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a  b  s  t  r  a  c  t

Biomass  is  an  important  renewable  energy  source  that  holds  large potential  as feedstock  for  the  produc-
tion  of different  energy  carriers  in a context  of sustainable  development,  peak  oil and  climate  change.
In  developing  countries,  biomass  already  supplies  the bulk  of energy  services  and future  use  is  expected
to  increase  with  more  efficient  applications,  such  as the production  of biogas  and  liquid biofuels  for
cooking,  transportation  and  the generation  of power.  The  aim  of  this  study  is to  establish  the  amount
of  Ghana’s  energy  demand  that  can  be satisfied  by using  the country’s  crop  residues,  animal  manure,
logging  residues  and municipal  waste.  The  study finds  that  the  technical  potential  of  bioenergy  from

3

ioenergy
iogas
ellulosic ethanol
hana

these  sources  is  96  PJ  in  2700  Mm of biogas  or 52  PJ  in 2300  ML  of cellulosic  ethanol.  The  biogas  poten-
tial  is  sufficient  to  replace  more  than  a quarter  of  Ghana’s  present  woodfuel  use.  If  instead  converted
to  cellulosic  ethanol,  the  estimated  potential  is seven  times  the  estimated  336  ML  of  biofuels  needed  to
achieve  the projected  10%  biofuels  blends  at the national  level  in  2020.  Utilizing  the calculated  potentials
involves  a large  challenge  in terms  of  infrastructure  requirements,  quantified  to hundreds  of  thousands
of small-scale  plants.
. Introduction

Biomass is a renewable energy resource derived from living or
ecently living organisms (Fernandes and Costa, 2010). Biomass
s today a very important energy source and forecasts for energy
onsumption suggest that it has a pivotal role to play as it can
rastically reduce greenhouse gas1 emissions compared to fossil
uels if produced sustainably (IEA Bioenergy, 2008; IEA, 2012). In
eveloping countries, biomass already supplies the bulk of energy
ervices albeit in very inefficient forms, particularly as firewood
nd charcoal for cooking and heating. Future use of biomass is
xpected to entail more efficient applications, such as the produc-
ion of biogas and liquid fuels for cooking, transportation and the

eneration of power. Many of the available studies on utilizing
iomass for energy have targeted global and/or regional level
ssessments (e.g. Dasappa, 2011; Smeets et al., 2007) while others

∗ Corresponding author. Tel.: +233 207457532.
E-mail addresses: fkemausuor.soe@knust.edu.gh, Kemausuor@gmail.com

F. Kemausuor).
1 Greenhouse gases are gases that trap heat in the atmosphere. These gases

nclude carbon dioxide and methane.
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have targeted specific countries (see Cai et al., 2008; Kludze et al.,
2010). The use of biomass residues, especially, for the production
of non-food based biofuels is seen as a positive way to mitigate the
effects of climate change (Gustavsson et al., 2007).

In the last few years, several countries with high agricultural
potentials have sought to use their agricultural resources for the
production of biofuels to limit the local use of fossil fuels and/or for
export. Notable economic success stories are from Brazil, United
States (US), Malaysia and Indonesia (Lamers et al., 2011). However,
there have been criticisms of the use of agricultural land for the
production of energy crops because of consequent direct or indirect
effects of deforestation and increases in food prices (IEA, 2010).
This has encouraged research toward biofuels that are based on
lignocellulose in nonedible plant materials, typically in agricultural
residues, and on residues and waste from other economic sectors.
The bulk of residue-based biofuels (used throughout to refer
to biofuels based on agricultural and forestry residues, manure
and municipal waste) is expected to be produced from agricul-
tural residues, reducing the negative effects of using cropland to

produce biofuels instead of food. Political targets promote this
development, particularly in the US and EU, through incentives
for domestic production- and consumption targets that encourage
production (US Government, 2007; EU, 2009). The EU Commission

dx.doi.org/10.1016/j.resconrec.2014.01.007
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resconrec.2014.01.007&domain=pdf
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this luxury may  be short lived as oil drilling activities in the country
are not expected to go beyond the year 2040, even at a low produc-
tion peak of 250,000 barrels per day (approximately 558 PJ/year)
Fig. 1. Historical Brent crude oil prices (nominal prices).
ource: Data from BP (2012).

as published a proposal to limit the use of food-based biofuels to
eet its 10% ‘renewable energy for transport’ target to only 5% with

he rest expected to come from non-food based sources (EU, 2012).
Though Ghana is an emerging oil producer, oil reserves will be

epleted in the foreseeable future and it is prudent that alternative
nd more renewable energy sources are identified and made avail-
ble. According to early estimates, current oil production wells in
hana could run out by about 2040 (Edjekumhene et al., 2010) but
dditional discoveries have since been made which could extend
his date. Globally, oil reserves are dwindling due to the combina-
ion of population growth, urbanization, and increasing per capita
nergy consumption. As a result, crude oil prices are rising (Fig. 1)
ith implications for economies that are highly dependent on it.

he irregularities in oil supplies and distributions, the challenges of
ccessing and procuring unconventional oil, and occasional polit-
cal instabilities in oil producing nations in the developing world
ave caused general uncertainty regarding global reliability on
il, and have spurred renewed interest in renewable energy (IEA,
012). Moreover, combustion of fossil fuels contributes to global
arming (IPCC, 2007).

