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In this paper a techno-economic analysis for bioethanol production in Africa for Tanzania case is pre-
sented. It is shown conversion pathways from sugar cane juice and molasses, at three levels of tech-
nological schemes, where the first one includes a selection of widely conventional technologies, the
second level with a more sophisticated fermentation technology and the third level using a different
broth and solid treatment for ethanol production. A simulation procedure was taking into account in
order to evaluate the conversion pathways schemes using different scenarios of raw material pretreat-
ment, using Aspen Plus software, that include productivity analysis and energy requirements for each
process configuration. Also an economical evaluation of each technology level and each scenario is
shown. A comparison and discussions for each technological level and each scenario for bioethanol
production in Tanzania is presented. These results served as the basis to draw recommendations on
technological and economic feasibility aspects for the implementation of a national biofuel production
programme in Africa. The study helped to identify the best technological schemes for producing fuel-
grade alcohol from the various raw materials analysed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Tanzania, situated on the Eastern Coast of Africa, is one of the
continent’s most politically stable countries. The country is cate-
gorized as a least developed and low-income food deficit country.
Tanzania is in the bottom 10 percent of the world’s economies in
terms of per capita income. The economy depends heavily on
agriculture, which accounts for approximately 25% of the gross
domestic product (GDP), providing 85% of exports, and employs
80% of the work force [1].

Tanzania remains a poor country with a per capita GDP of 362
USD in 2008, consistently below the sub-Saharan regional average
since 2000, and 58% of its population living below 1 USD a day,
compared to the regional average of 42%. Tanzania’s population
reached a total of 42.5 millions in 2008 and is growing at a rate of
2.9% a year. While the agriculture sector grew at 4% per year in
2007, it represents the slowest growing sector [1].

While most of Tanzania’s population relies on agriculture for
their livelihood, agricultural incomes remain low and are growing
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at a slow rate which partially explains the small effect that rela-
tively large and consistent macroeconomic growth have had on
poverty reduction and food security in Tanzania [2]. Stimulating
growth in the agriculture sector, through means such as bioenergy
development, would therefore have an impact on a large portion of
the population, and is consequently essential in the government’s
goals of reducing poverty and increasing food security. Of total land
available, 9.2 million ha are cultivated annually (excluding
permanent crops), 85% of which is under food crop cultivation.
Food crop production dominates the agriculture economy in
Tanzania. The major staples include maize, sorghum millet, rice,
wheat, pulses (mainly beans), cassava, potatoes, bananas and
plantains. The main export crops are coffee, cotton, cashew nut,
tobacco, sisal, pyrethrum, tea, cloves, horticultural crops, oil seeds,
spices and flowers.

On the energy front, Tanzania struggles to meet its own energy
needs and access to modern energy is still very limited. Over the
last ten years, domestic energy demand has grown rapidly due to
both the increase in economic activity and population growth.
Access to energy is extremely limited and the energy balance is
dominated by biomass based fuels particularly fuel wood (charcoal
and firewood), which are the main source of energy in both urban
and rural areas. The estimated total energy consumption is more
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than 22 million tonnes of oil equivalent (TOE) or 0.7 TOE per capita.
To date, a large share of current energy use is still met by traditional
biomass, namely 90% of total use. The remaining share of energy
use comes from fossil fuels, 6.6%, gas, 1.5%, hydro, 0.6%, and coal and
peat, 0.2%. All of the fossil fuels are imported in Tanzania and 75% of
these are used by the transport sector.

Tanzania continues to rely on imported petroleum products.
Electricity generation is mainly hydro-based, while thermal plants
provide electricity for peak loads. Development of natural gas for
electricity is ongoing. The dissemination of renewable energy
technologies has been limited to the promotion of improved stoves,
improved charcoal production techniques, solar, biogas and wind-
mills and to a lesser extent photovoltaics. Initiatives to increase
utilization of coal for electricity are being explored. Biofuel devel-
opments have local, national, regional and global impacts across
interlinked social, environmental and economic domains. A key
concern for many poor countries is the effect that biofuel produc-
tion will have on food security. The interface between bioenergy
and food security is complex. Biofuel productionmay compete with
food production for land and other agricultural resources. On the
other hand, biofuel developments could play a pivotal role in
promoting rural development through increased local employment
and energy supply. Implementing bioenergy production can result
in improvements or a worsening in the food security conditions
depending on the bioenergy pathway chosen. The precise effects on
food security will depend on many factors ranging from the land
used for bioenergy production, type of feedstocks, agricultural
management practices, the industrial set-up of the sector as well as
developments in global agricultural and energy markets. The
majority of Tanzania’s poor people live in rural areas and continue
to rely on conventional biomass for basic energy services. In
common with many African countries, Tanzania’s dependence on
agriculture is likely to remain high for some time to come. But if
agriculture is considered as a source to provide the basis of future
growth and poverty reduction, the sector requires urgent
modernization in order to improve productivity and generate
growth. In Tanzania, there is a real willingness to exploit bioenergy
developments to improve energy security which in turn impacts on
food security. There are strong theoretical arguments for promoting
bioenergy but for Tanzania the real issue lies in managing the
development of the sector in a manner that promotes more equi-
table growth.

The advantages for promoting biofuels in Tanzania are
numerous. The diversification of domestic energy supply would
lead to increased energy security as well as hedge against energy
price fluctuations, overcome energy access shortages and the
resulting negative effects on overall development. As Tanzania is
a net importer of oil, domestically produced biofuels may remove
some of the uncertainty associated with development budgets
because of reductions in the oil import bill while increasing foreign
exchange savings. The returns generated by the industry could have
a positive impact on food security especially if small holders in rural
areas play a key role in supplying feedstocks. Moreover, the
dependency on firewood for fuel needs would be reduced,
considering that thermochemical technologies such as gasification
and combustion are able to use biomass residues to produce
energy. Those technologies integrated to cogeneration systems are
able to produce efficiently, the heat and power required by chem-
ical processes. In addition, electricity surplus can potentially be
used to provide energy to surrounding rural or urban communities.
The development of agro-industry can offer new rural employment
opportunities. The combined effect would be to increase the stan-
dard of living of the rural poor and also improve the linkages
between agriculture and other sectors in the economy. Under-
standably there are concerns about biofuels because of the
competition it creates for the resources needed to produce food
crops. Secondly, given the interests of largely private investors
there is a risk that small holders may be overlooked in biofuel
developments in favour of large-scale production units. These are
valid concerns. However, the issue is less about food-feedstock
competition but rather one of how to regenerate a stagnant agri-
cultural sector so that yields increase improving the incomes of
poor farmers. Maintaining the status quo of Tanzanian agriculture
is not an option. This will not improve livelihoods nor will it protect
natural ecosystems. The integration of food crops with biofuel
production could offer a solution for sustainable land use. Capital,
technology transfer and capacity building are essential ingredients
of an agricultural revolution. Biofuel investors can bring in these
necessary requisites to Tanzanian agriculture to address both food
and energy security. However, to achieve this is important to
consider that suitable area for sugar cane varies between 202,673
and 2,487,957 ha, depending on the features of agricultural
configurations [1].

