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ABSTRACT

In some areas of Sub-Saharan Africa appropriate organic waste management technology could address
development issues such as soil degradation, unemployment and energy scarcity, while at the same time
reducing emissions of greenhouse gases. This paper investigates the role that carbon markets could have
in facilitating the implementation of composting, anaerobic digestion and biochar production, in the city
of Tamale, in the North of Ghana. Through a life cycle assessment of implementation scenarios for low-
tech, small scale variants of the above mentioned three technologies, the potential contribution they
could give to climate change mitigation was assessed. Furthermore an economic assessment was carried
out to study their viability and the impact thereon of accessing carbon markets. It was found that sub-
stantial climate benefits can be achieved by avoiding landfilling of organic waste, producing electricity
and substituting the use of chemical fertilizer. Biochar production could result in a net carbon sequestra-
tion. These technologies were however found not to be economically viable without external subsidies,
and access to carbon markets at the considered carbon price of 7 EUR/ton of carbon would not change
the situation significantly. Carbon markets could help the realization of the considered composting
and anaerobic digestion systems only if the carbon price will rise above 75-84 EUR/t of carbon (respec-
tively for anaerobic digestion and composting). Biochar production could achieve large climate benefits
and, if approved as a land based climate mitigation mechanism in carbon markets, it would become eco-

nomically viable at the lower carbon price of 30 EUR/t of carbon.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

This paper presents a research into the economic viability of
composting, biochar production and anaerobic digestion (AD) in
an African context. Organic waste can be a resource for energy pro-
duction, nutrient recycling and soil restoration. However it is also a
source of greenhouse gases (GHG) harmful to the global climate, if
left to decompose anaerobically in non sanitary landfills. In Sub
Saharan Africa the decomposition of organic waste in open landfills
is estimated to be responsible for 6.8% of Africa’s GHG emissions,
and expected to keep rising with the economic development of
the region, although various technologies can be used to process
organic waste and reduce these emissions (Barton et al., 2008;
Couth and Trois, 2010a). This paper discusses the environmental
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impacts of three organic waste management systems and their
benefits from a life cycle perspective. Furthermore it aims at eval-
uating how the access to finance from carbon trading can support
their implementation. The research is based on a case study from
the peri-urban area of the rapidly growing city of Tamale in Ghana,
an area where soil degradation is a major development issue
(Al-Hassan and Poulton, 2009; Alfsen et al., 1997; Cofie et al,,
2009; Derbile, 2010; Quaye, 2008; Songsore, 1996) and energy
scarcity leads to daily blackouts.

1.1. Composting and AD for sustainable MSW management

Most of the research on waste management in Sub Saharan
Africa advocates composting as an appropriate technology for
management of the organic fraction of municipal solid waste
(MSW) in Africa, for its GHG abatement potential, low technical
complexity and low capital requirements (Barton et al., 2008;
Couth and Trois, 2010b; Couth and Trois, 2012). AD is also
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considered a particularly suited technology for the African context
for the same reasons (Boyd, 2012; Mohammed et al., 2013a). Fur-
thermore composting has been identified as an especially benefi-
cial solution for the North of Ghana, where Tamale is located,
because of its potential contribution to nutrient cycling (Cofie
et al., 2009; Drechsel and Kunze, 2001) and soil restoration
(Blench, 2007; Derbile, 2010) and many have suggested AD as a
feasible renewable energy technology with high GHG abatement
potential in Ghana (Arthur et al., 2011; Mohammed et al., 2013b;
Ofori-Boateng et al., 2013; Wikner, 2009).

However the real benefits for climate change mitigation of
these technologies must be evaluated from a life cycle perspective,
looking at indirect impacts caused by their implementation in a
pre-determined geographical context. The net GHG abatement
potential of composting and AD has in fact been found to be influ-
enced to a large extent by site specific factors like transportation
distances (Lundie and Peters, 2005; Peters and Rowley, 2009), final
use of the compost (Boldrin et al., 2009; Couth and Trois, 2012a),
alternative sources of energy (Friedrich and Trois, 2011;
Sonesson et al., 2000) and process energy use and process emis-
sions (Butler and Hooper, 2010; Edelmann et al.,, 2000; Peters
and Rowley, 2009). Just a handful of studies nonetheless assess
the benefits for GHG abatement of composting and AD referring
specifically to the context of developing countries (Aye and
Widjaya, 2006; Barton et al.,, 2008; Boyd, 2012; Friedrich and
Trois, 2011, 2013; Nzila et al., 2012; Salum and Hodes, 2009). No
Ghanaian case study has been found in peer-reviewed literature,
although in gray literature Wikner (2009) does provide an exten-
sive GHG footprint of alternative waste management options for
the city of Kumasi in Ghana. Following the indication by Barton
et al. (2008) and Friedrich and Trois (2011) that more studies are
required to evaluate these benefits in specific African urban areas,
this paper aims to quantify GHG reductions from composting and
AD in Ghana and specifically in Tamale.

The economic viability of these two technologies varies accord-
ing to local conditions, too, i.e. land cost, distances to be covered by
waste and fertilizer transportation, compost demand and electric-
ity price. Different studies have found them to be viable in devel-
oping countries (Aye and Widjaya, 2006; Zurbrugg et al., 2002)
or barely feasible, depending on revenues from carbon markets
and feed-in tariffs (Couth and Trois, 2012b; Salum and Hodes,
2009). Danso et al. (2006) assessed the willingness of Ghanaian
farmers in different cities to pay for compost from MSW and found
that based on production and transport costs only farmers in the
range of 35 km from a composting station would be able to benefit
from it, and that the willingness to pay in Tamale was on average
10 times higher than in other Ghanaian cities. Nonetheless their
research shows that compost production would require subsidies
to be viable. To our knowledge no other study presents a detailed
economic assessment of composting and/or AD in Ghana.

1.2. Biochar production

Biochar is another technology in the field of organic waste man-
agement that shows potential for agriculture and climate change
mitigation. Biochar is charcoal, produced with pyrolysis of bio-
mass. It is at the same time an extremely stable way of sequester-
ing carbon and, in certain conditions, a powerful soil ameliorant
(Lehmann et al., 2006; Woolf et al., 2010), so it could be a very
effective way of using farmland as carbon sink, while at the same
time improving its productivity.

The production of biochar was included in the environmental
and economic assessment of organic waste management system
in Tamale because of the high potential of biochar in tropical sandy
acidic soils (Duku et al., 2011; Maraseni, 2010), like those of North-

ern Ghana, and in order to evaluate whether co-producing biochar
and compost, two organic soil amendments with the same market,
could create economies of scale through logistic and management
synergies and improve the economic performance of both. Biochar
is already being tested in the region by NGOs reporting very posi-
tive impact on crop yields (Abokobi Society Switzerland, 2013).

