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For more than half of the Southern African population, human development is limited by 
a lack of access to electricity and modern energy for cooking. Modern bioenergy merits 
consideration as one means to address this situation in areas where sufficient arable land 
is available. While numerous studies have concluded that Africa has significant biomass 
potential, they do not indicate by how much it can effectively reduce the use of traditional 
biomass and provide more accessible energy, especially at a country level. Here, we 
evaluate the potential of sugarcane to replace traditional biomass and fossil fuel and 
enlarge the access to electricity in Southern Africa. By using its current molasses for eth-
anol production, Swaziland could increase electricity generation by 40% using bagasse 
and replace 60% of cooking fuel or 30% of liquid fossil fuel. Sugarcane expansion over 
1% of the pasture land in Angola, Mozambique, and Zambia could replace greater than 
70% of cooking fuel. Bioelectricity generation from modest sugarcane expansion could 
be increased by 10% in Malawi, Mozambique, and Zambia and by 20% in Angola. Our 
results support the potential of sugarcane as a modern energy alternative for Southern 
Africa.

Keywords: sustainability, bioenergy, bioelectricity, sugarcane ethanol, traditional biomass

inTrODUcTiOn

Most of the population of Southern African lacks access to electricity and modern energy for cooking 
(FAO, 2012c; IEA, 2014a). Their heavy dependence on the traditional biomass for cooking direct 
affect the living conditions in this region. For example, charcoal and firewood supply more than 
95% of the cooking energy consumption in Mozambique and Malawi. By contrast, in South Africa, 
only 13% of the population relies on the traditional use of biomass (IEA, 2014b). The use of charcoal 
and firewood has been related to approximately 600,000 premature death per year in Africa (WHO, 
2013). The stoves are typically inefficient and placed in poorly ventilated spaces, causing indoor 
air pollution (IEA, 2014a). Also, the use of these traditional biomass leads to household energy 
accidents, such as burns, scalds, fires, and poisonings (Kimemia et al., 2014).

Electricity access is lacking for 60% of the Southern African population. In Malawi, less than 
10% of the population is supplied with electricity (IEA, 2014b). In some cases, countries are highly 
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Table 1 | net imports of electricity, gasoline and distillate fuel oil.

country net imports of 
electricity (2009/12 

average)

net imports of 
gasoline (2009/12 

average)

net imports of 
distillate fuel oil 

(2009/12 average)

TWh/yeara 1,000 bl/da 1,000 bl/da

Angola 0 23.6 35.35
Malawi 0 1.8 2.90
Mauritius 0 2.7 6.15
Mozambique −3.37 3.5 11.01
South Africa −3.08 23.1 22.46
Swaziland 0.91 2.1 2.20
Tanzania 0.06 7.4 17.13
Zambia −0.58 0.9 1.84
Zimbabwe 0.79 3.7 8.49

aU.S. Energy Information Administration (EIA, 2012).
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dependent on imported electricity. For example, 70% of the 
electricity in Swaziland is imported. Also, all of the Southern 
African countries are net importers of gasoline and distillate fuel 
oil (EIA, 2012) (Table 1), with all except South Africa and Zambia 
wholly dependent on imports. This scenario reduces their energy 
security and harms the national trade balance.

Although the Southern Africa economy is changing rapidly, 
with annual gross domestic product (GDP) growth of 5.7% from 
2000 to 2012, attracting investments and opening up new oppor-
tunities (IEA, 2014a; Taliotis et al., 2016), the region must expand 
its population’s access to modern, reliable, and affordable energy 
and improve the social indicators to maintain and consolidate the 
economic expansion observed during the last decade.

In regions with sufficient land resources, bioenergy can 
play this role, promoting energy access and rural development 
integrated with an improved food security and greater national 
energy sovereignty (Lynd and Woods, 2011). In terms of physical 
geography, much of Africa has the capacity to produce bioenergy 
crops without compromising biodiversity and water use (Lynd 
and Woods, 2011).

Sugarcane is one of the best feedstocks for bioenergy because 
of its semiperennial productive cycle, which involves replanting 
at intervals of 5 years or more (De Cerqueira Leite et al., 2009), 
and its efficient conversion of solar radiation into chemical energy 
(Zhu et al., 2010). Sugarcane bioenergy can be cost competitive, 
promote human development, and comply with strict sustain-
ability indicators, reducing greenhouse gas (GHG) emissions by 
approximately 80% compared to gasoline (Seabra et  al., 2011). 
Moreover, sugarcane can address the triple challenge of energy 
insecurity, climate change, and rural poverty in sub-Saharan 
Africa (Johnson and Seebaluck, 2012).