In view of the above, there is renewed interest in Ghana to
urther develop capacity in alternatives to fossil energy sources
nd thus (1) reduce the national carbon footprint, (2) reduce the
ountry’s dependence on oil, and (3) pursue political and economic
oals through utilizing presently under-utilized and domestically
vailable resources. Present political momentum is indicated by
he development of key documents such as the Strategic National
nergy Plan (SNEP) of 2006 (Energy Commission, 2006), the draft
ioenergy Policy of 2011 (Energy Commission, 2011a), and the
enewable Energy Law of 2011 (Ministry of Energy, 2012). Based
n these documents, bioenergy is expected to contribute signif-
cantly to renewable energy supply from Ghana’s energy sector.
n order to pursue a strategy of increased bioenergy production

hile avoiding some of the problems associated with direct or indi-
ect effects on food availability and deforestation rates, it makes
ense for Ghana to explore its potentials for residue-based biofuels.
his could make it possible for residue-based biofuels to contribute
oward the proposed targets for all types of biofuels. Energy poten-
ials from agricultural residues, logging residues, agro-industrial
esidues, municipal solid waste, food industry waste, industrial
astewater and animal waste could be explored for present and

uture energy needs.
Production of biofuels based on the mentioned residues avoids

he problem of competition over land with food production.

esidue-based biofuels, however, are not automatically envi-
onmentally benign nor do they ensure the development of a
ustainable energy supply. To mention a couple of issues, the sus-
ainability of feedstock supply is influenced by biomass production
Year

Fig. 2. Petroleum products consumption (Energy Commission, 2011b).

methods, and the transport and conversion of biomass into bioen-
ergy requires additional inputs. Biomass production, transport and
conversion are all likely to depend on non-renewable resources.
Furthermore, the use of any biomass for fuel production entails a
net loss of nutrients from the biomass production site that may
cause a systematic deterioration of soil quality. These and similar
issues require thorough assessment to avoid the substitution of one
set of problems with another set of problems (Gopalakrishnan et al.,
2009).

Bioenergy production in Ghana could be more than a means
to reach present and short-term energy demands and politically
established production targets; bioenergy could be a cornerstone
of sustainable development. Therefore, the ability of specific bioen-
ergy projects to sustain themselves over time and through changes
in the surrounding environmental, social and economic context
should be evaluated before decisions on which projects to develop
further are made.

This paper assesses the potentials for bioenergy (biogas and
cellulosic ethanol) to meet energy requirements in Ghana using
residues and waste as feedstock. Important questions addressed
in this paper include: (1) Which resources are available and how
much is retrievable? (2) What amount of Ghana’s projected energy
demand can be satisfied by utilizing the country’s crop residues,
animal manure, logging residues and municipal solid waste?

2. Present and projected energy consumption and
production

At the end of 2010, the energy consumption of Ghana was:
2.4 Mt  of petroleum products2 (equivalent to 111 PJ liquid fuel
energy), 6860 GWh  of electricity (equivalent to 25 PJ electrical
energy) and about 18 Mt  of woodfuel (equivalent to 360 PJ of
thermal energy, assuming 20 GJ/t of wood) (Energy Commission,
2011b). Even though animal manure is used to some extent in
the northern parts of the country, its use is minimal (Arthur et al.,
2011). There is currently no commercial production of liquid bio-
fuels in the country. About 200 household and institutional biogas
plants were estimated to have been installed at the end of 2009,
out of which less than half were functioning (Bensah and Brew-
Hammond, 2010).

Petroleum products dominate commercial fuels in Ghana and
consumption has been growing over time. In the last decade alone,
petroleum consumption increased 60% from 1.5 Mt  (69 PJ) in 2000
to 2.4 Mt  (111 PJ) in 2010 (Fig. 2). Even though Ghana is producing
oil and is likely to benefit from some of the effects of high oil prices,
2 Petroleum products refer to refined petroleum fuels such as gasoline and diesel.
It  does not include crude oil used for electricity generation.
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Table 1
Historical and projected use of woodfuel, petroleum products and electricity in Ghana.

Energy carriers Unit 2000 2015 2020

Woodfuel, mass Mt  14 38–46 54–66
Woodfuel, thermal energy equivalents PJ 280 760–920 1080–1320
Petroleum products, mass Mt  1.6 3 4.5
Petroleum products, liquid energy equivalents PJ 74 139 208
Electricitya GWh  6900 18,000 24,000
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ource: Modified from Energy Commission (2006).
a Excludes transmission and distribution losses.

nless new reserves are discovered (Edjekumhene et al., 2010).
omparing consumption levels up until 2020 (Table 1) with the
uggested oil production peak, the need for replacing petroleum-
ased fuels with biofuels does not seem imminent. It must be
nderstood, however, that the majority of oil being produced in
hana is produced by foreign companies and leaves the country for
xport, never seeing the Ghanaian market. Moreover, in a longer
erspective it seems prudent to develop the country’s bioenergy
ector. As noted by Hirsch et al. (2005), the time needed for prepar-
ng for and transition to a post-peak oil situation is counted in
ecades.

Traditionally, Ghana’s electricity production has come from two
ydropower dams (Akosombo and Kpong dams) which together
ontributed 69% to the over 10,000 GWh  total electricity gener-
ted in 2010. From just 8% in 2000, electricity from thermal plants,
riven by petroleum fuels, contributed 31% to electricity generation

n 2010. With the increase in electricity demand and poor rainfall
xperienced in recent years, the share of electricity from thermal
lants is expected to increase significantly (GRIDCO, 2011).