Although pyrolysis is suited for producing energy and fuel from
MSW (Li et al., 1999; Malkow, 2004; Yufeng et al., 2003) no litera-
ture sources have been found reporting agricultural tests of biochar
produced from MSW. Only one study (Ibarrola et al., 2012)
explored its GHG footprint with an LCA focused on the U.K. con-
text. In this research biochar is therefore considered to be pro-
duced from rice husks, the currently unused waste of Tamale’s
rice mill, as many studies have suggested the technical feasibility
and agricultural benefits of biochar production from this feedstock
(Haefele et al., 2011; Islam and Ani, 2000; Lehmann et al., 2006;
Ogawa and Okimori, 2010; Shackley et al., 2012a; Woolf et al.,
2010). The only economic assessment of biochar focusing on the
African context is found in Scholz et al. (2014), who analyzes two
scenarios from Senegal and Kenya also from an LCA perspective.
Sparrevik et al performed an LCA of biochar based in Zambia
(2013) and another one based in Indonesia, together with a
societal cost benefit analysis (2014). Shackley et al. (2012b) per-
formed an economic and GHG assessment of biochar production
from rice husks in Cambodia, while all other studies focus on
industrialized countries (Field et al., 2013; Galinato et al., 2011;
Gaunt and Lehmann, 2008; Ibarrola et al., 2012; Roberts et al.,
2010). In general GHG balances of biochar systems show high
potential for carbon sequestration, although the extent of the net
benefit depends on a number of case-specific factors, such as con-
sidered baseline (Ibarrola et al., 2012; Roberts et al., 2010; Shackley
et al., 2012b), type of feedstock used (Roberts et al., 2010) espe-
cially in developing countries, technology used (Field et al., 2013;
Sparrevik et al., 2013). For biochar, even more than for composting
and AD, economic viability seem to require the access to revenues
from the sales of carbon credits in developing (Pratt and Moran,
2010; Shackley et al., 2012b; Scholz et al., 2014) as much as devel-
oped countries (Field et al., 2013; Galinato et al., 2011; Roberts
et al,, 2010).

1.3. Carbon markets and organic waste management

Composting, AD and biochar production can abate GHG emis-
sions in a number of ways: by avoiding methane formation in land-
fills, by producing renewable energy, by avoiding the use of
mineral fertilizer and by sequestering carbon in agricultural soil,
in the form of organic matter (organic carbon) or biochar (elemen-
tal, or black, carbon). Not all these benefits can however qualify to
be financially rewarded by carbon trading mechanisms, as
accounting methodologies have only been approved so far for the
former two (UNFCCC, 2010, 2011). The inclusion of soil carbon
sequestration in carbon trading is being advocated for by a part
of the scientific community (Whitman and Lehmann, 2009;
Woolf et al., 2010 for biochar, Lal, 2004; Ringius, 2002; Vagen
et al., 2005 for organic soil carbon sequestration) and do exist in
some specific carbon markets outside the CDM (American Carbon
Registry, 2013; Australian DoE, 2013; Verified Carbon Standard,
2013). Nowhere to our best knowledge can carbon offsets be gen-
erated for recycling of nutrients by producing organic fertilizer
from waste (Couth and Trois, 2012a). In this study, besides meth-
ane avoidance and renewable energy, the economic assessment
also considers carbon credits for biochar sequestration. Biochar
projects do not yet qualify for carbon crediting under any scheme,
although the American Carbon Registry is currently working on a
methodology for this kind of intervention (ACR, 2013).
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2. System definition

In the assessment the perspective of an organic waste operator
active in Tamale is taken. The system investigated includes there-
fore the collection and processing of organic waste in the city of
Tamale, the transportation and sale of organic fertilizer and bio-
char to the peri-urban and rural areas surrounding the city and
the delivery of electricity to the grid. The use of the agricultural
inputs is only partially modeled: their application into the soil is
included in the GHG footprint but not in the economic analysis.
The harvesting of crops is not modeled due to lack of data about
yields of different crops with different input combinations and to
the choice of adopting the perspective of a waste operator. Instead,
the assumption is made that the organic fertilizer and biochar will
increase the fertility of soils to some extent, and farmers will apply
them based on their budget for inputs rather than their agronomic
value. By limiting the modeling of farm processes the uncertainties
about the actual interactions between biochar, compost and crop
yields are excluded from the evaluation of the technologies, which
is approached from a waste management and climate change mit-
igation perspective.

Three alternative scenarios have been compared. These scenar-
ios have been defined based on the supply of organic waste and
the demand for agricultural inputs in Tamale and surroundings, in
collaboration with DeCo! Sustainable Farming (DeCo), a composting
business active in Tamale since 2009. In all the scenarios MSW is
composted together with other locally available organic inputs
and then mixed with poultry manure, which is transported from
the city of Kumasi, 370 km South of Tamale. This is a necessary step
to optimize the quality of the finished organic fertilizer, as in Tamale
no supply of such nutrient rich organic waste is readily available. AD
and biochar production are not considered as alternatives to com-
posting but are implemented alongside it (Fig. 1), in order to inves-
tigate the cost savings in terms of marketing, logistics and
economies of scale that can be realized by combining these organic
waste management technologies. AD of MSW is considered to take
place before composting, while biochar is considered to be pro-
duced from rice husks, rather than MSW. Rice husks are both a com-
mon feedstock for biochar production (Scholz et al., 2014; Jirka and
Tomlinson, 2014; Preston and Leng, 2013; Sujana et al., 2014), and
one of the only waste flows from the agro-processing industry in
Tamale. Biochar made from this feedstock is currently being tested
in Tamale in combination with organic fertilizer (Ghanaweb, 2014).

COMPOST: in this scenario MSW from Tamale is delivered to a
composting plant located in the outskirts of the city by the local
waste operators, and then composted together with other locally
available biomass. The finished compost is then mixed with dry

Anaerobic
digestion

Composting

Tamale Organic
7777777777 waste

Fig. 1. System definition. The COMPOST system only includes composting, BIOGAS
includes anaerobic digestion integrated with composting, BIOCHAR includes
parallel pyrolysis composting systems.

poultry manure to increase the nitrogen content of the fertilizer,
and sold to farmers within a range of 50 km from the city, who
use it to substitute or complement mineral fertilizer. This scenario
is built based on the actual operations of DeCo in the region.

BIOGAS: This scenario is based on COMPOST, but the MSW
delivered to the composting plant undergoes an additional pro-
cessing step. The waste is digested in a dry fermentation reactor
to produce biogas which is converted to electricity and sold to
the grid. The digestion residue is composted together with other
organic inputs and then sold in a range of 50 km from the plant
as in COMPOST.

