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A stable and aﬀordable energy supply is the indispensable basis for the successful development of countries in
West Africa. Ghana currently suﬀers from an energy crisis. The country is no longer able to meet the rising
demand for electricity. At the same time, the energy supply needs to be switched to renewables to protect the
climate and increase local added value. Therefore, local biomass utilization is crucial for the future Ghanaian
Energy Mix. In this case study for Sunyani, suitable biomass residue sources were identiﬁed. The residues are
divided into forest biomass, namely logging and sawmill residues from production zones of a forest reserve and
residues from Tetrapleura tetraptera and food waste, consisting of residues from Manihot esculenta (cassava),
Musa×paradisiaca (plantain) and kitchen waste. Abundance and energetic potentials were calculated and the
feedstocks were characterized (elemental analysis, moisture content, ash content, caloriﬁc value, ash melt behavior and crude fat content). Sawdust from logging and sawmill residues, remaining from a speciﬁc harvested
forest area, have an average abundance of 3.18 t/ha and 1.97 t/ha, respectively. This sawdust can be pressed to
pellets and converted to 3.4 MWhel/ha in a wood gasiﬁer system. The average theoretical biogas yield from food
waste and cassava/plantain peel residues is 823 l/kg with an average methane share of 48.6 vol%. A design of an
integrated sustainable energy system consisting of a solar thermal dryer, a biogas plant, a wood gasiﬁer and an
absorption cooling machine, was proposed for electricity, heat, cold and cooking gas production in Sunyani. The
study showed that utilizing biomass in Ghana in a modern and eﬃcient way is applicable to solve energy
problems, aﬀect local markets positively and support the implementation of renewable energies in Ghana.

1. Introduction
1.1. Background and problem statement
The Republic of Ghana located along the Gulf of Guinea and the
Atlantic Ocean is a state in sub-Saharan West Africa. It is bordered by
the Ivory Coast in the west, Burkina Faso in the north and Togo in the
east. The area with 238,000 km2 is comparable with the UK. The tropical climate in Ghana is divided into the wet and the dry season. The
wet seasons used to occur from April to July and from September to
November with average annual rainfalls of 1100 mm in the north to
2100 mm in the southeast. Climate change already aﬀected intensity
and time of the rainfalls. The mean annual temperature has increased
by 1 °C in the past four decades and the monthly rainfall and runoﬀ has
decreased by 20% and 30%, respectively, in the same period. A reduced

precipitation and a 1–3 °C increase of the mean temperature by 2060 is
predicted [1,2]. This will aﬀect the agricultural sector, the coastal zones
and the marine ecosystems, the energy production, the water resources
and the daily lives of Ghanaians, dealing with lower crop yields and
increasing food prices at the markets [2,3].
Ghana’s forests are divided into two zones: the high forest zones in
the southern region with closed forests and the savannah zone in the
upper regions with open forest. There is a broad spectrum of types
ranging from wet evergreen to semi-deciduous [4]. Ghana once was
rich in forest resources but nowadays the resources are highly degraded
due to wildﬁres, agricultural spread, illegal logging and illegal mining
(galamsey).
One of the biggest challenges for developing countries is the eﬀective and sustainable access to electricity for households and industry as
this is indispensable for the improvement of people’s living and working
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supply mix [5,13]. The energy strategy of Ghana foresees an increase of
at least 10% in renewable energy and modern biomass in the national
generation mix by 2020. Furthermore, a reduction by at least 40% of
the woodfuels used in the traditional way by 2020 [8]. Policies were
recommended to the government in order to achieve these goals [14].
Additionally, the SNEP recommends to develop an energy market,
which provides suﬃcient, viable and eﬃcient energy services for Ghana
in line with economic growth [15]. Therefore, the government of Ghana
formulated its goal in the national energy policy “to make energy services universally accessible and readily available in an environmentally
sustainable manner” [16].
Regarding the needed acceleration of growth and thus the creation
of jobs, Ghana aims to provide universal and eﬃcient access to electricity by the year 2020 [5,17]. Renewable Energy has to be one important pillar of this electricity production, as the “Renewable Energy
Act, 2011” pronounced the “provision for the development, management and utilization of renewable energy sources for the production of
heat and power in an eﬃcient and environmentally sustainable
manner” [18]. The “Ghana National Climate Change Policy” (NCCP)
was published in 2013 with the aim “to ensure a climate-resilient and
climate-compatible economy while achieving sustainable development
through equitable low-carbon economic growth for Ghana” [19].
As the government wants to meet the national energy goals by increasing the utilization of biomass for energy purposes, various studies
have been conducted in this ﬁeld. A broad overview of diﬀerent biomass resources and biofuel production potentials in Ghana is provided
by Duku et al. [7]. The resources include important energy crops,
agricultural crop residues, forest product residues as well as urban and
animal wastes. The data on the potentials of these resources mainly rely
on statistics provided by the Food and Agricultural Organization (FAO)
of the United Nations and the associated residues are calculated using
residue-to-product ratios (RPR) or they emerged from older studies [7].
This study shows the immense potential of a variety of biomass resources in Ghana.
Kemausuor et al. [20] assessed the biomass residue availability and
the bioenergy yields of diﬀerent crop residues, animal manure, logging
residues and municipal wastes. They state a technical potential of
bioenergy from these sources in Ghana of 96 PJ in 2700 m3 of biogas or
52 PJ in 2300 ML of cellulosic ethanol. In case of forestry residues in the
form of slabs, wane, bark and sawdust, a total production of 0.35 MT/yr
is reported, of which sawdust accounts for an amount of 0.081 MT/yr,
which is a share of 23.2% of the total residues [20].
A wider investigation of the biomass potential of all sub-Saharan
Africa is given by Dasappa 2011 [4]. The study estimates the potential
power generation from agricultural and forestry residues at about
5000 MW and 10,000 MW by using 30% of agricultural and 10% of
forestry residues. They also summarize some experiences in using biomass for gasiﬁcation and highlight technological, economic and other
key barriers for the implementation of the technique [4].
Mohammed et al. [21] gave an overview of agricultural biomass for
decentralized rural energy in Ghana in 2012. Their investigations on
the potentials were based on FAO statistics and on the literature of past
studies. The potentials of wooden residues were not considered in the
study. Diﬀerent biomass conversion routes were shown, especially for
the decentralized generation of electricity. The authors stated that
“biomass is the foremost renewable energy source in Ghana”, which is
important to supply increasing rural energy demand. They concluded
that deforestation can be reduced and negative environmental eﬀects
can be minimized by using other energy sources than wood fuel [21].
One important result of all viewed studies is that the biomass should
be collected in a limited radius around the generating plant. Large
distances to biomass collection areas and respective transport routes
have to be avoided to avoid ﬁnancial losses.
In the study by Derkyi et al. [23], the utilization of Tetrapleura tetraptera (local name: Prekese) waste in the form of charcoal for energy
and climate change mitigation was investigated. Charcoal yield,

Fig. 1. shows the primary energy supply in the Ghanaian national energy mix
in 2017 [12].

