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Abstract

In this research, the production methods of biodiesel and biogas, which are one of the types of
renewable fuels, have been examined. In this report, fossil and renewable fuels are first introduced,
and then more information is provided about biofuels. In chapter 2, recent researches related to
biodiesel production methods and process simulation of these fuels have been examined and
summarized. In chapter 3, one of these processes has been re-simulated by ASPEN HYSY'S software,
and a series of process factors such as temperature, pressure and current intensity have been
investigated and presented as case studies. The result of this case study shows:

1-1f the reactor temperature changes from 75°C to 30°C, the mole fraction changes from 0.2263 to
0.2275, which is equivalent to 0.57%.

2-1f the mass flow of glycerin changes from 20 kg/h to 200 kg/h, the mole fraction changes from
0.2625 to 0.2650, which is equivalent to 0.95%.

3-If the flow temperature changes from 5°C to 100°C, the mole fraction changes from 0.2585 to
0.2700, which is equivalent to 4.44%.

4-If the inlet stream temperature changes from 20°C to 150°C, the mole fraction changes from 0.9994
to 0.9997, which is equivalent to 0.03%.
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1.1 Fossil Fuels

Fossil fygels found in Earth’s crust. They havgydrogen and carbon, so they can be burned to produce
energy-*Natural gas, coal and oil are fossil fuel examples. The engrgy for heat and electricity to homes
and businesses, running cars and factories is supplied from coali®0il and natural gas. Fossil fuels take
millions of years to form. They are unrenewable resources. Almost three-foﬁl of emissions from
human activities are because of fossil fuels in the last twenty years. The effort iS%0 reduce dependence
on fossil fuels and try to burn these fuels cleaner for environment. Scientists are trying to solve fossil
fuel challenges to have enough fuel and decrease environmental damages for healthier human life.
The United States Department of Energy is trying to burn coal cleaner. Using more natural gas helps
to emit 50% less carbon dioxide into the atmosphere than coal [1].

1.1.1 Petroleum: Petroleum has an important role in different organizations and cultures. Gasoline,
liquid petroleum gas (LPG), mazut, paraffin waxes, naphtha and lubricants are some examples of
petroleum products [2].0il and petroleum effect on life qualityeand government’s economy. Contact
lenses, medicines and bandages are provided by petroleum [3]™1.65 trillion barrels of oil is proved in
the world until 2016, which is shown in Figure 1. This amount is equal with 46.6 times using per year,
which means 47 years of oil is left [4].

Proven Qil Reserves

(barrels)

1,500C

SEnves

Prowven Qil Re

2008 2009 2010 2011 2012 2013 2014 2015 2016 07

Reserves of Qil

Figure 1-History of world's proven oil reserves.

1.1.2Qasoline: Gasoline is a flammable liquid which is made of hydrocarbons and petroleum.
Distillation produces gasoline. Polymerization, alkylation and isomerization are some methods which
make better gasoline’s quality [5].

1.1.@iquefied Petroleum Gas (LPG): LPG is used for cooking, heating and fuel for cars. It is a
flammable fuel and also is mutagen and carcinogen. It is not corrosive, but it can dissolve some types
of plastics, synthetic rubbers and lubricants. LPG can burn the skin and may be asphyxiate at high
concentration [6].
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1.1.4 Fuel OiI@uel oil (mazut) is a heavy, low quality fuel oil. Mazut can be used for house heating
in Far fast countries which do not have proper equipment to breakdown or blend mazut to form petro-
chemicals. Mazut is rated by its sulfur content, which means the feedstock effects on its sulfur content.
The lowest amount of sulfur in mazut is 0.5% and the highest amount is 2-3.5% [7].

1.1.5 Natural Gas: Natural gas is an easy to burn gas which has no color and odor. Unprocessed natural
gas is contained from methane, ethane, propane butane and pentane. In Alberta, a Canadian province,
25% of natural gas consumption is reported for commercial and residential. Petroleum refining, metal,
plastic, glass industries and food processing use 75% of natural gas [8]. United states, Russia, China
and Iran are the 4 top countries which use the most amount of natural gas [9].

1.1.6 LNG Industry: Liquefie@atural gas (LNG) is formed by cooling down a natural gas about -162
°C. LNG has a volume 600 times smaller than gaseous phase. LNG’s volume reduction helps to store
easier in tanks, Figure2, for better shipping and transportation [10] [11]. LNG was used in different
ranges such as residential, industrial settings for cooking, heating and electricity generation. LNG
provided up to 75% of the commercial and residential’s energy demand, 18% of electricity and 3%
for vehicles in United States in 2009. LNG is safe to consume and transport and it is 90% less pollutant
than diesel. It is also non-toxic, colorless, odorless and non-corrosive, so LNG is the cleanest fossil
fuel. Global requirement for LNG is increasing due its low carbon production, easy to use for most of
the applications and cost-efficient [12].

Figure 2-Huge tanks for LNG in the Rotterdam harbor.

1.1.7 Coal: Coal is formed from plants decomposition, which has rock form. Coal is cheaper than
other fossil fuels and easy to store. Coal is used for heating, electricity generation and fuel. Anthracite
Figure 3, bituminous, sub-bituminous and lignite are main types of coal [13] [14].
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Figure 3-Anthracite, highest grade of carbon weight.

1.Qenewable Energy

Renewable energy is energy that is produced from natural sources. They replenish at a higher rate
than they consumed. The sun, Earth and wind have energy, so we can use this energy in different
ways. Renewgable energy produces lower amount of emissions than burning fossil fuels. Renewable
energies areﬁ'leaper in the most countries, and also they present three times more jobs than fossil
fuelﬁenewable energy sources include: solar energy, wind energy, geothermal energy, hydropower,
ocean energy and bioenergy (biomass) [15].

Q.Z.l Solar Energy: solar power is a kind of energy that converts to electrica@r thermal energy. Solar
energy is the cleanest and the most abundant renewable energy soutce that is available. Photovoltaics
or solar panels is shown in Figure 4, concentrating solar power an@olar heating and cooling are kinds
of solar technologies. Photovoltaics produce elec%ity from sunlight. It provides energy for
calculators, commercial businesses and road signs.“Concentrating, solar power use the heat that
generated of sun for large power stations like running traditiona%ectricity-generating turbines in
power plants. Solar heating and cooling uses for heating water [16] [17].

Figure 4-Solar panels.

@.2.2 W@j Energy: Wind energy uses wind to generate electricity or mechanical power. In this
process, *Kinetic energy of the wind converts to mechanical energy or electricity. The power for
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pumping water and grinding grain is supplied by mechanical power. In wind turbineger namic
force from rotor blades generates electricity, that work like an airplane wing. There is an aiﬁessure
éifference across the two sides of the blades. The air pressure difference makes lift and drag forces.
ift force is stronger than drag, it causes rotor spinnigg. The rotor is connected to a generator which
increase g speed of the rotation. The transformation“of aerodynamic force to rotation of a generator
generateselectricity. There are two types of turbines: Horizontal-Axis Turbines and Vertical-Axis
Turbines [18]. Here is a wind farm in Figure 5.

Figure 5-Wind power in Washington.

1.2.3 Geothermal: Geothermal energy, Figure 6, is a kind of energy which its heat produceﬂ\side the
earth. The word geothermal is Greek, that means geo (earth) and therme (heat). Geothermal is used
for generating electricity, heat buildings and bathing. Geothermal is renewable, baseload, domestic,
small footprint and clean [19] [20].

e

Figure @eothermal power plant (flash steam, combined cycle) in Iceland.