BIOCHAR: this scenario includes a pyrolysis system that pro-
duces biochar from the waste of the local rice mill alongside the
composting system described in COMPOST. Rice husks are trans-
ported to the composting plant in the outskirts of the city, where
biochar is produced. Compost and biochar are then marketed and
sold together to farmers in a range of 50 km from the plant.

The scale of the system is defined as a plant with an output of
3000 tons of organic fertilizer. This kind of throughput requires
an input of 1500 tons per year of organic fraction of MSW, and
3000 tons of other types of organic waste. For comparison, the
MSW generated in Tamale in one year is about 295,000 tons, of
which 40% organic, according to the best estimates available
(Puopiel, 2010; Drechsel et al., 2004, Zoomlion Ghana Ltd., personal
communication 28.06.2011). Biochar was considered to be pro-
duced from rice husks from the local rice mill, which can process
up to 12,000 tons of rice per year (Braimah, 2011). The pyrolysis
system was then assumed to process 2400 tons per year of rice
husks, assuming rice husks generation is 20% of total rice produc-
tion by the rice mill (following Karve and Prabhune, 2009).

2.1. Technology description

Low-tech and labor intensive technologies were considered, as
more suited to the context of Sub Saharan Africa as they minimize
capital costs, the risks of technical failures and energy demand,
while maximizing job creation.

For composting windrow composting as used in Tamale since
2009 by DeCo was considered. DeCo made available data from its
implementation experience in the city for this research. In this pro-
cess the hand separated fraction of MSW is piled up in heaps 1.5 m
tall, together with dry leaves and residues from the traditional shea
butter industry, in proportion of 1 t:0.5t:0.5t. The composting
process takes about 2 months to complete, during which the heap
is periodically turned by hand and the feedstock loses 50% of its
mass. At the end of the process the finished compost is mixed with
the same amount of poultry manure. MSW constitute therefore
only one third of total input by mass.

For anaerobic digestion a low cost dry fermentation reactor
designed and piloted within a EAWAG-ETH Zurich project in Kum-
asi, Ghana is considered. The project made available technical and
economic data for this research. The reactor is a shipping container
fitted with a water percolation system where water is pumped
from a tank, trickles down from the ceiling and is collected again
on the bottom. Methane generated within the digester can be col-
lected to fuel an electricity generator. One digester can process
about 36 tons per year (Burri and Martius, 2011) and more digest-
ers can be connected in series to scale up capacity. In dry fermen-
tation the digestion residue is solid. This means that the digestate
can be processed with windrow composting, while normally the
residue from anaerobic digestion is liquid and cannot be further
treated aerobically. Another advantage of this technology is the rel-
atively low capital cost of 285 US$/m?>, since according to existing
reviews of AD in Ghana prices range between 235 and 500 US$/
m? (Bensah and Brew-Hammond, 2010; Bensah et al., 2011; Burri
and Martius, 2011).
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Many possible ways exist to produce biochar, ranging from bio-
mass cookstoves for households that have biochar as a byproduct
to industrial pyrolysis installations that process tens of thousands
of tonnes of organic materials per year for bioenergy generation. In
this study we look at centralized production of biochar, from the
2400 tons of rice husks per year that constitute the waste of
Tamale’s rice mill. Since the details of no specific technology were
available a hypothetical biochar oven is modeled. The system is
assumed to be a simple slow pyrolysis batch reactor, or kiln, where
rice husks are charred by being burned in absence of oxygen. Syn-
gas, a mix of methane, carbon monoxide and other trace gases, is
formed in a pyrolysis reaction and it is assumed to be recirculated
into the oven to fuel the combustion reaction. The only product of
the process is assumed to be biochar, because such a simple kiln is
the pyrolysis technology more suited to a developing country
(Sparrevik et al., 2013; Pratt and Moran, 2010), although producing
energy together with biochar can also have interesting economics
(as observed for example by Shackley et al., 2012b, for rice husks in
Cambodia).

3. GHG footprint
3.1. Baseline and functional unit

The quantification of the climate benefits of implementing the
considered systems was performed using LCA (Guinée, 2002) lim-
ited to climate change impacts.

The processes included in the inventory of each scenario are
depicted in Fig. 2. Included in the systems are the transportation
of waste to processing, the processing of organic waste, the delivery
of fertilizer to the farms, emissions of nitrogen oxide (N,0) from
agricultural land and carbon sequestration into soil, emissions from
the construction of capital goods (composting plant, digesters, gen-
erator, pyrolysis oven, trucks) plus the travelling of the project’s
international staff. The pumping of water is not included because
no data was available about either water consumption of studied
technologies or energy consumption of water pumps.

Since the considered system fulfills several different functions,
the functional unit was expanded to include waste treatment, pro-
duction of fertilizer and electricity generation. It was defined as
one year of project operation at the considered scale, which is
the disposal of 1500 tons of organic fraction of MSW and of
2400 tons of rice husks, fertilization of 1250 hectares of land and
production of 301.7 MW h of electricity. The amount of fertilized
land was calculated assuming that the compost will be applied
by all farmers at the same rate, that which is considered equivalent
in terms of crop yields to the currently used rate of NPK fertilizer
commonly used (SARI, 2011). Soil amendment with biochar was
considered as a side benefit and excluded from the functional unit
(as explained in Section 2 System definition).

A fourth scenario, BASELINE, was constructed to represent busi-
ness as usual in the LCA. In BASELINE MSW is landfilled, energy is
produced with a diesel generator, rice husks are incinerated. Since
in the organic fertilizer produced by DeCo only 18% of the Nitrogen
comes from the compost, while the remaining 82% comes from
poultry manure (DeCo, unpublished data), in BASELINE 18% of
farmers are considered to use NPK fertilizer, while the rest use
poultry manure. The poultry manure in BASELINE is assumed to
be used in Kumasi, where it is generated, rather than in Tamale
(370 km distance).

3.2. Life cycle inventory

The main assumptions used in the LCA model can be found
in Table 1 below. Primary data, collected in Tamale in 2011 and

provided by DeCo, by the EAWAG-ETH Zurich AD pilot project,
by the Savannah Agricultural Research Institute, and by interviews
with the local waste operator was used for fuel consumption of
local transportation, AD and composting yields, carbon and nitro-
gen content of compost and modeling of farming practices. The
remaining data comes from the LCA database Ecoinvent (2010)
or from literature as detailed below. Because of the lack of data
and emission factors for the Ghanaian context, however, conserva-
tive values were assumed and an uncertainty analysis was per-
formed (Section 3.3). Table 1 shows the assumed values used for
the life cycle model and the ranges used for the uncertainty
analysis.