The Food and Agriculture Organization of United Nations (FAO)
is leading a number of studies to evaluate the feasibility for
producing fuel-grade alcohol under Africa conditions, without
impairing the continent’s food security [1]. The comparisons of the
alternative technologies for producing fuel-grade alcohol are based
on modern process-engineering tools for modelling and process
analysis simulation [3e7]. The present study reviewed a variety of
secondary information sources relating to the situation and
conditions in Africa for ethanol production. It also used primary
information collected by FAO staff. The data collected were of
particular importance for setting up the scenarios for bioethanol
and carry out the various technical-economic calculations.

A variety of models and analytical approaches were used to
choose the best technologies, considering the various levels of
technological access and development for the proposed processing
technology configurations. The different technologies and process
configurations with potential for application in Africa conditions
were then selected. A commercial process simulator was used, in
conjunction with special software designed by the authors, to
analyse specific stages of the production process, i.e. fermentation
and distillation. An analysis on the energy consumption of the
various proposed technological schemes was carried out, and the
biofuel per litre production cost was estimated. These results
served as the basis to draw recommendations on technological and
economic feasibility aspects for the implementation of a nationals
biofuel production programmes in Africa.

The study helped to identify the best technological schemes for
producing fuel-grade alcohol from the various raw materials ana-
lysed. The study was analysed in the context of implementing
a national 10% blending gasoline oxygenation programme with
fuel-grade alcohol. The objective of the blending mandate was on
one hand seen as an opportunity to reduce fossil fuel imports and
on the other to promote rural development. The rural development
dimension was considered from the perspective of having the
participation of small scale producers as feedstock suppliers in the
various production systems considered in the study.

The objective of this study is to define the best biofuel
production technological option under the specific conditions
found in Africa. As such, it was necessary to find a flexible meth-
odology to allow changes in the evaluation of technical parameters
that adapt to the continental conditions. The proposed method-
ology is applied through the sequential execution of a series of
evaluation criteria taking into account the entire biofuel production
system. The assessment takes into consideration feedstock options
and suppliers, industrial processing technologies as well as the
management of industrial wastes and effluents. All these steps are
taken into consideration to determine the production costs related
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to the conversion of raw materials into biofuel products. Addi-
tionally, the methodology considers other factors related to the
local conditions, as for example, current technological development
of the country, resources, labour cost, andmost important of all, the
potential for the communities involved to adopt technologies. Last
is explained by the priority in analysing new scenario for new
bioenergy projects in Africa that will boost the agriculture in rural
areas. The integrated use of molasses (residues from sugar
industry) and sugar cane juice is of course an attractive scenario but
specially for the existing sugar milling factories. This problem was
discussed in detail for countries like Colombia in [8]. The study aims
to evaluate the different technologies available for producing bio-
ethanol from the two raw materials most promising for Africa:
sugar cane juice (from new sugar cane projects) andmolasses (from
the existing sugar factories).
2. Bioethanol technology options for Africa

The contextualization of the three technological levels assessed
at Africa conditions (see Table 1) comprises a series of conditioning
factors and requirements for their implementation in the country.
In the case of the first technological development level, this
represents the easiest level to be implemented in Africa since it
implies already mature conventional technologies proven world-
wide but overall less efficient technologies. For the second level of
technological development, a suitable transfer of technology and an
appropriate degree of investment from private sector should be
ensured in Africa in order to guarantee the success of the produc-
tion process. In theory, there is a potential for implementing
technologies from the three levels, including the newly available
commercial technologies. However, the country will need superior
investments and intensive program to develop the local capacity to
absorb newer and more advanced technologies which at this stage
is considered to be an obstacle.
2.1. Sugar cane juice to bioethanol. Technological conversion
pathways

In the case of ethanol production from sugar cane juice the first
level of technological scheme includes the selection of widely used
conventional technologies for each one of the processing steps
(Fig. 1). The system considers a pretreatment stage including cane
milling to obtain an unrefined juice. In order to refine juice and
remove impurities as fibbers, particles (cachaza) that can affect
fermentation performance a clarification step is implemented
where cachaza is retained in filter cake. After, this juice undergoes
sterilization in order to prevent contamination and production of
other metabolites in fermentation stage due to presence of other
microbial agents. The last pretreatment step is the acid hydrolysis
where the sucrose is hydrolysed mainly into glucose that is more
assimilable by the microorganism [3]. The sugar cane juice after
concentration steps has a concentration of sugars close to 22% wt.
Table 1
Levels of technological development of the selected technologies for biofuel
production in Tanzania.

Level of
development

Remarks Complexity Investment in
equipments and
strain development

1 Conventional technologies Low Low-medium
2 Current technologies with

higher efficiency
Medium Medium

3 Technologies under
development

High High
The scheme includes a conventional batch fermentation using
the yeast Saccharomyces cerevisiae. The separation of the cell
biomass from the culture broth is carried out by a simple gravita-
tional sedimentation technology. In order to reduce the large
organic charge that the broth may have due to cell growth and
reduce environmental impact of stillage, additional separation is
done to consider the possibility of recycling cells. No treatment of
the cells was included. The broth has an ethanol concentration of
around 10 percent by weight. The broth is sent to a distillation
column to obtain a concentrated stream of ethanol (40e50%). Then,
this stream is directed to a rectification column where the ethanol
content is elevated to 90e95% under atmospheric pressure. To
utilize the ethanol as a fuel, the water should be almost totally
removed. Thus, it is necessary to dehydrate the ethanol up to 99.7%
purity in a column operating under vacuum conditions (at pres-
sures below atmospheric). The main liquid effluent of the process,
the stillage, is evaporated up to a 30% concentration of solids. This
procedure is done because there can be many problems in soil
content when all stillage volume is used to directly spread in fields
due to super saturation of phosphorus soil content as reported
previously for Colombia [3]. However different studies shows that
phosphorus soil content is low and balancing phosphorus content
could have benefits at short term for Africa countries and Tanzania
[9e13], nevertheless include all stillage volume to spread in fields
can cause the problems mention above. In this way, the solids
stream undergoes incineration in the combustion-gasification
process for cogeneration. The ashes obtained can be used as
a source of minerals for fertilizer production [14]. The bagasse
generated during themilling of the sugar cane is used for combined
generation of process steam and electricity (cogeneration) in
turbogenerator units using low-pressure (28 atm) boilers.

The technological scheme corresponding to the second techno-
logical level is shown in Fig. 2. This configuration differs from the
first level in the fermentation step. In this case, the operation of
a cascade of three fermentors in series, using conventional yeasts
(S. cerevisiae) in a continuous process for cultivation of the micro-
organisms is used, a more advanced technology with a higher
productivity.

The continuous fermentation consists in the execution of
a process for cell cultivation in a bioreactor to which fresh culture
medium is continuously added and from which an outlet stream
(effluent) is continuously removed. The micro-organisms grow and
proliferate inside the bioreactor at such a rate that it offsets the
removal rate of the cells leaving; as a result, the bioreactor reaches
an equilibrium or steady state. In the steady state, the concentra-
tions of cells, substrate and target product in the culture broth (and
in the effluent as well) do not change over time. To ensure the
system homogeneity and reduce the concentration gradients in the
broth, continuous stirred tank reactors (CSTR) are used in contin-
uous operation. In this way, a permanent production of fermented
broth can be achieved without the need to stop the bioreactor
operation for its load and discharge. This leads to a significant
increase on the volumetric productivity compared to the batch
(discontinuous) processes. High productivity of ethanol implies
best economic indexes as the raw material consumption increases
and the concentration of the broth including distillation steps will
use less energy as discussed in [4].