1.2.4 Hydropower: Hydropower, also called hydroelectricity or hydroelectric energy,Q a kind of
energy that uses the power of moving water to proglice electricity. All types of hydropower facilities,
use kinetic energy of water in motion. Hydropowerplants are usually located near or on water sources,
such as Cambodia’s Hydropower plant in Figure 7. The producing electricity relies on the volume of
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the flowing water and head. The more flow and higher head, the more electricity can be produced [21]
[22].

w

Figure 7-Cambodia's hydropower project.

1.2.5 Ocean Energy: Each kind of renewable energy which its source is fron@ea. There are three main
types of ocean technology: wave, tidal and ocean thermal. By converting the energy in the ocean
waves to electricity, wavegenergy can be generated. There are multiple types of wave energy
technologies for convertinﬁ/ave energy into electricity. Tidal energy has two forms, both of them
generate electricity:

1-Tidal range technologies use potential energy which was created by height difference between low
and high tides.

2-Tidal stream technologies catcme kinetic energy of currents flowing in and out of tidal areas,
like beaches. Tidal stream devices work in an ordered series, like%vind turbines.

Ocean thermal energy is produced by converting the temperature difference between ocean’s surface
water and deep water into energy. Ocean thermal plants can be floating or grazing [23].

1.3 Biomass

Biomass is renewaée fuel that is based or@lants and animals. Corn and soy are the most common
biomass materials.“Biomass can be burned directly for heat or be converted into electricity [24].
Biomass sources which are shown in Figure 8 include:

1-Waste from wood products factories, such as carpentry workshops, MDF factories, etc.
2-Agricultural waste bagasse from sugar cane factories

3- Production of biogas (renewable natural gas) from human sewage and animal manure

4- Molasses, factories for the production of sugar, production of ethanol- fuels resulting from
biological reactions
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Figure 8-Biomass sources.

1.3.1 Biomass converting to energy

@irect combustion (burning) to %duce heat: It is the most common way to convert biomass into
necessary energy. Biomass sources®an be burned directly for industrial process heat, heating water
and buildings and for generating electricity in steam turbines.

2-Thermochemical conversion to produce solid, gaseous, and liquid fuels: Thermochemical
conversio biomass contains gasification and pyrolysis. These are both thermal decomposition
processes. In these processes biomass feedstock materials are heated in closed, high pressure vessels.
The difference in these two processes are amount of oxygen and process temperature.

Pyrolysis requiregeating organic materials to 400-500 °C in the complete absence of free oxygen.
Fuels likggbio-oil, charcoal, methane, hydrogen and renewable diesel are prgduced from biomass
pyrolysis®Bio-oil is produced by fast pyrolysis. Hydro treating is for processing®io-oil with hydrogen
in high, temperature and pressure with a catalyst. In hydro treating renewable gasoline, renewable
diesel*&nd renewable jet fuel are produced. Gasification process needs heating organicgmaterials to
800-900°C. The steam injects to the vessel to produce syngas. Syngas can be useag;r heating,
generating electricity in gas turbines and for diesel engines fuel. The processed syngas can be used in
the Fischer-Tropsch process as a liquid fuel.

&hemical conversion to produce liquid fugls: Chemical conversion process or transesterification
produces fats to produce biodiesel, such as“@nimal fats, vegetable oils and greases into fatty acid
methyl esters (FAME).
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@iological conversion to produce liquid and gasegus fuels: Biological conversion includes
fermentation and anaerobic digestion. Fermentation is ﬁrocess to convert biomass into an alcohol
like ethanol. Ethanol gan be used as fuel in vehicles. Anaerobic digestion is a process to produce
renewable natural gaﬁ sewage treatment plants and at dairy and livestock operations. Renewable
natural gas can be formed from solid waste landfills. Renewable natural gas which is refined wellias
the same uses as fossil fuel natural gas such as water heating, transportation, cooking and electricity
[25].

These are some of the advantages of biomass:

1-Biomass is carbon neutr@

2- It is always available as®@ renewable source of energy.
3-It is cheaper than fossil fuels.

4-it produces less garbage on landfills.

It should be noted that biomass has some challenges:

ﬁiomass plants need a lot of space.
is not as efficient as fossil fuels.
3- that is not entirely a clean fuel [26].

1.4 Biofuel
The fuels that are driven from biomass, that is based on plants and animal wastes.
1.4.@ypes of Biofuels

Biomass sources can be burned to produce heat, like wood, grass and other kinds of biomass. The heat
can be used for running generators to groduce electricity in power plants. Liquid biofuels have been
considered for many uses, especially*for transportation. The most production of liquigl, biofuel is
ethanol. It is produced by fermenting sugar or starch. The two important producers o ol are
Brazil and the United states. Gasohol is produced in the United States. Gasohol is a kind ot*€thanol
biofuel which is produced primarily from corn grain, and it is blended with gasoline. It consists of
10% ethanol.

As it is shown in Figure 9, “second generation” o@ellulosic ethanol is derived from wood chips,
municipal waste and crop residues. Cellulosic ethanol is usually made of waste products from sugar
processing than can be get on low quality lands. The conversion ratio is lower than first generation.

@iodiesel is the sgeond most common liquid biofuel. It is made primarily from oily plants like oil
palm or soybean@iodiesel is used in diesel engines. It is blended with petroleum diesel fuel in
different percentages. Algae and cyanobacteria can be used a source of “third generation” of producing
biodiesel, but it is a little bit challenging in economical way. Some kinds of algae include 40 weight
percent lipids. ItCan be converted into synthetic petrolgiim or biodiesel. There are some evaluations
mention that algae and cyanobacteria can produced 10100 times gare fuel than second generation
biofuels per unit area. Biofuels which contain biogas and methane,@]ethanol, butanol and dimethyl
ether are in development [27].
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4™ Generation

3" Generation Breakthrough
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Sugar Seet Grass
Sugar can Waste

Wheat
Corn

Figure 9-Biofuel generations.

1.@iogas

Biogas is a renewable fuel which is produced by the breakdown of biomass. It is a renewable energy
source and environmentally friend. It is produced when biomass, such as animal waste or food are
broken down in the absence of oxygen. Biogassgan occur naturally or as a part of industrial processes
to be created as a fuel. Compressed biogas carﬁe used as vehicle fuel. Biogas can be used instead of
natural gas if it refined properly. It is known as bio methane and can be used like methane such as,
heating, cooking and industrial transportations [28].

Biogas is produced from a natural process in a closed area, so methane-carbon dioxide ratio can be
variable. 60% methane-40% carbon dioxide is the most common ratio. It is expectable that biogas
include 45 to 75% methane- 55 to 25% carbon dioxide. Here are some of the advantages of using
biogas:

1. It is renewable and clean source of energy which is depended on carbon neutral process. It does
not release new amounts of carbon into atmosphere.

2. It reduces water and soil pollution because of human feces and animal manure. It helps to have a
clean, healthy,and safe environment entire the world.

3. It reduced®the amount of methane released into the atmosphere. It counters climate change which
has important effect on living animals and human.

Here are some of the disadvantages of biogas:

1. Biogas is produced from a natural process, so it is challenging to control its compounds of
constituent ratios.

2. Biogas works better in warm climates. It means that it is not available entire world identically
[29].



Page |10

Chapter 2
A Review of Articles
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In this chapter, we will have an overview of 6 articles that we studied in the field of biodiesel
production process and simulation, and briefly stated here to identify the factors.

2.1 Simulatioﬂf Biofuel Production via Fast Pyrolysis

Jens F. Peters and et al. published an article entitled “Simulation and life cycle assessment of biofuel
production via fast pyrolysis and hydro upgrading” in 2014.