In the model the 3000 tons of organic fertilizer are assumed to
be sold in the three districts surrounding Tamale and delivered in
equal quantities to 11 distribution points in the main urban cen-
ters, at an average distance of 37 km. Waste from shea nut process-
ing, constituting 25% of the feedstock for compost, is assumed to be
sourced in the range of 20 km, while the 25% of leaves was
assumed to be collected locally without need for transportation.
Poultry manure, constituting 50% of the final fertilizer, comes from
Kumasi, about 370 km South of Tamale. The impact of transporta-
tion of NPK fertilizer was calculated assuming ship freight from
Scandinavia (where the only fertilizer marketed in Tamale is man-
ufactured, Yara Ghana, 2011) to the port of Tema in Ghana and
then road transport to Tamale. Fuel consumption factors were cal-
culated using data about actual fuel consumption by local garbage
trucks (0.07 1 of diesel per ton-km, Zoomlion Ghana Ltd., personal
communication 28.06.2011) and those used for transportation of
organic fertilizer (0.04 1 of diesel per ton-km, Savannah Agricul-
tural Research Institute, personal communication 22.06.2011).
These values are high compared to those reported by others
(Ecoinvent, 2010; Field et al., 2013; Hine and Sinaga, 2001), but
they are considered consistent with the fact that vehicles used in
West Africa are often old and inefficient, as also observed by
Friedrich and Trois (2011, 2013). Backhaul trips were considered
to consume 68% of full load trips (Woods and Cooper, 2006). Fertil-
izer made from composted digestate was assumed to have the
same properties as composted waste. The increase of soil organic
carbon caused by the use of organic fertilizer was included since
it can be significant, although it is extremely dependent on soil
characteristics, local climate, type of organic fertilizer used and
farming practices (Vagen et al.,, 2005; Biala, 2011; Butler and
Hooper, 2010), and therefore difficult to estimate accurately with-
out direct measurements. Furthermore soil carbon accumulation
dynamics are not linear (i.e. sequestration decreases with time,
as a new equilibrium level of soil carbon is reached), while LCA
is. Values of soil organic carbon accumulation over 20 years in
the literature range from 2% to 14% of the carbon present in the fer-
tilizer applied (Luske and Van der Kamp, 2009; Boldrin et al., 2009;
Brown et al., 2008; Biala, 2011), so here a value of 8 + 6% was
adopted. This is equivalent to 5kg of carbon sequestered, or
17 kg CO, eq, per ton of compost applied to the soil. At the consid-
ered organic fertilizer application rates of 1 t/ha, however, it is not
sure whether soil carbon levels would increase or rather diminish
less fast than they normally do. The effects on crop yield would be
evident, due to the extreme carbon poverty of local soils, but the
difference from business as usual would be too small to be
measured by most instruments (Dr. Mathias Fosu, Savannah
Agricultural Research Institute, 2011, personal communication
22.06.2011). Application rates for conventional NPK fertilizer were
estimated together with the Savannah Agricultural Research Insti-
tute in Tamale to be 2/3 of the rate recommended by the Ghanaian
government. For organic fertilizer it was assumed that 1 ton can
substitute 0.1 ton of NPK, following the results of field trials per-
formed in the region (SARI, 2011). Most farming is done by hand
in this region, thus without GHG emissions. The most common
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Fig. 2. System definition for LCA. T = transportation. Gray boxes = capital goods. White boxes = processes. Dashed line = system boundaries. Bold text = functional units.

mechanized process is ploughing, and it is not included in the LCA
because assumed to be the same in all scenarios. The biogas yield
of the digesters is assumed to be 100 m>/t waste, with a methane
content of 60%, the efficiency of the generator 0.35 (Burri and
Martius, 2011). The amount of carbon in rice husks biochar ranges
between 0.35 and 0.59 t C/t biochar (Woolf et al., 2010; Shackley
et al., 2012a; Haefele et al., 2011) of which 80-92% is recalcitrant,
the fraction which is permanent in soil (Shackley et al., 2012a;
Woolf et al., 2010). Sequestered carbon can therefore range
between 0.28 and 0.54tC/tbiochar, and here a value of
0.42 £ 0.07 was assumed. At the considered pyrolysis yield of
0.3 £0.05 t biochar/t rice husks, 720 tons of biochar are produced
every year, which are applied to new land each year at a rate of
10 t/ha. N,O emissions from farmland were estimated following
IPCC recommendations (De Klein et al., 2006) and it was assumed
that they would be 50% lower in land amended with biochar, fol-
lowing Woolf et al. (2010). Since every year biochar is applied to
new land, the value of N,O emissions avoided will grow in the
years, and it was here averaged over 20 years. GHG emissions from

NPK fertilizer manufacturing were calculated using the E-LCA soft-
ware by CML (Van der Voet et al., 2008). Cement, steel and wood
requirements for capital goods (waste processing equipment and
vehicles) were estimated by the authors in collaboration with
DeCo, and emission factors were taken from the Ecoinvent data-
base (2010).

Table 2 shows the results of the impact assessment, broken
down by life cycle steps.

BIOCHAR is the scenario with the lowest impact, a negative
impact in fact, since the sequestration of carbon offsets all the
emissions incurred in the rest of the system. BIOGAS is second best,
thanks to the double climate benefits of avoiding landfilling and
generating electricity, summing up to a 58% total GHG emission
reduction compared to BASELINE. The COMPOST scenario also
brings significant benefits, with an emission reduction compared
to BASELINE of 41%.

The biggest benefit of the considered scenarios is in the waste
processing stage, namely the avoidance of landfilling. Methane
and nitrous oxide emissions from compost heaps are also an
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Table 1
LCA assumptions and sources.
Process Unit Values in Sources Considered  Considered
literature value uncertainty range
Methane generation from  kg/t waste 20-40 UNFCCC (2010) 30 20-40
landfill
Methane losses from kg/t waste 0.004-8 De Groot (2010), Butler and Hooper (2010), Brown et al. (2008) 4 0-8
composting
Methane losses from AD kg/t waste 0-8 De Groot (2010) 1 0-2
Methane losses from kg/t waste 6-13. Sparrevik et al. (2013) negl. 0-13
pyrolysis
N,O generation from negl. Brown et al. (2008), UNFCCC (2010) negl.
landfill
N,O generation from g/t waste 60-600 De Groot (2010), Brown et al. (2008) 300 0-600
composting
N,O generation from AD g/t waste 0-120 De Groot (2010) negl.
N,O generation from g/t waste 0-4 Field et al. (2013), Sparrevik et al. (2013) negl.
pyrolysis
Compost yield t/t waste DeCo 0.5 0.4-0.6
Methane yield from AD m>/t waste Burri and Martius (2011) 60 0.50-0.70
Biochar yield t/t waste 0.25-0.35 Field et al. (2013), Fournier (2009) 0.30 0.25-0.35
C content in compost t C/t compost DeCo 5.91
C content in poultry t C/t manure DeCo 33.15
manure
N content in compost t N/t compost DeCo 0.57
N content in poultry t N/t manure DeCo 2.60
manure
Organic fertilizer t/ha DeCo 24
application rate
NPK fertilizer application  t/ha DeCo 0.24
rate
Biochar application rate t/ha 0.4-41 Ogawa and Okimori (2010), Haefele et al. (2011), DeCo 10
Biochar carbon t C/t biochar 0.28-0.54 Woolf et al. (2010), Shackley et al. (2012a), Haefele et al. (2011) 0.42 0.35-0.49
sequestered
Soil N,O emissions % of N applied De Klein et al. (2006) 0.016
Soil N,O emissions % of N,O 50-80% Woolf et al. (2010) 50% 20-80%
reduction with biochar emissions
Soil organic carbon % of C in 2-14% Luske and Van der Kamp (2009), Boldrin et al. (2009), Brown et al. ~ 8% 2-14%
sequestration organic (2008), Biala (2011)
fertilizer
Emission factor NPK kg CO, eq/ Ecoinvent (2010), Van der Voet et al. (2008) 1.13
fertilizer production kg NPK
Truck transport emissions 1/t km 0.015-0.05 Ecoinvent (2010), Field et al. (2013), Hine and Sinaga (2001), 0.04 (0.07) 0-03-0.05
(Garbage truck) (0.07) Friedrich and Trois (2013) (Zoomlion Ghana Ltd.)