The second level of technological development also contem-
plates the operation of centrifugation rather than sedimentation for
the separation of the yeast cells from culture broth, to reduce
organic charge asmentioned above for first technological level. This
operation is most efficient than the gravitational sedimentation
considered in the first level. The purification in second level tech-
nology employs a process for ethanol dehydration by adsorption
with molecular sieves rather than vacuum distillation. This



Fig. 1. Processing pathway for production of fuel ethanol corresponding to the first level of technological development.
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technology has demonstrated high efficiency during the production
of anhydrous ethanol in different countries (Colombia, India, and
USA) and is applicable to Africa conditions through an appropriate
transfer of technology. The liquid effluents from the process are
Fig. 2. Processing pathway for production of fuel ethanol corres
treated by combination of evaporation of the stillage up to a 30%
solids concentration with the subsequent utilization of the evapo-
rated stillage stream for composting. For this, the evaporated stil-
lage is mixed with the filter cake in order to accomplish an aerobic
ponding to the second level of technological development.
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fermentation typical to the composting process. The obtained
product can be used as manure that can be applied to the sugar
cane plantations surrounding the ethanol production facility.
Finally, a cogeneration scheme based on medium-pressure boilers
was chosen for this technological level. This level of cogeneration
technology development is taken as the baseline for this study
because it is applicable to existing Africa conditions and has a high-
performance conversion.

The third level of technological development for ethanol
production using sugar cane juice is illustrated in Fig. 3. In this case,
the ethanol-producing bacterium Zymomonas mobilis is chosen as
the process micro-organism. The use of this bacterium is more
advantageous than conventional yeast S. cerevisiae. For once, it has
a higher conversion yield to ethanol and consumes lower amounts
of nutrients to produce cell biomass [15,16]. High productivity
bacterial ethanol-producing strains can be selected without the
need to use genetically modified micro-organisms (developed by
themeans of recombinant DNA technology or genetic engineering).
Currently, these are used in pilot-scale plants where the production
of ethanol by continuous fermentation using these bacteria are
been demonstrated. One of the current limiting factors for utiliza-
tion of this micro-organism at commercial level is the adaptation of
bacterial strains to industrial conditions. Noting that the industry
itself, has not been inclined to substitute the use of conventional
yeasts with bacterium strains.

For the third level of technological development, the absorption
using molecular sieves as ethanol dehydration method was also
considered. Theeffluent treatment is carriedout in themanneras the
second levelbut theevaporationof thestillage isupto55%solids. The
solids are subsequent utilize to produce biofertilizer which can be
applied to other crops besides sugar cane. The cogeneration scheme
includes high-pressure (70e85 atm) boilers using the bagasse
generated during the cane milling. This type of cogeneration units
Fig. 3. Processing pathway for production of fuel ethanol corre
correspond to the technology of circulating fluidized bed combus-
tors/turbogenerators (CFBC/TG). One important aspect to consider in
this technological level is that is a technology that currently is under
research, but including bacteria strains several problems can be
solved, specifically stillage problem because bacteria strain guaran-
teed less organic charges than yeast and as mention above direct
spread in fields of stillage cause super saturation of phosphorus soil
content for Colombia. Nevertheless include this technology as newly
commercial available technologywill be amistake andneeds to be in
the frame of future available commercial technology.

2.2. Sugar cane molasses to bioethanol. Technological conversion
pathways

The technological schemes for fuel ethanol production based on
cane molasses as feedstock were selected in the same way as
ethanol production using cane juice, considering that molasses are
a byproduct of sugar production that can be sold as a value product
for feed or raw material for distilleries for liquors as the Colombian
case [3].

The technologies corresponding to the three studied levels donot
differ significantly from the technologies selected for the cane juice
case as shown in Figs. 1e3. The scheme of the first level of techno-
logical development is shown in Fig. 1. The scheme for the second
level of technological development that could be applied under
Tanzanian conditions is presented in Fig. 2. Finally, the scheme
corresponding to the third level and that contemplates advance
technologies currently under development is shown in Fig. 3.

3. Simulation procedure

Each of the proposed technological schemes corresponding to
each feedstock and each level of technological development was
sponding to the third level of technological development.
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simulated. The objective of this procedure was to generate themass
and energy balances from which the requirements for raw mate-
rials, consumables, service fluids and energy needs are calculated.
Prior to the simulations, extensive information was reviewed and
analysed to define the operation parameters for each one of the
processing steps.

The simulation and modelling activities were performed using
different commercial packages as well as specialized software. The
simulation for each technological flowsheets included all the pro-
cessing steps for conversion of feedstocks into bioethanol. For this,
the main simulation tool used was the package Aspen Plus version
12.0 (Aspen Technology, Inc., USA), although some preliminary
simulations were carried out with the simulator SuperPro Designer
version 7.0 (Intelligen, Inc., USA). Specialized packages for per-
forming mathematical calculations such as Matlab, Octave and
Polymath were also employed. Some specific optimization tasks
were carried out using the package GAMS (GAMS Development
Corporation, USA). In addition, software especially designed and
developedby the consultant researchgroup likeModELL-Rwasused
for performing specific thermodynamic calculations for defining
thermo-physical properties not found in literature. Additional data
on components physical properties required for simulation were
obtained from thework ofWooley and Putsche [17]. One of themost
important issues to be considered during the simulation is the
appropriate selection of the thermodynamic models that describe
the liquid and vapour phases. The Non-Random Two-Liquid (NRTL)
thermodynamic model was applied to calculate the activity coeffi-
cients of the liquid phase and the Hayden-O’Conell equation of state
was used for description of the vapour phase.

A circulating fluidized bed combustor/turbogenerator (CFBC/TG)
system was analysed as the cogeneration technology. This system
Fig. 4. Biomass fired combined cycle cogeneration system. 1. heat exchanger, 2. Splitter, 3. C
9. Evaporator, 10. HP drum, 11. Economizer, 12. Economizer, 13. HP pump, 14. Super-heater,
heater, 21. Evaporator, 22. LP drum, 23. Steam Turbine.
has been contemplated in the model process designed by the
National Renewable Energy Laboratory (NREL) for cogeneration
using the lignin released during the conversion of lignocellulosic
biomass into ethanol [18]. Mass balance data of CFBC/TG systems
reported in [18] were utilized for conceptual design and simulation
of the cogeneration unit using cane bagasse. This unit was simu-
lated through several process modules of Aspen Plus. The burner
was described through a stoichiometric reactor considering the
incomplete combustion of bagasse organic components (e.g., lignin,
cellulose, hemicellulose, etc.), taking into account the formation
not only of CO2, but also of CO. In the same way, reactions for NOx

formation were included. The boiler was studied as a heat
exchanger where the feed water enters at 121 �C and 97.5 atm and
the generated steam exits at 510 �C and 84.9 atm. A pump elevating
the pressure of the feed water up to 97.5 atm was included in this
analysis. The simulation of the cogeneration unit also took into
account that the combustion gases leaving the boiler can be utilized
not only for preheating the air required to burn the bagasse, but
also for drying the wet bagasse generated in the mills. The elec-
tricity production using a turbogenerator was simulated through an
isentropic compressor. A multistage turbine was taken into
consideration for producing high, low and very low-pressure steam
(see Fig. 4).