The process is done %spen Plus. The simulation includes the pyrolysis plant and bio-refinery gLhe
bio-refinery includesiydro-treating, hydrocracking, distillation and steam reforming sections*the
obtained synthetic biofuels are compared with their fossil fuel equivalents in order to quantify their
potential @vironmental benefits. Biofuels are considered aﬁ solution for greenhouse gas (GHG)
reduction.®Bio-oil is produced from fast pyrolysis. Bio-oil is¥iigh density and has moderate heating
value. It can be upgraded to gasoline and diesel in a bio-refinery. Biofuel can lead to save 60-88%
GHG vs fossil fiels. LCA applies to bioethanol and biodiesel processes. The production is assumed
in central Spain™*The functional unit (FU) used in this work is 1 MJ of energy content of the obtained
synthetic biofuel mix (gasoline and diesel). Biofuels are produced by fastbyrolysis in this system.
The entire system includes these subsystems which is shown in Figure 10™&griculture and cropping,
biomass transport, pyrolysis plant, bio-oil transport and bio-refinery plant.

3 — s e ——
Emissions to air, emissions to water, waste T

A

X

Exhaust gas |Ash

s

whaust

a5

Waste
water

I5pent

catalyst

Gasoline

Pyrolysis plants = as- Biorefinery i
Agriculture, Biomass | Weod Irre-trvseat;ent oll, _ Bio-Oil ol Hydrotreating Diesel N
cropping transport . ) transport "| Distillation, hydrocracking i
Fast pyrolysis X
Steam reforming Steam ]
] Y A ] d
Electricity Pyrolysis Electricity [Natural |Catalyst
char gas Char o

_-_| Fuels, water, chemicals, fertilizers, others [_-_

Figure 1gock diagram of the biofuel system.
Process simulation

Pyrolysis plantgaw biomass converts into bio-oil and char (by product) in this plant.
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Figure 11"&spen Plus flowsheet of the pyrolysis plant.
Pretreatment

Hot exhaust gases from chamber and coal dry wet biomass to reach biomass moisture to 7%.
Pyrolysis Reactor

[r)@biomass decompose%to bio-oil or biogas in the pyrolysis reactge. Here are common conditions
in“a circulating fluidized bed reactor: 520°C, vapor residence time o1*0.5 s, bed residence time of 2 s
and gas to feed ratio of 1.0 by weight. The products are modeled in ils. Bio-oil includes of more

than 31 model compounds. coal is an unconventional component witf*H, N, S, O and CI content.
Product Recovery

The pyrolyzed products should pass certain number of cyclones forgesidual vapors and coal
separating. The products are quenched with cold bio-oil. It preventsﬁ;condary decomposition
reactions. A water cooler is needed for temperature reduction to reach the liquid recovery to maximum
point. 50% of alkali metals, except Cd, shifted into oil at pyrolysis tempegature which is 500°C. Some
parts of recycle liquid does not return to the quench coolers. They leaveé'pyrolysis plant as an oil by-
product.

Gas and Char Combustor

One of the gas fraction parts returns to the pyrolysis reactor, and the other part is burned in combustion
chamberéome pyrolysis coal fraction is needed to burn to provide enough heat for pyrolysis reactor.
The coal*Separateghin the cyclone into product fraction and fuel fraction. Combustion exhaust gases
are needed to drﬁe biomass. The biomass dryer defines the exhaust gas flow and air flow to the
combustion chamber.

Bio Refinery

Hydro treatment
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A two staggscatalyst hydro-treatment transformge bio-oil into an oxygen-free hydrocarbon product
which has*C4-C18 chain length. The product includes alkanes, naphthenes, mono- and poly-
aromatics, phenols, alcohols and furans. The catalyst is commercial Co-Mo catalyst. Thegbio-oil and
hydrogen are fed to the first reactor at the pressyke of 170 bar and temperature of 270°C™* he bio-oil
IS stabiéted for its more processing in the reactor:*f he stabilized gil is deoxygenized to <2% of oxygen
content™at the temperature of 350°C and the pressure of 150 barin thegecond hydrotreating reactor.
After cooling the product, the aqueous part of the product is separateﬁl a high-pressure flash unit.
The aqueous fraction includes 1% organics, mainly about alcohol and phenols. A cooling water circuit
is needed to cool the products of the hydrotreater. Aspen Plus cannot simulate catalyst consumption
in the hydrotreaters.

)ﬁ { STEAMHOT |—¢

®

] HT-FLASH

HTAQUOUS [

HT-PUNP1 ! HTREACT1 1 HTREACT2

g @

HT-COMP1

e

i HT-COND
BI00K HT-PUMP2
0 (e |+
—
'3 i 2

Figure 12%spen Plus flowsheet of the hydrotreating section.
Qistillation

The organic fraction from hydrotreatment is dewatered and separated into fuel fractions by distillation.
By hydrocracking, the heavy bottom transfoggs into lighter compounds. The organic fraction includes
unreacted hydrogen from hydrotreating parﬁ pre-flash unit cracks the feed stream into a gas fractj
and a liquid fraction to separate hydrogen from orgggic fraction. Then the separated fractions go@
the distillation process. First distillation column has S*tages and operates under atmospheric pressure.
Gaﬁine fraction is the lighter product of the heavier fraction. There is also a gas fraction as a product
that*Cannot be condensed in cryogenic condition. The bottom stream goes to the second column. The
operation is done in 9 stages and separates diesel fraction under vacuum.

Hydrocracking

@he heavy fraction is mixed with hydrogen and pressurized. It is fed to the hydrocracker to crack the
heavy hydrocarbons into lighter molecules in a temperature of 670°C, the pressure of 90 bar and a
Ni catalyst. There is a pressure drop for product stream. It is cooled and recirculated for mixing with
the organic fraction from hydr:ﬁating. The condensers of distillation columns need a cooling water
circuit. The steam product fro e hydrotreating section and combustor in steam reforming section
provides heat for reboiler.
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=
HCPUMP2

Qteam Reforming

The gases from pre-flash unit in distillation section are divideﬂ\to a fraction for reforming and a
fraction for direct combustion. Gas fraction for reforming is mixed with water. It is heated and fed
into the steam reforming reactor with demanded amount of natural gas. The temperature of 950°C
shows best results for gas feed composition which includes high amount of non-methane gases.
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Figure 14/%®spen Plus flowsheet of the steam reforming section.

| SRLIGOUT '—‘5

Q/ater gas shift

The reactor product stream goe% the water gas shift reactor after cooling down. The water gas shift
reactor calculates the products by Gibbs free energy. The operation condition is under 350°C, the
conversion of CO and H20 to CO2 and H2 the amount of hydrogen is increased. The water fraction
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is separated from gases after product stream cooling down. There is also a PSA unit which separates
90% of the hydrogen from gases, then they will be sent to the hydrocracker and hydrotreater sections.

Combustor

The stream is gas-free, which includegoz and unreacted hydrocarbons. It is mixed with gas stream
from distillation column, combustion air and separated fraction from flash gas stream to combust
directly. The dema@ed heat for steam reforming reactor is provided in the combustor. A part of
condensed water is“Separated in SRFLASH. It is recirculated and enters to the steam reforming
process. The excess water exists the plant as wastewater. A cooling water circuit condenses the
aqueous fraction.

Pyrolysis plant

Thﬁmformation about the reactor efficiency and product compositions is obtained from the
simulation. The yields are 68.8% bio-oil, 14.3% gas and 16.9% char.

Theses yields are reporte@or a hybrid poplar feedstock by jones et 385% bio-oil, 12% gas and 13%
char. Ringer et al. 73% bio-oil, 12% gas and 15% char. *Oasmaa et al. report vyields
of 25% water, 30% sugar-derived, 25% aldehydes and ketones, 17% degraded lignins and 3% others
for eucalyptus wood under similar %tor conditions. The values are close to simulation results. In
addition, Dong et al mentioned 12%“anhydrosugars and furans, 15% aldehydes, 6% ketones, 18%
acids and 25% phenols and degraded lignin for poplar wood pyrolysis in a condition with 500°C and
a residence time of 5. Organic acid has higher cﬁ?nt than degraded sugar in simulation. It may be
cause of longer residence time, which leads to®Sugar derived fraction, levoglucosan and xylose,
decomposition.