conditions. In Ghana, the national grid power access coverage in 2011
was 72%, while universal access to electricity with a 10% renewable
share is the target for 2020 [5,6]. The electricity demand is signiﬁcantly
rising because of population growth, urbanization and expanding
economy [6,7]. Obsolete transmission lines cause blackouts and approximately (app.) 4.1% transmission losses of total energy consumed
[8,9]. Reduced and increasingly irregular rainfalls aﬀect the eﬃciency
of hydro power stations [10,11], which have a share of 39.9% in the
power production mix of the country [8]. Despite the very high potential, photovoltaic and solar thermal systems have no considerable
share in the power generation mix (0.2%), though recently Chinese
investors supported the construction of a 20 MW photovoltaic plant.
Thermal power production has a share of 59.9% in the national mix.
While oil for power generation is almost entirely imported (even
though, Ghana has national crude oil resources), the production of
natural gas is used for local supply in Ghana. The primary energy
supply is covered with oil and biomass, with shares of 42.5% and
40.6%, respectively, and small shares of natural gas and hydro, with
shares of 11.9% and 5.0%, respectively [8,12]. The data is shown in
Fig. 1.
Traditional cooking in rural areas makes biomass the most important renewable energy resource in the country. Nonetheless, it is
rarely used for power production. Biomass conversion to electricity
would reduce oil consumption and thus dependencies on oil imports
and would also improve rural power supply. In 2017, the total biomass
consumed was 32,900 GWh, which accounts for 40.6% of the total ﬁnal
energy consumed. 90–95% of this biomass is wood fuel and collected
and burned in the traditional way [13].
The current share of installed electricity generation capacity from
renewables (excluding large hydropower plants) in the national energy
mix is less than 1% (0.4% in 2017) [8]. The total installed renewable
electricity capacity (on-, oﬀ- and mini-grid) in 2017 was 42.7% [8]. The
exact distribution is shown in Table 1 [8].
Ghana launched the “Ghana Sustainable Energy for All (SE4ALL) in
May 2013, which, together with the Strategic National Energy Plan
(SNEP), outlines the goals and pathways for improving the expansion of
renewable energies. Ghana considers renewable energies as the key to a
sustainable, aﬀordable and independent energy supply in their energy

Table 1
Installed renewable electricity capacity in kW.
Oﬀ-grid

On-grid

Mini-grid

Solar

Wind

Dist. SPV

Utility Solar

W2E

Hydro

Solar

Wind

7269

20

8530

22,500

100

4000

314

11

Total

42,744

Dist. SPV: Distributed Solar PV; W2E: Waste-to-energy [8].
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contribute to an independent, sustainable and aﬀordable energy supply
in Ghana without felling more trees. There are large amounts of unused
logging and sawmill residues generated by the timber industry
[7,30–36], because of technological, organizational and management
insuﬃciencies. The technological factors are obsolete and ineﬃcient
equipment while the organizational and management factors are ineﬃcient process chains, administration, resource management and institutional maintenance [30,32].
Table 2 shows the state of the art of literature data on the abundance of sawmill waste based on diﬀerent literature sources. Wood
waste from the timber industry can be divided into two categories:
solids (slabs, edgings, oﬀcuts, veneer wastes and cores) and ﬁnes
(sawdust, planer shavings and sander dust) [36]. Solids are mainly used
as ﬁrewood and for charcoal production. Bush mills use solids to produce value-added products like local furniture or fencing. Sawdust is
not yet used on large scale at all. A small share is occasionally burned in
boilers on-site or used as feedstock for mushrooms [7,32,36,37].
The literature in Table 2 also shows the abundance of available
logging residues, e.g. oﬀ-cuts from buttresses, branches, and crowns
with foliage, which are left in the forest as they have no market value
[3,7,21,22,30–32,34,38].
The fruit of the native and common deciduous tree Tetrapleura tetraptera (local name: Prekese), a tree on the fringe of the West African
rainforest belt [39], is growing best in tropical climate in primary rain
forests, but it can also be found in secondary forests. The four-winged
fruit of the tree is used as spice, syrup, to cure hypertension and for
beverages. The latter application yields the largest amounts of fruit
residues, which are the two wooden wings. Derkyi et al. proposed the
use of these wings for energy production [23].

physiochemical and energy properties were determined and the fruit
was described as a very suitable alternative to wood for charcoal production [23].
The aim of this study is to investigate the potential of selected
biomass residues in terms of quantities and conversion to electricity, to
support the achievement of the Ghanaian goals in implementing renewable energies.

1.2. Forest biomass
Ghana’s forests show a high diversity with the southern wet evergreen forests and the northern open semi-deciduous forests [4]. Ghana
owned 5.52 million ha rainforest in 2006, which is one of the world’s
largest area [24]. The country’s forest resources were reduced by
wildﬁres, unsustainable logging and agricultural activity, illegal mining
(known as “galamsey”) [20,25,26] and migration to forest areas [7].
Therefore, timber harvesting was regulated by the Forestry Commission
(FC), which implemented an “annual allowable cut” (AAC) of 2 million m3 per year. The regulation of the ACC is executed by local communities, e.g. by chiefs and families. The ACC is only applied in the
production zones, which are divided in compartments with areas between 100 and 150 ha [27]. These timber production zones are managed sustainably in a 40-year cutting cycle with deﬁned diameter limits
for cutting allowance for each timber species. Contractors can purchase
harvest licenses from the Forestry Commission (FC) for speciﬁc compartments to harvest all marked trees. Motor manual harvesting with
successive truck transportation to sawmills is the main allocation
practice for material utilization (personal communication with FC expert). All trees from those compartments that are harvested and
transported out of the forest are listed by the FC and provided the data
base for the calculation of the logging residues in this study (Section
2.1). There are concerns that oﬀ-cuts are an important nutrition and
fertilizer source for forest soils and therefore should not be totally removed.
The timber processing sector consists of large, medium and smallscale companies, with 30,000 small scale companies spread all over the
country [28] and eight large companies, which are mainly located in
Kumasi and share 80% of the export. The timber industry focuses on
exporting primary and secondary timber products. Due to the unavailability of high technology processing machinery there is a lack of
value added tertiary products [28].
The fuel wood consumption was 0.10 TOE/capita in 2017 [8]. App.
90% of the fuel wood is harvested in natural forests and only 10% are
utilized wood wastes, e.g. logging and sawmill residues, and energy
plantations [5]. This bioenergy is mainly used for household cooking in
form of charcoal and ﬁrewood. For cultural reasons, women and girls
suﬀer from inhaling the indoor ﬁre emissions, which increases their
incidence and mortality rate stronger than malaria [5,29]. Therefore,
methods have to be developed to convert forest biomass to energy in a
more eﬃcient way [5].
Negative environmental impacts such as deforestation, global
warming, acidiﬁcation, eutrophication, smog and human toxicity, can
be reduced by minimizing the wood waste of the timber and forestry
sector through energetic utilization in modern and eﬃcient biomass
conversion systems [30]. The energetic use of wood waste can also

