-Saharan Africa, these
were assumed to be within a sensible range of common prices subject to exchange rate
fluctuations. The only difference in the assumptions in the analysis for Ghana and Uganda
was the LPG prices. The overall calculation made therefore compares the price for a certain
quantity of LPG with the cost of producing bioCNG with an equivalent energy content. If
bioCNG production costs are lower, this provides a net operating profit that is set against
the bioCNG plant investment cost to calculate the overall payback on such an investment.

The study assumes that bioCNG cylinders are made of high strength composite
material, capable of storing bioCNG at 248 bar. This leads to a similar filled weight to
those used for LPG cylinders, to ensure that the cylinder remains convenient for manual
handling. However, the energy content in the bioCNG would still be less than half that for
an equivalent LPG cylinder, due to the lower volumetric energy density (kWh/Nm?) of
bioCNG (LPG energy density = 13.6 kWh/kg. At 97% CH, purity, bioCNG energy density
=12.89 kWh/kg; bioCNG volumetric energy density = 9.67 kWh/Nm?) and therefore more
frequent refilling will be required. Alternative filling using a larger cascade of cylinders
with mechanical lifting and transport/retail arrangements could be considered for hotels
and restaurants to ameliorate the impact on the user of needing to refill cylinders more
frequently, or to allow for higher capacity cylinders to be used, but such considerations
were not taken into account in this initial assessment.

A wide variety of feedstocks for AD are available in Ghana and Uganda (as reported
in Section 3), e.g., sugar mill spent-wash/press-mud, animal manure, cassava starch pulp,
market vegetable waste, fish processing waste, etc. Some facilities already utilise AD
systems to manage waste and use biogas for internal process energy, but excess biogas
may be flared at a cost to the environment. Silent venting of biogas or landfill gas into
the atmosphere is more widespread than is acknowledged officially; in many cases the
business and regulatory driver for AD may be wastewater treatment rather than energy
recovery [61]. Flaring is better than venting but, again, it is not openly acknowledged, as
flaring glaringly highlights the operational shortcomings of biogas plants. Therefore, this
is an opportunity for portable mobile-biogas upgrader plants to capture stranded biogas
from a number of sites converted into bottled bioCNG.

It is assumed that appropriate feedstock for AD systems is available for free. This
assumption reflects the situation that institutions generating such wastes will typically
incur costs in disposal or other management, and thus might be willing to provide feedstock
at zero cost. Similarly, no value for the bioCNG system has been included to reflect any

‘gate-fees’ for taking wastes away. For this first analysis, it was assumed that feedstock

reflects neither a cost nor a benefit.

Labour and land costs are included, with the assumptions stated in Table 4. These are
particularly uncertain, as the cases analysed here are hypothetical and not based in a specific
context. However, these costs are critical in the overall cost-benefit of the system. The
financial calculations are kept deliberately simple: no discounting is used, and there is no
consideration of how the investment might be financed. The only investment performance
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measure used is simple payback period [62], which is calculated by dividing the total
capital cost by the net operating profit. Whilst this limits the depth of the analysis, simple
payback is widely used as a rule of thumb and screening measure for investments.

Table 4. Summary techno-economic analysis for bioCNG in Ghana and Uganda.