Bio-refinery

In bio-refineryﬁ% MJ of bio-oil is demanded to produce 1 MJ of bio-synfuels,Q.27 MJ of natural
gas and 0.04 MJ of electricity. Final product compositions for two-stage hydro-treating is shown in
Table 1.
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Table ﬁnal product composition for the two-stage hydrotreating process according to simulation results.

Product Compound group Yield (%)
Gasoline C5-C,p paraffins 15.70
Cs—-Cy5 C5-C,p naphthenes 31.08
Polynaphthenes 0.00
Benzenes, phenols 475
(Total Gasoline) 51.53
Diesel Propylbenzene, propylphenol 2.38
Ca-Cis MNaphthalene 1.06
C11-Cig (Poly-)naphthenes and paraffins 25.58
(Total Diesel) 29.02
Heavies Chrysene 14.28
(Total Heavies) 14.28
Others Furans 3.29
Alcohols 1.88
(Total others) 517

Electricity consumption: Electricity% the main external source of energy in this process: The
pyrolysis plant provides 70% required electricity, and the main consumer is combustion air
compressor. The high electricity demand causes high air flow that enters to the dryer with high
pressure. In bio refinery plant, hydrogen compressor of hydro treating part needs the most electricity.

Comparison with fosgil fuels: Figure 1&10WS the comparison of the potential environmental impacts
of synthetic biofuels™*he impact of the pyrolysis fuels is lower than fossil fuels for A@P and CEDnr.
It is higher for AP and EP. They showed a higher impact for EP in agricultural phase™Synthetic fuels
have similar properties to fossil fuels, so they show similar emission profiles. We can use similar GHG
emissions factors.

100%
80% -
60% -
40% -
20% -
0% -
ADP AP EP CEDnr
Syngasoline Fossil gasoline 1 Syndiesel B Fossil diesel

Figure 15-Compariso” the potential environmental impacts of the synthetic biofuels with fossil gasoline and diesel.
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EMEP/EEA: GHG emission potggtial = 39.41 CO, eq/MJ, 39.13QQO2 eq/MJ are for synthetic
gasoline and synthetic diesel. In®*Comparison with conventional gasoline and diesel causes GHG
emission savings g£55.9% gasoline and 53.0% diesel, based on RED method. Fuel production mix
(0.51 MJ gasoline;®0.43,MJ diesel) the equivalent saving is about 54.5% which is close to the target
60%. For hybrid poplal*ds feedstock and natural gas which used as hydrogen source in hydro-treating
the GHG saving is 53%, which is a value that was similar to what was calculated in this project.

Qhe simulation of the biofuel process chain based on fast pyrolysis of poplar biomass showed good
results. It is possible tgainvestigate the effects of emission of elements such as chlorine and sulfur on
nature from modeling™GHG savings of 54.5% for produced fuel mix is visible. Non-renewable energy

éemand and abiotic depletion potential are lower than gasoline and fossil diesel. Although,

cidification and eutrophication are typical patteggs for biofuels. There is a method which is good for
improving the performance of the plant. It is using®of wood with lower amount of moisture or installing

passive pre-deying during biomass tank. The drying stage is really important because the biomass
dryer demandS*the thermal energy which is generated by the combustor. Significant progress was seen
in the agricultural stage. Irrigation water demand is reduced. It reduced environmental impacts on this
stage. All together, the system showed high GHG savings. It can be considered a choice to produce
fuels from lignocellulose biomass [30].

Z.Qiodiesel Production by Supercritical Methanol Transesterification

Victor Fernando Marulanda published an article entitled “Biodiesel production by supercritical
methanol transesterification: process simulation and potential environmental impact assessment” in
2012.

Process simulation

Q is important to specify the experimentally determined reaction conditions, model component far the
triglycerides mixture, suggested chemical reactions, plant capacity and thermodynamic models<0 set
up the supercritical transesterification process.

prerimental studies supporting the model

Marulanda et al. studied the continuous supercritical transesterification of chicken fat at these
conditionsgtemperatures (350, 375 and 400°C), pressures (100, 200 and 300 bar) and molar ratios

:1-12:1)."Good quality biodiesel was produced at 400°C, with pressure of 200 bar and a molar ratio

f 9:1. The residence time was between 6 and 10 minutes.*5ome of biodiesel components such as
those derived from unsaturated fatty acids, were decomposed to linear alkanes, alkanes and small
chain methylesters because of high temperature condition. Some of them are fuels which are known,
but glycerol®groduced glycerol ethers, alcohols and di%erol compounds under various reactions.
Sawangkeaw et al reported similar results when checked®the batch supercritical transesterification of
refined palm oil with methanol at 400°C, pressure of 15 MPa and a molar ratio of 12:1.

Chemical reactions
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Q/Iarulanda et al. (2010) offered a model reaction. The Wholgtherification reaction between methanol
and glycerol to produce glycerol trimethyl ether is shown here:

3Hs(OH)3; + 3CH;0H = C3H5(0OCH3)5 + 3H,0 (1)
This reaction can be connected with overall transesterification reaction to delete glycerol:
Q3H5(OCOR)3 + 6CH;0H = 3RCOOCH; + C3H5(0OCH3)5 + 3H,0 (2)

It shows%e stoichiometric ratio at least higher than 3:1 due methanol using fo@lycerol ethers
production. If the FFA contained is high, the esterification reaction can be considered here:

RCOOH + CH;0H = RCOOCH; + H,0  (3)

Experimental results showed that the stoichiometty of*Side reactions of isomerization, thermal
cracking and decarboxylation are unknown and theﬁre not considered at this stage. This assumption
is also credible for triglyceride sources like palm oil and waste vegetable oils that are decomposed at
higher than 300°C temperatures.

Simulation results

Figure 16 shows @percritical process flowsheet and a summary of stream simulation results in
Aspen Plus 2006.%nlet feed streams, triolein and anol are pressurized to 200 bar separately
(pumps B2, B3) to flow in heat exchangers (B13, B21)™reed streams are mixed at reactor inlet (heater

4) to heat to the reaction temperature. This recovers the reaction product and also it prevents
éreheating the triolein at temperature higher than 350°C, that could lead pyrolytic decomposition
reactions.

There is gactor model (B6) and its reaction stoichiometry is shown in reaction (2). A 92&:/0 triolein
conversion in continuous lab scale unit. The inlet streams pass the heat exchanger and*the reactor
outlet stream is depressurized. It is sent to a flash unit (B9) at 95°C and 1 bar. The vapor phase contains
mostly water and methanol is sent to a distillation column (B12, 6 stages and reflux ratio 2). Methanol
is recovered in distillation column and recycled back to the inlet stream. It is mixed with make-up
methanol in inlet stream. The liquid phase which contains biodiesel product, unreacted triolein, by-
product glycerin trimethyl ether and a small amount of methanol and water, is sent to the distillation
column (B19, 5 stages and reflux ratio 1.5). biodiesel is purified in distillation column.
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Figure 16-Proposed supercritical process flowsheet.

As it is noted in Table 2, thgash separation of the reactor outlet stream forms a vapor phase which
is a methanol rich stream. It is mostly recovered in distillation column (B12). It is recycled with a
spe;éc amount of water to the methanol inlet stream. Glycerol trimethyl ether and FAMEs are got
fronT™dottom stream of the distillation column (B19). The top stream contains composed of methanol,

small amount of glycerol and water, is sent to a distillation column (BA) to recover methanol.

dditional yield attributed to glygerol decomposition reactions is reported*based on experimental
results. Sawangkeaw et alyreported®dn additional 5% of fuel in supercritical methanol of palm oil with
12:1 molar ratio at 400°C-*T he formation of gaseous products that are ﬁresult of glycerol by-products
decomposition in batch reaction time, is reported by the authors. So,*the additional fuel yield can be
higher than 5%.

