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Abstract: In Bangladesh, the demand for petroleum products has been increasing over the years. Transportation sector
is the principal consumer of petroleum products in this country. At present, diesel, petrol (80 RON gasoline), and octane
(95 RON gasoline) are the petroleum-based transportation fuels commonly used in Bangladesh. Domestically produced
petrol from crude oil and condensate is adequate to meet the local demand; however, Bangladesh has to import most of
the octane. Besides, petroleum derivatives contribute significantly to the GHG emission load of the country. To ensure
energy security, to reduce expenditure of foreign currency and dependence on foreign supply, and to secure the
environment, Bangladesh is currently exploring renewable energy sources. Bioethanol produced from biomass can be a
potential eco-friendly alternative energy source for Bangladesh. Although Bangladesh does not commercially produce
bioethanol till date, there have been few initiatives at the private sector in this regard. Therefore, it is important to
understand the feasibility of using bioethanol and bioethanol blends as alternative transportation fuel in Bangladesh. In
this study, key fuel properties (specific & API gravity, RVP, viscosity, calorific value, sulfur content, copper corrosion,
water & bottom sediment, water content, carbon residue, and ASTM distillation), and pollutant emission characteristics
(carbon monoxide, carbon dioxide and hydrocarbon emission) of bioethanol blend petrol and octane were analyzed at
various blending ratios. Physicochemical properties of bioethanol blended petrol and octane were found up to standard.
Results show that, when blended with petrol and octane at low ratios, locally produced bioethanol causes less than 1 psi
increase in RVP, around 10 percent decrease in calorific value, up to 5 percent reduction in sulfur content, and warrants
minimum or no modification of conventional spark ignition engines. Experimental data from emission analysis indicates
that using bioethanol blends is favorable from environmental viewpoint due to lesser pollutant emission. Impact on food
cycle analysis shows that producing bioethanol locally, to replace up to 10 percent of the combined use of petrol and
octane, will have minimum impact on the food security of the country. This study will provide the feasibility analysis of
local production of bioethanol and the baseline properties of bioethanol blends as alternative transportation fuel.
Keywords: Bioethanol, transportation, fuel characteristics, economy, environment, food security.

1. Introduction

Globally the demand for energy is gradually increasing because of the limited reserve of fossil fuels, their unstable market
price and detrimental impact on the environment and human life, the use of renewable energy has been gaining ground.
With significant agricultural and industrial development, the demand for energy in Bangladesh is also growing
consistently. In Bangladesh, transportation sector is one of the primary consumers of energy, accounting for more than
half of the total demand for petroleum products in the country [1]. Currently, Compressed Natural Gas (CNG) along with
petroleum derivatives, namely, diesel, petrol (80 RON gasoline), and octane (95 RON gasoline), are used as transportation
fuels in Bangladesh. Even though approximately 300,000 motor-driven vehicles are using CNG as fuel in this country
[2], the demand for petroleum-based transportation fuels is still growing [3]. Moreover, to preserve the limited reserve
of natural gas in the country, the government has already restricted access to CNG by limiting the dispensing hours and
increasing the price [4]. Such restrictions coupled with the increasing number of vehicles in the country will inevitably
cause the demand for transportation fuel to rise in the upcoming years. On the other hand, exhaust emission from the
rapid growth of transportation vehicles is adversely affecting the mass population. Vehicular air pollution is a major
cause of respiratory distress in the urban areas of Bangladesh [5]. Therefore, for sustainable economic growth, it is
essential for Bangladesh to look for renewable, alternative fuel sources to meet the growing demand for transportation
fuel.

Considering the above-mentioned issues, it has become imperative for Bangladesh to explore locally available renewable
energy sources to provide clean fuel [6]. Bioethanol can be a potential renewable energy source to be used either as a
fuel or as a gasoline enhancer in Bangladesh. Any biomass containing sugar can be used to produce bioethanol through
fermentation. Being an agricultural country, Bangladesh produces a large amount of corn and broken rice, a portion of
which can easily be used as raw material for bioethanol production. Recognizing the potential, initiatives have recently
been taken in the private sector to produce bioethanol from broken rice and maize.

Bioethanol, when used as a gasoline additive, increases the octane number of gasoline and improves engine performance
[7,8,9]. Plants and biomass, the raw materials of bioethanol, consumes carbon dioxide produced during the combustion
of bioethanol, hence, bioethanol is carbon neutral. Several studies have shown that sugarcane-based ethanol may reduce
GHG emissions up to 90 percent [10]. Moreover, bioethanol, unlike gasoline, is an oxygenated fuel that contains 35
percent oxygen, which reduces particulate matter, carbon monoxide (CO) and NOx emission [11]. Compared to common
gasoline additives, such as MTBE (Methyl Tertiary Butyl Ether) and benzene, bioethanol has greater octane booster
properties [12]. The auto-ignition temperature and flash point of alcohol are higher than those of gasoline, which makes
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it safer for transportation and storage [13]. Furthermore, the latent heat of evaporation of alcohol is 3-5 times higher than
that of gasoline, which makes the temperature of the intake manifold lower, and increases the volumetric efficiency [14].
Using bioethanol as a gasoline supplement has numerous advantages; however, one of the major concerns about
commercial production of bioethanol is the potential impact on food security. Bioethanol production process converts
only the starch content of the raw material while the protein and other contents of raw materials remain the same. Hence,
the by-product of the process, dry distillers grain solubles (DDGS), containing a high amount of protein, can be used as
poultry and cattle feed, which is the main use of broken rice and other raw materials used for bioethanol production in
Bangladesh. The cost of production and consequently, the price of bioethanol is currently higher than petrol or octane in
Bangladesh. Nevertheless, the price of petroleum products is often fluctuating. Moreover, using advanced technology in
bioethanol production process is bringing down the cost of production while increasing yield [15,16,17,18]. Thus, in the
coming future, replacing a percentage of the current use of petrol and octane can reduce dependence on import and save
foreign exchange, and thereby, lead to a more stable economy for Bangladesh [6]. Also, domestic bioethanol production
will create job opportunities. According to the Renewable Fuel Association, ethanol industry jobs have proven to be
stable, well paid, fulfilling, and safe [19].