Smallest System Medium-Scale

Key Assumptions and Units System Largest System

Outcomes Uganda Ghana Uganda Ghana  Uganda Ghana
3 .
Plant capacity Nm?/h raw biogas 3.00 3.00 10.00 10.00 25.00 25.00
output
LPG refill price .
(145 kg cylinder) USD/cylinder 37.70 15.66 37.70 15.66 37.70 15.66
Price bioCNG (equivalent USD/kg BioCNG 2.46 1.02 2.46 1.02 2.46 1.02
energy content basis)
Volume agro-waste
@12kg /NS raw biogas kg/day 864.00 864.00 2880.00 2880.00 7200.00 7200.00
Price of feedstock USD/kg 0.00 0.00 0.00 0.00 0.00 0.00
Number of bioCNG :
cylinders produced cylinders/day 4.73 473 15.76 15.76 39.40 39.40
Equiv. 14.5 LPG cylinders .
replaced by bioCNG cylinders/day 2.01 2.01 6.71 6.71 16.77 16.77
Income from sale of bioCNG USD/day 75.87 31.52 252.90 105.05 632.25 262.63
Compost ﬁg@fggﬁi assuming kg/day compost 86.40 86.40 288.00  288.00  720.00 720.00
Market(ggfﬂe gﬁy")"mp“t USD/kg compost 0.06 0.06 0.06 0.06 0.06 0.06
Income from compost sales USD/day compost 4.80 4.80 16.00 16.00 40.00 40.00
Total income
(bioCNG + fertiliser) USD/year 26,554 11,030 88,515 36,768 221,287 91,919
Capex of AD plant usD 16,667 16,667 30,556 30,556 58,333 58,333
Capex of bioCNG upgrader and UsD 25000 25000 35000 35000 60,000 60,000
compressor
Capex of single gas cylinder uSsD 663 663 663 663 663 663
Total capital cost usb 51,064 51,064 96,879 96,879 196,643 196,643
Farm owner—operator wage,
£833/month USD/year 0 0 10,000 10,000 10,000 10,000
Labour cost: £150/month
x 12 months x no. people USD/year 5000 5000 7500 7500 10,000 10,000
Land lease cost USD/year 0 0 6944 6944 13,889 13,889
Total labour and land costs USD/year 5000 5000 24,444 24,444 33,889 33,889
Electricity rate (Uganda) USD/kWh 0.21 0.21 0.21 0.21 0.21 0.21
Energy use by biogas 3 .
upgrader + compressor kWh/Nm?® raw blogas 0.50 0.50 0.50 0.50 0.50 0.50
Cost of electricity for
bioCNG + compressor USD/day 7.50 7.50 25.00 25.00 62.50 62.50
Servicing and maintenance cost USD/year 5106 5106 9688 9688 19,664 19,664
@10% of capex
Total overhead and USD/year 12,731 12,731 42,882 42,882 75428 75428
operating cost
Net operating profit USD/year 13,823 —1701 45,632 —6115 145,858 16,491
Payback period years 3.69 —30.02 212 —15.84 1.35 11.92

The most appropriate scale of cooking fuel production is a key question. For example,
in exploring the opportunities for producing butane/propane (a “bioLPG”) from wastes
in Africa, reference [63] discusses the dilemma about whether to go for a large-scale
production plant, with the economies of scale in a process plant, but greater difficulty (and
likely higher costs) of the feedstock gathering and the distribution of the final product, or
to focus on a small scale and more highly distributed production, closer to feedstock and
fuel users.

Reference [64] identifies the two most significant factors in the cost advantage for
larger scale biomethane production as the capital cost of a processing plant; and the
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labour costs for plant operations. Key to both of these is process complexity—the Engas
UK technology is designed to be relatively simple, using off-the shelf components and
minimising maintenance requirements. If this approach can offer cost effective bioCNG
production at a scale suited to a distributed model, it offers the potential to access a wider
range of smaller feedstock sources, helping overcome the traditional view of economies
of scale in biogas production [65] and to supply cooking fuels to more geographically
dispersed users. For this scoping study, three likely scales of plant are assessed, from a
very small plant that could refill only a handful of bottles for household use per day, up to
a medium scale commercial scale.

5. Results

Table 4 shows some of the key assumptions used in the techno-economic analysis, and
the economic results. The complete model is included in the Supplementary Materials.

The results show that the use of an innovative biogas cleaning and upgrading technol-
ogy, implemented for small to medium scale applications, can make bioCNG for cooking a
feasible proposition. The modelling compares the costs of producing bioCNG to the prices
for an equivalent supply of LPG as a key competing cooking fuel. As such, the results are
sensitive to assumptions made on, e.g., the cost of feedstock for the AD system. Given that
the only difference in the assumptions in the analysis for Ghana and Uganda was for the
retail price of LPG, assumed to be USD 1.08/kg in Ghana and USD 2.6/kg in Uganda, the
comparison of the payback results shows how sensitive they are to the fuel selling price.
For Uganda, all three system sizes achieve payback times below 4 years, and, for the two
larger systems, the payback is within the range of one to two years. However, for Ghana,
only the largest system achieves payback within the realistic lifetime of the equipment, and
the smallest system will not payback at all.