Table 2-Streams summary.

SH’E&H‘I name 2 4 5 8 10 12 14 15 17 16 19 20 pi]

Tempeatwe K 9991 3336 3327 6731 6731 5855 3631 3024 31 3866 4171 3872 3026
Pregtme, bar 1200 200 200 200 200 1 02 1 18 08 18 02

Mass fraction

Blethaml 1 0991 0 0252 0091 0091 055 0975 0015 0041 Traces 0031 0966
Trilein 0 0 1 0742 0004 0004 Traces 0 0005 0 0005 0 0

et Oleste 0 Traces 0 Traces 0742 0742 Traces  Traces 0865  Traces 0889 0 Traces
Trigyceral 0 Traces 0  Traces 0112 0.112 0.162  Traces 0.103 0357 0104 0168 Traces
Water 0 0009 0 0006 0051 0051 0287 0025 0012 0602 0002 0802 0034
Tolflow(kgh) 884 4446 1282 17266 17266 17266 245682 134 14809 1117 14406 18 223

Qimulation results for required energy consumption of process units are shown in Table 3. Th&tal
energy consumption was 573 kW for this flowsheet. This figure is different with previous one which
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ha(9407 kW for a supercritical and 2400 kW for the conventional basgsCatalyzed processes energy
consumption. This difference is because of excess methanol which is irﬁJpercritical process (42:1),
that defines into high energy consumption in methanol heating up and recycling, methyl esters
recovery from unconverted triolein in conventional base catab¢zed process with a 97% triglyceride
conversion. Low energy consumption is due to engegy using*of the reactor outlet stream for flash
separation performing, instead of reaction cool dowr0 separate the immiscible glycesal and biodiesel
phases, which are carried out in conventional processes. In this work, this method letS'Separating most
of the low boiling components, water and methanol without any more energy.

Table 3-Process equipment energy consumption.

Process equipment Energy Energy carrier
consumption (kW)

Triolein pump (B3) 20.8 Electricity

Methanol pump (B2) 3.1 Electricity

Heater (B4) 84 High pressure steam

Reactor (B6) 229 High pressure steam

Methanol column (B12) 131 Medium pressure steam

Biofuel column (B19) 88 Medium pressure steam

Methanol column 2 (B5) 17 Medium pressure steam

Total energy 573 kW

ﬂjpercritical process with a 42:1 mﬁr ratio showed a higher triolein conversion, but there is only
some decreasing energy consumptio eliminate triolein FAME methanol distillation step. Glisic
and Skala simulated the supercritical process on ASPEN PLUS with a 42:1 molar ratio and,99.5%
conversion. They found a decreasing of 300 kW while the previous results showed 640 kK ith a
97% conversion in FAME purification distillation. There gge similar results for the same distillation
steps in the conversion process. Methanol recovery in the*supercritical process (1560 kW) and salt
removing in the conventional process (1039 kW) are the most energy intensive operations that do not
belong to specific conversion.

anironmental impact assessment analysis

The war algorithm (Waste Reduction) is a methodology which is developed by the Risk Management
Research Division of the Environmental Protection Agency (EPA). The EPA is based on a potential
environmental impact (PEI) balance for a chemical process. The PEI is a measurement of the potential
for a chemigal to check the effect on environmental and human health. This scheme includes these
categories:*global warming potential (GWP), ozone depletion potential (ODP), acidification or acid
rain potential (AP), photochemical oxidation (PCOP), human toxicity by ingestion (HTPI), human
toxicity by inhalation or dermal exposure (HTPE), aquatic toxicity potential (ATP) and terrestrial
toxicity potential (TTP). The categories are based on experimental measures for chemical materials
like the threshold limit value (TLV) and lethal dose (LD50). The eight categories where megtioned
above, do not show*the fate and transport of materialsgyhen they are emitted to a special media™tPA’s
TRACI, IMPACT 2002, USETOX and CALT argife Cycle Impact Assessment (LCIA) methods
whichgteport for three different factors such as<tne fate, exposure and the toxicity factors. They can
define*nore realistic methods for environmental indicators.
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The software come close to a pollution indegased on these information: participating chemical
components, inlet, outlet, prodyct and waste stream, total energy consumption, the software and a PEI
balance. The index is used as a@comparison with some kinds of process alternatives to choose the best
environmental friendly alternative. The suggested supercritical process, which is analyzed as
supercritical 9, was compared to the previoulﬁjpercritical process with a 42:1 molar ratio at 300°C,
which is analyzed as supeggritical 42 in this work. Glisic and Skala reported some results from ASPEN
PLUS. The experiments*showed that not all of the produced glycerol was completely etherified.
Glycerol, methyl glycerol and dimethyl glycerol were also present.

Both supercritical processe av@)wer output PEI per mass of product than conventional process
which is shown in figure 17 *5upercritical 9 has the lowest PEI. Previous LCA assessments stated that
super critical processes have higher environmental impact than conventional pr essegr a little lower
impact after decreasing the molar ratio to 24:1 by using a co-solvent. There§ negative PEI for all
process options. It shows that the products which are formed from“transesterification and
decomposition reactions are more harmless than reactants which they are formed from so PEI is used
in the process.

PEI! Indexes per mass of product
0.06

0.04 +

0.02 4

0.00 -
-002‘ .

0,04 -

Impact (PEVkg product)

0.06 4

-0.08 T
lout

lgen
B Supercritical 42 [ Conventional B Supercritical 9

Figure lﬁta/ output and generated PEI for biodiesel production processes.

Figure 18 presents that the supercritical 42 uses the most of the PEl because of%gh energy
consumption of the process, whiles the supercritical 9 uses PEI because oi*Waste streams that contain
unrecovered glycerol trimethyl ether and methanol.
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Figure lg)ta/ output PEI due to process and energy consumption.

Qhe indexes of photochemical oxidation (PCOP) and acidification potential (AP) arge sources of
total PEI/kg which are shown in Figure 19 he AP index is lower for sawercritical 9, but the PCOP
is higherﬁcause of the unrecovered glycerol trimethyl ether. However, ﬁrt of the glycerol trimethyl
ether caroe used as a§rt of the fuel. Glycerol decomposition produces water, which makes glycerol
recovery difficult for*Conventional distillation, whereas almost the whole by-product glycerol is
recovered with high purity in supercritical 42 and conventional processes because of easﬁg/paration
of glycerol from methanol and FAMEs.

PEIl leaving the system per mass of product streams*
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Impact (PEVkg product)

HTPI HTPE TP ATP GWP oDP

Impact Categories
M Supercritical 42 [ Conventional ISupercritical 9

PCOP AP TOTAL™

Figure 15%&ontribution to total PEl/kg product of each impact category.

In Figure Zoge total output PEI of supercritical 9 is about 3 times lower than the PEI for supercritical
42 and conventional base gatalyzed processes. FAME stream (19) includes glycesol trimethyl ether as
a product, which leads to"the lower pollution index of sugercritical 9, whereaﬁjpercritical 42 and
conventional base catalyzed processes consider glycerol as*a waste. Supercritical 9 has a negative PEI
amount because of glycerol decomposition, whereas glycerol is considered as a waste.
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Figure ZﬂJtal PEI per mass of product without glycerol.

Q\ supercritical transesterification process for biodiesel production, based on available experimental
information, reaction conditions, biofuel yield and products and by-products was investigated and
simulated in Aspen Plus 2006. Simulation results presented that the supercritical process with a 9:1
molar ratio at 400°C has lower energy consumption than supercritical with a 42:1 molar ratio and
conventional process at 300°C.