It is important to evaluate the physicochemical properties of locally produced bioethanol, bioethanol blends and the
potential impact on local economy and food security. In this study, key fuel properties and pollutant emission
characteristics of bioethanol blend petrol and octane, and the protein content of DDGS were analyzed. Current fossil fuel
consumption along with their negative effects has been critically discussed to address the necessity of bioethanol blends
as transportation fuel in Bangladesh. Economic aspects attributed to the annual consumption of petrol and octane, and
possible savings resulting from replacing a fraction of the fossil fuel by bioethanol has been assessed as well. Availability
of raw materials required for producing bioethanol locally and possible impact on food economy have also been analyzed.
Overall, this study will give a comprehensive idea about the feasibility of using bioethanol blend fuels as an alternative
transportation fuel in Bangladesh.

2. Material and Methods

In this study, key fuel properties of bioethanol, petrol, and octane samples along with bioethanol blend petrol and octane
samples containing 5, 10, 15 and 20 percent bioethanol were assessed. The pollutant emission of a Spark Ignition (SI)
engine was also investigated using petrol, octane, and bioethanol blend petrol and octane samples containing 5 and 10
percent bioethanol. The protein content of broken rice, maize, and DDGS was determined to evaluate the use of DDGS
as animal feed as well.

2.1 Sample Collection and Preparation
Fuel-grade bioethanol sample was collected from Sunypun Organics Limited, Bangladesh. The collected bioethanol
sample was produced from multi-feedstock, which was converted to monomeric sugars via enzymatic hydrolysis. The
sugars were fermented using yeast to produce bioethanol. The produced bioethanol was purified in a multi-pressure
distillation column with integrated evaporator operating under vacuum at low temperature and then dehydrated to obtain
the final product (Figure 1).
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Figure 1: Simplified block diagram of bioethanol production process.

Petrol and octane were purchased from local fuel station (Nilkhet, Dhaka). The bioethanolblend petrol and octane
samples containing 5, 10, 15 and 20 percent bioethanol were prepared in the laboratory using the collected bioethanol
sample, petrol, and octane. For further discussion, the samples will be referred to by their individual sample ID (Table

1).
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Table 1: Sample identification

Sample Sample ID
Bioethanol E100
Petrol P-EO
5 per cent bioethanol blended with petrol P-E5
10 per cent bioethanol blended with petrol P-E10
15 per cent bioethanol blended with petrol P-E15
20 per cent bioethanol blended with petrol P-E20
Octane 0-E0
5 per cent bioethanol blended with octane O-E5
10 per cent bioethanol blended with octane O-E10
15 per cent bioethanol blended with octane O-E15
20 per cent bioethanol blended with octane 0-E20

2.2 Methodology
2.2.1 Fuel properties
For this study, several fuel properties were tested according to ASTM specification. These test methods are listed in Table
2.
Table 2: List of test methods.

Parameter tested ASTM test method

Specific gravity ASTM D 1298-99
Reid vapor pressure ASTM D 323-99a
Viscosity ASTM D 88-94
Calorific value ASTM D 2014-96
Sulfur content ASTM D 3177-89
Copper corrosion ASTM D 130-04
Water & bottom sedimentation ASTM D 1796-97
Water content ASTM D 95-70
ASTM distillation ASTM D 86-04b

Carbon residue of all samples was tested by gravimetric method. The water content of bioethanol was additionally
calculated using the specific gravity of the sample, which was measured by hygrometer, and data from Table 2-110 of
section 2 from Perry's Chemical Engineers' Handbook [20]. The water in the samples containing various concentrations

of bioethanol was calculated using material balance.
Each test was carried out minimum three times (n=3) and the average results were used for further analysis.

2.2.2 Emission analysis

Pollutant emission upon combustion, namely, carbon monoxide (CO), carbon dioxide (CO), and hydrocarbon (HC)
emissions, was analyzed for the P-EQ, P-E5, P-E10, O-EO, O-E5, and O-E10 blends. Two separate engines of the same
model (1IMZ-FE, 1496 cc, manufacturer: Toyota Motor Corporation) were used for the bioethanol blend petrol and octane
samples. Both engines were run at two different engine speeds: 750 rpm and 3000 rpm. The exhaust gas samples were
analyzed with an emission analyzer (Analizzatore gas model 810) to detect CO, CO,and HC levels.

2.2.3 Protein Analysis
The raw materials (corn and broken rice) and the by-product (DDGS) of the bioethanol production process were analyzed
by Kjeldahl method [21] to determine their individual protein contents.

3. Results

3.1 Fuel Properties

The key fuel properties of bioethanol blend petrol and octane samples have been summarized in Tables 3, 4 and 5. Table
3 shows the variation of specific gravity, API gravity, Reid Vapor Pressure (RVP), viscosity, calorific value and sulfur
content as a function of blend rate. Table 4 contains results for copper strip corrosion test and carbon residue content for
various blends. Table 5 represents the water content of all samples obtained according to three separate methods: ASTM
D 1796-97, ASTM D 95-70 (toluene distillation), and calculated values using specific gravity data recorded at 20°C.
During the ASTM distillation test, Initial Boiling Point (IBP), Final Boiling Point (FBP), percent loss and total recovery
data were recorded, which are shown in Table 6.
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Table 3: Experimental results of specific gravity, API gravity, vapor pressure, viscosity, calorific value, and sulfur

content.

Sample Spe?ific API RVP Viscosity Calorific Sulfur
D gravity at Gravity (kPa at (cSt) value content
20°C 37.8°C) (MJ/kg) (wt%)

E100 0.785 49.0 14.25 1.03 27.33 0.036
P-EO 0.757 56.5 45.75 0.55 40.72 0.0480
P-E5 0.761 56.0 43 0.56 40.44 0.0474
P-E10 0.762 55.5 43 0.57 39.38 0.0467
P-EI15 0.764 55.0 50 0.57 38.69 0.0461
P-E20 0.764 54.8 45.5 0.59 37.11 0.0454
O-E0 0.777 51.8 50 0.55 40.59 0.0500
O-E5 0.781 515 48 0.57 40.07 0.0493
O-E10 0.784 50.8 51.5 0.58 40.08 0.0486
O-El15 0.787 49.3 45 0.58 38.34 0.0478
0-E20 0.788 49.0 45.5 0.61 36.06 0.0471

Table 4: Experimental results of copper strip corrosion and carbon residue content.