1.3. Food and kitchen waste
Besides power supply coverage, food security is the main priority in
developing countries, especially the avoiding of malnutrition caused by
diets with unbalanced nutrient composition. As the competition between food and energy has to be avoided, the eﬃcient and sustainable
use of agricultural residues can contribute to a sustainable, intelligent
and safe energy supply.
Food-to-fuel technologies can cause land conversion, deforestation,
soil degradation and health problems [7,40,41]. However, there is a
high abundance of agricultural waste in Ghana that has not yet been
energetically utilized by eﬃcient conversion technologies, as many
studies have shown [4,5,7,15,17,19,21,22,31]. Most of this biomass
represents an ideal feedstock for biogas plants. As this study is exclusively restricted to residues which are not consumable by humans, a
deeper elaboration on the food-versus-energy issue was not carried out.
It is assumed that utilizing these residues does not imply food energy
conﬂicts, but rather contributes to solve these problems. Agricultural
residues can be utilized locally in a modern and eﬃcient way in order to
achieve less dependency on fossil fuels and to develop new business
models that create beneﬁt for both local providers and energy producers.
Manihot esculenta, one of the oldest crops worldwide, is a woody
perennial shrub with a starch rich root that provides food for an estimated 800 million people. It is resistant to drought, can be planted

Table 2
shows literature values on forest biomass residues in Ghana.
Publication

Reference Year

Sawmill residues [Mio m3/a]

Sawmill residues [Mio t/a]

Sawdusta [Mio t]

Logging residues [Mio m3/a]

Logging residues [Mio t/a]

[7]
[30]
[36]
[34]

2008
2000–2007
1986
1988

0.256
0.750
0.271
–

0.128
0.375
0.136
–

0.019
0.056
0.020
–

0.72
5.12
–
0.70

0.36
2.56
–
0.35

a

calculated with a share of 15% of sawdust in the sawmill residues.
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large potential for energy conversion.
This forest area is close to the university and will allow short
transportation routes. Data from three currently harvested compartments in the Asukese forest reserve (No. 28A, 115 and 167, with areas
of 79.32 ha, 147.61 ha and 137.12 ha, respectively) were chosen for the
calculation of logging residues. In most cases, only the commercially
exploitable part of the tree is taken during the harvest. This part is
mostly limited to the logs of the stem for round-wood production and
further value addition. Oﬀ-cuts from buttresses, branches and crowns
with foliage are mostly left in the forest. The amount of these logging
residues is estimated by calculations using allometric equations. The
methodology and the equations used are shown in the following.
The data (stock surveys), provided by the FC in Sunyani, from the
compartments 28A, 115 and 167 comprised the number and species of
the harvested trees and classiﬁed each tree in seven diameter classes
(diameter at breast height above 30–50 cm) [19]. The mean of each of
the seven diameter classes was used for the allometric equations
[46–48].
As the total tree height (H ) was not available in the data of the stock
surveys, two approaches with pantropical diameter-height allometric
models were used. The ﬁrst model for estimating tree heights was obtained from [49]:

manually and is mainly grown by low-income farmers in isolated areas
with poor soil qualities under unpredictable and low precipitation [42].
In Ghana, the starchy root is used for meals or to prepare ﬂour and
dough. The peels remain as a residue.
The fruit of the cooking banana plant Musa×paradisiaca is a banana-shaped fruit abundant in the daily diets of Ghanaians. It is similar
in taste to potato and is a carbohydrate source, which is boiled, fried or
baked. The ripe bananas turn from green to black, are peeled by hand in
the kitchens and provide large quantities of residues [43].
Additional food waste is available in schools, canteens, restaurants
and hotels every day and in large quantities. In comparison to the
cassava and cooking banana waste it is preconcentrated and easier to
collect. The food waste is either distributed to farmers and private
households to feed dogs or cattle or it is dumped (personnel communication with restaurant owners). Food waste has high proportions of
fats and carbohydrates, which makes it a good substrate for anaerobe
digestion. Challenges in energetic utilization of food waste are storage
and the respective hygienic precautions. Using these wastes requires
both an infrastructure for collection and storage and a business model
for a waste to energy supply chain.
1.4. Objective of this study

log e (H ) = β0 + β1log e*(D*) + ς 01*A

This study evaluates the biomass to power potential in Sunyani on
the base of forest residues and food and kitchen waste. Available biomass in the Sunyani area is analyzed and the relation between quantities and energy outputs are elaborated. The design of an integrated
sustainable energy system for the central Campus of the University of
Energy and Natural Resources (UNER) is discussed.

(1)

The regional-classiﬁcation-structure parameters β0 , β1 and ς01 were
0.4619, 0.6362 and 0.0109, respectively [49]. The results were validated with the model from [48], which is an integrated pantropical
diameter-height allometric model:

ln(H ) = 0.893−E +0, 760ln(D)−0.0340(ln(D))2

2. Material and methods

(2)

where the bioclimatic stress variable E is deﬁned as:

E = (0.178×TS−0.938×CWD −6.61×PS ) × 10−3

2.1. Study area

(3)

with TS (temperature seasonality), CWD (climatic water deﬁcit) and PS
(precipitation seasonality). The stress variable E was obtained from the
provided database [50].
Tree species speciﬁc densities were found in [46,51,52]. Mean values per species were calculated. Densities of related species were taken
in case of a lack of data on listed species.
The results of four allometric equations were compared to estimate
the above ground biomass (AGB)

The capital of the Brong-Ahafo Region in Ghana is Sunyani. Due to
the road connection to Kumasi and a small airport, Sunyani became an
important city and designated to a municipal district. Its population is
given with app. 250,000 [45]. Surrounded by the southern Ashanti
forests, Sunyani is a steadily growing city and home to the Brong-Ahafo
regional government and high court. The two most important industries
are the African Global Pharma Limited (AGP) and Newmont’s gold, a
mining company. The electric power distribution is provided by the
Northern Electricity Department (NEDCo), a subsidiary of the Volta
River Authority (VRA). They receive power at 34.5 kV from GridCo,
which operates the transmission network at 161 kV and transform it to
11 kV for industrial customers and 440/230 V for residential usage
[44].

(2.31)
(AGB )est = 0.30*dbh

(4)

where AGB is aboveground biomass (kg) and dbh is the diameter at
breast height (cm) [46]

(AGB )est = ρ*exp ( −0.667 + 1.784ln(dbh) +0.207(ln(dbh))2
−0.0281(ln(dbh))3 )

2.2. Forest biomass potential calculation

(5)

3

where ρ is density in (g/cm ) and no tree height is considered [47]

Data acquisition, ﬁeld trips and sample taking for this study were
conducted at the University of Energy and Natural Resources (UENR) in
Sunyani in summer 2017. Discussions with experts from the Forestry
Commission were done to get information about the research area, the
Asukese forest reserve in the moist semi-deciduous north-west. As this
study focuses on the production zones in the forest only, it is assumed
that the 40-year cutting cycle which is limited to deﬁned diameters has
no negative eﬀects on the ecosystem of the forest areas because there is
enough dead wood from storms or ﬁres and other biomass like bark and
foliage which provides enough nutrition and fertilizer for the soil. This
assumption is based on interviews with oﬃcials of the Forestry
Commission.
They further reported that it is important for them that the contractors take as much as possible of every tree out of the forest, because
the residues present a ﬁre hazard. This fact supports the decision for
choosing logging residues as a suitable biomass source as they have a