Simulation results were used to check environmental impact via developed tool which igPA. The
environmental impact assessment presented that supercritical process \ith a 42:1 molar ratio, has a
lower environmental potential impact than the supercritical process%/ith a 9:1 molar ratio and
conventional process. The supercritical process with®3:1 molar ratio has the lowest output
nvironmental potential impact because of low energy consumption. Moreover, the profit increase
éue to lower energy consygmption and increased yield got from glycerol decomposition at suggested

conditions is reported fol*the supercritical process with 9:1 molar ratio [31].
Z.Qhermochemical Waste Heat Recuperation by Steam Reforming of Liquid Biofuels

Dmitry Pashchenko and et al. published a paper entitled “Comparison study of thermochemical waste-
heat recuperation by steam reforming of liquid biofuels” in 2019.

On this article Thermochemical exhaust heat recupegation is considered. Thermochemical
recuperation is a kind of hydrogen production technology*fhe thermodynamic analysis is done by
Gibbs free energy minimization. The sinﬁtion is done by ASPEN and HYSYS. Here is
thermochemical analysis: T: 400-900K, for*Steam to fuel of 1 bar, maximum fuel conversion:
Methanol: -600K, Ethanol: -730K, n-butanol: -860K, Glycerol: -890K. maximum heat transformation
coefficient :1.187.

Biofuels are used in transport, chemical industries, energMd other industriesgyidely. Simplest
biofuels are ethanol and methanol, which they are obtained from alcohol.*™Thermochemical
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recuperatiog,0f the exhaust heat is a way that we can use bio-fuels in transport and energy. This article
suggests arﬁverview of research on fuel reforming in the internal combustion engines (ICE). The
authors tesigd different reforming processes for ethanol, methanol, gasoline and other fuels of ICE
application™hermochemical waste-heat recuperation is used in industrial plants. It has beengised in
high temperature plants, especially in glass melting furnaces. Rue and co-authors teste(ﬂ glass
melting furnace withZZCR in a pilot scale process unit. The authors presented that waste heat in furnace
with TCR, is used fol*fiatural gas reforming. Simulation and experimental investigation showed higher
energy recovery in TCR system than heat exchangers or thermal regenerators.

Thermochemical recuperation concept

Qhe ochemical heat recuperation is using exhaust gas heat for an endothermic change of primary
fuel™Rlew synthetic fuel is the product of this change. The prﬂct has higher LHV than initial fuel.
A schematic diagram is shown in Figure 17, which includes: ermochemical recuperation system
(fuel reformer, steam generator (boiler), mixer (steam ejector)). 2-the fuel consuming system (fuel
consuming equipment itself, burner assembly).

Useful Fuel consuming system

P —

Fuel-consum. FEINEENE
equipment  FITENES

') nrhaminal rariinoratinn cvetlary
r Thermochemical recuperation Sysiem

s grerqTasenaes SiEdis s R iR A
- . Inter-cooled waste flue gas
lllIl.lllll.llllll.l.lllt: : ‘ _______________ g _____ : Coldwaste :

P Mixer 1 usgee :
§ 1 (steam ejector) *Boiler| Liquid
- ' Steam water:!
Synthetic - -
fuel (syngas)  +
- Prime liquid fuel

(e.g. methanol, ethanol, etc) :

Figure 21-Schematic view of the fuel-consuming equipmen’d’th thermochemical recuperation by steam reforming of liquid fuel.

qhe exhaust gas after fuel consuming equipment is sequentially passing through the fuel reformer and
the boiler (steam generator). The fuel reformer performs as a catalytic heat exchanger. The reaction
mixtures before the reformer contain steam and fuel vapor. Inside the reaction space of the reformer,
fuel and steam are reacted and to the mixture than dominantly consist of hydrogen is produced. The
overall chemical endothermic reaction of the fuel reforming process can be written as follows:

CnHmOZ + szo = aCO + bH2 + AH298

Qﬁer the thermochemical reformer synfuels leads to the combustion chamber of the fuel-consuming
equipment. In the combustion chamber the combustion process of combustion components of synfuels
occurs.
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Liquid fuel reforming process reactions includae water gas shift reaction, fuel reforming and other
reactions. The mechanism of these reactions is (Bendent on parameters like temperature, steam to
fuel ration, catalyst composition and pressure.“Fuel rﬂming process produces synthetic fuel.
synthetic fuel is fed to a burner after reformer. Itgds doneésfor heat production in the fuel consuming
material. Thermodynamic analysis determined *€quilibrium ggas composition, enthalpy of fuel
reforming reaction and fuel reforming. The author introduced*the algorithm of the theggodynamic
analysis by the Gibbs free energy minimization (GEEM). GFEM method is used to fin(:ﬁquilibrium
compositions of prggduct gas. The system is ideal atfow pressure before 5-10 bar and high pressure.
6our liquid biofuels*such as methanol, ethanol, n-butanol and glycerol were compared on this study.
he enthalpyeQf the reforming reaction, which is determined by initial fuel conversion, reveals the
effectivenes the thermochemical recuperation system. The thermochemical heat recuperation is
absent when the initial fuel is zero.

. ey - . Fuel;,—Fuel .
Fuel conversion: Equilibrium fuel conversion: X,e, = % fuel is the number of moles of
m

fuel.

Iﬂw initial fuel does not join to thegeaction, the fuel conversion will be 0. If the total fuel reacts with
steam, the fuel conversion will be 1™Fuel conversion is dependent on process temperature. The reason
is reforming reactions are reversible. The equilibrium of reactions at low temperature, leads
consuming reforming products.

Figure 22 checked the relation between temperature and fuel conversion. Reforming reactions are
endothermic. Therefore, when the tempgrature increases, the fuel conversion also increases. In the
interval of 500-700K: glycerol at 600 0.31 of conversion, but at same temperature methanol is
close to unity. All fuels in temperature above 900K have a conversion close to unity.
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Figure Zgw fuel conversion as a function of temperature at p=1bar and fuel-to-steam ratio of 1.

Qeaction enthalpy for a steam rgforming process is presented in Figure 23. Enthalpy changes during
the reaction which changes witfemperature, at a pressure of 1 bar, steam fuel ratio=1. In temperature
range above 600K, n-butanol has the maximum reaction enthalpy. Methanol has the least reaction
enthalpy. Reaction enthalpy shows exm?t heat transformation into new synthetic fuel. In conclusion,
1 mole of n-butanol helps to transfor e maximum amount of exhaust heat into the new synthetic
fuel. The considerable difference in enthalpy of reaction is because different compositions of fuels.
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Initial fueISQave different LHV. In conclusion,gﬁcheck the fuel efficiency in thermochemical
recuperation system. it should be noted that finding*fiow many times the LHV of new synthetic fuel
is bigger than the LHV of initial fuel has importance.

Heat transfer coefficient: n, = LHVy, rye1/LHVnitiar fuet

In endothermic reforming reactionsge heat transform coefficient is bigger than unity.
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Figure 23®eaction enthalpy for a steam reforming process as a function of temperature.

The reaction enthalpy increases with increasing%e temperature of the reaction, which is shown in
Figure 24. Ethanol has the maximum heat transfer coefficient at 500-900K of temperature range,
which is 1.187. Ethanol and methanol have a clogg value at 500K, and ethanol and n-butanol have
close value of heat transfer cgafficient above 900K™Heat transferred in the reformer for fuel reforming
reactions and syngas defineﬁe efficiency of thg TCR systems. The efficiency will be zero, if steam
fuel reformer does not occur in reformer. Wher*€xhaust heat is used for the generation of system, it
has negative effect.
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Figure ane transformation coefficients for various fuels vs. temperature.
Conclusion

qour types of biofuels are checked like ethanol, methanol, glycerol and n-butanoIQhe thermodynamic
analysis is done based on Gibbs free energy minimization method and the simulation is done by Aspen
HYSYS software.