Copper strip corrosion

Sample ID 505C 100°C Carbon residue (wt%)
E100 la la 0.011
P-EO la la 0.014
P-E5 la la 0.023
P-E10 la 3a 0.008
P-E15 la 3a 0.024
P-E20 la 3a 0.031
0-EO0 la la 0.036
0O-E5 la la 0.038
O-E10 la 3a 0.008
0O-E15 la 3a 0.004
0-E20 la 3a 0.007

Table 5: Experimental results of water content
Water content (%)
SampleID A\ oTMD 1796 Toluene distillation  Calculated (using specific gravity
& material balance)
E100 Nil Nil 0.01
P-EO Nil Nil 0.01
P-E5 Nil Nil 0.01
P-E10 Nil Nil 0.01
P-E15 Nil Nil 0.01
P-E20 Nil Nil 0.01
0O-EO0 Nil Nil 0.01
0O-E5 Nil Nil 0.01
0O-E10 Nil Nil 0.01
0O-El15 Nil Nil 0.01
0-E20 Nil Nil 0.01

Table 6: Experimental results of ASTM Distillation of petrol, octane and bioethanol blend fuel.
ASTM distillation

Sample ID

IBP (°C) FBP (°C) Percent loss (%) Total recovery (%)
E100 81.0 83.0 0.50 99.50
P-E0 54.2 266.4 0.95 99.05
P-E5 60.3 286.5 0.95 99.05
P-E10 49.9 239.8 2.07 97.93
P-El5 49.9 187.9 2.05 97.95
P-E20 45.0 200.0 2.50 97.50
O-E0 46.2 224.4 2.77 97.23
O-E5 48.9 223.9 2.90 97.10
O-E10 48.25 248.41 2.76 97.24
O-E15 48.92 191.9 2.47 97.53
0-E20 52.0 204.0 3.0 97.0
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3.2 Emission Analysis
Table 7 contains CO, CO; and HC emissions in the exhaust gas from an Sl engine for the following samples: petrol,
octane, and bioethanol blend petrol and octane samples containing 5 and 10 percent bioethanol.

Table 7: Experimental results of CO, CO; and HC emission.

Sample ID CO emission (%) CO2emission (%) HC emission (%)
750 rpm 3000 rpm 750 rpm 3000 rpm 750 rpm 3000 rpm
P-E0 0.01 0.04 13.3 13.3 3 8
P-E5 0.01 0.02 13.2 13.3 2 1
P-E10 0.01 0.01 13 13 3 1
0-E0 0.02 0.06 135 134 6 12
0-E5 0.01 0.01 135 134 5 1
0O-E10 0.01 0.01 135 134 1 1

3.3 Protein Analysis
The protein and moisture content of both the raw materials (corn, broken rice) and the by-product (DDGS) of the
bioethanol production process are given in Table 8.

Table 8: Protein and moisture content of corn, broken rice and DDGS.

Sample Protein content (wt%) Moisture content (wt%o)
Broken rice 7.08 8.32
Maize 7.88 9.69
DDGS 23.67 8.01

4. Discussions

4.1 Fuel Properties

4.1.1 Specific Gravity

Specific gravity is an indicator of fuel economy, power, deposits, wear, and exhaust smoke [22]. Generally, an increase
in density increases the overall performance of engines [23]. Bioethanol has a slightly higher molecular weight than both
petrol and octane, and consequently, addition of bioethanol caused increase in the specific gravity of the blends (up to
2.3 percent for bioethanol blend petrol and 1.4 percent for bioethanol blend octane), as demonstrated in Figure 2.
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Figure 2: Effect of blending bioethanol on the specific gravity of petrol and octane.

4.1.2 API Gravity

The American Petroleum Institute gravity, or API gravity, is used to compare densities of petroleum liquids to magnify
small differences in density. Figure 3 shows the effect of blending bioethanol on the API gravity of petrol and octane.
For both bioethanol blend petrol and octane, API gravity decreased with increasing percentage of bioethanol; up to 3
percent and 5.4 percent reductions were observed for P-E20 and O-E20 respectively, which calls for no special
modification of the traditional combustion engines [24].
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Figure 3: Effect of blending bioethanol on the API gravity of petrol and octane.

4.1.3 Reid Vapor Pressure

RVP is frequently used as an indication of the volatility of liquid hydrocarbons [25]. Petrol and octane are manufactured
as liquids but they are consumed in the vapor phase. Consequently, their volatility must be high enough to assure
acceptable engine start-up, warm-up, acceleration and throttle-response under normal driving conditions. On the other
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hand, the maximum volatility of petrol or octane must be restricted to avoid vapor lock, vaporization losses, unsafe
storage and handling, and evaporative emissions of smog-forming hydrocarbons, which are undesirable from the
environmental viewpoint.
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Figure 4: Effect of blending bioethanol on the Reid vapor pressure of petrol and octane.

According to RFA guidelines, unless other more volatile blending components are being used, the addition of ethanol
should not create a vapor pressure increase above 1.0 psi (6.89 kPa) in conventional gasoline [26]. The experimental
measurements as demonstrated in Figure 4 shows that blending of bioethanol caused an increase in RVP lower than 6.89
kPa for all bioethanol blend petrol and octane samples. Among the bioethanol blend octane samples, the blend containing
10 percent bioethanol showed the highest RVP, which is similar to the findings of other research groups [27].

o

4.1.4 Viscosity

Viscosity affects heat generation in bearings, cylinders, and gear sets related to an oil's internal friction. It governs the
sealing effect of oils and the rate of oil consumption, as well as determining the ease with which machines may be started
or operated under varying temperature conditions, particularly in cold climates.
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Figure 5: Effect of blending bioethanol on the viscosity of petrol and octane.

Figure 5 shows that blending of bioethanol up to 20 percent volume content caused a small increase in viscosity
(maximum 7 percent increase and 10 percent increase for bioethanol blend petrol and octane samples were observed).

4.1.5 Gross Calorific Value
The Gross Calorific Value (GCV) is used to compute the total calorific content of fuel in order to determine if the fuel
meets regulatory requirements for industrial fields. The combustion rate of a fuel is proportional to its calorific value.
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Figure 6: Effect of blending bioethanol on the gross calorific value of petrol and octane.