(AGB )est = 0.112*(ρ*dbh 2*H )0.916

(5′)

where H is the total tree height (m) [47]
and

(AGB )est = exp( −1.803 − 0.976E +0.976ln(ρ)+2.673ln(dbh)
−0.0299(ln(dbh))2 ))

(6)

where E is the bioclimatic stress variable for the location “Sunyani”
(0.1820977) [48]
The mass of forest residues (mres, f ) was calculated by multiplying the
AGB with the mean logging recovery rate factor ( fr , l ) (Table 3).
The sawdust potentially obtained from the logging residues was
calculated according to the equation:

msd, f = mres, f , m*floss

(7)

where msd, f is the mass of the sawdust (t), mres, f , m residues in the forest
416
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scleroxylon and Celtis spp. are one of the most used and processed
species for all primary products and for kiln dried secondary products in
Ghana and thus have a representative character and it can be assumed
that a large proportion of the sawdust in the sawmills contain this
species [28]. The samples were dried, the moisture content was determined, and they were shipped in air tight containers to the laboratory of the University of applied forest sciences Rottenburg (HFR),
Germany.
The T. tetraptera fruits (TR) were provided by a local farmer in
Sunyani. The two ﬂeshy wings were removed and the two wooden
wings were shipped to the laboratory of the HFR.
The sawdust samples (SD1, SD2) were sieved (0.25 mm) and the T.
tetraptera residues (TR) were grinded in a cutting mill (0.25 mm, pulverisette 19, Fritsch GmbH, Markt Einersheim, Germany). Moisture
content (MC), ash content (AC), caloriﬁc value (CV) and elemental
analysis (CHNS-determination) as well as the ash melting behavior
(AMB) were determined according to the speciﬁc DIN standard
(Table 5) [55–59].

Table 3
shows the timber and residue share of the forest biomass in Ghana according to
literature values.
Literature

pt , f

fr , l

[7]a
[33]a
[34]a
[37]a
[46]b
Mean

0.25
0.50
0.52
0.45–0.55
0.30
0.42

0.75
0.50
0.48
0.45–0.55
0.69
0.57

pt , f : logging residue share.
fr , l : logging recovery rate factor.
a
experimental values.
b
allometric calculation.

Table 4
shows the literature values of sawmill residue recovery in Ghana.
Publication

fr , s

fsd, w

[32]
[7]
[36]
[37]
[35]
Mean

0.42
0.33
0.43
0.30–0.45
0.4–0.45
0.42

0.10
0.21
0.21
0.25
0.1
0.16

2.4. Energy from forest biomass
The speciﬁc wood fuel consumption data of a reference biomass
CHP system (HKA 45, Spanner Re2 GmbH, Neufahrn, Germany, ﬁxedbed wood gasiﬁer with combined heat and power plant, Table 6) was
used to calculate electricity and heat output from conversion in a wood
gasiﬁer [60]. For the calculations, the determined amounts of pellets
that could theoretically be produced out of the calculated sawdust
potential in this study (Table 10), were assumed. Further it was assumed that the considered pellets meet the requirements of the DIN EN
ISO 17255–2 and that the gasiﬁer runs under optimum conditions.

fr , s : sawmill recovery rate factor (all residues, incl. e.g. side boards, wood
chips etc.).
fsd, w : share of sawdust within the sawmill recovery.

and floss the transportation losses (0.75).
The sawdust obtained from the log processing in sawmills was
calculated according to Eqs. 8 and 9 with the factors from Table 4 under
the assumption of a complete utilization of the harvested timber in
Ghana’s saw mills. This assumption is based on the log export ban
policies in Ghana and the high priority on exporting value added secondary and tertiary wood products [38].

mlogs, harv = AGBn − mres, f , m

(8)

msd, s = mlogs, harv *fr , s *fsd, w

(9)

2.5. Food and kitchen waste potential calculation
Because of limited capacities in this study it was decided to select
two types of agricultural waste. The waste from food processing
kitchens in hotels, schools, canteens, restaurants and chop bars were
studied more closely. It was found that peelings and leftovers from
Manihot esculenta (cassava) and Musa×paradisiaca (plantain) are
available in large quantities in all kitchens. The data on kitchen leftovers and waste from cassava and plantain peels was obtained by using
Ghana’s harvest volume in 2016 [61]. The residue-to-product ratios
(RPR) for cassava and plantain peels were 0.25 and 0.5, respectively
[20]. Further information on food waste management was obtained
from discussions with local farmers and kitchen managers.

The last step was to calculate the amounts of pellets which can be
produced from the sawdust. By pelletizing residues the bulk density can
be minimized and the energetic density can be maximized [53]. The
gasiﬁcation process requires larger particle sizes than sawdust for an
optimum energy conversion. The total quantity of pellets mp, total (t)
that can be produced from the sawdust was calculated with the conversion factor of 1.7 t wet sawdust to 1 t pellets [54].

2.6. Food and kitchen waste laboratory analysis
Hotels, restaurants and large kitchens in the Sunyani municipality
were interviewed and dump sites were visited. Availability and transport issues were assessed and cassava (CP) and plantain peels (PP) were
collected both in a restaurant (CP1, PP1) and a fufu chop bar (CP2,
PP2). The peels were taken from diﬀerent heights in the disposal sacks
and were shipped to the laboratory of the HFR. Food waste samples

2.3. Forest biomass laboratory analysis
Two sawmills in Kumasi and Sunyani were visited and fresh sawdust
samples (SD1, SD2) from the tree species Triplochiton scleroxylon and
Celtis spp. were taken from a typical small-scale sawmill. Triplochiton

Table 5
shows the parameters, abbreviations (abr.), standards and units of the laboratory analysis for both forest biomass and food waste.
Parameter

Abr.

Norm

Unit

Moisture content
Ash content
Caloriﬁc values
Carbon, hydrogen, nitrogen and sulfur contents
Ash melting behavior
Crude fat anda total fat content

MC
AC
CV
CHNS-determination
AMB

DIN
DIN
DIN
DIN
DIN
DIN

wt%
wt%
J/g d.b.
wt% d.b.
°C
% d.b.

EN 14774–2:2009
EN 14775:2009
EN 14918:2009
EN ISO 16948:2015
CEN/TS 15370–1:2006
EN ISO 11085:2015

wt%: weight %; d.b.: dry basis; oDM: organic dry matter; SST: shrinking starting temperature; DT: deformation temperature.
a
only food waste.
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Table 6
lists the technical data of the Spanner gasiﬁer HKA 45.

Table 8
shows the energy content of methane and biogas and the conversion eﬃciencies
for CHPs.