The increasing of fuel conversion is because of temperature increase in process. There are
temperatures which fuel conversign reaches its maximum amount: methanol- 600K, ethanol- 730K,
n-butanol- 860K, glycerol- 890K™  he enthalpy of the reforming process defines the effectiveness of
the thermochemical recuperation system. The reforming enthalpy is depended on the process
temperature. In addition, maximum enthalpy of the procesgsfor reforming methanol is 5 times less
than for reforming n-butanol. Enthalpy of the reaction finds*the heat transfer coefficiggt, that shows
the ratio of the low heat value of synthetic fuel and low heat value of the initial fuel™the maximum
value of transformation coefficient isgfound for steam reforming of ethanol which is 1.187. The
obtained results help to select proper“type of fuel for thermochemical recuperation due to steam
reforming. The results on this article can be used for first law energy analysis of the thermochemical
waste-heat recuperation system by steam reforming of liquid biofuels [32].

2.4 Biofue@ransportation Applications

Wei-Ru Chang, Jenn-Jiang Hwang, Wei Wu published an article entitled “Environmental impact and
sustainability study on biofuels for transportation applications” in 2015:

Bioethanol is a kind of alcohol which is generally produced from biomass. Glucose fermenting with
insufficient amount of oxygen, when anaerobic respiration occurs in yeast, so glucose is converted
into ethanol and carbon dioxide. Here is bioethanol production reaction:

CoHy,06 » 2CH;CH,0H + CO, (1)

Lately, cellulosic biomass, which is derived from nonfood sources like woody biomass, herbaceous
and waste residues, is using as feedstock to produce ethanol. Bioethanol which is basedqn starch
biomass or sucrose is called first generation bioethanol, while the bioethanol that is“ased on
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lignocelluloic biomass is known as second generation bioethanol. They are defined in following
sections:

Qirst generation bioethanol: Figure 25 shows produ%)n of first generation bioethanol. Two kinds of
feedstocks are used in this reaction which are starcidased biomass and sucrose based biomass. The
juice of sucrose based biomass like beet or sugarcane are pressed from cooked biomass mechanically.
Then they’ll be fractionated. Yeasts metabolize sucrose for ethanol fermentation tﬁle hexoses.
Finally, the separated ethanol will be recovered by distillation. Starch based biomass*Such as corn,
cereal, wheat and barley are pretreated by crushing and milling. The starch crops meal is hydrolyzed
by enzymes into the hexose. Mash hexose is converted into ethanol bioﬂemically by yeasts.
Distillation will purify the hydrous ethanol. As a point, it should be noted that™the starch based route
uses more energy than the sucrose based route because of an additional step for converting of starch
into the glucose.
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Figure 25%0onversion routes for sugar and starch feedstocks.

Qecond generation bioethanol: Second generation bioethanol is produced from lignocellulose which
is made of ceIIqusﬁ:emicellulose and lignin. It forms almost 50% of biomass whole the world.
ﬂgure 26 presents“the process diagram of lignocellulose to ethanol by biochemical process.
gricultural and forest residues such as switchgrass, corn stover, wo%chips and miscanthus grass
species are lignocellulosic materials to produce ethanol. In addition,*drban municipal solid waste
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biomass streamgs, are useable. It is visible in figure 2, the conversion of lignocellulose to ethanol
process includesthree main steps: pretreatment of feedstocks, enzymatic hydrolysis and fermentation.

Pretreatment of feedstocks: Feedstocks pretreatment consists of these ps%edstock harvesting,
handling, recovery and transport, size reduction, polymer fractionation,*solid lignin separation and
end product recovery.

Enzymatic hydrolysis: Biochemical conversion step uses enzymes to destroy lignocellulose into its
ﬁ]asic polymers. It breaks down cellulose and hemicellulosﬂto glucose and xylose. It should be noted
at, in addition to enzymatic hydrolysis, acid agents are*dsed in hydrolysis steps. Acid hydrolysis

causes equipment corrosion and low glucose yield. Little is known about this technology.
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Figure 28®8loethanol productions from lignocellulose via the biochemical route.

Fermentation: Monomeric sugars will be fermented into ethanol.

Qiodiesel
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Biodiesel is a renewable fuel that is produced from animal fats or vegetable oils for usinQQ1 diesel
engine vehicles. It is made of a mix of mono-alkyl esters of long chain fatty acids chemically. Standard
éiesel engines use biodiesel, and fuel converted diesel engines use vegetable oils. Figure 27 is
iodiesel production process diagram. The main step in biodiesel production is transesterification
reaction. It is the*feaction of methanol with triglycerides to produce fatty acid methyl ester (FAME)
and glycerin which is shown below:

Vegetable Oil + Alcohol = Esters + Glycerine
I H

R,COO-C-H R COO-CH, H-C-OH
| .
. . . 1 |
R:LOO—(I,—II ] CH.OH o RCOO-CH; ; H-C-OH
R_-.L(}U-II-II R COO - CH. |I—(_I"-{1II

H H

)



Page |31

Priglveeride fuels

| vegetable oils, animal fats |

b

Collection and
preparation

¥

g Extraction of oil/fat
Protein meal stock feed y R
mechanical or chemical

Liquid oil
Refined fat

_____________ Methanol # | Inter-
' Vin ﬂ
: e > Catalvst ' esterification
' .
| . | | Esters
o %
. ' 1 Methanol 5 |
: Vethanol (reeyeling) 4 Distillation ¢ :|'|l,|\| separation
' ¢ Gveerin _—
'
'
' Crude
L ]
] biodiesel
'
] A |
'
'
]
bevennnnnnne Methanol and catalyst (recyeling) Distillation

/£ g
(  Biodiesel )

Figure 27-Production pathway of biodiesel.

chanol can be used for fatty acid ethyl ester (FAEE) biodiesel production, too. Higher alcohols such
s butanol and isopropanol are also used. Using higher molecular weight alcohols in this reaction,
anroves the cold flow groperties of produced ester with a less efficient transesterification reaction.
It should be noted that,faw or refined plant oil or recycled greases which are not processed into
biodiesel, are not biodiesel and should not be used. Triglycerides such as oils and fats are more viscous
than biodiesel. Low level vegetable oil blends lead to long term engine deposits, lube oil gelling, ring
sticking and other problems which decrease life of the engine.

Methodology

Qhe GREET code (Greenhouseggases, Regulated Emissions and Energy use in Transportation) is
explained in this articlg, Here isegcope of a well-to-wheels analysis for biofuel vehicle systems which
is shown in Figure 28 he boundary of this fuel-cycle model is divided into two stages which are the
tank-to-wheel stage (TTW) and the biomass-to-tank stage (BTT). The BTT stage begins with
feedstock production (farming, harvesting and transportation), it ends with available biofuels in the
vehicles tank fuel.
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Fecdstock-Related Stages: Fucl-Related Stages: Vehicle:

Recovery. processing, g Production, transportation, =g Refueling and operation
storage, and transportation of storage, and distribution of
feedstocks fuels

Well-to-Tank

Well-to-Wheels

Figure Zgope of a biomass-to-wheels analysis for biofuel/vehicle systems.

Here are two kinds of land-use change: 1-Direct, which is growing biofuel feedstockgn land that
was forest before;

2-Indirect, is the displacement of biofuelproduction of other commodities, which are produced on
converted lands elsewhere (foreign or domestic land).

Results and discussion
Fuel economy

Qity mode, gghighway mode and a combined mode are fuel economy types of a vehicle. When a
vehicle starts the morning after being parked all night, and then is driven in traffic in urban area is
on city mode. Highway mode represents a I@ger trip with free-flowing traffic witfa mixture of gral
and highway driving. A combination of bot/™ity mode and highway mode is the combined-mode%uel
economy.