The GCV of bioethanol is lower than that of both petrol and octane, and accordingly, the GCV of the blends were found
to be lower than the pure fuel samples; maximum 9% decrease for bioethanol blend petrol and 11% decrease for
bioethanol blend octane (Figure 6) were observed. This indicates that to produce the same amount of energy, more
bioethanol is needed than either petrol or octane. Generally, 1.5 gallons of fuel grade bioethanol has the same energy
content as 1 gallon of petrol or octane [6]. Based on the results of this study, 1.45 gallons of bioethanol was found to
have the same energy content as 1 gallon of gasoline. Since the locally produced bioethanol performed almost similar to
fuel grade ethanol under test conditions, it is deemed suitable for use as a gasoline supplement.
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4.1.6 Sulfur Content

Sulfur and its compounds are present in most of the petroleum products and lubricants. Sulfur in fuel is undesirable
because it damages the engines through abrasive wear of the piston rings and cylindrical walls, and pollutes the
environment by causing acid rain and particulate emission [29-31].
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Figure 7: Effect of blending bioethanol on the sulfur content of petrol and octane.

From Figure 7, it is evident that blending of bioethanol resulted in a decreased amount of sulfur in the blends (up to 5
percent and 6 percent decrease for bioethanol petrol and octane respectively) since the sulfur content of bioethanol is
lower than fossil fuels.

4.1.7 Copper Strip Corrosion

The copper strip corrosion test assesses the relative degree of corrosivity of a petroleum product. As recorded in Table 4,
all samples under test showed the same degree of corrosivity, causing a slight tarnish (1a) in the color of the copper strip,
at the prescribed test temperature (50°C according to ASTM 130-04). However, for the purpose of this study, additional
tests were carried out at a higher temperature (100°C).

At the higher temperature, samples containing higher than 5 percent bioethanol caused a dark tarnish (3a) in the copper
strip, representing a higher degree of corrosion. Therefore, additional protective measures, such as corrosion inhibitors,
may be required to prevent corrosion of engine, fuel tank, and fuel transmission system etc., when fuel blends containing
more than 5 percent bioethanol are used. In different developed countries including USA, Australia, and in several
European countries, corrosion protective chemicals are used along with bioethanol blends containing more than 10
percent bioethanol [30,32,33].

4.1.8 Carbon Residue

The carbon residue value serves as an approximation of the tendency of petroleum products to form carbonaceous
deposits under similar degradation conditions. Figure 8 shows the carbon residue of all samples, which were found to be
sufficiently low.
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Figure 8: Effect of blending bioethanol on the carbon residue of petrol and octane.

4.1.9 Water Content

Determining the water content of fuels and biofuels is important for quality control, meeting trade specifications,
protecting financial value, enhancing process optimization, and for taking necessary steps to reduce risks from corrosion,
safety problems, and infrastructure damage [34]. The moisture content of petrol, octane, and bioethanol samples, tested
according to ASTM D 1796-97 and ASTM D 95-62 (Toluene Distillation Method), were found to be below the detection
limit of the equipment used for the tests (Table 5).

However, for the purpose of this study, the water content of all samples was also calculated as described in section 2.2.1.
Since the collected petrol and octane samples were refined, it was assumed that those samples contained minimum
amount of water (0.01 vol%). The water content of bioethanol calculated using specific gravity was also found to be 0.01
percent (vol%), and consequently, the water content of the blends, calculated using material balance, were found to be
very low (Table 5).
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4.1.10 ASTM Distillation

Figure 9 (2) and 9 (b) shows the effect of blending bioethanol on the distillation curves of petrol and octane respectively.
For efficient combustion, the curve should be smooth. A fluctuating curve implies an oil that may give erratic operation
due to non-uniform conditions. The curve also graphically shows the degree of spread between the initial boiling point
and the end point, which is important in judging the ignition properties of oil.
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Figure 9: Effect of blending bioethanol on the boiling point of (a) petrol and (b) octane.

The boiling point range for petrol was found to be 54.2-266.4°C and for octane, it was 46.2-224.4°C (Figure 9). Bioethanol
evaporated at an almost constant temperature of around 82°C. Petrol and octane are generally mixtures of hydrocarbons
whereas bioethanol consists of almost pure C2HsOH. This contributed to the difference in the boiling behavior of pure
bioethanol from those of pure petrol and octane.

The temperatures at which 10, 50, and 90 volume percent of petroleum products evaporate (T10, T50, and T90
respectively) are often used to characterize the volatility of gasoline [35]. As can be seen from Figure 9, blending
bioethanol did not have significant effect on the T90 temperatures. For the bioethanol blend petrol samples, the T10 and
T50 temperatures were lower than those of petrol were. For the bioethanol blend octane samples, the T10 temperatures
remained almost the same. However, the T50 temperatures were slightly elevated for all bioethanol blend octane samples,
except O-E10, for which the T10 was lower. It is evident from Figure 9 that addition of bioethanol generally lowered the
boiling point, which indicates a lower tendency to form solid deposits during combustion [36].

4.2 Emission Analysis

Several studies on fuel tanks and fuel system components have examined and concluded that blending bioethanol with
gasoline below 10 percent does not increase corrosion in everyday operation [37,38]. The experimental results of this
study also support this. However, for fuel blends containing 10 percent bioethanol, corrosion inhibitor can be used to
avoid any undesired corrosion [39,40,41]. Vehicles using higher bioethanol blend fuel may clog fuel filters, fuel pumps,
and carburetors [42]. Hence, for this study, the exhaust gas from an Sl engine using bioethanol blends, containing up to
10 percent alcohol as fuel, were collected at two different engine speed for analysis. The pollutant concentrations were
generally higher at 3000 rpm due to shorter combustion time at a higher engine speed.
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Figure 10: Effect of blending bioethanol on (a) CO (b) CO; and (c) HC emission by combustion of petrol.
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As can be seen from Figures 10 (a) and 11 (a), for all samples, the addition of bioethanol had minimal or no effect on CO
emission at the lower speed (750 rpm). At high engine speed (3000 rpm), CO emission was found to be lower for the
bioethanol blends than pure petrol and octane. This indicates that the engine tends to operate in leaner and closer to
stoichiometric burning conditions with increasing bioethanol content. Since the combustion process is more complete

when it is closer to stoichiometric burning, CO emission decreases. Up to 75 percent and 83 percent reduction in CO
emission were observed for the P-E10 and O-E10 blends respectively.
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Figure 11: Effect of blending bioethanol on (a) CO (b) CO2 and (c) HC emission by combustion of octane.

For all samples, CO, emission was not affected much by the presence of bioethanol at either speed (Figures 10 (b) and
11 (b)). However, bioethanol is considered carbon neutral, i.e. the amount of CO; released in the bioethanol production
process would be consumed during photosynthesis of the crops and biomass. Therefore, the net annual CO, emission
associated with the use of bioethanol blends is less than that associated with the use of petroleum fuels.