Electrical Power

45 kWel, eﬃciency 23.3%

Heat Power
Wood fuel quality

102.2 kWth, eﬃciency 56.1%
Natural wood in form of pellets, wood chips or Ø3cm
briquettes
Max. water content < 13%
Max. ﬁnes (< 4 mm grain size) 30%
0.9 kg/kWhel
85 °C
65 °C

Wood fuel consumptiona
Outlet temperature
Return temperature
a

Reference

Unit

Value

1 m3 methane
CHP eﬃciencyel.
CHP eﬃciencyth.
CHP eﬃciencytotal

kWh
%
%
%

9.97
28–47
34–55
85–90

[68].

substance quantity (carbohydrates, proteins, fats) (g/kg oDM) and q is
the speciﬁc biogas yield according to Table 7 (l/kg OS).
The share of methane in the biogas was calculated with the
weighted mean of the substrate shares given in Table 7.

Depending on the quality of the wood chips. Technical data: 05/2017 [60].

were obtained from the cafeteria of the UENR (FW1), a fufu chop bar
(FW2) and a restaurant (FW3). The food waste contained beans, plantain, fufu (cassava), banku (maize), rice, soup, ﬁsh, meat, bones, stew,
noodles, and chicken. Each sample was homogenized and then transported.
All food waste samples were grinded with a cutting mill (1 mm,
pulverisette 19, Fritsch GmbH, Markt Einersheim, Germany). The
analyses listed in Table 5 were applied. The crude fat and total fat
content was determined according to corresponding standards [62].
Crude protein, crude ﬁber content and the nitrogen-free extracts (NFEs)
were calculated by multiplying the nitrogen content of the samples with
the factor 6.25 [63]. The amount of carbohydrates was calculated as the
diﬀerence of the sum of ash-, crude fat-, and protein content and the
total organic content.

2.8. Conversion of biogas to electricity
The conversion factors for electricity and heat of gas otto engines
are listed in Table 8 [67]. The mean was considered for the electrical
and thermal output calculation.
The conversion of the methane content to power was calculated by
multiplying the average food waste per capita in Ghana (110 kg/a,
[68], the population in Sunyani (250,000 in 2012 [45] and a 30%
electrical conversion eﬃciency.
3. Results

2.7. Biogas potential calculation

3.1. Forest biomass potential results

The theoretical biochemical methane potential (BMPTh) of the cassava and plantain peels and food residues was calculated with the
stoichiometric approach according to Boyle [64] and the substrate
speciﬁc approach according to Baserga [65]. The presence of proteins
required the stoichiometric calculation of ammonia H2 S by Boyle’s
equation [63,66]:

The comparative results of the AGB were calculated with the four
diﬀerent allometric equations and are displayed in Table 9. The different models yield AGB estimations with a high variation for each
compartment. The variation coeﬃcient was 41%, 35%, and 35% for the
compartments 28, 115, and 167, respectively. Table 10 shows the respective residue sawdust from these compartments and the sawdust
from the log processing in the sawmills. All values are added to a total
amount of sawdust. The variation coeﬃcient of the pellet production
per ha for the three diﬀerent compartments (Table 10) was 28%.

3×d
Mol
a
b
c
e
[mol] → ⎛ + − +
+ ⎞ = CH4
8
4
8
4⎠
gas
⎝2
⎛ a + b − c + 3 × d + e ⎞ = CO2
8
4
8
4⎠
⎝2
d = NH3; e = H2 S

3.2. Forest biomass laboratory analysis results

(10)

Table 11 shows the results of the forest biomass analysis. Tetraptera
tetrapleura shows high nitrogen and sulfur content (55% and 33%, respectively) and low moisture and ash contents in comparison to the tree
species Triplochiton scleroxylon and Celtis spp. The caloriﬁc value is
higher, while the shrinking temperature of T. tetrapleura is much lower
than the shrinking value of the tree species (Table 11). The ash deformation temperatures are species unspeciﬁc in this study.

where a, b, c, d, and e are the molar quantities of the elements C, H, O,
N and S, respectively.
Derived from (10) the theoretical methane yield in l/kg DM (dry
mass) was calculated by relating the molar mass of CH4 to its density at
0 °C (ρ0 °C = 0.000716 g/cm³). The methane share in the biogas was
calculated by relating the theoretical methane yield to the sum of all gas
yields that were calculated with the respective speciﬁc densities (CO2:
0.00196 g/cm³, NH3: 0.00076 g/cm³, H2: 0.00154 g/cm³).
The substrate speciﬁc yield was calculated with the values of the
“Weender Futtermittelanalyse” [63] (Table 7) and then multiplied with
the speciﬁc biogas yields:

BMPth,

Baserga

= x carb × qcarb + x prot × qprot + x fat × qfat

3.3. Forest biomass energy conversion potential
Table 12 shows the energy output of the pellets (Table 10) calculated with the given technical speciﬁcations of the Spanner Re2 GmbH
CHP system HKA 45 (Table 6). Residues from one compartment can be
converted to 319–385 t of pellets, which equals a power output of
345–428 MWhel and a thermal energy output of about
815–983 MWhtherm.

(11)

where BMPth, Baserga is the theoretical gas yield (l/kg oDM), x is the
Table 7
shows the substrate speciﬁc biogas yields with their respective CH4 share.
Substrate

Biogas yield [l/kg OS]

CH4-content [vol%]

3.4. Food and kitchen waste potential results

Carbohydrates
Crude proteins
Crude fats

790
700
1250

50
71
68

Table 13 shows production [61] and residue potentials [20] of
cassava and plantain in Ghana for 2016. Analysis of the available data
for the last 50 years showed that the production rates steadily increased
[61].

according to Baserga [66].
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Table 9
shows the results of the calculated AGB per compartment and allometric equation.
(AGB ) [t]

Residues [t]

Spec. mean [t/ha]

Comp. No.

Henry et al. [46]

Chave et al. [47]

Chave et al. [47]

Chave et al. [48]

Mean

mres, f , m

mres, f , spec

28
115
167

3815
5757
4797

1400
2091
1783

4812
3557
2934

2449
3617
2987

3692
4310
3572

1384
1616
1340

17
11
10

mres, f , m : mean of total mass of residues left in the forest, mres, f , spec : speciﬁc mean related to the area of the compartment.

3.5. Food and kitchen waste laboratory analysis results

Table 11
shows the results of the laboratory analysis for the forest biomass samples.

Table 14 shows the results of the laboratory analysis. The food residues show the highest nitrogen and sulfur content ( x̅ =3.19 wt%o.d.b.
and 0.4 wt%o.d.b., respectively) and have the highest crude fat and
protein content ( x̅ =18.26 wt%o.d.b. and 19.96 wt%o.d.b., respectively) in comparison to cassava peels and plantain peels ( x̅ =0.95 wt%
o.d.b. and 0.152 wt%o.d.b. for nitrogen and sulfur, respectively, and
2.7 wt%o.d.b. and 5.97 wt%o.d.b. for crude fat and protein, respectively). The moisture and ash content are high for all samples
( x̅ =77.02 wt% and 8.88 wt%o.d.b., respectively).
3.6. Biogas potential and conversion to electricity
Table 15 presents the theoretical biogas yield according to the
stoichiometric Boyle and the substrate based Baserga approach. The
stoichiometric approach (BMPTh Boyle) yields higher BMPThs for the
food residues in comparison to the substrate speciﬁc approach (BMPTh
Baserga), but slightly lower methane contents for the food waste.
The estimated methane potential from anaerobe digestion in
Sunyani is app. 11 billion L, which is 7.876 billion kg, which equals to
33 billion kWh electrical power per year.