Various projections conducted by the Ghanaian Ministry of
nergy and its agencies (Energy Commission, 2006) suggest that
nergy demand will increase for all sectors of the economy in line
ith future economic growth (Table 1). In view of the demand for
etroleum resources and mindful of the environmental impacts of

ncreased consumption of petroleum fuels, the Strategic National
nergy Plan 2006–2020 and the draft bioenergy policy call for 10
nd 20% substitution of national petroleum fuels consumption with
iofuels by 2020 and 2030, respectively (Energy Commission, 2006,
011a). According to Antwi et al. (2010), Ghana would have to
roduce roughly 336 ML  of biofuels to substitute 10 per cent of
xpected transport fuels in 2020. Besides transportation, there is
lso the potential to replace portions of cooking fuel use (especially
rewood and charcoal) with biogas that is much more efficient
t the point of use. Demand for woodfuel is projected to increase
teadily to more than 50 Mt  in 2020, creating a worrying situation
ecause of the resulting net increase in forest degradation, averag-

ng about 115,000 ha/yr during the period 2000–2005 (FAO, 2010).
n order to reduce woodfuel usage and hence reduce the rate of
orest degradation, biogas for cooking should be encouraged and
mplemented with locally produced biogas. In the following, we

ill estimate the potential for replacing petroleum-based transport
uel and woodfuel use with cellulosic ethanol and biogas, respec-
ively. The possibility of converting biogas into electricity remains,
lbeit with considerable conversion loss. The production of elec-
ricity has not been elaborated on in this paper.

. Methodology

The estimation of available biomass residues in Ghana and
ioenergy potentials was based on detailed computations using
ublished literature when possible. In the cases where no scientif-
cally solid data were available for the computations, assumptions
ave been made which will appear in the specific cases. Fig. 3

llustrates how the residue- and energy potentials were obtained.
ifferent productions (p), yields (y), concentrations (c), and
efficiencies (�) are indicated. Table 2 explains the indices used in
Fig. 3. In the following sections the calculations will be elaborated
on.

3.1. Estimation of crop residue potentials

The estimation of residue potentials can be done in several ways,
according to different types of potential. These include theoreti-
cal, technical, economic, implementation and sustainable biomass
residue potentials (Biomass Energy Europe, 2010). The theoreti-
cal potential is the most straightforward to estimate since it takes
into consideration all biomass that is available for collection and
use and can be based on available crop production statistics. In
practice, however, not all the biomass may  be available for col-
lection and use due to different inhibiting, economic, social and
environmental factors. In this paper, we  assess the theoretical and
the technical potentials. The technical potential is the fraction of
the theoretical potential that is technically recoverable. Due to the
unavailability of data, we are unable to estimate beyond the techni-
cal potential. Thus, the economic, implementation and sustainable
biomass potentials, which should be much lower, are not estimated
in this paper. The estimated potential should be regarded as the
maximum that could be obtained based on current technology.

The main agricultural crops in Ghana, in terms of area cultivated
and production capacity, are cocoa, maize, cassava, yam, oil palm,
groundnut, plantain, sorghum, cocoyam and rice (MOFA, 2011).
Residues produced from these crops, relevant to bioenergy are the
straw, stalk, husks, trunks and sometimes their peels after harvest-
ing and/or processing. The theoretical potential of crop residues
was estimated using the output of crops multiplied by the residue
to product ratio (yRPR). There are yRPR values for crop types grown
in Ghana but these are from different test fields and regions mak-
ing accurate computation difficult (Duku et al., 2011; Jekayinfa and
Scholz, 2009; Kartha and Larson, 2000; Koopmans and Koppejan,
1997). Some parameters that may  vary from farm to farm include
moisture content at time of measurement, yield of crops, and yield
of biomass, which all depend on climatic conditions and the level of
management. The computation for this assessment was done using
the mean value from three different sources of yRPR (Table 3).

Following the example of previous studies (Lemke et al., 2010;
Zheng et al., 2010) we  use a recoverability fraction (yRF) to estimate
the technical potential (Table 3). The yRF is the ratio between the
residues that realistically can be collected and the total production
of residues (the theoretical potential) (Smeets et al., 2007). The yRF
differs according to crop type, soil type, typical weather conditions,
and the tillage system used. To the best of our knowledge, no study
has established the yRF for agricultural crops in Ghana. Doing so
would demand a detailed procedure as described by Kludze et al.
(2010), which is beyond the scope of this paper. The yRF used in
other assessments varies from one study to the other. In a global
assessment of bioenergy potentials, Smeets et al. (2004) used an yRF

of 25% for rice straw, 80% for stalks, 100% for processing residue and
50% for wood process residues. In an earlier assessment of maize
residues for energy production in the Eastern region of Ghana, the
Kumasi Institute for Technology, Energy and Environment (KITE,
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ig. 3. Computations of biogas and ethanol yields from Ghanaian biomass residu
arious indices are presented in Table 2.

009) used 80% yRF taking into consideration the fact that farming
n Ghana is largely no-tillage and with no existing regulation for
esidue management. In this paper, we assume recoverability frac-
ions based on previous studies to estimate the technical biomass
otential.