Approximately 40 million t of sugarcane are produced in 
Southern Africa, mainly in South Africa, Swaziland, Mauritius, 
Zimbabwe, Zambia, and Mozambique (FAO, 2012d). Despite the 
existence of suitable areas for sugarcane cultivation in African 
countries, the overall potential of the countries is different and 
depend on particular agricultural and economic issues. The 
Southeast region has the largest potential for rain-fed sugarcane 
production, with additional potential to grow this crop using 
irrigation (Hermann et al., 2014).

However, most of the studies about the potential of the bio-
mass as renewable energy in Africa address only the geographic 
suitability of renewable energy sources (Watson, 2011; FAO, 
2012b) or a general overview about the potential energy supply 
(IRENA-DBFZ, 2013). There is a lack of studies that quantify 
how much is the ability to replace the current and future uses of 
traditional biomass and fossil fuels or even enlarge the electric-
ity access according to the current and projected demand. This 
intriguing question motivated this study.

By considering two scenarios to produce modern energy from 
sugarcane in Southern Africa, this study explores the potential 
of this crop to promote a cleaner and more accessible energy, 
including the required investment and GHG emissions savings. 
We assume that sugarcane ethanol will be used as a vehicle fuel 
and partially replace the traditional use of solid biomass for 
cooking, thereby contributing to reducing the deforestation 
associated with burning firewood and charcoal. We also evalu-
ate the potential of cogenerating bioelectricity from bagasse. A 
probabilistic methodology is applied to nine Southern African 
countries: Angola, Malawi, Mauritius, Mozambique, South 
Africa, Swaziland, Tanzania, Zambia, and Zimbabwe. Other 
countries in Southern Africa (Botswana, Democratic Republic of 
the Congo, Lesotho, Madagascar, Namibia, and Seychelles) are 
excluded because of a lack of data or inadequate conditions for 
sugarcane production.

As the real potential of biomass in Africa is still not accu-
rate—studies report an enormous range of suitable area for 
biomass production (IRENA-DBFZ, 2013), we assumed the 
use of only 1% of the pasture area, which the equivalent area is 
realistic in terms of suitable land (Watson, 2011; FAO, 2012b; 
Johnson and Seebaluck, 2012) (Table 2). Pasture lands are usu-
ally underutilized, and by using appropriated pasture manage-
ment integrated with sustainable intensification practices, such 
as rotational grazing, incorporation of legumes and integrated 
crop–livestock–forestry systems, is possible to increase agricul-
tural output (Latawiec et al., 2014) without compromising the 
grazing activity.

eThanOl iniTiaTiVes: a lOOK TO 
sOUThern aFrica

Ethanol is produced by the fermentation of a mash prepared from 
molasses (residual sugars from sugar production) or sugarcane 
juice and distillation, resulting in hydrous ethanol (containing 
approximately 6% water) or anhydrous ethanol. Pure hydrous 
ethanol can be used in dedicated or flex-fuel engines, which 
allow the use of any ethanol-gasoline blend, and as a diesel 
replacement in modified diesel engines (Nylund et  al., 2013). 
Gasoline containing up to 10% anhydrous ethanol can be used 
in conventional gasoline vehicles without any modification, and 
higher blending levels (up to 30%) can be used after relatively 
simple changes (BNDES/CGEE, 2008). Processing sugarcane to 
produce either ethanol or sugar results in lignocellulosic residue, 
corresponding to approximately 27% (dry basis) of cane stalks 
(Rodrigues Filho, 2005). Bagasse is typically burned to produce 
power and heat for industrial needs and, increasingly, to generate 
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Table 2 | Potentially suitable areas for sugarcane and current production.

country 1% of the current  
pasture land (ha)a

Potentially suitable area  
for sugarcane (ha)

current production  
103 t/year (2012)b

additional area relative to the 
current cane area (%)b,c

Angola 571,170 1,127,000d 520 42
Malawi 19,568 206,000d 2,800 1
Mauritius 74 n.a.e 3,947 <1
Mozambique 465,397 2,338,000d 3,394 10
South Africa 887,725 5,080,000f 17,278 3
Swaziland 10,916 870,000f 5,400 <1
Tanzania 254 5,184,000d 2,717 <1
Zambia 211,544 1,178,000d 3,900 5
Zimbabwe 127,984 620,000d 3,929 2

aRelated to the permanent meadows and pasture from FAOStat database (FAO, 2012a).
bFrom FAOStat database (FAO, 2012d).
cThe additional area (1% of the pasture land) proposed in this study in relation to the current sugarcane area; (additional sugarcane area)/(current sugarcane area).
dSuitable and available areas. Excludes protected areas, crops and wetlands, existing sugarcane areas, slopes >16% and areas <500 ha; from Watson (2011).
en.a. = not available.
fDoes not exclude unavailable areas used for other activities; from Schulze et al. (1997).
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surplus bioelectricity for the grid (Seabra and Macedo, 2011). In 
Brazil, sugarcane represents a relevant primary electricity source: 
for example, the power-generation capacity of sugarcane bagasse 
is 10,500 MW, corresponding to 7.5% of the total installed capac-
ity (ANEEL Fontes de Energia: Biomassa, 2015).