Parameter

Tetrapleura
tetraptera
sawdust

Triplochiton
scleroxylon
sawdust

Celtis spp.
sawdust

Unit

C
H
N
S
Moisture Content
Ash Content
Gross Caloriﬁc
Value qgr
Net Caloriﬁc
Value qnet
ST
DT

46.51
6.26
0.73
0.32
9.44
2.42
19.4

46.19
6.31
0.44
0.25
50.96
3.24
18.4

46.09
6.43
0.50
0.23
38.08
3.06
18.4

wt% d.b.
wt% d.b.
wt% d.b.
wt% d.b.
wt%
wt% d.b.
kJ/g d.b.

18.1

17.1

17.2

kJ/g d.b.

743
1370

1096
1355

1204
1299

°C
°C

wt%: weight %; d.b.: dry basis; oDM: organic dry matter; ST: shrinking temperature; DT: deformation temperature.

kept, low diameter trees, bark and foliage are not removed and storms
and ﬁres induce a high share of decomposing deadwood (personal
communication with oﬃcials from the Forestry Commission). The potential removal of logging residues will reduce the fuel load on the
forest ﬂoor, which in turn will prevent crown ﬁres.
Further positive aspects of the residue utilization are a decreasing
deforestation rate by satisfying the increasing energy demand in Ghana
[3,5,17,26,30,32]. The oﬃcials of the Forestry Commission already
motivate contractors to utilize residue biomass.
The high species variation in Ghana’s timber industry is a challenge
for pelletization due to a variation of the wood density, extractive
content and mineral content. Though many biogenic feedstock can be
pressed to pellets, the homogeneity of the raw material is important to
produce pellets with constant quality [53]. This constant quality (e.g.
density, moisture content, share of ﬁnes) is necessary to guarantee a
stable gasiﬁcation process with low maintenance and high power
output. The higher the variation of the pellet quality, the higher will be
the deviation from the power estimations given in Table 12. Sawmills,
which are specialized on processing selected tree species, are a preferable feedstock source. Pelletizing sawdust for energetic utilization
will have a high environmental impact, as it is common practice to burn
the sawdust over the weekends (personal communication with sawmill

4. Discussion
4.1. Discussion on forest biomass
The allometric model of Chave et al. [47] showed a much lower
AGB because it does not consider the tree heights (Table 9). Therefore,
the result of this allometric equation was not considered in the mean
value (Table 9). The impact of the tree heights on the allometric results
indicate their necessity for a correct forest inventory in the Asukese
Forest Reserve. In general, the allometric equations do not substitute a
ﬁeld forest inventory.
Mineral nutrients are not evenly distributed within the diﬀerent
parts of a tree but concentrated in the residual biomass, mainly in the
crown and leaves. From an ecological point of view the removal of these
assortments can have a negative impact on the stability of the ecosystem, which depends on the nutrient concentration in the soil. Soil
degradation, especially acidiﬁcation due to intense forest utilization,
has an impact on the timber yield, as well. Such eﬀects are not to be
expected in the Asukese Forest Reserve, as a 40-year cutting cycle is

Table 10
shows the conversion of the forest biomass to pellets per compartment and per ha with a densiﬁcation factor 1.7.
Comp. No.

mlogs, harv [t]

m res,logs [t]

msd, f [t]

msd, s [t]

msd, f , spec [t/ha]

msd, s, spec [t/ha]

mp, sd, s [t]

mp, sd, f [t]

mp, total [t]

mp, spec [t/ha]

28
115
167
Total

2307
2694
2233
7234

1338
1562
1295
4195

346
404
335
1085

214
250
207
671

4.36
2.74
2.44
3.18a

2.70
1.69
1.51
1.97a

126
147
122
395

204
238
197
638

330
385
319
1034

4.2
2.6
2.3
3.0a

mlogs, harv : harvested logs, m res,logs : residues from log processing in the sawmill, msd, f : sawdust from milled forest residues, msd, s : sawdust from log processing residues.
msd, f , spec : sawdust from milled forest residues per ha, msd, s, spec : sawdust from log processing residues per ha, mp, sd : mass of pellets produced from respective sawdust,
mp, spec : pellets.
a
mean.
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Table 12
shows the pellet amounts per forest compartment and the respective theoretical energy outputs.
Comp. No.

mp,

28
115
167
Total

126
147
122
395

sd, s

[t]

mp, sd, f [t]

mp, total [t]

Wel, total [MWh]

Wth, total [MWh]

Wel, per ha [MWh]

Wth, per ha [MWh]

204
238
197
638

330
385
319
1034

366
428
354
1691

842
983
815
2640

4.6
2.9
2.6
3.4a

10.6
6.7
5.9
7.7a

mp, sd, s : pellets from sawmill sawdust, mp, sd, f pellets from forest residues, mp, total : total amount of pellets (sawmill + forest residues), Wel : electrical energy, Wth : thermal
output.
a
mean

value of all three investigated forest biomass is in the lower range of
wood (17.1 J/g–20.6 J/g) [75]. Net caloriﬁc values for Triplochiton
scleroxylon are given with 15.3 J/g [76] and 14.65 J/g [77]. 16 J/g is
an average species unspeciﬁc value for sawmill sawdust in Ghana [31].
Nitrogen concentrations in Celtis spp. and T. scleroxylon are higher
(0.5% and 0.44%, Table 11) in comparison to European species, e.g.
spruce, beech and ﬁr (0.1%, 0.22% and 0.17%, respectively) [74,78].
European species usually have a low sulfur content (< 0.1%)
[74,79,80], but the sulfur content of Celtis spp. and Triplochiton
scleroxylon shows comparably high values (0.23% and 0.25%, respectively, Table 11). The higher sulfur and nitrogen content of T. tetraptera
will cause higher SOx and NOx emissions in comparison to the two
analyzed tree species (Table 11). All N and S values exceed the maximum levels given in the European pellet standard (DIN EN ISO 172552). Further research must focus on lignin and extractives contents,
pelletization of the sawdust as well as particle and gaseous emission
analysis of these fuels. C- and H- concentrations of hardwood species
range between 41.9% and 51.6% and 5.56–8.32%, respectively
[73,79,80]. Both wood species and the T. tetraptera sawdust show values in the middle of this range (Table 11).

Table 13
shows the data on production and residues of cassava and plantain peels in
Ghana in 2016 [61].