important impact, as well as poultry manure transport in COM-
POST, BIOGAS and BIOCHAR alike, while other transport impact
account for less than 1% of impacts in all scenarios. The avoided
production of NPK fertilizer accounts for 4-10% of the total emis-
sion reductions. The estimated increase in soil organic matter by
use of organic fertilizer constitutes only 2-5% of the total benefits
of the considered systems, but enough to offset 75-81% of the esti-
mated nitrous oxide emissions from the use of organic fertilizer.

3.3. Uncertainty analysis

Due to the scarcity of accurate context-specific data (i.e. about
emissions from transportation, composting, AD or biochar produc-
tion) and the many unknowns of soil carbon dynamics (both for
organic carbon and for biochar sequestration) a lot of the values
used in the inventory have a high level of uncertainty. Uncertainty
ranges were derived from a literature review of similar studies for
the most uncertain values, as detailed in Table 1. Fig. 3 shows the
magnitude of these uncertainties (the bars) and, for comparison,
the total emissions of the COMPOST and BIOGAS scenarios (hori-
zontal lines).

The most important uncertainties in absolute terms are how
much carbon is sequestered as biochar and how much CHy is
formed in the landfill. The former depends on soil properties, bio-
char properties and climate, and it can be best estimated by long
term field trials. The latter depends mainly on the depth of the

landfill (UNFCCC, 2010), and it is difficult to estimate in developing
countries (Friedrich and Trois, 2011). How much GHG are formed
during the composting process is also a very large uncertainty for
all scenarios. Alone it amounts to 67% of the total emissions of
COMPOST and 94% of the total emissions of BIOGAS. This high
value is due to the fact that N,O, which is a very powerful GHG,
with a Global Warming Potential of 310, can form in compost
heaps. The actual amount generated depends on how the heaps
are managed and on feedstock properties and is hard to estimate
without direct measurements. Other uncertain values are also sig-
nificant, but less than the ones above.

The biggest uncertainties, biochar sequestration, formation of
CH,4 in compost heaps and the landfill and N,0O formation in com-
post heaps are hard to reduce, because their values depend on
microbiological processes which are hard to model and predict.
The results show however also that the total uncertainty can be
significantly reduced by more accurate technical data about bio-
char and biogas yields.

4. Economic assessment
4.1. Data used
An economic model, with initial investment, operating costs

and revenues associated with the start-up and operation of the
considered systems was built and used to evaluate their economic
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Table 2
Life cycle impact assessment results.

Life cycle stage Process GHG emissions (t CO; eq)
Baseline Compost Biogas Biochar
Capital goods 2.71 65.55 734 128.24
Waste transport OMSW to plant or landfill 8.02 7.54 7.54 7.54
Shea waste to plant 2.29 2.29 2.29
Poultry manure to plant 142.58 142.58 142.58
Rice husks to plant 15.37
Waste processing/fertilizer production Landfilling organic 956.27 0 0 0
Composting 265.5 265.5 265.5
Anaerobic digestion 31.5
Rice husks burning 0 0 0
Rice husks pyrolysis 0
NPK fertilizer production 60.75
Fertilizer transport Chemical fertilizer transport 12.46
Organic fertilizer/biochar transport 2593 25.93 32.15
Fertilizer use N,0 emissions from soil 39.42 41.65 41.65 37.98
Soil organic carbon sequestration -31.20 -31.20 -31.20
Biochar sequestration -1108.8
Energy production Diesel generator 271.53 271.53 271.53
Biogas generator 0
Other Flights 6.37 6.37 6.37
Total GHG emissions 1351.16 797.74 565.55 —230.45
Difference compared to BASELINE —553.42 —785.61 -1581.61
(% Difference compared to BASELINE) (—41.0%) (—58.1%) (—117.1%)
feasibility as well as the influence upon it of potential revenues 'g sgg 7 COMPOST total
from the sale of carbon credit. N j REESEN
Several factors influence negatively the capacity to predict S 500 4 [ ong
future cash flows and evaluate the performance of the investment g 400
for a long time span. g 300
. . .. S 200
Mainly, compost, biochar and renewable electricity are not 2 100 I
. . (=
products that are widely traded in Northern Ghana as of now, so s 0 B H N =T Fesmem
. . . . = - q
the market price at which they can be sold is not certain. Because 3 o T, 90,500, 8 B Pl %%;8:, 0, 80,50, %,
c s . . . . . 2 S R D S o 0 A O s O R
of this high uncertainty a single period ratio was preferred, without 5 BBy w’q;:%,f %, 20F WS, ‘ﬁ%"’/ﬁo"wf’%’é o
. . . . . %, A8, % a a .
time series of costs and revenues and with no need for discounting. “"%""’% %?%,’3 v OG,Z%;‘%Q%?@:%"Q@ %o%
. . ), 7 22
The ratio used is the Return on Investment (ROI), defined as ROI = - "%%%,// %’i’goo 2 "/o*g:%_ %, "%,,é’
. . . 4 4
Profit/(Operation Costs + Annuity). The annuity (annual repayment T % % T,

of the initial investment) was calculated over a period of 10 years
at an interest rate of 10%. Economic feasibility was defined as
ROI > 5%.