More than 30 countries worldwide have ethanol-blending 
mandates motivated by various factors, including energy secu-
rity, rural economic development, and GHG emission reduction 
(Munyinda et al., 2012; REN21, 2015a). Global ethanol produc-
tion reached 94 Mm3 in 2014 and was mainly based on sugarcane, 
corn, and cassava. Biofuels, including biodiesel, represent less 
than 5% of the global road transport fuel demand on an energy 
basis (REN21, 2014).

Several initiatives aimed at introducing sugarcane bioenergy 
in Southern Africa, including various concepts and scales of 
operation, have been attempted. In 1982, Malawi adopted E10 
blending using biofuel locally produced from sugarcane molas-
ses. By 2004, the total production capacity reached 36 million 
liters per year (Chakaniza, 2013), allowing for E20 blending and 
the use of pure hydrous ethanol. In 2012, the CleanStar project 
was launched in Mozambique to promote a transition away from 
nontraditional biomass and inefficient stoves by disseminating up 
to 30,000 clean-burning and efficient cooking stoves fueled with 
locally produced ethanol (UNFCCC, 2013). The project target 
was to produce 2 million liters per year of ethanol from cassava as 
cooking fuel, supplied by local small farmers (Novozymes, 2012). 
However, the progress was impaired by feedstock supply and 
failed to achieve the required sales to sustain the manufacturing 
flow, leading to the end of the project in 2014 (REN21, 2015b). 
Challenges also included overcoming economic and cultural 
barriers (Dasappa, 2011).

In Angola, the BIOCOM Enterprise was created to diversify 
the economy by activating the sugarcane agroindustry and gen-
erating jobs and income. This project is a joint venture involving 
Angolan and Brazilian investors (worth US$ 750 million) and 
relies strongly on technology transferred from the Brazilian 
sugarcane agroindustry model. The commercial operation of 
the facility started in June 2015 (Macauhub, 2015). When fully 
implemented (planned for 2019/2020), 42,000  ha of sugarcane 

will annually produce 30 million liters of anhydrous ethanol, 
235 GWh of surplus bioelectricity, and 260,000 t of sugar (Biocom, 
2015), which is sufficient to supply at least 50% of the domestic 
demand for sugar (FAO, 2013a). Currently, most sugar consumed 
in Angola is imported (FAO, 2013a).

MaTerials anD MeThODs

By using energy demand data (Table  1) and applying some 
assumptions to project a future scenario for 2030 (see Energy 
Demand Projection), we evaluated the potential of sugarcane to 
provide cleaner and more accessible energy in Southern Africa 
by considering two scenarios: Current Molasses (CM) and New 
Policies (NP). CM represents a short-term framework, in which 
ethanol is produced exclusively from molasses, considering the 
existing sugarcane production and the current technology access. 
NP refers to an enhanced approach likely to be deployed over 
the medium to long term based on the 2030 scenario proposed 
by the International Energy Agency (IEA, 2014a); in this case, 
sugarcane is cultivated over 1% of the pasture land, and ethanol 
is produced from molasses (existing sugarcane mills) and direct 
juice (additional sugarcane mills). We assessed the use of ethanol 
as cooking fuel and a displacer of fossil fuels, including gasoline 
and diesel. The use of ethanol in diesel engines is supported by the 
Scania technology, which allows the use of pure ethanol with 5% 
ignition improver in diesel engines [BioEthanol for Sustainable 
Transport project (EHA, 2011)]. Ethanol for cooking is likely to 
replace fuelwood because the latter is the main energy resource 
used as cooking fuel in Southern Africa (greater than 90%), 
except in South Africa, where electricity is the primary cooking 
fuel for approximately 60% of households (Adkins et al., 2012; 
IEA, 2014a).

Both scenarios correspond to a mill-crushing capacity of one 
million t of sugarcane and distillery consumption of 30 kWh/t 
cane (mechanical and electrical energy) (Dias et  al., 2011). 
Further assumptions include the following:

•	 CM Scenario: Ethanol is produced exclusively from existing 
molasses, and no additional sugarcane production occurs. We 
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Table 3 | Parameters for uncertainty analysis.