3.1. Cost estimation

The estimation of the energy consumptionwas performed based
on the results of the mass and energy balances generated by the
simulation. For this, the thermal energy required in the heat
exchangers and re-boilers was taken into account, as well as the
electric energy needs of the pumps, compressors, mills and other
ompressor, 4. Gas turbine, 5. Dryer, 6. Combustion chamber, 7. Cyclone, 8. Super-heater,
15. Evaporator, 16. MP drum, 17. Economizer, 18. Economizer, 19. MP pump, 20. Super-
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equipments. The capital and operating costs were calculated using
the software Aspen Icarus Process Evaluator (Aspen Technologies,
Inc., USA). However, specific parameters regarding some African
conditions such as the costs of the raw materials, income tax,
labour salaries, among others, were incorporated in order to
calculate the production costs of 1 L of fuel specifically for Tanzania
case.
4. Scenarios for bioethanol production in Tanzania

4.1. Sugar cane juice

Fuel-grade alcohol can be produced from sugar cane using
a wide variety of alternative technologies. Each stage of the process
to convert sugar cane into fuel-grade ethanol can be performed
using the technological route best suited to the productive setting
of the region in question. Four production scenarios were devel-
oped (see Table 2), based on the Tanzania’s socio-economic and
most appropriate technologies for producing fuel-grade ethanol.
These take account of aspects such as road infrastructure, ease of
technology transfer, productivity, feedstock production options i.e.
inclusion of smallholder farmers, production of fuel-grade ethanol
targeting the global market, and the production of fuel-grade
alcohol destined for the local market.

The evaluation of the technological performance of ethanol
production from sugar cane covers all of the stages involved in
transforming sugar cane into bioethanol. The first stage evaluates
the milling of the sugar to obtain unrefined sugar cane juice. Then
the untreated juice passes to the refining stage, in which impurities
such as cachaza are removed from the juice; after that its sucrose
content undergoes sterilization and acid hydrolysis. The refined,
sterilized and hydrolysed sugar cane juice is then transferred to
fermenters which convert fermentable sugars into ethanol. The
alcohol obtained in the fermenters enters the separation and
dehydration stage to produce fuel-grade alcohol.

The first scenario was based on supplying Tanzania’s needs for
an E10 mixture (10% of fuel-grade ethanol as a gasoline oxygen-
ator). The demand for bioethanol for transport sector was calcu-
lated from projections of gasoline consumption in Tanzania [19].
The bioethanol production capacity to meet this national demand
evaluated for 160,000 L of fuel-grade alcohol per day. The scenario
considers using of the molasses produced in sugar refineries and
sugar cane juice from new cultivation.

The second scenario considers production of ethanol from
expansion of sugar cane cultivation from both commercial (estate)
Table 2
Main scenarios for producing fuel-grade alcohol in Tanzania.

Feedstock Scenario Feedstock supplier Parameters

Sugar cane
Juice

1 Smallholder Integrated medium scale

2 Combined: commercial-
smallholder

Stand alone large-scale

3 Combined: commercial-
smallholder

Stand alone medium scale
feedstock

4 Smallholder Stand alone small scale

Molasses 5 Combined: commercial-
smallholder

Stand alone medium scale

6 Combined: commercial-
smallholder

Integrated small scale
and small scale growers. Commercial plantation is assumed to be
established in 12,000 ha suitable for sugar cane cultivation. Small
holders are to establish 3000 ha to supply sugar cane feedstock to
the biofuel industry. Processing of this feedstock will require an
estimated industrial production capacity of 236e277,000 L/day.
This scenario contemplates potential access to bioethanol export
market.

The third scenario aims to produce 160,000 L of ethanol per day
from feedstock produced by new cultivations by small scale sugar
cane growers. The feedstock from small scale growers is delivered
to the manufacturing facility for processing into ethanol.

The fourth and last scenario involves cluster of ethanol plant
facilities. Here it is assumed that four fuel-grade ethanol production
plants are located close to sugar cane producing areas run. The
feedstock is provided by the small scale farmers. The production
capacity of the plants is estimated to range from 44,000e52,000 L
per day.

4.2. Sugar cane molasses

Production of bioethanol from sugar cane molasses starts with
dilution and sterilization of the molasses before they are sent to the
biological transformation stage in which fermentable sugars are
transformed into bioethanol. The hydrated alcohol produced by the
fermentation is sent for separation and purification to obtain
dehydrated ethanol.

One of the molasses-ethanol scenarios considered involves
building a single plant located nearby the three sugar refineries
that currently produce molasses (see Table 2). The production
capacity of the plant is set at 80,000e85,000 L per day according to
the available molasses, i.e. 102,560 t/yr (based on information
provided by the Sugar Board of Tanzania). The second scenario
involves the construction of three fuel-grade ethanol production
plants, each located near the refineries. In this case, the production
capacity of each plant would is set according to the availability of
molasses from each existing sugar refinery, as reported by the
Sugar Board of Tanzania.

5. Results and discussion

5.1. Simulation of alcohol production

Simulations of the different technological schemes studied were
used to generate their respective mass and energy balance sheets,
which are the basic input for the techno-economic analysis. The
Description

Annual production plant capacity 61 Million litre
(160,000 L/day) using existing molasses and juice from new sugar cane
cultivars developed by small holders.
Annual production plant capacity 79 Million litre (236,000e277,000 L/day)
cane juice from expansion of sugar cane area 12,000 ha commercial coupled
with 3000 ha smallholder
Annual production plant capacity 52 Million litre (160.000 L/day) based on
new sugar cane crop from small holders but assuming increase in yields for
use for ethanol.
Annual production plant capacity 14.8 Million litre (44,000e52,000 L/day)
small scale ethanol plants near smallholder sugar cane production. (potential
for cluster plants)
Annual production plant capacity 26 Million litre (80,000e85,000 L/day
molasses about 102,560 t/yr). Processing plant Dar es Salaam.
Annual production plant capacity 5.8 Million litre (17,000e44,000 L/day), plants
adjacent to existing sugar cane mill with an operating capacity to absorb the
molasses produced by each mill.



Table 3
Key streams composition.

Components Cane bagasse
(% wt.)

Filter cake
(% wt.)

Cellulose 24.86 11.77
Fructose 0.07 e

Glucose 0.11 e

Fats 0.03 1.21
Hemicellulose 18.40 8.71
Lignin 6.46 3.06
Protein 0.11 0.65
Sucrose 1.22 0.76
Water 48.04 65.61
Other sugars (non-fermentable) 0.07 e

Other reducer substances 0.10 e

Sulphurous acid e 0.03
Calcium hydroxide e 0.30
Calcium sulphate e 5.40
Calcium oxide e 0.02
Organic acids 0.04 e

Ash 0.47 2.47
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simulations were validated by comparing the composition of by-
products generated in each of the proposed technological
schemes with reported for actual commercial processes.