Initial investment costs include the cost of land, equipment,
buildings, machines, reactors and vehicles. Costs for the compost-
ing plant and the digesters are based on the figures provided by
DeCo and by Burri and Martius (2011). Capital costs for biochar
systems in the literature range from 11 to 63 EUR/t of annual feed-
stock processing capacity (Roberts et al., 2010; Islam and Ani,
2000; Meyer et al., 2011; Shackley et al., 2012b), although figures
from the private sector go up to 500 (Fournier, 2009). Here a value
of 25 EUR/t feedstock was considered, equivalent to 60,000 EUR
total equipment cost, which is the cost of a common rice husks gas-
ification system in Cambodia according to Shackley et al. (2012b),
plus estimated construction costs of 10,000 €. Operating costs
include staff, purchase and transport of raw materials, utilities
(electricity and water) and fuel costs. Taxes are not included and
5% is added for maintenance and overhead expenses. In COMPOST
the only revenues are from the sale of organic fertilizer, BIOGAS
has additionally the sale of electricity, BIOCHAR the sale of biochar.
Fertilizer was assumed to be sold at 40 EUR/ton, electricity at
0.04 EUR/KW h and biochar at 15 EUR/ton, which is the price of
the residue of traditional charcoal production, a mix of charcoal
powder and dirt, which has been used for biochar field trials in
the region (Abokobi Society Switzerland, unpublished results). Car-
bon credits, or Voluntary Emission Reductions (VER,
1VER =1t CO, eq) were considered to be generated from landfill

Fig. 3. Uncertainty analysis of LCA results. Uncertainty of selected LCA values in
comparison with total carbon footprint of scenarios.

avoidance for 0.14 tons of carbon per ton of MSW, from renewable
energy production for 0.79 tons of carbon per MW h, from biochar
sequestration for 1.65 tons of carbon per ton of biochar applied.
The former two values were calculated using the relevant CDM
methodologies (UNFCCC, 2010, 2011), the latter is derived from
the GHG footprint model under the assumption that all carbon
sequestered could be translated into carbon credits. The consid-
ered price of carbon is 7 EUR/t CO, eq, a price that at the time of
writing is realistic on voluntary markets, but very optimistic on
compliance markets. Finally, accessing carbon revenues requires
official accreditation and the filing of annual monitoring reports.
These translate into substantial costs that were not included here,
assuming that they are born by an external partner, a carbon con-
sultant/broker, which subsequently purchases the credits.

4.2. Results

As shown in Table 3, all alternatives have a negative ROI as the
revenues are not sufficient to cover the costs. The difference
between the results with and without carbon credits (VER) is not
very significant, and the loss is between 15% and 25% of running
costs in all scenarios.
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The integration of a biogas system cannot improve the viability
of a composting system, as shown by the fact that BIOGAS has a
lower ROI than COMPOST. Integrating a biochar system without
the additional revenues from the sale of carbon credits would
not be justified from an economic point of view, since BIOCHAR
has a higher ROI than composting only with access to carbon mar-
kets. Many uncertain parameters have been used to evaluate the
feasibility of the project, from the prices paid for compost, biochar
and electricity to the price of carbon credits to the cost paid/fee
charged for organic waste collection. In the following section the
sensitivity of the results to carbon price is discussed. In Sections
5.2 and 5.3 the importance of organic waste cost and biochar price
are also discussed.

4.3. Sensitivity to carbon price

The carbon price that, ceteris paribus, would be required to
achieve a satisfactory ROI was also calculated. Fig. 4 shows the sen-
sitivity of ROI to carbon price.

The slope of the curves depends on the amount of carbon cred-
its generated, so BIOCHAR has the steepest slope, followed by BIO-
GAS, while COMPOST’s profitability is the one that grows the least
with increasing carbon prices. Composting alone, in fact, generates
1 VER every 7.2 tons of fertilizer produced, while in BIOGAS 1 VER
is generated every 4.5 tons of fertilizer. In biochar production car-
bon revenues would be much more conspicuous, with 1 VER gen-
erated every 0.6 tons of biochar produced.

COMPOST becomes viable, with a ROI above 5%, at a carbon
price of 84 EUR/VER. BIOGAS does not perform significantly better
and becomes feasible with a carbon price of 78 EUR/VER. BIOCHAR,
which is the scenario with the worst economic performance with-
out access to carbon markets, is also the one that generates the
most VER, combining the emission reductions of composting and
biochar sequestration. It would only need a carbon price of
31 EUR/VER to reach a ROI of 5%.

5. Discussion

5.1. GHG benefits of composting and anaerobic digestion from a life
cycle perspective

Both composting and AD have been found to have a substantial
potential for reducing GHG emissions of organic waste manage-
ment in Tamale, by respectively 41% and 58% compared to business
as usual (open landfill).

To compare the findings with similar studies, values per unit of
waste input are calculated. Here 1 part of MSW was considered to
be mixed together for composting with 1 part of other local bio-
mass (shea butter production waste and dry neem leaves) and 1
part of poultry manure imported from the South of Ghana. Since
different feedstocks have different business-as-usual scenarios
(landfill for MSW, aerobic decomposition for other local biomass,
agricultural use for poultry manure) they should also be allocated
different GHG benefits. Landfill avoidance is fully allocated to
MSW, while fertilizer substitution is divided between MSW and
other local biomass, on the basis of their Nitrogen content. The
GHG mitigation benefit of composting for MSW compared to busi-
ness as usual is therefore 0.51tCO, eq/t waste (0.14tCO,eq/
t waste for other biomass), a substantial reduction, but somewhat
lower than the estimations by Aye and Widjaya (2006) in Indone-
sia of 0.66 t CO,/t waste. The difference is explained primarily by
the low nutrient density of Tamale’s MSW compost, which requires
enrichment with poultry manure imported from a distance of
370 km and reduces the benefits from NPK fertilizer substitution.
Barton et al. (2008) found even higher abatement potential of

0.7-1.2 t CO, eq/t MSW, but this results do not include any GHG
emissions for transport and capital goods. In the results presented
in this paper emissions from the composting process itself are
quite low, 0.09 t CO, eq/t waste as opposed to values in literature
of 0.18-0.93 t CO; eq/t waste (Aye and Widjaya, 2006; Friedrich
and Trois, 2013; Lundie and Peters, 2005), because all processes
are performed by hand. They remain however an important uncer-
tainty (see Fig. 3 in Section 3.3).