HC concentration in the exhaust was found to decrease with increasing bioethanol content (Figures 10 (c) and 11 (c)),
which indicates that addition of bioethanol increases combustion efficiency. HC emission was reduced by as high as 88
percent and 92 percent for bioethanol blend petrol and octane samples respectively.

4.3 Use of By-Products: Dry Distillers Grain Solubles (DDGS)

Locally available materials, which can potentially be used to produce bioethanol (such as, broken rice, maize etc.), are
currently used as animal feed in Bangladesh. Protein, fiber, ash content, fat, and lipid contents are few of the key
ingredients of cattle, poultry and fish feeds [43,44,45,46]. Milled rice and maize contains 70-75 percent and 60-65 percent
(weight basis) starch respectively [47]. Bioethanol production process converts the starch content of these grains to sugar
through enzymatic reactions followed by fermentation, while the protein content remains almost unchanged, and is
accumulated in the major byproduct of the process, DDGS. About 320 kg of DDGS can be recovered from 1 ton of grain
(broken rice or maize) (ref: Moji Engineering Systems Ltd. and Sunypun Organics Ltd.). To assess the feasibility of using

DDGS as alternative animal feed, the protein contents of broken rice, maize and DDGS were experimentally determined,
and are shown in Figure 12.
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Figure 12: Protein content of corn, broken rice, and DDGS.

In Bangladesh, protein content in cattle feed and animal feed varies from 12 percent to 22 percent (Table 9). Protein
content of DDGS was found to be around 24 percent, and therefore, DDGS is suitable for use as animal feed in the
country. Table 9 compares the key nutritional requirements of fish feed, poultry feed, and cattle feed with the nutritional
content of DDGS. DDGS contains non-fermentable solids from the grain, and it has high energy, high protein content
(up to 30 percent), crude fiber (5-14 percent), crude fat (3 to 12 percent), ash (4 to 6 percent), minerals (>2.5 percent),

(neutral/acid) detergent fibers, and moisture [48,49], which make it a useful additive or supplement for cattle, poultry
and fish feeds [50].
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Table 9: Key nutritional composition of fish feed, poultry feed and cattle feed [4,44,48,45,46]

Nutritional Parameters Cattle Feed Poultry Feed Fish Feed DDGS
Protein (wt %) 12-19 18-22 45-70 ~30
Fiber (wt %) 17-22 7-20 - 5-14
Ether Extract (wt %) 3-4 5-9 - ~2.5
Fat and Lipid (wt %) 3-4 4-6 9-10 3-12
Ash (wt %) - 6-11 10-12 4-6

Others contain minerals (calcium, phosphorus, magnesium,
Others sulfur, sodium, chlorine, manganese, copper, zinc, iron,

cobalt, iodine, vitamins, etc.), carbohydrates, moisture, etc.

5. Feasibility of Bioethanol Production Plant in Bangladesh

5.1. Global Scenario in Fuel Ethanol Production

In Brazil, as of 1984, approximately 7.9 million tons of ethanol was produced by fermentation of sugarcane sucrose, and
as a result, petroleum imports were reduced [51]. The USA is also substantially increasing its fuel alcohol production,
originally because of the fluctuation of petroleum costs, and the subsequent need for developing alternative energy
sources [51]. Currently, Brazil has more than 300 ethanol plants, producing more than 7000 million gallons per year and
supplying 3 million cars with pure ethanol [52]. In the USA, there are more than 80 plants producing over 15,000 million
gallons of ethanol per year. In the year 2016, China, India, and Canada produced 845, 225 and 436 million gallons of
ethanol respectively [52]. In the same year, approximately 1400 million gallons of ethanol were produced in the European
Union. Bangladesh has the opportunity to follow the global trend of ethanol production.
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Figure 13: World Fuel Ethanol Production by country or region [52].

5.2 Current Energy Scenario: Prospect of Bioethanol in Bangladesh

In Bangladesh, the annual demand of petroleum products for the 2016-2017 fiscal year was about 5.88 million metric
tons (MMT) [3]. This demand is met primarily by importing refined petroleum products, and to a lesser extent, by refining
imported crude oil, which is processed along with domestic condensate and a small quantity of oil from local source:
Haripur Gas Field at Sylhet, Bangladesh [53]. Considering the depletion of global fossil fuel reserves, the amount of
foreign currency required to import the petroleum products, and the concern regarding environmental problems, it is
essential for Bangladesh to look for alternative renewable fuel. Recently, Bangladesh Government has decided to use E5S
(or, any other concentration permitted by the Government) as a transportation fuel. In this regard, the government has
published a gazette about the setup of bioethanol plants on 12 December, 2017 [54].
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Figure 14: Annual consumption of petrol and octane in Bangladesh (in last seven fiscal years) [1]
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In the fiscal year 2016-17, 232,359 metric tons (MT) petrol and 186,911 MT octane were consumed in Bangladesh
(Figure 14) [1]. Replacement of 10 percent of the current petrol and octane consumption using bioethanol will reduce the
annual consumption of these petroleum products up to 30.73 million liters and 24.72 million liters respectively.
Estimating the cost of import for petrol and/or octane at BDT 35.0 per liter* [55,56], using fuel blends containing 5
percent bioethanol will save about 970 million BDT annually (equivalent to about $11.80 million USD per year) and
using blends containing 10 percent bioethanol will save about 1.94 billion BDT annually (equivalent to about $23.67
million USD per year). Table 10 enlists the annual consumption (2016-17) of petrol and octane and the possible savings
of foreign exchange.

Table 10: Annual consumption (2016-17) of Petrol and Octane and possible savings for bioethanol blending.

Unit Petrol Octane
Annual consumption in 2016-20117 Metric Tons 232,359 186,911
Using E5 will reduce annual petrol and octane Metric Tons 11,620 9,345
consumption Million Liters 15.37 12.36
Using E5 will save foreign currency per year BDT 970 ml!ll_on

usD 11.80 million
Using E10 will reduce annual petrol and octane Metric Tons 23,235 18,690
consumption Million Liters 30.73 24.72
Using E10 will save foreign currency per year BDT 1.94 b|II|o_n BDT

UsD 23.67 million

Considering the current crude oil price, the production cost of bioethanol (85 BDT per liter; ref: Sunypun Organics
Limited) will be higher than the production cost of either petrol or octane. However, the price of petroleum fuel is not
immutable since the global oil market is always fluctuating and causing the fuel price to be constantly in a flux [15].
Factors such as global political conditions and demand for oil might affect the fuel price. On the other hand, adoption of
newer technologies will inevitably reduce the cost of bioethanol production. Since 2001, energy requirement in
bioethanol production process has decreased by 28 percent, electricity requirement by 30 percent while bioethanol yield
has increased by 5.3 percent [16]. Moreover, gasoline production is more energy-intensive than bioethanol. One unit of
fossil energy used in the corn ethanol production process results in 2.3 units of energy in the form of ethanol while it
takes 1.23 units of fossil energy to produce one unit of energy in the form of gasoline [57][16]. Moreover, the use of
bioethanol blend petrol and octane result in improved engine performance than with only petrol or octane [7].
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Figure 15: CO; emission from liquid fuel in Bangladesh [58].