Distribution Mean/sD  
or likeliest

location/ 
scale/limitsk

both scenarios

Cooking fuel use  
(L/household/year)a,b

Normal 360/36 –

Ethanol yield—direct juice  
(L/t cane)c

Triangular 81 68–85

Ethanol yield—molasses  
(L/t cane)c

Triangular 10 6–12

Electricity consumptionb,d Normal See note –
Gasoline consumptionb,d Normal See note –
Cane yield (t/ha/year)e

Angola Lognormal 38/0.7 35
Malawi Logistic 108 1
Mauritius Logistic 73 2
Mozambique Logistic 60 11
South Africa Lognormal 62/5 41
Swaziland Lognormal 98/3 95
Tanzania Lognormal 81/28 0
Zambia Logistic 104 1
Zimbabwe Lognormal 84/13 0

current molasses scenario
Surplus electricity (kWh/t cane)f,b Normal 30/3 –
Household electricity demandg Triangular 1,117 480–2,072

new policies scenario
Pasture land (ha)b,h Normal See note –
Surplus electricity (kWh/t cane)f,b Normal 80/8 –
Household electricity demandg Triangular 1,430 538–2,322

Electricity increasing rate (%)i

Southern countries  
(excluding South Africa)

Triangular 73 64–82

South Africa Triangular 47 40–54
Gasoline increasing ratei Triangular 67 59–75
Diesel increasing ratec,i Triangular 50 42–58

life cycle ghg emissions from electricity
Coal (g CO2e/kWh)j Triangular 1,001 675–1,689
Oil (g CO2e/kWh)j Triangular 840 510–1,170
Natural gas (g CO2e/kWh)j Triangular 469 290–930
Biopower (g CO2e/kWh)j Triangular 18 −633–75
Nuclear (g CO2e/kWh)j Triangular 16 1–220
Hydro (g CO2e/kWh)j Triangular 4 0–43
Solar PV (g CO2e/kWh)j Triangular 46 5–217
Wind (g CO2e/kWh)j Triangular 12 2–81

aFrom United Nations (2007).
bSD corresponds to 10% of the mean (adopted).
cFrom United Nations (2006).
dMean values according to 2012 data (Table 6).
eProbability distribution fitting according to 2000–2014 period; from FAOStat database 
(FAO, 2012d).
fEstimated from BNDES/CGEE (2008) and Dias et al. (2011).
gFrom Castellano et al. (2015).
hUncertainty assumed based on experts’ judgments justified by errors involved in 
estimating pasture land. For details, see Table 2.
iAccording to IEA (2014a); minimum and maximum values corresponding to 5% of the 
mean (adopted).
jFrom Moomaw et al. (2012).
kLocation for lognormal distributions, scale for logistic distributions, and limits for 
triangular distributions.
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assumed a low efficiency for the cogeneration system, with the 
ability to generate 60  kWh/t cane (42  bar, 450°C) (BNDES/
CGEE, 2008). We consider that all the existing sugarcane 
industries will be able to deploy such as system, if it does not 
exist already.

•	 NP Scenario: This scenario is based on the 2030 scenario 
proposed by the International Energy Agency (IEA, 2014a). 
Ethanol is produced from molasses and additional sugarcane 
(direct juice), which is cultivated over 1% of the current 
pasture land. For each country, we assessed the availability of 
suitable areas for sugarcane cultivation. The efficiency for the 
cogeneration system in this scenario is higher, with a capacity 
of 110 kWh/t cane (65 bar, 480°C) (BNDES/CGEE, 2008).

Uncertainty analysis
The overall uncertainty of ethanol and electricity production, 
beyond the potential to address cooking and transportation 
demand, was evaluated by applying a stochastic approach based 
on the Monte Carlo method. In this method, an appropriate prob-
ability distribution is associated with each of the input parameters 
subjected to uncertainties (Table 3). Values for these parameters 
are generated randomly and combined with other randomly 
generated values; we use 10,000 trials. The results are presented 
as an average value associated with a probability distribution for 
all possible outputs (ADB, 2002).

greenhouse gas emission
We assessed the GHG emission savings given the replacement 
of fossil fuels by ethanol and the use of bagasse as bioelectric-
ity source instead of the current electricity mix employed in 
each country. We considered the emissions throughout the life 
cycle. The carbon emission was evaluated for the NP scenario 
to identify the potential carbon savings if the countries invested 
in improving their energy generation profile for 2030, i.e., using 
ethanol as vehicle fuel instead of gasoline and diesel and bagasse 
for bioelectricity generation rather than maintaining the current 
scenario. We did not estimate the GHG emissions savings for 
the CM scenario; indeed, suggesting energy replacement in this 
scenario is not sensible because most of the analyzed countries 
still lack access to electricity or have a latent demand for fuels. In 
the NP scenario, fuels are not replaced; instead, the energy sector 
expansion in the coming years is reevaluated.