Extracting energy from MSW with AD would increase GHG mit-
igation potential by an extra 0.17 t CO, eq/t MSW compared to
direct composting. Three other studies compared AD and compost-
ing in developing countries and found this value to be 0.09 t CO, -
eq/t MSW (Aye and Widjaya, 2006), 0.21 t CO, eq/t MSW (Barton
et al., 2008) and 0.23 t CO, eq/t MSW (Friedrich and Trois, 2011).
Specifically in the case of Ghana, in gray literature Wikner (2009)
performed an LCA of AD of MSW in another Ghanaian city, and
found that the benefit across the life cycle amount to 0.99 t CO, -
eq/t MSW compared to uncontrolled landfill. The value is higher
than that found by this study of 0.67 t CO, eq/t MSW, and the dif-
ference is explained mainly by emissions from transport, as well as
capital goods. Finally, Nzila et al. (2012) estimated the GHG bal-
ance of farm-scale AD in Kenya, excluding baseline methane for-
mation but including energy (kerosene) and fertilizer
substitution, to be about neutral. The difference with the value
found in this study (net emissions 0.06 t CO, e/t waste) is also con-
nected mainly to transport emissions, which are absent in the
model by Nzila et al. (2012).

5.2. Economic viability of using organic waste for soil restoration,
nutrient cycling and energy

Altogether composting was found to be not viable without
external subsidies in Northern Ghana. Literature about composting
in developing countries uses very different estimates for both pro-
duction costs and compost prices, but generally agrees that subsi-
dies are needed for it to be economically feasible (Danso et al.,
2006; Cofie et al., 2009; Couth and Trois, 2012b). Nonetheless the
required carbon price for viability of compost in Tamale was found
to be 84 €/VER (117 US$ considering the 2011 average exchange
rate of 1.4 $/EUR), while Couth and Trois (2012b) state that 16$
would be sufficient for viability. Furthermore, in two out of two
detailed economic assessments of composting case studies in
developing countries found in literature, composting was consid-
ered viable without subsidies, both in Bangladesh (Zurbrugg
et al., 2002) and Indonesia (Aye and Widjaya, 2006). The difference
can be explained by the cost of feedstock, which amounts to as
much as 60% of operation costs in the considered Ghanaian sce-
nario (12.50 €/t MSW, 20 €/t poultry manure and neem leaves,
10 €/t shea waste, weighted average 15.8 €/t waste), while they
are null in the Jakharta case (Aye and Widjaya, 2006) and consti-
tute a revenue, in fact 37% of total revenues, in the case of Dhaka
(Zurbrugg et al., 2002). These results point to the fact that also in
the North of Ghana composting could be economically self-sustain-
ing if it would combine fertilizer sales with the provision of a waste
management service.

The analysis has shown that digesting anaerobically MSW
before composting is also not a viable option without subsidies.
Access to carbon revenues make the combined AD and composting
operations viable at a carbon price of 78 €/VER (109 $). Other stud-
ies assessing different AD systems in developing countries have
however found it to be quite viable. Salum and Hodes (2009) find
on-site AD of waste for the sisal agro-industry to be viable in Tan-
zania with a carbon price of 15 $ and Nzila et al. (2012) find AD to
be very profitable at household level in Kenya even without carbon
revenues. Aye and Widjaya (2006) find it to be barely feasible in
Jakharta, but worse than composting, due to very high initial costs,
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Table 3
Economic assessment.

Compost (EUR) Biogas (EUR) Biochar (EUR)

Initial investment Composting plants 68,100 69,540 78,100
Digesters 42,400
Generators 20,000
Vehicles 16,000 16,000 16,000
Biochar reactor 70,000
Total investment 84,100 147,940 164,100
Operation costs Staff 49,900 64,360 52,264
Organic waste 71,250 71,250 71,250
Fuel 5101 5101 11,722
Utilities 400 1140 400
Overhead and maintenance 6333 7093 6782
Total operation costs 132,983 148,943 130,800
Annuity (capital cost) 13,687 24,077 26,707
Revenues Compost 120,000 120,000 120,000
Electricity 12,068
Biochar 10,800
Total revenues 120,000 132,068 130,800
Additional VER revenues VER avoided landfill 2835 2835 2835
VER renewable energy 1666
VER biochar 7762
Total VER revenues 2835 4501 10,597
Profit Without VER revenues —26,670 —40,952 -38,324
with VER revenues —23,835 —36,451 -27,727
ROI Without VER —~18.18% —23.67% —22.66%
With VER ~16.25% ~21.07% -16.39%
80% - averaged per unit of rice husks processed. The resulting net benefit
BIOCHAR is 0.43 t CO, eq/t waste, and, since life cycle emissions are small
80% 1 (less than 10% of the sequestration), this value is strongly related
5 40% - to the assumptions about how much of the C in the biomass is
© actually sequestered in soil (here 0.46 t CO, eq/t waste). Other
g 20% LCAs of biochar focusing on developing countries found similar
=g .. . .
8 o ROISS% COMPOST results. Two similar case studies presented in Scholz et al.
Cl . .
2 (2014), from Vietnam and Senegal, also come to the conclusion
20% - that the climate mitigation potential of biochar is 0.4/0.5t CO, -

-40% -1 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Carbon price € VER

Fig. 4. ROI sensitivity to carbon price. Variation of ROI (Return on Investment) of
the considered systems with varying price of carbon (VER: Voluntary Emission
Reductions = 1 t CO; eq). ROI = 5% is the chosen value for economic feasibility.

i.e. for land and machinery (156 $/t waste as opposed to 64 $/t
waste in Tamale). As for composting, the bad economic perfor-
mance of AD in Tamale is also explained mainly by the high cost
of waste. An economic opportunity could lie in digesting anaerobi-
cally not only MSW but also the shea waste that is composted with
it, following the findings of Ofosu and Aklaku (2010). This would
generate higher revenues from sales of electricity and VER, at sim-
ilar operational costs. Finally it could be the case that digesting
MSW first would increase the nutrient density of the resulting
compost, thus reducing or eliminating the need for enrichment,
increasing the fertilizer quality, and reducing transportation costs
for the end users (since less compost per hectare would be
needed). Future research should focus therefore on what types of
waste can be digested, and what is the quality of the digestion
residue.

5.3. The economic and environmental potential of biochar

To compare the GHG mitigation benefit of the considered bio-
char system with similar studies in the literature, reductions are

eq/t waste. A Zambian case study (Sparrevik et al., 2013) assesses
the benefits of using biochar produced in a small scale low tech
retort kiln from agricultural waste in a conservation agriculture
system. The final results are very similar, as the net reduction is
calculated to be 0.44-0.46 t CO, eq/t waste, depending on the
actual yield increases achieved. However their model highlights
higher carbon sequestration (0.78 t CO, eq/t waste) balanced by
higher GHG emissions along the life cycle, especially fugitive meth-
ane emissions during pyrolysis, compared to our research. Another
case study by the same authors (Sparrevik et al., 2014) analyzing
biochar production from cocoa waste in cookstoves in Indonesia
quantified the GHG benefits at 0.33 t CO; eq/t waste. Shackley
et al. (2012b) look at rice husks biochar produced in small-scale
gasifiers in Cambodia. Their study is not a full LCA but rather a
GHG balance of the gasification system, and estimates its net ben-
efits at 0.82-0.84 t CO, eq/t waste including energy production.
Excluding energy generation the net GHG mitigation is of 0.38-
0.40 t CO, eq/t waste. The same study also highlights the fact that
the benefits go up to 4.4 t CO, eq/t waste if the baseline is anaero-
bic decomposition of the husks in rice paddies. Focusing on U.S.
case studies with coupled energy and biochar production, Field
et al. (2013) and Roberts et al. (2010) found values in the range
of 0.55-0.89 t CO, eq/t waste, depending on technology and feed-
stock choice. Carbon sequestration is assumed to account for,
respectively, 0.76 and 0.59 t CO, eq/t waste), and the former found
that in most cases using biochar for energy production instead of
agriculture creates better GHG benefits. Finally Ibarrola et al.
(2012) analyzed the GHG footprint of various scenarios of biochar
production with different technologies and types of organic waste
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in the UK. finding net sequestration ranging between 0.07 and
1.25 t CO, eq/t waste, but none of the scenarios is really compara-
ble to the one studied in this paper.