Cassava
Plantain

Production [Mt/a]

Residues [Mt/a]

17,790
3950

4450
1976

workers). The utilization of sawmill residues, e.g. shavings and reject
boards, will reduce the waste disposal costs, as well [37].
The moisture content of Celtis spp. and Triplochiton scleroxylon,
with 38.08% and 50.96% respectively, was measured after the sawing
of the logs and represents the fresh water content. However, the high
moisture contents of Celtis spp. and Triplochiton scleroxylon will require drying before storage and pelletization. Moisture contents above
20% induce fungal and bacterial growth [69]. 10–12% moisture content is the optimum for pelletization [53]. The sawmills can arrange
pre-drying of their sawdust (personal communication with sawmill
manager). The pellet mill should be close to the sawmill and work
under one organizational roof or even have the same owner. This will
ensure short transportation and an eﬀective organization. It can be a
feasible strategy for future gasiﬁcation applications as well to focus on
one source of sawdust for pelletization, e.g. Tetrapleura tetraptera
sawdust. This biomass has a comparably low ash and moisture content
and a high heating value in comparison to the other biomass (Table 11),
which makes it a potential gasiﬁcation fuel (Table 6). The ash content
of alternative fuels, e.g. oak acorns, coconut palm stems, eucalyptus and
wheat grains is higher than the ash content of T. tetraptera [70]. Ash
contents in the literature range from 0.3% to 3% in temperate zones to a
maximum of 5% in tropic areas [53,70–73]. Adegoke et al. found a
3.75% ash content for residues from Triplochiton scleroxylon, which is
comparable to our result [74]. All ash content values exceed the standard, but the deformation temperature of the ash is above the temperature in a ﬁxed bed gasiﬁcation. However, practical experiments
with small scale gasiﬁers have to prove the feasibility of T. tetraptera.
The high ash content can cause particulate matter emissions and ﬁlter
clogging, as well as slag formation. This shortens the maintenance intervals and will lead to lower eﬃciency and sustainability. The caloriﬁc

4.2. Discussion on food and kitchen waste
The cassava and plantain residues in the Sunyani area can only be
estimated in the course of this study. Local farmers said that the harvested amount was very low at the time of the conducted ﬁeld trip due
to drought. The market prices for cassava and plantain were three times
higher than average. The Statistic, Research and Information
Directorate (SRID) report informed that the Brong-Ahafo Region is the
second largest cassava producer in Ghana [81]. The average yields of
cassava and plantain under a suﬃcient precipitation regime are 18.3
and 10.8 Mt/ha, respectively. If “more eﬀective extension and use of
recommended technologies” will occur, the potential yields will be 48.7
and 20.0 Mt/ha, respectively [81]. Further area-speciﬁc studies must be
carried out in order to evaluate the concise potential of these biowaste
products.
Staﬀ and owner of small kitchens in Sunyani reported that the
biological leftovers are often fed to dogs and cattle and that it is possible that no large amounts of food waste are left for biogas production.

Table 14
lists the results of the food residue characterization of agriculture and food residues from the laboratory analysis.
Parameter [wt%]

Cassava Peels CP1

Cassava Peels CP2

Plantain Peels PP1

Plantain Peels PP2

Food Residues FR1

Food Residues FR2

Food Residues FR3

C
H
N
S
O
Moisture Content
Ash Content
Crude Fat Content
Crude Protein Content
Crude Fibers and NFE

37.10
6.13
0.63
0.17
55.97
70.84
8.32
1.53
3.94
86.22

42.25
6.82
1.40
0.15
49.39
73.59
5.78
1.53
8.74
83.95

38.36
6.40
0.75
0.16
54.34
82.50
9.00
3.88
4.68
82.44

40.96
6.47
1.04
0.13
51.40
85.58
10.76
3.88
6.52
78.83

47.78
8.04
3.42
0.33
40.43
68.44
9.91
18.26
21.39
50.45

44.66
7.16
2.79
0.41
44.98
77.22
9.86
18.26
17.44
54.44

46.05
7.45
3.37
0.47
42.66
80.94
8.53
18.26
21.06
52.15

wt%: dry weight %; NFE: nitrogen-free extract.
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Table 15
shows the theoretical biogas yields of the food residues.
Unit

l/kg DM
BMPTh Boyle
Methane content vol%
BMPTh Baserga
l/kg DM
Methane content vol%
Total mean BMPTh l/kg
Total mean Methane content

Cassava Peels
CP1

Cassava Peels
CP2

Plantain Peels
PP1

Plantain Peels
PP2

Food Residues
FR1

Food Residues
FR2

Food Residues
FR3

Mean ± SD (vc)

661
49.1
728
51

863
48.6
743
53

714
49.0
733
52

795
48.8
717
53

1156
47.4
776
60

1001
47.5
780
59

1076
47.2
788
60

895 ± 173(19)
42.2 ± 0.76(2)
752 ± 27(3.5)
55 ± 3.7(7)
823
48.6

vol%

BMPTh: theoretical biogas potential, DM: dry matter, SD: standard deviation, vc: variation coeﬃcient.

energetic yields and conversion properties. A concept for an integrated
sustainable bioenergy system in Sunyani was generated. This bioenergy
concept has to be widened in the future in order to reﬂect the whole
production and supply chain from feedstock primary production, logistics, energy production and energy supply, including technical and
economic eﬃciencies. An initial action will be the implementation of a
research plant within a R&D project at the campus of the University of
Energy and Natural Resources in Sunyani (UENR) in order to explore
the technical feasibility of decentralized power production systems, run
with local biogenic residues. Based on the preliminary calculations of
this study, a ﬁrst draft of the research facility was developed (Fig. 2).
The thermal oﬀ-energy of the gasiﬁer/CHP can be converted to cool
air by the proposed absorption chiller. 2,640MWhtherm (Table 12) can
be converted to app. 1,848MWhcool that enables the chilling of app.
184,800 m2 living and working space (cooling eﬃciency 0.7 [88]). The
estimated theoretical methane potential from anaerobe digestion in
Sunyani is app. 12.4 billion L, which equals to 4.1 billion kWhel×a−1.
The conversion of the methane content to power was done under
consideration of the average food waste per capita in Ghana (110 kg/a,
[69]), the population in Sunyani (250,000 in 2012 [46]) and a 30%
electrical conversion eﬃciency. The power generation yields app 8.2
billion kWhtherm×a−1 (oﬀ-heat from CHP, 60% thermal eﬃciency),
which can be converted to 5.74 billion kWhcool×a−1 by absorption
chilling (cooling eﬃciency 0.7 [88]). This allows the chilling of app. 0.3
mio m2 living and working space during the summer season, assuming
that 100W chill 1 m2.