.2. Estimation of animal manure, wood residues and municipal
olid and liquid waste (MSW and MLW)

The potential quantities of animal manure resources are
stimated using number of animals, average annual manure pro-
uction per animal, coefficient of manure collection and dry

anure fraction (Cai et al., 2008). Amount of manure per head per

ay depends on factors such as body size, kind of feed, physiolog-
cal state (lactating, growing, etc.), and level of nutrition (Junfeng
t al., 2005). The manure theoretically available was estimated by

able 2
ndices of productions (p), yields (y), concentrations (c), and efficiencies (�) used in the de

Index Explanation 

cglu The concentration of glucan (cellulose or starch) in a specific 

chem The concentration of hemicellulose in a specific residue 

cOF The concentration of the organic fraction in MSW  

cTS Total solids concentration 

pcrop The production of specific crop residues annually 

plive Number of specific livestock populations 

pMLW Production of municipal liquid waste 

pMSW Production of municipal solid waste 

pres The annual production of forestry residuals 

yBMP Biomethane potentials – from literature 

yBuswel Biomethane potentials–calculated with Buswel’s formula 

yeth Ethanol stoichiometric yield from glucose 

yhyd Glucose yield when enzymatic hydrolysed from glucan 

yman Manure produced of one specific livestock annually 

yRPR Residue to product ratio 

yRF Recoverability fraction 

�enz Efficiency of enzymatic conversion (cellulose converted) 

�pre Efficiency of pretreatment (glucose conserved) 

�rec Recoverability of manure for specific livestock 

�scale The average efficiency of continuous biogas production comp

S is total solids.
ductions (p), yields (y), concentrations (c), and efficiencies (�) are indicated. The

multiplying the number of animals (plive) by the estimated manure
produced per day (yman). Data on animal production was obtained
from the Ghanaian Ministry of Food and Agriculture (MOFA, 2011).
The recoverability fraction used in the estimation of technically
available animal manure is based on a study by KITE (2008).

Wood residue results as a co-product of logging and timber
processing. Wood residue can be collected and used from in-forest
cutover, log landing or wood processing sites. In Ghana, the landing
and processing sites are often the same since the tree-length mate-
rials are transported straight from the forest to the processing sites.
Data on wood production was obtained from the FAO (2012). The
data obtained is categorized into slabs, wane, bark and sawdust.
With regard to MSW,  data was collected only for the regional
capitals and other major cities. These cities were considered
because of relatively higher population and therefore higher gener-
ation of solid and liquid waste and better waste collection systems

termination of biogas and ethanol yields from Ghanaian biomass residues.

Unit

residue g/100 g TS
g/100 g TS
g/100 g TS
g TS/100 g
t TS/yr
heads
t TS/yr
t TS/yr
t TS/yr
m3 CH4/kg TS
m3 CH4/kg TS
g/g
g/g
kg/yr/head
w/w
w/w
%
%
%

ared with BMP  (depending of reference of BMP) %
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Table 3
Indices for specific agricultural and forestry residues.

Crop Residue pcrop (pres) (yRF) yRPR
* yBuswel

Mt  TS/yr g/g g/g m3 CH4/kg TS

Maize
StalksF 1.7 0.80 1.59a,b,c 0.268
HusksP 1.7 1.00 0.20b 0.238
CobsP 1.7 1.00 0.29b,c 0.348

Rice
StrawF 0.47 0.25 1.66a,b,c 0.264
HusksP 0.47 1.00 0.26b,c 0.232

Millet  StalksF 0.18 0.80 1.83a,b,c 0.181
Sorghum StrawF 0.29 0.80 1.99b,c 0.285

Groundnut
ShellsP 0.48 1.00 0.37b,c 0.227
StrawP 0.48 1.00 2.15b,c 0.154

Cowpea  ShellsP 0.24 1.00 1.75b 0.065
Cassava  StalkF 14 0.80 0.06b 0.192

PeelingsP 14 0.20 0.25b 0.323
Plantain  Trunks and leavesF 3.7 0.80 0.50c 0.213
Soybean  Straw and podsF 0.16 0.80 3.50b 0.225
Yam  StrawF 5.9 0.80 0.50c 0.167
Cocoyam StrawF 1.3 0.80 0.50c 0.167
Sweet  potato StrawF 0.044 0.80 0.50b 0.144

Oil
palm

EFBP 2.0 1.00 0.17a,b 0.253
Kernel shellsP 2.0 1.00 0.07b 0.280
FibreP 2.0 1.00 0.14b 0.146

Coconut
HusksP 0.30 1.00 0.42b 0.141
ShellsP 0.30 1.00 0.25a,b,c 0.289

Sugarcane
LeavesF 0.15 0.80 0.11a,b,c 0.204
BagasseP 0.15 1.00 0.18b,c 0.221

Cotton  StalksF 0.027 0.80 2.88b,c 0.225
Cocoa  PodsF 0.90 0.80 0.93a,b 0.080

Forestry

SlabsP (0.093) 1.00 – 0.276
WaneP (0.035) 1.00 – 0.276
BarkP (0.017) 1.00 – 0.159
SawdustP (0.038) 1.00 – 0.218

F indicates a field based residue while P indicates a processing residue.
* Average based on literature sources.
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a Duku et al. (2011).
b Jekayinfa and Scholz (2009).
c Kartha and Larson (2000).

s compared to other locations in the country. Besides, there is poor
ata on waste management activities outside the major cities. The
ossibility of collecting and using MSW  from a number of smaller
owns is not being ruled out but the possible contribution from this
as not been considered in this paper.