The GHG emission factors for electricity production were 
estimated based on the life cycle emissions of energy systems 
(Table  3) and the current electricity generation (Table  4). As 
for ethanol, gasoline, diesel, and electricity from bagasse cogen-
eration, the GHG emission factors correspond to the life cycle 
carbon emissions (Table 5).

investment
We estimate the investment required to implement the additional 
sugarcane industrial plants for the NP scenario considering an 
industry crushing capacity of 1 million t per year and an invest-
ment of 212 US$/t cane annual crushing capacity (BNDES, 2014), 
including the agricultural sector, sugarcane mill, and cogeneration 
system. We assume the investment would occur over 10 years, 

and thus divided the total investment by 10 and compared the 
annual investment with the GDP at market price and to the 
gross fixed capital formation. We do not consider investments in 
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Table 5 | emission factors for fuels and electricity from bagasse.

energy source Value

Electricity from bagasse (g CO2e/kWh)a 66.5
Sugarcane ethanol (g CO2e/MJ)a,c 18.5
Gasoline (g CO2e/MJ)b,c 88.4
Diesel (g CO2e/MJ)b,c 92.8

aGHG emissions (WTW) for electricity and ethanol were adapted from Souza et al. 
(2012) considering 30% mechanized harvesting and 70% burning harvesting. GHG 
emissions were allocated on an energy basis. Although Dunkelberg et al. (2014) 
estimated the GHG emission for sugarcane ethanol in Malawi, the assumptions 
adopted in the life cycle scope are not adequate for our requirement (e.g., it doesn’t 
include bioelectricity as coproduct). We thus used data from ethanol sugarcane in 
Brazil due to lack of data for Southern African reality.
bThe GHG emissions (WTW) refer to pure gasoline and conventional diesel and were 
modeled using the Argonne GREET Model 2014 (Wang et al., 2014).
cThe avoided emissions attributable to gasoline replacement were 70 g CO2e/MJ 
(88.4–18.5 g CO2e/MJ). The lower heating values assumed for pure gasoline, ethanol, 
and diesel were 32.36 MJ/L, 21.27 MJ/L, and 35.8 MJ/L, respectively (Wang et al., 
2014).

Table 4 | current generation and emission factors for electricity.

country Total electricity generation  
(gWh/year)a

sourcea g cO2e/kWhb

coal (%) Oil (%) natural gas (%) biofuels (%) nuclear (%) hydro (%)

Angola 5,613 0 29 0 0 0 71 247
Malawi 2,179 0 6 6 0 0 87 87
Mauritiusc 2,797 41 38 0 18 0 3 736
Mozambique 15,166 0 0 0 0 0 100 5
South Africa 257,919 94 0 0 0 5 2 938
Swaziland       425 71 0 0 0 0 29 708
Tanzaniad 5,589 0 15 53 0 0 32 376
Zambia 12,387 0 0 0 0 0 100 6
Zimbabwe 9,124 40 1 0 1 0 59 406

aEstimated from IEA (2012).
bBased on life cycle GHG emissions for electricity from Table 3.
cAlso 0.1% of wind.
dAlso 0.2% of solar PV.
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the distribution and transmission systems, assuming that these 
investments will happen regardless.

energy Demand Projection
To identify the potential electricity consumption in 2030 for the 
NP scenario, we applied a 47% rate of increase for South Africa 
and a 73% rate of increase for the remaining countries relative 
to 2012 (annual growth rates of 2 and 3%, respectively) (IEA, 
2014a) (Table 6). Gasoline and diesel consumption increase by 
67 and 50% from 2012 to 2030, corresponding to 2 and 3% p.a., 
respectively (IEA, 2014b).

resUlTs anD DiscUssiOn

We evaluated the potential of sugarcane to provide cleaner and 
more accessible energy in Southern Africa by considering a 
short-term framework, named CM scenario, and an enhanced 
approach likely to be deployed over the medium to long term, 
entitled NP scenario. Results show the potential of energy supply, 

the GHG emissions savings, and the total investment required 
to enlarge the sugarcane production, with further discussion on 
challenges for implementing bioenergy systems in Africa.

Potential Modern energy supply  
and Fossil Fuel Displacement
We found good prospects for implementing modern sugarcane 
bioenergy in Southern Africa, with large differences among 
countries (Table 7). By using the existing molasses for ethanol 
production, Swaziland could meet 57  ±  6% of the household 
cooking energy demand or displace 30 ± 3% of fossil fuel use. 
Ethanol is already produced from molasses in this country but 
is mostly used in the beverage and pharmaceutical industries 
(IRENA, 2014).

By using 1% of pasture land for sugarcane cultivation, etha-
nol could meet up to 50% of the cooking fuel demand for most 
of Southern African countries. A low availability of pasture land 
reflects, in principle, a lower potential for sugarcane ethanol 
production and, thus, for displacement of fossil fuels, as found 
in Mauritius and Tanzania. In countries with low consumption 
of liquid fuels and large availability of land, such as Mozambique 
and Zambia, sugarcane expansion plays a high potential to 
replace fossil fuel. Even though the assumption of 1% of the 
pasture land may disadvantage countries with low availability of 
grazing area, it is more realistic than proposing a percentage of 
sugarcane expansion based on the energy demand, and also 1% 
is in accordance with the suitable area for sugarcane (Table 2), 
especially in a scenario of pasture intensification (Latawiec 
et al., 2014).