In the case of sugar cane-bioethanol cane bagasse and filter cake
(the latter known as cachaza in Latin America) composition were
used as indicators (see Table 3). The results were compared to
a variety of specifications published in the literature on cane
bagasse [19e22] and filter cake [23]. The comparison indicates that
the data generated by the simulation are appropriate.

5.2. Energy performance assessment in alcohol production

One of the best alternatives to lessen production cost is to
reduce the energy consumption of the production process by
implementing more energy-efficient and better performing tech-
nologies. The energy consumption results from the simulations
were used to assess the implication of technology choices on
energy consumption and the effect of energy savings on production
cost. Scenario 3 in which sugar cane juice is the raw material,
exemplifies how the energy consumption varies according to
Table 4
Yield and energy consumption of ethanol production from sugar cane juice.

Technology Yield (L/t)a Consumption

Heat (MJ/L) Electric energy
(kWh/L)

Ethanol from molasses and sugar cane juice e estate (scenario 1)
Level 1 113.59 28.85 0.19
Level 2 115.46 27.88 0.18
Level 3 132.21 25.30 0.16

Ethanol from sugar cane e small and large holders (scenario 2)
Level 1 68.67 32.74 0.36
Level 2 69.41 31.68 0.36
Level 3 80.48 29.26 0.32

Ethanol from sugar cane e gradual yield rising (scenario 3)
Level 1 68.73 33.18 0.37
Level 2 69.44 31.78 0.36
Level 3 80.58 29.77 0.33

Ethanol from sugar cane e small holders (scenario 4)
Level 1 68.70 32.98 0.37
Level 2 69.48 32.35 0.37
Level 3 80.51 29.14 0.34

a Litres of ethanol per tonne of cane.
b Negative figures indicate surplus electric energy in the cogeneration stage.
technology level. In the case of cane bagasse, this can be used to
generate the steam and electric power combination needed by the
ethanol production process. This in turn has a positive impact on
internal energy consumption and lowers production costs. As
a result, this alternative offers the possibility of having surplus
electric energy that can be marketed into the electrical grid.
Tables 4 and 5 show the energy requirements for each rawmaterial,
each scenario and each level of technology.

In the case of ethanol yields, values in Table 4 are in agreement
with industrial and scientific reports and even in some cases are
lower. Nguyen et al. (2008, 2009) reported an ethanol yield of 225 L
per ton molasses. Yields for scenario 1 are lower than the showed
by Nguyen et al. (2008) because molasses are mixed with sugar
cane juice, which is a more dilute sugar source [24,25]. Higher
values in net balance for scenario 1 (compared to the other
scenarios) are due to the use of molasses, because this rawmaterial
does not provide solids co-products for energy cogeneration as in
the case of sugar cane juice, which generates bagasse during juice
extraction. In this sense, cogeneration in scenario 1 is possible for
the presence of bagasse from juice extraction. Nguyen et al. (2008)
reported a net energy requirement for ethanol production from
molasses of 15.23 MJ/L, which is a similar value obtained for the
most promising technological level (level 3) [24].

In the case of the other scenarios, which use sugar cane juice,
highest ethanol yield was 80.58 L/t sugar cane. This value is slightly
lower than the reported by Macedo et al. (2008) (86 L/t of cane),
and similar to the obtained by Quintero et al. (2008) (78 MJ/L)
[3,26].

However, net energy balances of scenarios 2e4 were higher
than the reported in other studies [26] mainly due to the low
energetic integration considered in the evaluated process schemes.
This means that lower values can be obtained if a higher integration
degree is included in process technologies.
5.3. Estimation of fuel-grade alcohol production costs

The levels of technologies proposed for biofuel production
directly affects the biofuel yields of each process and thus also the
production costs. Table 6 shows production costs for obtaining
ethanol from sugar cane juice. The operating cost includes various
Cogeneration Net balance

Heat (MJ/L) Electric energy
(kWh/L)

Heat (MJ/L) Electric energy
(kWh/L)b

10.74 0.48 18.11 �0.29
10.57 0.68 17.31 �0.50
9.95 0.80 15.35 �0.64

21.86 0.98 10.87 �0.61
21.65 1.39 10.03 �1.04
19.87 1.61 9.39 �1.28

21.90 0.98 11.27 �0.61
21.69 1.40 10.09 �1.03
19.89 1.61 9.88 �1.28

22.33 1.00 10.65 �0.62
22.09 1.42 10.26 �1.05
20.18 1.63 8.96 �1.29



Table 5
Yield and energy consumption of ethanol production based on sugar cane molasses.

Technology Yield (L/t)a Heat (MJ/L) Electricity (kW)

Ethanol from molasses e large holders (scenario 5)
Level 1 258.23 26.14 504.61
Level 2 260.43 26.38 4.24
Level 3 287.77 24.16 4.24

Ethanol from molasses e plant adjacent to a sugar mill (scenario 6a)
Level 1 260.00 26.31 26.61
Level 2 262.07 27.59 1.21
Level 3 289.85 25.19 1.21

Ethanol from molasses e plant adjacent to a sugar mill (scenario 6b)
Level 1 261.13 26.97 56.55
Level 2 263.11 27.09 2.28
Level 3 290.21 24.85 2.28

Ethanol from molasses e plant adjacent to a sugar mill (scenario 6c)
Level 1 260.62 26.44 28.27
Level 2 262.70 27.37 1.32
Level 3 289.22 20.55 1.32

a Litres of ethanol per tonne of molasses.
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aspects inherent to the production process such as raw materials,
service fluids, labour and maintenance, operating cost, general
plant costs and general administrative costs. Annualized capital
costs are also included. The comprehensive evaluation of each of
these aspects leads to the plant’s operating costs. In the case of
sugar cane bagasse included in cogeneration systems to produce
electricity and service fluids as high, mid and low-pressure steam it
is reached a saving in energy cost affecting whole production
process. In this way an analysis with and without cogeneration
system is included. This evaluation was based on the results ob-
tained by the simulation and by using the Aspen Icarus Process
Evaluator package, adapted to Tanzanian context.

5.3.1. Sugar cane juice ethanol
For the vast majority of industrial processes the cost of raw

accounts for over 50% of total production costs and ethanol
production is not the exception to this rule. As shown in Table 6,
raw material for bioethanol production from sugar cane comprises
between 64% of the total production cost for the lowest-yielding
technological level to 63% for technological levels 3. A reduction
in cost of raw material per litre of ethanol as more advanced and
efficient technologies are involved is a result of increased biofuel
yield so that fewer raw materials are required to obtain a given
quantity of ethanol.

There are significant differences in themaintenance category for
level 1 technology, which is nearly three times higher than the cost
Table 6
Estimated cost of producing fuel-grade alcohol from sugar cane juice (Scenario 3)
(US$/L).