.3. Estimation of energy potentials

Eq. (1) shows the formula for the computation of annual poten-
ial biogas production from MSW  (in m3 methane per yr). Here
he yield of biogas (ybiogas(MSW)) is equal to the production of

unicipal solid waste (pMSW) multiplied by the concentration of
he organic fraction in MSW  (cOF = 64%) (Asase et al., 2009), the total
olids concentration in the organic fraction of MSW  (cTS) (Unpub-
ished results from Accra, Ghana), and the biomethane potentials
f organic fraction of MSW  (yBMP = 0.32 m3 CH4/kg TS) based on an
verage of continuous mesophilic biogas plants from Gunaseelan
1997).

biogas(MSW) = pMSW · cOF · cTS · yBMP (1)

imilarly, Eq. (2) describes the computations of the biogas poten-
ials from municipal liquid waste (MLW). In Eq. (2) the total
olids concentration in the organic fraction of MLW  (cTS) equals
.9 g TS/100 g, and the biomethane potential (yBMP) of MLW  is
ssumed to be 0.34 m3 CH4/kg TS (Arthur and Brew-Hammond,
010). Eq. (3) describes the computation of biogas potentials from

ivestock manure. The indices are presented in Table 4.
biogas(MLW) = pMLW · cTS · yBMP (2)

biogas(manure) = plive · yman · �rec · cTS · yBMP (3)
The computations of the potential biogas produced from lig-
nocellulosic residues from agriculture or forestry is described in
Eq. (4). The yBuswel is calculated from compositional data from lit-
erature which is compiled in Appendix A. Note that in the case
of the forestry residues, composition and dry matter content of
hardwood is assumed to be the same as the common Ghanaian
specie Awiemfosamina (Albizzialucida)  based on Kataki and Konwer
(2001) and sawdust is assumed to be 50% trunk wood and 50% bark.
The average efficiency of continuous biogas production compared
with BMP, �scale, for the forestry residues are assumed to be 50% due
to the recalcitrant nature of the biomass. For agricultural residues
�scale are assumed to be 80%.

ybiogas(lignocellulose) = pcrop · yRPR · (yBuswel, glu · cglu

+ yBuswel, hem · chem) · �Scale (4)

Eqs. (5) and (6) express how the yields of ethanol from ligno-
cellulosic agricultural residue and forestry residues, respectively,
were calculated. The crop specific indices have been shown in
Table 3 while the general indices assumed for ethanol production
are: a 90% conservation of glucan in the pretreatment (�pre = 90%)
and 80% enzymatic conversion of glucan (�enz = 80%). The stoi-
chiometric yields of hydrolysing glucan to glucose (yhyd = 1.11 g/g)
and fermenting glucose into ethanol (yeth = 0.51) are theoretically
determined. Ethanol from C5 sugars is not considered and distilla-
tion losses are assumed to be negligible.

ybioethanol(agriculture) = pcrop · yRPR · cglu · yhyd · yeth · �pre · �enz (5)
ybioethanol(forestry) = pres · cglu · yhyd · yeth · �pre · �enz (6)

Energy potentials have been converted from Mm3 of methane
and ML  of ethanol to PJ of heat energy and PJ of liquid energy,
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Table  4
Indices of livestock populations (plive), manure produced (yman), the recoverability of the manure (�rec) (KITE, 2008), the total solid concentration (cTS), and the biomethane
potential (yBMP).

Type of livestock plive
a yman

b �rec
c cTS

d yBMP
e

1000 heads kg manure/head/day kg/kg g TS/100 g m3/kg TS

Cattle 1454 12 0.2 12 0.22
Sheep 3759 1.2 0.2 25 0.22
Goats 4855 1.5 0.2 25 0.22
Pigs  536 3.6 0.5 11 0.22
Poultry 47,752 0.02 0.5 25 0.22

a MOFA (2011).
b Kartha and Larson (2000), Milbrandt (2009).
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espectively, using the factors 0.0360 GJ/m3 methane and 22.8 MJ/L
thanol.

. Results and discussions

.1. Energy potential from crop and wood residues

The production data for crops in Ghana and the potential residue
enerated from these crops in 2011 as well as the potential energy
rom the residues are shown in Table 5. The residue available is
ominated by residues from cassava, yam, maize, plantain and
roundnut. Together, residue from these five crops constitutes
ore than 72% of the total residue available. In 2011, the total

rop residue generated was approximately 20 Mt.  The assumption
ere is that all processing residues can be available for energy gen-
ration as processing involves already concentrated material. An
xception to this is cassava peels, of which only 80% are considered
vailable because cassava peels are sometimes fed to livestock or
umped in MSW,  depending on the point of usage and the quan-
ities available. For other crops, it is estimated that between 25
nd 80% of field based residues could be available for collection in
hana, depending on the crop. The amount of residues recoverable

or energy generation thereby becomes equal to the total agricul-
ural residue generated minus the amount used for other purposes
r un-recovered. The potential can be exploited for either biogas
r ethanol, or a mixture of the two. The total biogas potential from
gricultural residues is approximately 2400 Mm3 of methane con-
aining 83 PJ of heat energy. The total ethanol potential from the
esidues is estimated to approximately 2300 ML  or 51 PJ of liquid
uel energy. Field based residues account for about two  thirds of the
otential in both the biogas and ethanol case. As the energy con-
ent figures show, the conversion to biogas is more efficient than
onversion to ethanol. It should be kept in mind, however, that the
ifferent energy carriers have different energy qualities, that they
an be used for different purposes, and that they therefore are not
irectly comparable. Also noteworthy is that fact that the estimated
thanol and biogas potentials are based on the technical potential
f biomass, but actual potentials could be much lower in practice.

The energy potentials from wood residues in Ghana have been
alculated (Table 6). Wood residues are usually available at central-
zed sites, making it relatively easier to recover significant volumes,

hich can then be used as feedstock. Currently, wood residues
n Ghana are mainly used as firewood and for the production of
harcoal. The actual production of residues generated from the
anufacture of wood products differs from one plant to another

nd depends on several factors: from the properties of the wood

o the type, operation and maintenance of the processing plant
FAO, 1990). In 2010, about 1.3 Mm3 of industrial roundwood was
roduced in Ghana (FAO, 2012). Based on estimations deployed
y Ghana’s Energy Commission (2010), the total amount of slabs,
wane, bark and sawdust from wood residues amounted to about
0.35 Mt.  Biogas potential from these residues amounts to 19 Mm3

of methane or 0.67 PJ. Ethanol potential is 48 ML  corresponding to
1.1 PJ.