Therefore, the focus of the food waste collection should be on large
kitchens and canteens, e.g. in schools, universities, hotels and restaurants. The staﬀ of these large kitchens expressed their willingness to
collect the food waste separately in case there is an infrastructure to
collect and utilize it. The separation of the waste is necessary to avoid
critical substances, e.g. bones, egg shells and ﬁbrous materials that
inhibit the fermentation process. The process engineering and the plant
operation have to be adapted to these materials, because they can obstruct stirring and discharging of the biogas reactor. Other promising
sources were not analyzed in this study but can also give a contribution
to a waste to energy system in Sunyani. Municipal solid waste (MSW)
from dumping sites has a high organic content in developing countries
[82,83], while coﬀee production residues can yield high gas amounts,
as well.
The theoretical biogas and methane yields of cassava, plantain and
food waste, calculated using two approaches, are given in Table 15. The
stoichiometric and substrate speciﬁc approaches yield the theoretical
maximum production, which will not be realized under ﬁeld conditions.
The results of laboratory analysis of moisture contents of cassava
and plantain peels are 72.2% and 84.04%, respectively. Ash contents
were determined to be 7.05% and 9.88%, respectively. Compared to
analyses in the literature, the values for cassava are in the range of
previous studies that state moisture contents of 69.03–72.00% [84] and
66.08–72.36% [85]. The measured ash contents of cassava peels are
signiﬁcantly higher compared to literature values which are given with
ranges of 1.28–4.05% [84] and 2.90–3.25% [85]. Determined ash
contents of plantain peels are lower than the results from literature,
which are in the range of 12.5–17.24% [86] and 14.3% [87]. Deviations in the ash contents from both cassava and plantain peels, can arise
due to the degree of soiling which varies with intensity of cleaning the
raw material before peeling. Moisture contents vary with air drying
time and the form of storage e.g. in closed bags or on heaps.
Nitrogen in the substrate yields ammonia in the biogas reactor,
which increases the pH. While the main problem of the anaerobe digestion is the acidiﬁcation due to a too high substrate feeding rate, an
increasing pH can harm the microbial community in the reactor.
However, the nitrogen level in the kitchen and food waste (Table 14) is
not as high as e.g. in chicken manure and, therefore, will most probably
have no negative impact on the biogas production. The critical ammonia concentration is 3–5 g/L. Sulfur yields hydrogen sulﬁde, which
inhibits microbial activity in the biogas reactor at a concentration
above 30 mg/L. The relatively low levels of sulfur in the food waste will
most probably not cause inhibition (Table 14). Future projects will
implement a biogas plant in Sunyani in order to assess the eﬃciency of
biogas production under local conditions. In case of microbial inhibition by NH3 or H2S the low-level N and S substrates cassava and
plantain peels (Table 14) can be mixed with the food waste to reduce
the relative N and S content in the substrate.

4.4. Forest biomass allocation
The sawmill sawdust has the highest transportation eﬃciency, as it
is preconcentrated. Sawdust transportation is cheap in comparison to
logging residue allocation. In Europe, the most eﬃcient method to
collect forest residue biomass is on-site chipping and transportation of
the wet chips to CHPs by trailers. Many CHPs do not require pre-drying
of the biomass but use moist fuel to reduce the oven temperature. Using
moist biomass is no option for the proposed integrated renewable energy concept for Sunyani as it can neither be processed to pellets nor
gasiﬁed directly. Therefore, either air drying in the forest or air/kiln
drying at the pelletization site is recommended. Allocation of raw
material can also be performed by subcontractors, but the more feasible
biomass will be sawdust due to its availability. The transport chain for
T. tetraptera cannot be estimated properly at present. It is probable that
larger customers buy the fruits directly from the plantation and process
it in a centralized facility. The waste would be preconcentrated in this
case. If many small customers process the fruit for local markets, an
eﬃcient allocation will not be possible. Further ﬁeld studies should
focus on the allocation chain of T. tetraptera, as this lignocellulose
source is a promising gasiﬁcation fuel in comparison to the sawdust
analyzed in this study (Table 11). The T. tetraptera fruits are already
dry, but they have to be chipped. Experiments with the Spanner gasiﬁer
in the frame of the proposed R&D project will reveal the optimum
particle size for this fuel. Sawdust has to be pelletized, as the gasiﬁer
cannot gasify sawdust. The fast kinetics of the small particle gasiﬁcation

4.3. Design of an integrated sustainable energy system
The aim of this study was to locate suitable biomass waste in the
Sunyani area and characterize it in terms of chemical composition,
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Fig. 2. Shows the potential design and ﬂow chart of the integrated energy system from woody biomass and food waste at UENR campus in Sunyani. (not to be printed
in color).

assessment and negatively aﬀect people’s health [83]. A collection,
separation and storage system for organic waste has to be developed
and implemented in order to valorize this energy resource. Installing a
collection system can oﬀer beneﬁts for the people and the environment
by developing new business models and by implementing a retrieval
and recycling system for organic waste. However, this cannot be
achieved on short term. Therefore, the project will demonstrate an efﬁcient and viable utilization of converting food waste into cooking gas
on the base of pre-concentrated food waste in restaurants or large
kitchens. The project will generate technical and economic data for the
adaption of other food waste sources. The performed substrate analysis
(Table 15) resulted in a relatively low variation of the overall gas yield.
However, a precise analysis of the food waste composition of selected
restaurants and kitchen, e.g. the university canteen, should be undertaken to verify these preliminary results.
According to positive experiences with small scale biogas plants for
cooking gas production, e.g. in India or Nepal, a successful implementation of similar utilization paths can be expected. This will be

will shift the process to high temperature direct combustion and,
therefore, only low caloriﬁc CO2 and H2O product gas would be produced. The oﬀ heat of the gasiﬁer is the major product of the gasiﬁcation process, as the electrical eﬃciency of small ﬁxed bed gasiﬁers is
low (Table 8). This oﬀ-heat can be valorized by the absorption chiller.
Another residue of the gasiﬁcation process will be the coke that accumulates in the tubing of the gasiﬁer. This coke has to be removed
during the maintenance intervals and the UENR provides trained personnel to ensure an eﬃcient wood gas production. As the coke has a
high organic content it can be used as a soil regeneration agent that
improves plant growth.
4.5. Food waste allocation
Waste management in Ghana is either unorganized or not existing at
all. The collection practiced in the Accra Metropolis and in Kumasi are
house-to-house and communal collections. In smaller towns incinerators were built, but these facilities have no environmental impact
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accompanied by research concerning the entire added value chain efﬁciency. Biogas production parameters, e.g. stirring rate and substrate
feed in rate, have to be adapted to the kitchen food waste. A medium
scale approach will enable power generation but might suﬀer from
substrate inhomogeneity. There are examples of medium scale biogas
plants in Germany or Switzerland that constantly generate power from
an agricultural residue substrate mix. The main obstacle in this case will
probably be the lack of trained personnel that constantly cares for
maintaining the digestion process. Training of personnel by experts is a
crucial pillar for the biogas module of the “lighthouse project” to be
implemented at the UENR campus.
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5. Conclusions
Ghana’s energy crisis requires solutions in order to pave the way for
economic growth, aﬄuence and life quality. Ghana is one of the most
developed countries in Africa and can, by learning from the mistakes of
developed western economies, shift to a sustainable industry. Bioenergy
is a promising option to satisfy the growing energy demand and this
paper outlines the potential in Sunyani for biogas and wood gas production by food and kitchen waste and forest biomass waste, respectively. Decentralized power production via the presented routes can
complete a sustainable energy mix including photovoltaics or wind
power generation. Bioenergy is storable solar energy and, therefore, a
ﬂexible and constant source of sustainable energy. Biomass power
generation can balance performance ﬂuctuations of photovoltaic and
wind systems and is an essential part of reliable energy systems. Rural
areas derive of excellent frame conditions by providing waste from
forestry and agricultural production. A sustainable and reliable energy
mix for Sunyani, which is based on local resources, can solve environmental problems like organic waste accumulation and hazardous
open sawdust ﬁres. Furthermore, positive eﬀects on local markets are
possible. The presented study introduces the design of an integrated
research plant for electricity, heat and cold.
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