In some cases, the need for ethanol for a specific purpose is 
lower than its production; therefore, the excess could be used as 
a fuel for both cooking and vehicles (Table 7). In our analysis, 
we considered a progressive increase in the electricity and trans-
portation fuel consumptions, according to IEA (2014a), which 
would be related to an economic growth and thus a higher energy 
consumption. Even assuming that, the ethanol supply would be 
able to attend a large share of the fuel demand in the future NP 
scenario (Table 7).
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Table 7 | Potential ethanol supply and fuel displacement.

country current Molasses scenario new Policies scenario

ethanol production 
(106 l/year;  
mean ± sD)

cooking 
Fuel

ethanol as 
gasoline 

displacement

ethanol 
as diesel 

displacement

ethanol production 
(106 l/year;  
mean ± sD)

cooking 
Fuel

ethanol as 
gasoline 

displacement

ethanol 
as diesel 

displacement

Angola 5 ± 1 0% 0.24 ± 0.02% 0% 1,727 ± 195 69 ± 11% 47 ± 7% 26 ± 3%
Malawi 27 ± 4 2 ± 0.2% 18 ± 2% 13 ± 0.3% 189 ± 19 9 ± 1% 72 ± 10% 55 ± 6%
Mauritius 37 ± 5 – 16 ± 2% 8 ± 0.4% 38 ± 5 34 ± 6% 9 ± 2% 5 ± 1%
Mozambique 26 ± 9 1 ± 0.5% 8 ± 3% 3 ± 1% 2,197 ± 754 69 ± 25% 368 ± 131% 168 ± 57%
South Africa 184 ± 29 4 ± 1% 1 ± 0.1% 1 ± 0.1% 4,433 ± 586 89 ± 15% 16 ± 3% 17 ± 2%
Swaziland 51 ± 7 57 ± 6% 30 ± 3% 31 ± 1% 134 ± 12 113 ± 16% 45 ± 6% 51 ± 5%
Tanzania 43 ± 16 1 ± 0.5% 7 ± 3% 3 ± 1% 44 ± 17 1 ± 0.3% 4 ± 2% 2 ± 1%
Zambia 38 ± 5 4 ± 0.4% 9 ± 1% 6 ± 0.1% 1,748 ± 194 99 ± 15% 224 ± 33% 159 ± 17%
Zimbabwe 42 ± 9 4 ± 1% 13 ± 2% 6 ± 1% 874 ± 164 49 ± 11% 149 ± 33% 80 ± 15%

The results correspond to the mean values from Monte Carlo simulations. Additional information about the uncertainty analysis is presented in Figures S1 and S2 in Supplementary 
Material. The New Policies scenario accounts for the increasing fuel consumption rate and population (Table 6). Ethanol is not utilized as a cooking fuel in Mauritius because there is 
no use of traditional biomass for cooking.

Table 6 | current and projected consumption of electricity, gasoline, and diesel.

country household  
sizea

Population (1,000 people)b Final electricity (gWh/year) gasoline (1,000 bl/d) Diesel (1,000 bl/d)

current  
(2012)

Projection 
(2030)

current  
(2012)c

Projection  
(2030)

current 
(2012)c

Projection 
(2030)

current  
(2012)c

Projection 
(2030)

Angola 5.0 20,821 34,783 4,842 8,377 25.4 42.5 55.0 83
Malawi 4.2 15,906 25,960 2,027 3,507 1.8 3.0 2.9 4
Mauritius 4.2 1,240 1,288 2,472 4,277 2.9 4.8 6.5 10
Mozambique 4.4 25,203 38,876 11,284 19,521 4.1 6.9 11.0 17
South Africa 4.2 52,386 58,096 211,573 311,012 197.6 330.0 223.0 335
Swaziland 4.6 1,231 1,516 1,295 2,241 2.1 3.5 2.2 3
Tanzania 5.1 47,783 79,354 4,545 7,863 7,4 12,4 18 27
Zambia 5.1 14,075 24,957 8,327 14,406 5.4 9.0 9.3 14
Zimbabwe 4.1 13,724 20,292 6,831 11,818 4.1 6.8 9.2 14

aFrom DHS Program (ICF International, 2012).
bFAOStat database (FAO, 2012c).
cEIA (2012). Refers to distillate fuel oil, which includes diesel fuels and fuel oils.
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Using ethanol as a cooking fuel could help to substantially 
reduce or even eliminate the traditional use of biomass for cooking 
in most Southern African countries (Figure 1). Approximately 85 
million t of firewood per year could be saved by implementing the 
NP scenario in all of the Southern African countries; this would 
reduce forest exploitation by 145 million ha [estimated assuming 
the use of 1.5 kg of firewood per capita per day (IEA, 2014b)], 
0.9 ha per capita of forest for firewood gathering (IEA, 2014a), 
and the population projected for 2030 (Table 6). The forest area 
required for firewood extraction depends on management and 
biomass stocks, which are not uniform across countries.