The current CO2 emission in Bangladesh from the combustion of liquid fuels is alarming from the environmental
viewpoint (Figure 15). In 2016, Bangladesh Government signed the Paris Agreement, agreeing to mitigate CO2 emission
by way of using renewable sources using national and international support [59]. The use of bioethanol blends may reduce
GHG, CO, NOX and particulate emission [7]. Also, bioethanol production plant can provide employment to a wide range
of workers in a variety of occupations (Renewable Fuels Association). Thus, bioethanol, produced from locally available
biomass, can serve as a potential alternative fuel source and contribute to the sustainable development of Bangladesh.

5.3 Availability of Raw Materials: Impact on Food Cycle in Bangladesh

To replace 10 percent of the combined annual consumption of petrol and octane, about 80 million liters of bioethanol
will be required annually. A plant capacity of 245,000 liters per day, operating 330 days per year, will meet the required
demand. Locally available raw materials under consideration are corn, broken rice, and molasses. Figure 16 shows a
comparison between the requirement and availability of the raw materials for bioethanol production in Bangladesh for a
plant capacity of 245,000 liters per day.

1 FOB Price of premium gasoline = 560 $/t and Freight Cost (Middle east — east Asia) = 10 $/t
$1 = BDT 82 and Density of Petrol & Octane = ~ 0.756
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Maize: Annual maize production in Bangladesh was 2.45 MMT in 2015-16 [60]. Generally, maize/corn contains around
16 percent moisture (Rana), which indicates that annual dry maize production is around 2.06 MMT. 1 ton of dry corn
grain yields 124.4 gal or 470 liters of ethanol [61]. Therefore, for a plant producing 245,000 liters of bioethanol each day,
205,000 tons of corn is required per year. Even though Bangladesh grows more than enough maize for bioethanol
production (only around 8 percent of the produced maize is required), in accordance with government regulation,
bioethanol plants must use imported maize as raw material [54].

Broken rice: In 2015, annual paddy production was of Bangladesh 52,505,000 tons and milled rice production was
35,000,000 tons in 2015 [62]. Upon milling of Asian rice or paddy rice, around 8 percent to 16 percent of broken rice is
produced [63][64][65]. Making a rather conservative assumption that 5 percent of the total rice produced yields broken
rice during milling, annual broken rice production in Bangladesh is around 2.63 MMT (year 2015).

15 Ib (6.8 kg) of starch yields about 1 gallon (3.79 liter) of fuel ethanol [66]. Since rice contains around 51% starch [67],
to run a plant producing 245,000 liters bioethanol per day, 285,000 tons of broken rice is needed annually. In Bangladesh,
broken rice is currently used primarily for making rice flour, and as poultry feed. Low-income people in Bangladesh also
consume broken rice to some extent. However, even if broken rice was used as the sole raw material for producing
bioethanol, less than 11 percent of the total broken rice produced in Bangladesh would be required, which is highly
unlikely to affect the food security of the country.

Molasses: In Bangladesh, average annual molasses production is around 100,000 tons [68]. 1 ton of molasses yields 72
to 88 gallons of ethanol [69]. Using molasses as the only raw material for producing bioethanol in a plant with a daily
production capacity of 245,000 liters is not possible since it will require at least 240,000 tons of molasses, which is much
higher than the current molasses production of Bangladesh. Therefore, production of bioethanol using molasses
exclusively as the raw material will warrant import of molasses from overseas. However, using all potential raw materials
for bioethanol production that are available in Bangladesh in an alternating fashion and in a ratio based on their
availability might prove to be a more cost-effective solution.
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Figure 16: Raw material for bioethanol production: available vs. required.

6. Conclusion

Bioethanol blend petrol and octane are in the early stages of development in Bangladesh. On an energy basis, bioethanol
has lower calorific value than petrol and octane; hence, relatively higher amount of bioethanol blends is required to get
the same performance as octane or petrol. However, as seen from the experimental results, if fuel blends with low
percentages of bioethanol (up to 20 percent) are used, calorific value is not significantly affected. Also, at low blend
ratios, changes in fuel properties do not warrant any engine modification. However, corrosion protective measures
(corrosion inhibitor etc.) are recommended when bioethanol blends at 10 percent or higher blend ratios are used. The
current cost of production of bioethanol is greater than that of both petrol and octane. As a result, the cost of using
bioethanol as a substitute for either petrol or octane is higher than the current cost of fuel. However, application of new
and improved technologies can bring down the cost of production of bioethanol. Furthermore, bioethanol blends can
significantly reduce greenhouse gas emissions over their entire life cycle. Thus, using bioethanol to replace petrol and
octane is favorable from the environmental viewpoint. According to this study, using bioethanol blends at low blend
ratios (up to 10 percent) is unlikely to affect the food security of the country since, compared to the country’s production,
the raw material requirement is very low. Also, as analyzed in the study, bioethanol blend fuels will reduce dependence
on imported petroleum products and save foreign currency. In addition, bioethanol production facilities will create job
opportunities for local people. Thus, locally produced bioethanol can have a significant impact on reducing the country’s
dependence on foreign resources while securing a better environment for future generation.

Acknowledgements

This research was supported by BCEF Academic Research Fund and CASR Research Fund. The authors would like to
acknowledge Sunypun Organics Limited, Bangladesh for bioethanol samples, and Mr. J. Bishwash of Fuel Lab, ChE,
BUET, for providing technical support.

31



References

1.

2.