4.2. Energy from animal manure

In terms of quantity, the most important livestock raised in
Ghana are cattle, sheep, goats, pigs and poultry (mainly chicken).
Populations of livestock in Ghana, the estimated manure, and cor-
responding energy potentials are shown in Table 7. The majority
of cattle are kept free-range during the day and some of them are
housed at night. It is therefore assumed that for half the day, manure
produced from most cattle is not recoverable. It has also been estab-
lished that cattle breeds reared in Ghana and many other West
African countries are small and undernourished, with less manure
production as compared to better fed cattle breeds (KITE, 2008).
Sheep and goats are also mostly kept on free range and allowed
to stable around farmer residences during the night, which means
that only manure produced by night can be collected from these
animals. Commercially produced chicken and pigs are largely kept
in intensive farming systems. Manure produced from these types of
livestock is more easily recoverable as compared to the cattle, sheep
and goats. About 100 Mm3 of methane can be produced from the
recoverable fraction; this corresponds to 3.6 PJ (Table 7).

4.3. Energy from municipal solid and liquid waste

The potential for energy generation from municipal waste in
Ghana has been considered for a while because of its potential
dual ability to abate environmental pollution problems (Fobil et al.,
2005). Table 8 shows estimates of solid and liquid waste produc-
tion in the major cities in Ghana. Together, these 11 cities produce
about 50% of the solid waste generated in the country due to their
large populations. The other half of the waste generated is scattered
across over 150 municipalities and districts in the country where
collection is not as effective compared to the major cities consid-
ered in this paper. Around 2.1 Mt  of solid waste and about 0.56 Mt
of liquid waste are produced annually in the major cities. About
230 Mm3 methane can be produced from solid waste and about
17 Mm3 of methane from liquid waste (sewage sludge) amounting
to a total of 9.0 PJ.

4.4. Discussion

The maximum technical potential of bioenergy from crop
residues, wood residues, animal manure, municipal solid wastes

and municipal liquid waste in 2011 is 2700 Mm3 of biogas, equiv-
alent to 97 PJ of heat energy, or 2300 ML  cellulosic ethanol,
equivalent to 52 PJ of liquid fuel energy (Table 9). It is important
to note, however, that because of technical constraints cellulosic
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Table 5
Energy potential from crop residues in 2011.

Crop Residue Theoretical
potential of residue

Technical potential
of residue

Biogas Cellulosic ethanol

Mt/yr Mt/yr Mm3 CH4/yr PJ/yr ML/yr PJ/yr

Maize
StalksF 2.7 2.2 470 17 410 9.4
HusksP 0.34 0.34 65 2.3 62 1.4
CobsP 0.49 0.49 140 4.9 86 1.9

Rice
StrawF 0.77 0.19 41 1.5 38 0.9
HusksP 0.12 0.12 22 0.8 19 0.4

Millet  StalksF 0.34 0.27 39 1.4 38 0.9
Sorghum StrawF 0.57 0.46 100 3.8 98 2.2

Groundnut
ShellsP 0.18 0.18 32 1.2 33 0.8
StrawP 1.0 1.0 130 4.6 200 4.5

Cowpea ShellsP 0.42 0.42 22 0.8 17 0.4

Cassava
StalkF 0.89 0.71 190 6.7 210 4.7
PeelingsP 3.6 0.72 250 9.0 260 5.9

Plantain Trunks and leavesF 1.8 1.5 80 3.0 90 2.0
Soybean Straw and podsF 0.58 0.46 110 3.9 120 2.8
Yam  StrawF 3.2 2.5 340 12 330 7.4
Cocoyam StrawF 0.67 0.54 72 2.6 70 1.6
Sweet Potato StrawF 0.022 0.017 2.0 0.1 1.8 0.0

Oil
palm

EFBP 0.33 0.33 67 2.4 52 1.2
Kernel  shellsP 0.13 0.13 29 1.0 31 0.7
FibreP 0.28 0.28 33 1.2 23 0.5

Coconut
HusksP 0.12 0.12 14 0.5 14 0.3
ShellsP 0.075 0.075 17 0.6 7.8 0.2

Sugarcane
LeavesF 0.016 0.013 2.2 0.1 2.2 0.0
BagasseP 0.025 0.025 4.5 0.2 4.7 0.1

Cotton StalksF 0.076 0.061 11 0.4 13 0.3
Cocoa  beans PodsF 0.84 0.67 43 1.5 37 0.8

Total  field based residues 1600 57 1500 35
Total  processing residues 750 27 750 17

Total 2400 84 2300 52

F indicates a field based residue while P indicates a processing residue.

Table 6
Energy potential from processing wood residues.

Forestry residue Production Biogas Cellulosic ethanol

Mt/yr Mm3 CH4/yr PJ/year 106 L/yr PJ/year

Slabs 0.16 10 0.37 28 0.64
Wane 0.061 3.9 0.14 11 0.24
Bark  0.047 1.1 0.039 1.9 0.043
Sawdust 0.081 3.3 0.12 7.9 0.18

Total  0.35 19 0.67 48 1.1

Table 7
Energy potential from animal manure.