6. Discussion

AD technology is increasingly being promoted as a means of reducing the greenhouse
gas emissions associated with current management systems of organic waste (i.e., land-
fill, infield burning of crop residues, open storage lagoons etc). In Africa, AD has been
promoted at the smaller scale, to address clean energy access for cooking, heating and
lighting, with varied success. AD systems and the considered use of the biogas and diges-
tate co-products can be seen to address key elements of the United Nations Framework
Convention on Climate Change (UNFCCC) Sustainable Development Goals (SDGs), e.g.,
directly, SDGs 7 (affordable and clean energy), 12 (responsible consumption and produc-
tion) and 13 (climate action); and indirectly, SDGs 2 (zero hunger) and 6 (clean water and
sanitation), depending on the organic feedstock used.

From the literature, and a field and market review of current biogas activities in
Ghana and Uganda, it was clear that there is a huge potential for the deployment of
AD, provided that technical hurdles can be overcome, and the regulatory environment
supports its deployment. The use of biogas, especially as the scale of AD facilities increases,
requires further consideration of the infrastructure for both the collection of organic waste
and the end-use and distribution of the biogas (or appropriate energy carrier). A lack of
infrastructure in rural areas may be a key barrier to deploying AD systems and maximising
biogas use, especially in areas with lower population densities. This study investigated
the AD opportunity in rural agrarian communities (i.e., where agricultural co-products
may provide centralised organic waste) and in urban communities where agro-processing
waste, municipal waste and sewerage all require better waste management.

There is considerable uncertainty over the appropriate parameter values throughout
the analysis. For the next steps in the study of the feasibility of these technologies, a
better understanding is required of the local uses and management of the organic feed-
stocks/waste, in terms of competing uses for bioresources and biogas; the priorities and
benefits of managing residues and wastes (for the sake of better waste management and
the reduction in the environmental impacts of unmanaged waste) and for the provision of
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clean energy; consumer preferences in introducing a new bioCNG clean cooking fuel (i.e.,
affordability, frequency of use and applicability to existing household regimes/cooking
practices); and the markets and distribution of the bottled biogas product, as well as leg-
islation on the health and safety of bottled gases in Ghana and Uganda. The analysis
in this paper has mainly focused on the economic and financial indicators (price factors)
of the supply side, without exploring other aspects on the demand side. Investigations
of consumer attitudes and behaviours (acceptability, intentions and willingness to pay)
towards bottled bioCNG in both countries will be important as part of future activities to
support investment and policy decisions.

In relation to bio-COy, it is also worth mentioning that the value associated with bio-
CO, as a “free” by-product of the biogas-upgrading process has not been considered in the
financial pay-back calculation in this paper. However, CO; has commercial value for use in
greenhouses for an enhanced crop production (e.g., growing tomatoes or leafy vegetables),
in wastewater treatment for the pH control of sewage, for dry ice in cold storage units
and as a carbonating agent in beverage industries. Engas UK currently buys industrial
grade CO, from a leading gas supplier (BOC) for the calibration of their biogas-upgraders
at about USD 54 for 5.9 kg CO», i.e., at more than USD 9/kg CO,. Biogas contains about
35-40% CO, that will be separated during upgrading; therefore, as an example, a 10 Nm?/h
raw biogas upgrader will produce up to 165 kg of bioCO, /day with a potential retail value
of up to USD 1500/day at the reported UK prices. The additional cost of filtering CO,
and bottling it is worth considering for providing a circular economy solution integrating
waste, energy, cooking fuel, transport fuel, crops and fertiliser enabled by this portable
biogas upgrading technology.

7. Conclusions

This study aimed to specifically address SDG7, considering compressed bottled
biomethane (bioCNG) as a clean cooking option, in line with the cooking options that
favour the use of bottled LPG as a cleaner cooking fuel (in terms of stove design, bottled
gas distribution network, etc.). The project sought to understand the opportunities for
bioCNG for cooking in Ghana and Uganda based on the potential biogas availability, the
key technical and economic considerations for the opportunity (requirement for further
downstream processing of biogas) and the key issues that would need to be addressed to
enable the development of bioCNG as a clean cooking fuel.

A general conclusion of the techno-economic modelling undertaken is that, where
competing fuel prices are relatively high, a bioCNG system could be a viable proposition at
even a small- to medium-scale. This analysis shows the importance of policies supporting
the development of renewable energies, including AD and biogas provision, as policies and
environmental regulations affect both the costs for feedstocks and the prices for competing

energy types.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/en14133856/s1, Table S1: Techno-economic analysis for bioCNG in Ghana and Uganda.
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