enlarging electricity access
We identified attractive opportunities to enhance electricity access 
by burning sugarcane bagasse in a cogeneration system, especially 
for Swaziland, where bioelectricity production under the CM 
scenario could increase current generation by 38 ± 4% (Figure 2) 
and using bagasse under the NP scenario could increase electric-
ity production by 70 ± 8%. The existing bioelectricity produced 
from sugarcane bagasse in Swaziland is completely consumed by 
the industry itself. However, the sugarcane mills could provide 

surplus power to the grid by implementing higher efficient boilers 
(IRENA, 2014), as in the NP scenario. In Angola, bagasse could 
contribute highly to power generation under the NP scenario 
(Figure  2). The lack of electricity for Southern African house-
holds would be significantly reduced, or even eliminated, by a 
slight expansion of sugarcane and the use of bagasse as an energy 
source (Figure 3).

ghg implications
Because more than 90% of the electricity generation in South 
Africa is derived from coal (Table  4) the use of bagasse as an 
electricity source could eliminate 940-4,800 kt CO2e/year (25th–
75th percentiles), in addition to an annual reduction potential of 
900-9800 or 550-6,000 kt CO2e by displacing diesel or gasoline, 
respectively (Figure 4A). Electricity generation in Mozambique 
and Zambia is based on hydropower. Increasing bagasse use over 
hydropower would impair the current power profile because of 
higher life cycle GHG emissions from the biomass (Tables 3 and 
5). However, the potential reduction in GHG emissions resulting 
from displacing fossil fuel compared with 2012 emissions could 
be as high as 50–70% in these countries. In Swaziland, where 70% 
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FigUre 2 | Potential bioelectricity supply. The graphs are split to facilitate visualization: (a) larger producers and (b) smaller producers. The columns show the 
mean values, and bars represent the 25th and 75th percentiles from the Monte Carlo simulation. The difference between the red and green markers indicates the 
external dependency on electricity.

FigUre 1 | Population relying on traditional use of biomass for cooking. The potential replacement of traditional biomass when ethanol is used exclusively as 
cooking fuel. Status quo as reported by the International Energy Agency (IEA, 2014a). 0% indicates total replacement of traditional biomass.
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of the electricity production is based on coal (Table 4), sugarcane 
could also contribute to a cleaner energy sector by reducing the 
annual GHG emissions by more than 60% (Figure 4B).

investments and land Use
The investment needed to expand sugarcane production and 
processing over 1% of the pasture land varies according to the 
available area of each country. The required annual investment 
for all of the countries is insignificant compared to the GDP at the 
market price. However, in Mozambique, it represents more than 
30% of the fixed capital formation and, thus, may be prohibitively 
high (Table 8). In South Africa, it would be infeasible to invest in 
55 new sugarcane industries.

With regard to the sugarcane expansion in the NP scenario, the 
additional area at a national level is quite small compared to the 
current sugarcane production in the Southern Africa countries, 
except for Angola in which the required area would correspond to 
over 40% of the existing crop area and thus would place a barrier 
for the NP scenario (Table 2). However, a deeper analysis at local 
level is essential to identify the need for irrigation and the soil and 
climate conditions.

challenges in iMPleMenTing 
sUgarcane energY in sOUThern 
aFrica

Despite the potential of energy production using sugarcane, 
Southern Africa countries face a number of economic, social, and 
environmental challenges that can hamper the development of 
bioenergy systems. Among them are the need of adequate logistics 
infrastructure and the limited number of trained professionals, 
which reduces productivity. The situation is further aggravated 
by land acquisition schemes, in which the legal procedures make 
the investment processes quite difficult, by corruption, abuse of 
human rights and lack of governance transparency, which com-
promises the assurance of energy programs (Mwakasonda and 
Farioli, 2012), and by the access to affordable loans and sound 
business models (Rutz and Janssen, 2012).

Hence, policies must take the people’s welfare and the sustaina-
ble supply as first priorities through implementing and integrating 
effective plans for land use, energy, agriculture, and rural devel-
opment focused on employment opportunities, education, and 
energy security. However, policies must be aligned with strategies 

http://www.frontiersin.org/Energy_Research/
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FigUre 4 | greenhouse gas (ghg) emission savings by introducing sugarcane as energy source (2030 scenario). The primary axis represents the 
emissions savings from promoting bagasse as an electricity source (BE), rather than keeping the current electrical system, and displacing diesel (DD) or gasoline 
(GD) by implementing ethanol use. The secondary axis corresponds to the relative GHG emissions savings compared with 2012 fossil fuel emissions attributed to 
goods and services discounted from cement manufacturing emissions; data (UNFCCC, 2014; Boden et al., 2015; British Petroleum, 2015) were retrieved from the 
Global Carbon Atlas (2012). The graphs are split to facilitate visualization: (a) larger scale emission and (b) smaller scale emission. The columns show the mean 
values from the Monte Carlo simulation.