Type of livestock Population Estimated amount of manure Recoverability Fraction Manure available Potential biogas Energy potential
106 heads kg/head/day g/g Mt/yr Mm3 CH4/yr PJ/year

Cattle 1.5 12 0.2 1300 34 1.2
Sheep 3.8 1.2 0.2 330 18 0.66
Goats  4.9 2 0.2 710 30 1.1
Pigs  0.54 3.6 0.5 350 8.6 0.31
Poultry 47 0.02 0.5 170 10 0.35

Total  100 3.6

Source: Livestock population data from MOFA (2011); Recoverable fraction estimated from KITE (2008); Manure estimation is from Milbrandt (2009); Kartha and Larson
(2000).

Table 8
Energy potential from municipal solid and liquid waste in major cities.

City Solid waste Potential biogas Energy potential Liquid waste Potential biogas Energy potential
Mt/yr Mm3 CH4/yr PJ/year Mt/yr Mm3 CH4/yr PJ/year

Accra 0.72 80 2.9 0.29 8.7 0.31
Tema  0.5 56 2.0 0.039 1.2 0.043
Kumasi 0.54 60 2.2 0.078 2.4 0.085
Other 8 regional capitals 0.34 37 1.3 0.15 4.6 0.16

Total  2.1 230 8.4 0.56 17 0.61

Source: Municipal waste data from Energy Commission (2010).
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Table  9
Summary of energy potential from selected residues in Ghana.

Residue category Biogas Cellulosic ethanol

Mm3 CH4/yr PJ/year ML  ethanol/yr PJ/year

Crop residue Field based residue 1600 56 1500 34
Processing residue 750 27 750 17

Forestry Processing residue 19 0.67 48 1.1
Manure Recoverable 100 3.6
Municipal waste Solid (MSW)  230 8.4

Liquid (MLW)  17 0.61
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thanol production is considered only from crop and wood residues
hereas biogas production is considered from all residue types dis-

ussed in this paper. This selection is done since manure, MSW,
nd MLW  are characterized as being high in water content, low
n cellulose content, and with a quite inconsistent composition

hich significantly complicates industrial implementation of the
ubstrates.

The biogas potential is equivalent to 27% of the heat energy in
oodfuel consumed in 2010. In essence, biogas from lignocellu-

osic materials has the potential to replace approximately 5 Mt  of
oodfuel. The substitutable share may  arguably be higher since

ombusting biogas is likely to transfer heat more efficiently than in
he combustion of wood or charcoal, i.e. 96 PJ in biogas may  cook

ore meals than 96 PJ in woodfuel. The result shows a large poten-
ial for biogas production in Ghana. With respect to transport fuels,
he total potential of 2300 ML  is about seven times the estimated
36 ML  of biofuels needed in 2020 to achieve a 10% biofuels blends
t the national level.

As emphasized in the methodology, the aforementioned poten-
ials are the maximum bioenergy potentials attainable based on the
echnical potential of biomass. In practice however, several factors
ill limit the actual amount of bioenergy than can be produced. Fac-

ors such as capital cost of plants, infrastructural development and
he skill level of available labor would determine how much biofuel
ethanol or biogas) potential could realistically be implemented.
thanol potential would be affected by (1) biomass recalcitrance,
hich varies with maturity, time and method of harvest, extent

f drying, and mode of storage, and (2) the cellulose content
f biomass after pretreatment, which is dependent on the pre-
reatment method and process severity, as well as the biomass
omposition. This is also likely to influence the level of ethanol in
he fermentation broth. Also for biogas, the extent to which inocu-
um is made available to ensure a stable digestion of lignocellulosic

aste is a challenge which is linked to the spatial distribution of
ivestock. These and other factors will affect final bioenergy avail-
bility but are not addressed in this paper.

The bioenergy potentials estimated in this study are higher by
 factor of one thousand, compared to previous studies on biomass
nergy in Ghana. Duku et al. (2011) estimated 75.2 TJ heat energy
theoretical potential) from residues of nine major agricultural
rops in Ghana using crop production data for 2008. Their study
id not provide energy potentials for forestry residues, urban and
ther wastes considered in this paper. Mohammed et al. (2013)
ocused on agricultural residue based resources for decentralized
nergy production. Using methods and data similar to those used
y Duku et al. (2011), Mohammed et al. (2013) found that the
heoretical energy potential from residues of ten fruits and eight
ash crops is 14.6 TJ and 86.6 TJ, respectively. Additionally, 47.6 TJ

as calculated as theoretically available from livestock manure.

he very large differences in calculated potentials between this
tudy and the ones reported above may  be explained by a factor
000 error in computation in Duku et al. (2011) and Mohammed
97 2300 53

et al. (2013). Assuming that their TJ should be PJ, the findings are
comparable.

Many factors affect the decision to choose between using the
biomass for biogas or cellulosic ethanol. Even though it is in prin-
ciple possible to produce both cellulosic ethanol and biogas from
most of the residues available, biogas from residues is a much more
mature technology as opposed to cellulosic ethanol, which still
requires more research. Another characteristic of cellulosic ethanol
is that it is much more expensive to produce due to the cost of
pretreatment (in terms of energy, solvents, etc.) and the use of
enzymes in both saccharification and fermentation. Biogas is more
versatile with respect to feedstock as it can be produced from all
the residues considered in this paper. Further, biogas conversion
more easily allows for local nutrient recycling which could reduce
dependence on inorganic fertilizer. On the other hand, ethanol
can be used directly as blends in transport fuels without further
processing whereas biogas would need further processing to be
used as a transport fuel, if there is a desire to do so.