3.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

Bangladesh Petroleum Corporation. Sale of Petroleum Products during Last Five Years. Marketing and
Distribution Divison. Retrieved from http://www.bpc.gov.bd/contactus.php?id=22

Rupantarita Prakitik Gas Company Limited. At a Glance CNG activities in Bangladesh. CNG Expansion
Activities. Retrieved from www.rpgcl.org.bd/exp-act.php?!type=exp_glance

Bangladesh Petroleum Corporation. Sectorwise Use of Petroleum Products During 2016-17. Marketing and
Distribution. Retrieved from http://bpc.gov.bd/contactus.php?id=27

Malek, M. I., Hossain, M. M., & Sarkar, M. A. R. (2015). Production and Utilization of Natural Gas in
Bangladesh. Paper presented at the 7th International Mechnical Engineereing Conference & 16th Annual
Paper Meet, Dhaka, Bangladesh.

Rashid, M. H. (2015). Stopping air pollution. Retrieved from
http://www.theindependentbd.com/home/printnews/4179

Bint-E-Naser, S. F., Hossain, L., & Khan, M. S. (2017). Prospects and Constraints of Bioethanol Production
in Bangladesh: An Overview. In G. C. Kaushik, Shrivani; Patil, Satish; Chel, Arvind (Ed.), Biofuels: Advances
and Perspectives (pp. 69-86). USA: Studium Press LLC.

Ghazikhani, M., Hatami, M., Safari, B., & Ganji, D. D. (2014). Experimental investigation of exhaust
temperature and delivery ratio effect on emissions and performance of a gasoline—ethanol two-stroke engine.
Case Studies in Thermal Engineering, 2, 82-90.

Minnesota  Bio-fuels  Association. Ethanol and Enginer  Performance. Retrieved from
https://www.mnbiofuels.org/resources/facts-about-ethanol/ethanol-and-engine-performance

Zobaa, A. F., & Bansal, R. C. (2011). Handbook of renewable energy technology: World Scientific.

. Ofoefule, A. U., E, A. K,, & Ibeto, C. N. (2011). A Global Overview of Biomass Potentials for Bioethanol

Production: A Renewable Alternative Fuel. Trends in Applied Sciences Research, 6(5), 410-425.

Balat, M., & Balat, H. (2009). Recent trends in global production and utilization of bio-ethanol fuel. Applied
energy, 86(11), 2273-2282.

Sanchez , O. J., & Cardona, C. A. (2008). Trends in Biotechnological Production of Fuel Ethanol from
Different Feedstocks. Bioresource Technology, 99, 5270-5295.

Piktinas, A., Pukalskas, S., & Grabys, J. (2003). Influence of composition of gasoline—ethanol blends on
parameters of internal combustion engines. Journal of KONES Internal Combustion Engines, 10, 3-4.

Hsieh, W.-D., Chen, R.-H., Wu, T.-L., & Lin, T.-H. (2002). Engine performance and pollutant emission of an
S| engine using ethanol—gasoline blended fuels. Atmospheric Environment, 36(3), 403-410.

Cardona, C. A., & Sa'nchez, O. J. (2007). Fuel ethanol production: Process Design Trends and Integration
Opportunities. Bioresource Technology, 98, 2415-2457.

Pilgrim, C. (2011). The great Ethanol debate. Brewer & Distiller International, 28-29.

Rendleman, M. C., & Shapouri, H. (2007). New Technologies in ethanol production. United States Department
of Agriculture, Agriculture Economic Report Number 842.

Zaldivar, J., Nielsen, J., & Olsson, L. (2001). Fuel ethanol production from lignocellulose: a challenge for
metabolic engineering and process integration. Appl Microbiol Biotechnol, 56, 17-34.

Renewable Fuels Association. Renewable Fuel Association: World Fuel Ethanol Production. Retrieved from
http://www.ethanolrfa.org/resources/industry/statistics/#1454098996479-8715d404-e546.

Perry, R. H., & Green, D. W. (1999). Perry's chemical engineers' handbook: McGraw-Hill Professional.
Wiley. (2008). Protein Determination in Cereals and Seeds. Food Quality and Safety. Retrieved from
http://www.foodqualityandsafety.com/article/protein-determination-in-cereals-and-seeds/

National Biodiesel Board Technician Outreach Program (Producer). (2009, November 18). Understanding
Today's Diesel Fuel. Retrieved from https://www.slideshare.net/wrenchwench/3-oem-diesel-fuel

Fuel Density. Retrieved from http://members.axion.net/~enrique/space_fueldensity.html

Amarasekara, A. S. (2013). Bioethanol as a Transportation Fuel Handbook of Cellulosic Ethanol: Wiley-
Scrivener.

Riazi, M. R., Albahri, T. A., & Algattan, A. H. (2005). Prediction of Reid vapor pressure of petroleum fuels.
Petroleum science and technology, 23(1), 75-86.

Renewable Fuels Association. Renewable Fuels Association: Economy. Retrieved from
http://www.ethanolrfa.org/issues/economy/

Anderson, V. F., Anderson, J. E., Wallington, T. J., Mueller, S. A., & Nielen, O. J. (2010). Vapor Pressures
of Alcohol-Gasoline Blends. Energy & Fuels, 24(6), 3647-3654. doi:10.1021/ef100254w

Gable, C., & Gable, S. Gasoline Gallon Equivalent (GGE). Retrieved from thoughtco.com/fuel-energy-
comparisons-85636

Bhargava, S., & Bhargava, S. (2013). Ecological consequences of the Acid Rain. IOSR Journal of Applied
Chemistry, 5(4), 19-24.

Bioenergy Australia Limited. (2016). Ethanol, octane and corrosion. Retrieved from
http://biofuelsassociation.com.au/biofuels/ethanol/ethanol-octane-and-corrosion/
Phamornsuwana, S. (2017). Causes, Effects, And Solutions of Acid Rain. Retrieved from

https://sites.google.com/site/acidrainlproject/

32



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Claydon, D. (2013). Fuel Additives and their Application in Engines Using Biofuels. Fuuels and Lubricants
(Goriva i Maziva), 52(1), 41-52.

Fuller, D. (2014). The Ethanol Effect: Understanding Ethanol & What You Can Do to Protect Your Ride
During Storage. Retrieved from http://www.onallcylinders.com/2014/10/29/ethanol-effect-understanding-
ethanol-can-protect-classic-ride/

Bint-E-Naser, S. F., Hossain, L., Barua, P. P., Debnath, M., & Khan, M. S. (2016). Analyzing Physico-
Chemical Properties of Bioethanol and Bioethanol Blended Fuels. Paper presented at the International
Conference on Petroleum Engineering 2016 Bangladesh University of Engineering & Technology (BUET),
Dhaka-1000.