FigUre 3 | Population without access to electricity. The new perspectives for electricity shortage when implementing the Current Molasses (CM) and New 
Policies (NP) scenarios. Status quo corresponds to the current situation as reported by the International Energy Agency (IEA, 2014a). Household electricity demands 
were estimated considering average annual consumptions of 1,120 and 1,430 kWh (Castellano et al., 2015) per household for the CM and NP scenarios, 
respectively. The columns show the mean values, and the bars represent the 25th and 75th percentiles from the Monte Carlo simulation. Swaziland and South Africa 
can fully meet the residential demand in the NP scenario.
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to limit negative impacts of biofuels by promoting and applying 
sustainability standards and criteria based on aspects such as bio-
diversity, GHG emissions, land use, and water use. Furthermore, 
Africa is predicted to experience designed to undergo the adverse 
effects of the climate change on the agriculture systems, such as 
land degradation, water stress, increased occurrence of pests, 

droughts and floods, and loss of yield, which require adequate 
strategies to address such impacts, besides developing more 
accurate researches in this region to ensure the real effects of 
climate change (Malaviya and Ravindranath, 2012). Cooperation 
among African countries could boost the development of regional 
strategies and technologies suitable for their reality.
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Table 8 | number of new 1 million t sugarcane mills and total investment for the new policies scenario.

countries number of mills 
(1 Mt)

annual investment required 
(1,000 Us$)a,b

investment related to gDP at market 
price (%)b

investment related to gross fixed capital 
formation (%)c

Angola 22 470,000 0.6% 1.9%
Malawi 2 44,400 0.8% 3.4%
Mauritius <1 115 <0.01% <1%
Mozambique 28 592,000 5.8% 32.6%
South Africa 55 1,162,500 0.3% 1.6%
Swaziland 1 22,600 0.6% 4.5%
Tanzania <1 440 <0.01% <1%
Zambia 22 467,600 2.3% 8.9%
Zimbabwe 11 227,600 2.4% 11.1%

aCorresponds to the total agricultural and industrial investments normalized by 10 years; USD 212/t cane (BNDES, 2014).
b2010 current price.
cRelated to investments in fixed capital.
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Under planning and monitoring actions, bioenergy can 
enhance agricultural and technological progress, boost social 
growth, and contribute to the development of the food sector 
and well-being of Africans at the local level. These results require 
efficient enterprises, financial mechanisms, and government 
support for research, education, and agriculture, such as exten-
sion services to guide farmers. International agreements, such as 
carbon emission reduction policies, can play an important role in 
promoting modern energy in developing countries.

Sugarcane can serve as a core bioenergy source for the grow-
ing energy demands of African countries and help to reduce 
GHG emissions and fossil fuel imports by changing their 
current energy generation profiles. However, displacing the 
use of fossil fuels and nonsustainable bioenergy requires new 
perspectives and solutions throughout the energy life cycle to 
ensure modern energy access. Additionally, implementing the 
scenarios proposed in this study are associated with improve-
ments in biomass production, conversion technology, rural 
infrastructure, and societal integration (Lynd and Woods, 
2011), especially for the NP scenario, which relies on more 
efficient technologies.

cOnclUsiOn

This study confirms the great potential for sugarcane ethanol 
production, the good prospects for using this biofuel in cook-
ing stoves and transport sector in Southern Africa, and the 
opportunity for this sector to contribute to enhancing electric-
ity access in the long term. As consequence of promoting the 
sugarcane sector for energy proposal, there are benefits regard-
ing the reduction in fossil fuel consumption and the external 
dependency in fossil fuels imports, as well as reducing the GHG 
emission, in line with the voluntary national pledges assumed 
in COP21.

The development of sugarcane bioenergy is aligned with the 
goals proposed by the United Nations at the Sustainability Energy 
for All Program (SE4ALL): universal energy access, renewable 
energy, and energy efficiency. We believe that this study can help 
decision-makers and stakeholders on planning energy strategies 
in Southern Africa based on sugarcane as alternative to promote 

the modern energy supply. However, challenges such as financ-
ing the agroindustry, transport infrastructure, education and 
personnel training, and regulatory adjustment must be properly 
evaluated and solved, and a clear and effective government com-
mitment is essential to make the sustainable sugarcane bioenergy 
a reality in Southern Africa.
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