Unlike dung and human feces, lignocellulose is recalcitrant and
thus needs some form of pretreatment to disrupt its complex struc-
ture and thereby facilitate biological breakdown of cellulose and
hemicellulose into simple forms under anaerobic conditions. It
should be noted that simple manure-based biodigesters that are
mostly promoted in Ghana would need to undergo design changes
to handle plant materials that show high propensity to form surface
scum, which occludes methane escape, and inhibit the biological
process. If all residues considered are used for biogas generation,
then the annual biomass potential is capable of supporting biogas
production in about 6.1 million household digesters (1.2 m3/day),
in 25,000 institutional digesters (300 m3/day), or in 3,600 large-
scale plants (2,000 m3/day). The estimated number of domestic
plants is more than the number of agricultural households in the
country (2.5 million in 2010). Though the possibilities in Ghana’s
biomass resources appear obvious, moving from estimated poten-
tial to implementation and actual output presents huge challenges
pertaining to technology and infrastructure.

Compared to biogas there is less experience in the design and
installation of hardware required in the cellulosic ethanol produc-
tion chain: pretreatment, enzymatic hydrolysis, and fermentation.
Further, cellulosic ethanol has so far received little attention in the
form of funding for research in Africa and thus only a small portion
of potential biomass unique to Africa has been studied in detail.
From the residues from crops and forest sources, about 180,000
small-scale (12,500 L/y) or 1,800 demonstration units (1.3 ML/y) or
18 commercial-scale plants (120 ML/y) can be technically installed.
Apart from the challenge of establishing infrastructure, advances in
cellulosic ethanol production will require much effort in research
and development along the entire chain – from raw material col-

lection and transportation to ethanol purification – even in small
farm-based systems. In the end, the country must decide how to
best allocate feedstock between the production of biogas and cel-
lulosic ethanol, based on its long-term energy strategies.



36 F. Kemausuor et al. / Resources, Conservation and Recycling 86 (2014) 28–37

Table A1
Compositional data used for calculating yBuswel and the references for the data.

Crop Residue cglu chem Source
g/100 g TS (starch) g/100 g TS

Maize
StalksF 36.8 27.4 Amaducci et al. (2000)
HusksP 35.3 21.8 Garlock et al. (2009)
CobsP 34.0 49.1 Figueiró and Graciolli (2011)

Rice
StrawF 37.8 25.3 Jung et al. (2008)
HusksP 31.3 24.3 Leemhuis and de Jong (1997)

Millet StalksF 26.9 16.5 Chen et al. (2007)
Sorghum StrawF 41.6 26.7 Amaducci et al. (2000)

Groundnut
ShellsP 35.7 18.7 Leemhuis and de Jong (1997)
StrawP 37.2 n.a. Samahadthai et al. (2010)

Cowpea ShellsP 7.6 7.8 Madhukara et al. (1997)

Cassava
StalkF 33.0 13.0 Martín et al. (2006)
PeelingsP 55.5 22.0 Aderemi and Nworgu (2007)

Plantain Trunks and leavesF 34.0 17.0 Thomsen and Schmidt (2012)
Soybean Straw and podsF 38.0 16.0 Richard and Trautmann (2012)
Yam StrawF 25.0 15.0 Estimate
Cocoyam StrawF 25.0 15.0 Estimate
Sweet  potato StrawF 19.8 14.6 Dung et al. (2002)

Oil
palm

EFBP 30.5 29.9 Shamsudin et al. (2012)
Kernel shellsP 45.4 21.7 Zhuang et al. (2009)
FibreP 15.7 19.1 Vadiveloo and Fadel (1992)

Coconut
HusksP 21.2 12.7 Bilba et al. (2007)
ShellsP 20.0 48.8 Razvigorova et al. (1993)

Sugarcane
LeavesF 32.0 17.0 Mellowes et al. (1993)
BagasseP 36.0 17.0 Shu-Lai and Antal (1992)

Cotton StalksF 42.0 12.0 Leemhuis and de Jong (1997)
Cocoa PodsF 10.7 8.5 Vadiveloo and Fadel (1992)

Forestry

Slabs 58 8 Energy Commission (2010)
Wane 58 8 Energy Commission (2010)
Bark 21 17 Energy Commission (2010)
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indicates a field based residue while P indicates a processing residue.

. Conclusions

This paper assessed the potential contribution of bioenergy (bio-
as and cellulosic ethanol) to meet portions of energy demand
n Ghana using residue and waste based biofuels. The types of
eedstock considered were crop residues, forestry residue, animal

anure and municipal waste. The most important feedstock in
erms of energy potential is crop residues. The results show that
t is technically possible to obtain Ghanaian biomass for an esti-

ated 2700 Mm3/yr of biogas or 2300 ML/yr of cellulosic ethanol.
he biogas potential is sufficient to replace approximately a quarter
f Ghana’s present woodfuel use. If all the biomass is instead con-
erted to cellulosic ethanol, the estimated potential is seven times
he estimated 336 ML  of biofuels needed in 2020 to achieve a 10%
iofuels blends at the national level.

Projects that aim to produce biogas or cellulosic ethanol in
hana must ensure sustainability from the feedstock production
tage through transport and conversion to final use in order to be
iable in the long term. Therefore, the ability of individual bioen-
rgy projects to sustain themselves over time and through changes
n the surrounding environmental, social and economic context
hould be evaluated before decisions are made to develop those
rojects. Utilizing the bioenergy potential involves an immense
hallenge of establishing the necessary infrastructure, with small-
cale plants counted in hundreds of thousands for cellulosic ethanol
nd counted in millions for household-scale biogas digesters.
he production of cellulosic bioethanol requires more additional
esearch and development to be implemented compared to the
ore mature biogas technology.
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See Table A1.
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