USEPA.. (1976). Impact of Gasoline Characteristics on Fuel Economy and Measurements. Retrieved from
USA:

ASTM International. (1998). Standard Test Methods for Distillation of Petroleum Products. In A. W. Andrew
(Ed.), Manual on Hydrocarbon Analysis (6 ed., pp. 64-76): ASTM International.

NALCO Water. (2013). Ethanol Corrosion Inhibitor. Retrieved from
http://lwww.nalco.com/applications/ethanol-corrosion-inhibitor.htm

Royal Automobile Association. Ethanol and E10. Retrieved from http://www.raa.com.au/motoring-and-road-
safety/fuel-information/ethanol-and-e10

Bardahl. E10 & E15 Fuel Stabilizer™ with Water Dispersant. Product Information Sheet. Retrieved from
https://bardahl.com/images/downloads/pis/3540-PIB-R1.6.pdf

Verbeek, R., Smokers, R. T. M., Kadijk, G., Hensema, A., Passier, G. L. M., Rabé, E. L. M., Riemersma, I. J.
(2008). Impact of biofuels on air pollutant emissions from road vehicles: TNO Monitory Systems.

Yeni, U. (2005). Effect of Oxygenate Additives into Gasoline for Improved Fuel Properties. Cukurova
University.

Road  Guardians.  Understanding  Ethanol  Related  Fuel  Problems.  Retrieved  from
https://roadguardians.org/september-2012-newsletter-biker-chads-corner/

Aksnes, A. (2008). W02008084074 A2. World Intellectual Property Organization.

Khan, M. M. H., Chowdhury, B., Bhuiyan, M. R. H., Uddin, M. J., Dawlatana, M., & Rahim, M. (2008).
Nutrient content of poultry feed used in different poultry farms of Bangladesh. Bangladesh Journal of
Scientific and Industrial Research, 43(1), 1-12.

Mustapha, M. K., Akinware, B. F., Faseyi, C. A., & Alade, A. A. (2014). Comparative effect of local and
foreign commercial feeds on the growth and survival of Clarias gariepinus juveniles. Journal of Fisheries, 2(2),
106-112.

University of Minnesota. University of Minnesota — Extension: Feeding the dairy herd. Retrieved from
http://www.extension.umn.edu/agriculture/dairy/feed-and-nutrition/feeding-the-dairy-herd/table-A14.html
Kelsall, D. R., & Lyons, T. P. (2003). Grain dry milling and cooking procedures: extracting sugars in
preparation for fermentation. The alcohol textbook, 4.

Lim, C., & Yildirim-Aksoy, M. (2008). Distillers dried grains with solubles as an alternative protein source in
fish feeds. Paper presented at the Proceedings of the 8th International Symposium on Tilapia in Aquaculture.
Pottguter, R. (2015). Potential for use of dried distillers grains with solubles (DDGS) in layer diets. Lohmann
Information, 49(1).

Wilcox, W. What is DDGS? Retrieved from http://www.theenergyofchange.com/ddgs

Lin, Y., & Tanaka, S. (2006). Ethanol fermentation from biomass resources: current state and prospects.
Applied microbiology and biotechnology, 69(6), 627-642.

Renewable Fuels Association. (2005). Industry Guidelines, Specifications, and Procedures. Fuel Ethanol.
Retrived from http://en.banglapedia.org/index.php?title=Sugar_Industry

Bint-E-Naser, S. F., Hossain, L., Barua, P. P., Debnath, M., & Khan, M. S. (2018). Analyzing Physico-
Chemical Properties of Bioethanol and Bioethanol Blended Fuels. Journal of Nature Science and Sustainable
Technology, 11(4).

Bangladesh ~ Government. (2017). Bangladesh ~ Gazette. Bangladesh Retrieved  from
http://www.dpp.gov.bd/upload_file/gazettes/24002_36792.pdf.

Argus. (2016). Daily International Freight Rates and Market Commentary. Retrieved from Argus Media:
https://www.argusmedia.com/en/freight-transportation.

Argus. (2017). Fuels and Octane. Retrieved from Argus Media:
https://www.argusmedia.com/en/chemicals/argus-fuels-and-octane.

Gallagher, P. W., Yee, W. C., and Baumes, H. S. (2016). 2015 Energy Balance for the Corn Ethanol Industry.
United States Department of Agriculture.

The World Bank. CO2 Emission in Bangladesh. Retrieved from:
http://data.worldbank.org/country/bangladesh,

United Nations Treaty Collection. (2015). Chapter XXVII: Environment, STATUS AS AT : 10-05-2023
09:15:31 EDT. United Nations Treaty Collection.

Bangladesh Bureau of Statistics. (2017). Yearbook of Agricultural Statistics-2016.

33



61.

62.

63.

64.

65.

66.

67.

68.
69.

US Department of Energy. Alternative Fuel Data Center: Ethanol Vehicles Emission.  Retrieved from
http://www.afdc.energy.gov/vehicles/flexible_fuel_emissions.html

International Rice Research Institute. World Rice Statistics Online Query Facility.  Retrieved from
http://ricestat.irri.org:8080/wrs2/entrypoint.htm

Gbabo, A., & Ndagi, B. (2014). Performance Evaluation of a Ricemill Developed in NCRI. International
Journal of Engineering Research, 3(8), 482-487.

Hisano, S., & Moha'csi, G. (2003). The role of rice processing industries in Bangladesh: a case study of the
Sherpur district. 57, 121-133.

Kahlon, T. S. (2009). Rice bran: production, composition, functionality and food applications, physiological
benefits: CRC Press, Taylor & Francis Group: Boca Raton, FL, USA.

National Agricultural Library (USDA), & Office of Alcohol Fuels (USDoE). (1982). Feedstocks and
Coproducts Fuel from Farms : A Guide to Small-Scale Ethanol Production (pp. 29): The Technical Information
Office, Solar Energy Research Institute (U.S.).

Rahman, R. (2017). 19 Foods That Are High in Starch. Retrieved  from
https://www.healthline.com/nutrition/high-starch-foods#section15

Banglapedia. Banglapedia: National Encyclopedia of Bangladesh. Retrieved from

Blume, D., Fuller, R. B., & Winks, M. (2007). David Blume's Alcohol Can be a Gas!: Fueling an Ethanol
Revolution for the 21st Century: International Institute for Ecological Agriculture.

34