Category Without cogeneration With cogeneration

Level of technology Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

1. Raw materialsa 0.3968 0.3928 0.3385 0.3968 0.3928 0.3385
2. Services 0.0860 0.0859 0.0924 0.0271 0.0268 0.0297
3. Labour 0.0004 0.0004 0.0004 0.0010 0.0010 0.0010
4. Maintenance 0.0237 0.0121 0.0113 0.0264 0.0147 0.0141
5.Operating charges 0.0001 0.0001 0.0001 0.0003 0.0003 0.0003
6. General plant costs 0.0120 0.0062 0.0058 0.0137 0.0079 0.0075
7.General and

administrative costs
0.0415 0.0398 0.0359 0.0372 0.0355 0.0313

8.Capital depreciationb 0.0640 0.0484 0.0548 0.0837 0.0696 0.0780
Total 0.6245 0.5857 0.5392 0.5862 0.5486 0.5004

a Price of sugar cane: US$0.027/kg.
b Calculated using the straight line method.
of technological levels 2 and 3. Another category with considerable
differences is the indirect plant expenses, which include costs
related to safety and protection, storage, and all costs not directly
associated with production. In the case of the least developed
technology (level 1), this cost is twice as high as for technologies of
levels 2 and 3, because level 1 technology is less efficient and needs
more supervision to operate within a minimum safety margin
while the high-level technologies involve capital-intensive auto-
mated systems that are much more efficient operationally. Capital
depreciation is another category with a significant impact on
production costs. This item reflects the cost of the technology;
according to data reported in Table 6, investment expense is highest
in technology level 3, which is logical since these are developing
technologies. However, the cost of investing in a state-of-the-art
technology is off set by a significant increase in the performance
of the process, which directly affects raw materials requirements.

Level 3 technology has the lowest ethanol production cost, at
about US$0.54/L. However, this is very high compared to the cost
reported in other countries for this technology, i.e. in Colombia the
cost is US$0.22 per litre of ethanol produced using sugar cane juice
as raw material [3]. One of the reasons for such a high production
cost for fuel-grade alcohol in Tanzania is explained by the sugar
cane production cost which is twice as expensive as in Colombia
and Brazil [20]. In this case, as also in the other economic evalua-
tions, the sugar cane price used was the factory gate price (i.e.
including transport costs). Tanzania’s factory gate price was esti-
mated to be US$0.0273/kg compare to US$0.01244/kg in Colombia
[1,16].

5.3.1.1. Effects of cogeneration on production cost. It is important to
note the influence that the cogeneration process has on the cost of
producing fuel-grade alcohol from sugar cane juice. The analyses
considered the use of bagasse as solid biofuel in various boilers to
generate steam to drive a turbogenerator to generate electricity at
the most for self-use. CFBC/TG technology offers an increased
efficiency in the generation of steam and electric power related to
conventional cogeneration units working with low-pressure
boilers, which usually generate steam at 280e300 �C and 20e
21.7 atm. As such, the plant avoids having to purchase electric
energy or fossil fuels (i.e. natural gas, oil or diesel) to run the boilers.
The net effect of cogeneration on the economy of the process can be
seen in the data of Table 6. Although, cogeneration raises capital
costs, services and operating related charges, these are off set from
savings from the energy output gains and sale of surplus electricity
when possible.

5.3.1.2. Effects of co-product markets in production cost. The possi-
bility for selling by-products, which are transformed into value-
added co-products in the ethanol production plant, also has
a potential for reducing production costs. In particular, expenses
incur in treating industrial effluents to prevent serious pollution,
Moreover, considering the limited access to agricultural inputs such
as fertilizers in Tanzania, the transformation of by-products from
biofuel processing to value-added co-products provides an oppor-
tunity to satisfy those needs. For example, stillage is transformed
into marketable products i.e. liquid or solid fertilizers that help
balance the economics of the overall production process from
savings that come from either cutting cost related to handling of
waste products or from the generation of income from sale of co-
products. In order to have more clarity about sugar cane and
sugar cane molasses as feedstock Table 7 summarizes main
composition of sugar cane and sugar cane molasses [27e29].

The economic evaluation took into account the marketing of
these co-products, assuming a conservative sale price of
US$0.0068/kg for stillage concentrate of up to 30% of solid content



Table 7
Sugar cane and sugar cane molasses composition.

Component Reference component Percentage by mass

Sugar cane Sugar cane
molasses

Fructose Fructose 0.5 8.39
Glucose Glucose 0.8 13.45
Fats Glycerol 0.2 0.72
Protein Lysine 0.4 5.03
Sucrose Sucrose 13.8 29.8
Water Water 67.1 14.2
Other sugars

(non-fermentable)
Raffinose 0.5 8.39

Other reducing
substances

Raffinose 0.7 11.75

Organic acids Citric acid 0.2 3.28
SO2 SO2 d 0.1
Sulphurous acid Sulphurous acid d 0.04
Ca(OH)2 Ca(OH)2 d 1.01
CaO CaO d 0.03
Cellulose Cellulose 7.65 d

Hemicellulose Hemicellulose 5.66 d

Lignin Lignin 1.99 d

Ash Ash 0.5 3.83

Table 8
The effect of co-products on the cost of producing fuel-grade alcohol from sugar
cane juice (US$/L) Scenarios 1 and 3.

Scenario Level of technology

Without co-products With co-products

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Scenario 1. Integrated
production of
ethanol from sugar
cane juice and molasses
large-scale

0.6258 0.6056 0.531 0.6244 0.5948 0.5227

Scenario 3. Production of
ethanol from cane juice
large-scale standalone

0.6246 0.5858 0.5393 0.6217 0.5667 0.5311
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and US$0.0102/kg for concentrate up to 55% solid. In the case of the
filter cake, a sale value of US$0.0028/kg was assumed. To achieve
more clarity on criteria, prices were assumed considering that the
stillage concentrated up to 30 and 55% can be sold at half of the
price in Colombia (co-product market which is already well
established). Also for filter cake Colombian case has a well estab-
lished market.
Table 9
Estimated cost of Producing fuel-grade alcohol from sugar cane juice (US$/L) Scenarios 2

Item Scenario 2 e Feedstock supply: combine
and smallholder

Level of technology Level 1 Level 2

1. Raw materialsa 0.3130 0.3097
2. Services 0.0254 0.0250
3. Labour 0.0007 0.0007
4. Maintenance 0.0225 0.0143
5. Operating charges 0.0002 0.0002
6. General plant costs 0.0116 0.0075
7. General and

administrative costs
0.0299 0.0286

8. Capital depreciationb 0.0685 0.0634
9. Co-products Sale �0.0029 �0.0157
Total without co-product credit 0.4716 0.4493
Total with co-product credit 0.4688 0.4336

a Price of raw material for small holders: US$0.027/kg and for commercial suppliers: U
b Calculated by the straight line method.
Assuming a viable market exists, in scenario 1, the reduction
effects in production cost from the sale of co-products was esti-
mated to be 0.22% for low technology level, 1.81% for medium and
1.58% for advanced (see Table 8). In scenario 3, the level 2 tech-
nology has the greatest impact from the sale of co-products
approximately 3.3% reduction compare 1.5% for level 3. The differ-
ence across the three technology levels results from the fact that
more advanced technologies have a higher efficiency thus generate
lower quantities of by-products which results in lower co-products.

5.3.1.3. Effects of production scale. The effect of production scale
was analysed by comparing production of fuel-grade alcohol from
cane juice in scenarios 2 and 4. The results (see Table 9) indicated
that the costs estimated for scenario 4 which comprises small scale
ethanol refineries suited to have feedstock supplied by small
holders producers, has a greater biofuel cost. As such, the econo-
mies of scale trigger a practical limit to small scale-refineries at the
commercial level. The size advantage is primarily from a reduction
in the labour (80%), operative (77%) and capital (58%) costs.