The fact that the results presented in this study are in line with
those found by others shows that biochar systems have indeed
potential to mitigate GHG emissions. How much this reduction will
amount to depends on the baseline use for the biomass (i.e. energy
recovery, aerobic decomposition or anaerobic decomposition),
whether energy is also produced with pyrolysis, and how much
carbon is assumed to be sequestered per unit of biomass waste.
The latter cannot be determined with certainty with current tech-
nology, and depends on char yield and the share of recalcitrant car-
bon, hydrogen and oxygen in the biochar. In the case of Tamale, it
was found that life cycle emissions (infrastructure and transporta-
tion) are very low, also including uncertainty ranges, so the benefit
of carbon sequestration is maximized. Two cases (Sparrevik et al.,
2013; Field et al., 2013) stress the importance of controlling fugi-
tive emissions from pyrolysis that were not included in this study.
Energy production together with biochar production would further
increase the GHG mitigation potential, but using rice husks to pro-
duce only energy could even prove to be better from this point of
view, and a separate assessment is needed, also including a quan-
tification of agricultural benefits from using rice husks biochar and
a technology-specific assessment of fugitive GHG emissions from
pyrolysis.

The economic assessment of biochar production in Tamale
found it to be not viable, alongside composting, without subsidies.
One of the goals of the analysis was to determine whether copro-
ducing biochar with compost could improve its business case by
creating economies of scale in terms of marketing and logistics,
although a firm answer cannot be given because not many studies
focusing on developing countries can be easily used for compari-
son. The economic analyses of biochar in developing regions found
(Pratt and Moran, 2010; Shackley et al., 2012b; Sparrevik et al.,
2014; Scholz et al., 2014) are based on different premises. Pratt
and Moran (2010) state that biochar is viable in Africa, considering
carbon price as low as 6 $ (4.3 €) but do not provide the list of
assumptions used. Shackley et al. (2012b) focus on the observation
of a viable gasification energy system which has biochar as a
byproduct. Sparrevik et al. (2014) look at decentralized biochar
production in Indonesia from the perspective of a household look-
ing at a variety of economic and non-economic costs and benefits.
Scholz et al. (2014) present two studies taking the same perspec-
tive in Kenya and Vietnam, but include also a case study from Sen-
egal where biochar is centrally produced from rice husks, in a
scenario similar to that presented in this paper. Their results sug-
gest that biochar production is profitable for farmers that use it
but not for the producer, who incurs a loss of 30 § (21 €)/t waste.
It can be calculated that subsidies of 73 $ (52 €)/t CO, eq, much
higher than those here estimated of 30 €/t CO,eq, would be
needed to cover this gap, even though in the study biochar is sold
at the higher price of 200 $ (143 €)/t. The main reason for the much
lower profitability in Scholz et al. (2014) is capital costs, more than
4 times higher than those assumed here per unit of waste treated.
Other economic assessments of biochar systems, all focusing on
the U.S., find that carbon revenues are needed to ensure viability,
and that the prices of carbon and biochar, both highly uncertain
factors, are the main determinants for assessing system profitabil-
ity (Galinato et al., 2011; Field et al., 2013; Roberts et al., 2010). In
comparable case studies (pyrolysis of agricultural waste) required
carbon prices (for 1t CO, eq) are respectively 1-31 $, (with a bio-
char price between 12 and 100 $/t char, Galinato et al.,, 2011),
50-150 $ (depending on technology used and energy recovery lev-
els, Field et al., 2013) and 2-40 $ (depending on feedstock choice,
its location and baseline use, with biochar price of 40-70 $/t char,
Roberts et al., 2010). In Tamale, Ghana, biochar coproduction was

found to improve the economic performance of composting with
a carbon price of 7 € (9.8 $)/VER and biochar price of 15 € (20 $)/
t char, although still operating at a loss unless the former would
rise to 10 € (14 $)/VER or the latter to 20 € (28 $)/t char (excluding
the viability of the composting system). These results point out
that biochar could indeed be more viable in this context, when
coproduced with compost in an area where agriculture could really
benefit from it. However these results only hold if biochar is
accepted as a methodology for carbon credit generation by the
UNFCCC and it is proved that farmers are willing to pay such a
price for it, or in other words that its agricultural value would be
higher than its price. At the considered price of 15 € (20 $)/t char,
based on observation of the market price of charcoal production
byproduct, a carbon price of 30 € (42 $)/VER would make the com-
bined composting-biochar system economically viable. Such a car-
bon price is not unrealistic on voluntary markets.

6. Conclusions

This research has looked at quantifying the potential climate
benefits of organic waste recycling through composting, AD and
biochar production in Tamale, and at how carbon markets can
facilitate the realization of this potential.

Three alternatives based on low-tech, small scale variants of
composting, AD and pyrolysis were analyzed and compared from
the point of view of GHG emission reduction potential, costs, rev-
enues, and potential for carbon credit generation.

It was found that these technologies can give a significant con-
tribution to climate change mitigation through landfill avoidance,
energy production, sequestration of carbon in soils and avoided
use of NPK fertilizer. However they are not economically viable
without receiving external subsidies. Carbon markets can help
the realization of these organic waste management systems,
although not at the current carbon price levels, which are too
low. With higher carbon prices, the contribution of carbon markets
to the economic feasibility of all the three technologies could
become substantial. Biochar sequestration is the activity that
would benefit the most from access to carbon markets, although
conditionally to the approval of biochar sequestration as a carbon
credit generating mechanism. Extracting biogas from the waste
before composting would increase carbon revenues (compared to
composting alone) by about 60%. The minimum carbon prices that
would allow to reach an acceptable rate of return, would then be
lowest for biochar production with composting (31 EUR/VER),
highest for composting alone (84 EUR/VER) and in between for
anaerobic digestion (78 EUR/VER).
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