5.3.1.4. Feedstock supplier option. The production scenarios in this
study considered feedstock being supplied either by commercial
(estate), small-holder or a combination of both. Considering that
governments see biofuel programs from a rural development
perspective and that the biofuel investor’s perspective at the start-
up stage is to ensure the viability of the project which entails
stability of feedstock supply both perspectives are considered in
Scenario 2. The scenario simulated a combination of commercial-
small holder feedstock supply. Scenario 2 was also simulated
with the feedstock being supplied only by commercial the
production cost and the results indicated a reduction in the
production cost from US$ 0.4336 to 0.4228, around 2%.

5.3.2. Molasses-ethanol
The cost of producing fuel-grade ethanol from sugar cane

molasses is reported in Table 10, which clearly shows the impor-
tance of raw material cost. The raw material cost (including
transport) comprises 67.93% of the total production cost for the
level 1 technology and 69.97% and 69.37% for technologies levels 2
and 3, respectively.

Another important expenditure category is services and capital
cost. Overall, the lowest cost technology per litre of ethanol
produced is level 3. The per litre cost for producing ethanol from
molasses in Tanzania is very high, due to the high cost of molasses
which was estimated to be around US$0.13 per kilogram. As
and 4.

d commercial Scenario 4 e Feedstock supply: smallholder

Level 3 Level 1 Level 2 Level 3

0.2671 0.3970 0.3926 0.3388
0.0241 0.0246 0.0248 0.0691
0.0006 0.0036 0.0034 0.0031
0.0124 0.0465 0.0248 0.0219
0.0001 0.0009 0.0009 0.0008
0.0065 0.0251 0.0141 0.0125
0.0249 0.0398 0.0368 0.0357

0.0578 0.1765 0.1498 0.1377
�0.0115 �0.0029 �0.0157 �0.0115
0.3935 0.7141 0.6472 0.6196
0.3820 0.7112 0.6315 0.6082

S$0.0208/kg.



Table 10
Estimated production costs for fuel-grade alcohol obtained from sugar cane
molasses under Tanzanian conditions Scenario 5.

Category Level 1 Level 2 Level 3

US$/L Share of
total (%)

US$/L Share of
total (%)

US$/L Share of
total (%)

1. Raw materialsa 0.5188 67.93 0.5144 69.97 0.4656 69.37
2. Services 0.0733 9.60 0.0816 11.10 0.0760 11.32
3. Labour 0.0007 0.09 0.0006 0.08 0.0007 0.10
4. Maintenance 0.0267 3.50 0.0142 1.93 0.0128 1.91
5. Operating charges 0.0002 0.03 0.0002 0.03 0.0002 0.03
6. Indirect plant

expenses
0.0137 1.79 0.0074 1.01 0.0068 1.01

7. General and
administrative costs

0.0507 6.64 0.0495 6.73 0.0450 6.70

8. Capital depreciationb 0.0796 10.42 0.0673 9.15 0.0641 9.55
Total 0.7637 100.00 0.7352 100.00 0.6712 100.00

a Price of molasses: US$ 0.134/kg (based on market price as provided by Tanzania
Sugar cane Board).

b Calculated using the straight line method.

Table 12
Estimation of production costs for fuel-grade alcohol obtained from sugar
cane molasses based on distilleries integrated with sugar refineries and
cogeneration unit in Colombia (US$/L) (Base case).

Category Level 1

1. Raw materialsa 1.9162
2. Services 0.2042
3. Labour 0.0037
4. Maintenance 0.0308
5. Operating charges 0.0009
6. General plant costs 0.0172
7. General and administrative costs 0.5139
8. Capital depreciationb 0.1080
9. Co-products salec 2.1836
Total without co-product credit 2.7949
Total with co-product credit 0.6113

a Price of sugar cane: US$0.035/kg at Colombian conditions.
b Calculated using the straight line method.
c Refined Sugar and Electricity considered as Co-products. Refined Sugar

Yield: 0.11 tonne of sugar per tonne of cane. Electricity generated:
151.74 kWh per tonne of cane. Electricity for sale: 101.13 kWh per tonne of
cane.
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molasses are a by-product of the sugar industry, it is expected that
the value of this raw material should make it possible to produce
ethanol at a similar cost to that obtained from sugar cane.

Production costs for ethanol obtained from the sugar cane
molasses available in each sugar refinery in Tanzania are reported
in Table 11. The Sugar mill refinery 2 has the lowest production cost
for all technological levels, because this sugar refinery produces the
largest volume of molasses per year in Tanzania and can exploit
economies of scale. For the baseline (technology level 2) the
production costs of ethanol obtainedwithmolasses from Sugarmill
refinery 2 is US$ 0.62/L ethanol, which is 15.5% lower than in the
Sugar mill refinery 1 and 12.5% below the reported by the Sugar
mill refinery 3. Here again, the cost of producing fuel-grade ethanol
from sugar cane molasses clearly reflects the high proportion of the
raw material prices in the overall cost.

Cost estimates can be compared with actual values of sugar cane
distilleries, in this case Colombia is the base of the comparison.
Nowadays Colombian distilleries are integrated with sugar
Table 11
Estimation of production costs for fuel-grade alcohol obtained from sugar cane molasses b
6b and 6c.

Category Sugar mill 1a

Level of technology Level 1 Level 2 Level 3 L

1. Raw materialsd 0.3607 0.3579 0.3236
0

2. Services 0.0787 0.1012 0.0924
0

3. Labour 0.0034 0.0030 0.0030
0

4. Maintenance 0.0646 0.0282 0.0277
0

5. Operating charges 0.0008 0.0007 0.0008
0

6. General plant costs 0.0340 0.0156 0.0153
0

7. General and administrative costs 0.0434 0.0405 0.0370
0

8. Capital depreciatione 0.2370 0.1886 0.1798
0

Total 0.8225 0.7356 0.6796
0

a Sugar mill 1 production: 22.229 t/yr.
b Sugar mill 2 production: 49.342 t/yr.
c Sugar mill 3 production: 25.067 t/yr.
d Price of molasses: US$0.0938/kg.
e Calculated using the straight line method.
refineries and cogeneration units from cane bagasse, using cane
molasses to produce fuel-grade ethanol and contribute to the
Colombian Oxygenation Programme [3]. Production cost for fuel-
grade ethanol obtained in distilleries at the Colombian conditions
are reported in Table 12. Is important to consider that 26.2 L of
ethanol per tonne of cane are obtained in the presented Colombian
base case (Technology level 1), this is due to the integration with
sugar refineries and cogeneration unit, and raw material cost
represents about 68% of total production cost when no credit by co-
products is considered, obtaining a production cost of 2.79 US$/L
ethanol which is very high compare with the sale price of fuel
ethanol in Colombia (1.21e1.31 US$/L). Nevertheless when credit by
co-products is taken into account (sugar and electricity) production
cost obtained is US$ 0.61/L, which is reasonable and kindly lower
than production cost of scenarios when molasses are used for the
Tanzania case (Scenarios 5 and 6) and higher production cost of
scenarios when sugar cane juice and molasses are used, (Scenarios
ased on distilleries integrated with sugar refineries in Tanzania (US$/L) Scenarios 6a,

Sugar mill 2b Sugar mill 3c

evel 1 Level 2 Level 3 Level 1 Level 2 Level 3

.3591
0.3565 0.3232

0.3599
0.3570 0.3243

.0738
0.0892 0.0817

0.0767
0.0960 0.0884

.0015
0.0013 0.0012

0.0030
0.0026 0.0027

.0386
0.0197 0.0178

0.0602
0.0274 0.0251

.0004
0.0003 0.0003

0.0007
0.0007 0.0007

.0200
0.0105 0.0095

0.0316
0.0150 0.0139

.0395
0.0382 0.0347

0.0426
0.0399 0.0364

.1301
0.1060 0.1004

0.2209
0.1718 0.1626

.6630
0.6217 0.5686

0.7955
0.7104 0.6541
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1e4) for all technological levels. For the Colombian case the savings
in production cost are covered by co-products sales even when
sugar cane price is higher in the Colombian context, and Tanzania
Scenarios doesn’t include co-products sales or co-products doesn’t
represent important saving in total production cost. On the other
hand, when cane juice is considered, production cost show repre-
sentative differences which leads to promising scenarios, because
production capacity is high and fuel ethanol represent a product
with higher add value, but availability could be questionable
because competition with sugar to keep food security. Comparison
with distilleries in other regions, would provide important
competitiveness results which directly affects energy policy’s in
developing countries as Tanzania.

5.3.2.1. Land requirement needs. The existing molasses production
in Tanzania is not sufficient to meet a national fuel-grade alcohol
requirement for a gasoline oxygenation programme with 10%
ethanol (equivalent to 160,000 L per day of ethanol). For that
reason, in scenario 1 (see Table 2) included planting and harvesting
additional hectares of sugar cane to produce the enough bioethanol
to meet the mandate. In this scenario the production of 90,150 L of
ethanol per day are forecasted to complement the 69,850 L
potentially able to be produced from the sugar cane molasses
available in the country. This additional quantity of ethanol must be
covered from new sugar cane cultivations from either small or
large-scale growers.

Table 13 show the basis for scenarios definition, in this sense
two types of scenarios for sugar cane can be distinguish: ones based
on ethanol demand (scenarios 1 and 3) and others based on
available land (scenario 2 considers an hypothetical land which is
been considered for private investors as potential for ethanol
production, while scenario 4 considers the actual cropped sugar
cane land). In this sense, scenarios 1 and 3 defined the ethanol
production capacity of the plant and therefore the simulations
must gives the results of the sugar cane required and so on the
required land (in those cases this is a result). On the other hand,
scenarios 2 and 4 defined the actual or hypothetical available land
and therefore the plant processing capacity, results gives the
ethanol production capacity. The ranges of potential ethanol
production for scenarios 2 and 4, shown in Table 2 were estimated
considering reported yield in literature. In this way, with the aim of
given a better idaea of the required land under considered
scenarios, Table 13 shows required land for all scenarios. This
Table 13
Land requirements for ethanol production from sugar cane (four scenarios).

Technology Yield (L/t)a Ethanol production
(million L/yr)

Required land
(Ha/yr)

Scenario 1
Level 1 78.26 33.26 9658.75
Level 2 80.58 34.25 9659.56
Level 3 101.37 43.08 9659.15

Scenario 2
Level 1 68.67 78.28 15000
Level 2 69.41 79.13 15000
Level 3 80.48 91.75 15000

Scenario 3
Level 1 68.73 51.84 10776.11
Level 2 69.44 52.38 10776.08
Level 3 80.58 52.81 9363.36

Scenario 4
Level 1 68.7 14.55 4815
Level 2 69.48 14.72 4815
Level 3 80.51 17.06 4815

a Litres of ethanol per tonne of sugarcane.
Table uses the simulations results and the assumptions considered
in each scenario, therefore in scenarios 1 and 3, the required land is
calculated while in scenarios 2 and 4 this was specified and ethanol
capacity was calculated according to simulations results.

Depending on the varieties of sugar cane to be cultivated and
assuming an adequate level of crop irrigation, the number of
hectares required can be reduced in relation to existing crop yields.
If the new sugar cane crops are developed by large-scale
commercial plantation (estate) and assuming a yield of 84 t/ha/yr
approximately 5060 ha of sugar cane would be needed. If small
scale growers are to supply the additional feedstock, the number of
hectares is double the number used by large-scale growers, esti-
mated at 9930 ha assuming a yield of 44 t/ha/yr. On the other hand,
if the productivity of the sugar cane crop grown by small scale
grower increases to 70 t/ha per year, the harvested area needed is
reduced to 6070 ha, also for large-scale growers, when the yield is
increased to 110 t/ha per year, cultivated area decreases to 3863 ha.
Thus, increasing sugar cane crop yields is likely to have a significant
impact on land requirements in particular for small scale growers.

6. Conclusions

A pre-requisite for Tanzania to implement a successful and long
term sustainable bioethanol program requires a well-designed
technology transfer that comprises universities and technical
centres for the production of biofuels using different technologies
and raw materials. An initial joint venture is suggested with
universities on using and preparing texts which, in conjunction
with simulation tools, will enable various university groups to
investigate technological and scientific issues relating to biofuel
production. While this does not require high levels of investment, it
is fundamental for solving one of the main technological access
barriers facing Tanzania.

The recommended technologies for producing fuel-grade alcohol
(for sugar cane) in Tanzania correspond to the second level of tech-
nological development.This takes accountof the fact that technology
access and transfer conditions and the adaptation of technologies in
Tanzania make it more difficult (and involves a higher initial
investment) to set-up and implement technological schemes based
on level 3 development, i.e. schemes with high-performance tech-
nologies that are provenworldwide generally at the pilot plant level.
Moreover, level 1 technologies, while feasible to implement in
Tanzania with the lowest level of conditioning and requirements,
produce lower yields and have higher production costs.

To successfully implement a biofuel project based on level 2
technology fuel ethanol, requires promotion of agriculture by the
government and/or potential investors to improve the productivity
of sugar cane cultivation and reduce production costs (design and
implement suitable irrigation programs). In particular, the
production of ethanol from sugar cane juice requires the planting of
additional hectares of sugar cane hence to ameliorate land
requirements, it is essential to increase sugar cane crop yields, in
particular if small scale producer farmers are to be included. This
may require studies and research aimed at developing high yielding
stocks and varieties with field trials in Tanzania. It is also crucial to
promote government programmes aimed at developing irrigation
systems for sugar cane crops, particularly for small scale producers
who do not have the economic access to invest in this type of
infrastructure. As a result, the production of fuel-grade alcohol in
Tanzania can be made internationally competitive, which will
imply new external markets for marketing and exporting biofuels.

New ways to exploit the by-products generated during ethanol
production and convert them into value-added co-products need to
be supported. The sale of these co-products has major potential to
defray the costs of ethanol production, although this is largely
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depends on the market conditions for these co-products in
Tanzania. In particular, the evaporated stillage can be used as
a high-performance biofertilizer. Nonetheless, an increase in
national production of ethanol from sugar cane could increase the
domestic output of this biofertilizer so much that the market could
become saturated at some point in time. Hence the importance of
diversifying the co-products and increasing their value-added
through research and development into new technologies for
treating effluents and exploiting by-products under Tanzanian
conditions.
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