Biomass-to-tank efficiency

Energy intensity and carbon intensity are shown in Figure 29 and Figure 30. It is visible that higher
energy intensities are belong to biofuels. However, conventional gasoline has less energy intensity.
The energy intensity of E10 is less than E85 with switchgrass ethanol or corn ethanol. Moreover,
blended corn ethanol with E85 uses gaore energy than blended switchgrass ethanol with E85. It is
because of consuming more egargy irﬁorn—to-ethanol process than switchgrass-to-ethanol process in
feedstock and fuel processes.“Negative value for E85 blended with switchgrass ethanol in carbon
intensity means that the feedstock process of switchgrass can attract carbon. The highest carbon
intensity belongs to bio-hydrogen from corn ethanol reforming, because of its highest energy intensity.
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(a) Energy Intensity
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Figure 29: Energﬂtensity of various biofuel pathways.

(b) Carbon Intensity
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Figure 3Qarbon intensity of various biofuel pathways.

The biomass-to-tank efficiency of siﬁifferent biofuel pathways is shown in figure 31. It is shown
here; the biomass-to-tank efficiencies*@re lower than the well-to-tank of gasoline from a petroleum
refinery for all biofuel pathways. Switchgrass ethanol for E10 has the highest biomass-to-tank
efficiency (78.7%), as the bio-hydrogen from corn ethanol has the lowest biomass-to-tank efficiency
(26.8%). Hydrogen production from corn-ethanol reforming and corn-to-ethanol fermentation have
the lowest biomass-to-tank efficiency, which are inefficient processes.
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Figure 3lmomass-to-tank efficiency for various fuel pathways.

Figure 32 shows that, the flexible fuel vehiclealeled by E85 blended with corn ethanol consume the
most energy in fuel stage and vehicle operation stag It has the largest total energy consumption up
to 11,126 Btu/mile. The diesel vehicle/B20 which iS®eriped from soybean biomass has a little higher
energy consumption than gasoline vehicle/gasoline. The¥iigher fuel economy for diesel vehicle/B20
decreased its total energy consumption. Fuel cell vehicle/H2 has aﬁxcellent fuel economy (tank-to-
well efficiency) which can make up the energy consumed in the*fermentation and reforming fuel
processes. Total energy consumption of fuel cell vehicle/H2 is higher than gasoline vehicle/gasoline.

(a) Stage energy consumption
W Feedstock ®MFuel WesVehicle Operation =O=Total Energy Consumption

12,000
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6,000 |
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2,000 |

Gasoline Corn Switchgrass Corn Switchgrass Soybean Corn EtOH
GV GV/E10 FFV/E8S DV/B20 FCV/H2

Figure 32-Stage energy consumptio@r various biofuel/vehicle systems.

Figure 233 presenti results of stage GHG emissions for various biofuel/vehicle systems. The
flexible fuel vehicles*fueled by E85 which is blended with corn ethanol has considerable GHG
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mission in vehicle operation stage. Carbon can be captured during feedstock stage, that can make up

e GHG emissions during the vehicle operation stage. In conclusion, the flexible fuel vehicle fueled
by E85 blended with corn ethanol has the lowest GHG emissions between the other biofuel/vehicle
systems. The fuel cell vehicle/H2 does not send out GHGs when vehicle operation stage is running so
the fuel stage covers all G emissions. The fuel process for corn ethanol gses fossil fuel which
effects on GHG emissions:t is concluded that the fuel cell vehicles which usgio-hydrogen derived
from ethanol are second best in GHG emission reduction among the other biofuel vehicle systems.

(b) Stage GHG emissions
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Figure 33@age GHG emissions for various biofuel/vehicle systems.

Figure 34 shows thaIQI biomass derived fuels suggest a specified reduction in fossil energy
assumption (5.2:68.5%). It is due to the renewable non-fossil feedstock used. The Flexible fuel vehicle
(FFV) that is*fUeled with E85 blended with switchgrass ethanol offers the largest fossil fuel
consumption decrease which is about 68.5%.
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Figure 34-Fossil fuﬁte for various biofuel/vehicle systems.

Q\II other piofuel vehicle systems save petroleum significantly except GV/E10, which is shown in
Figure 35FFV/E85, DV/B20 and FCV/H2 use lower petroleum thag GV/CG. The soybean diesel
produces various amount of co-products which can be replaced with*petroleum fuels. The DV/B20
saveséss petroleum than FFV/E85. The FFV/ES85 can reduce petroleum consumption about 50% and
more.“For the FCV/H2 from corn ethanol, the petroleum reduced about 94.7% due to petroleum
absence in TTW stage.
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Figure 35%troleum reduction rate for various biofuel/vehicle systems.

Relative changes i&HG emissions for different biofuel/vehicleggystems is shown in figure 36Q\II

biofuel/vehicle use more energy than GVs, except for DV/B20:*The DV/B20 rgduced total energy

consumption by 10.1% in comparison with conventional GV/gasoline. The"FVs fueled with

switchgrass blended with E85 reduce GHG emissionggmore than 59%. It is due to using co-products

for heat and power production and are replaced with*tossil fuels. It should be noted that the FCVs

é:eled with bio-hydrogen from corn ethanol reduces the GHG emissions about 31.1%, but it increases
e total energy about 37.4% in comparison with GVs.
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Figure 3™Relative change in GHG emissions for various biofuel/vehicle systems.
Conclusion

There has been an investiga'@n orﬂssessment of lifecycle energy consumption and GHG emission
of different biofuel vehicles™®Biodiesel from soybeans, bio-hydrogen from corn ethanol, and
bioethanol from corn and switchgrass were options for transportation. There are comparﬁns of
biofuel-to-wheel (BTW) efficiencies with conventional GVs. Conclusions are mentioned*gelow.

1. FFVs/E8S5 blended with gwitchgrass ethanol had the best potential in GHG emissions minimizing.
2. It is not suggested to use*FFVs/E85 blended with cc:ﬂlethanol because it has higher energy
consumption and GHG emission in feedstock step tharrthe GVs.

3. FCVs which are fueled with bio-hydrogen from corn-ethanol have low GHG emission but they
are high in energy consumption.
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4. Even with using alternative fuel and biomass, thgnewable fuel/vehicle choices can still get to a
special amount of fossil energy reduction and petroleum consumption [33].

2.5 Biodiesel Plant Assessment

thbério P.C. Souza, Luiz Stragevitch, Augusto Knoechelmann, Jose G.A. Pacheco, Jose M.F. Silva
published an article entitled “Simulation and preliminary ecggomic assessment of a biodiesel plant
and comparison with reactive distillation” in 2014. Glycerirﬂ a valuable by-product, which could
add an appreciable credit to reduce the total manufacturing cost by approximately 10%.

Batch process simulation

The industrial baich plant of simulation was in Caetes, Brazil. The capacity of the plant was 270 kg/h
or 562 ton/year*df vegetable oil. The pilot plant operates 40 hours/week gl'he plant works with
vegetable oils as raw material. The process is showed in Figure 38, it includeS¥eaction step, biodiesel
purification and alcohol reggvery. The process was simulated in steady state mode in ASPEN/HYSYS.
Mass and energy balance@/ere considered. In this work, the pressure drops fromgipe-lines were
considered but the simulation did not consider pressure drops from heat exchaggers:*T he cottonseed
oil and methanol with alkaline catalyst were pumped into a batch reactor. The*produgh mixture was
sent to a decanter to separate glycerol from biodiesel after 60 minutes (reaction time):*fhe biodiesel
is in the light phase. It will be purified by washing process and alcohol. The alcohol is in the heavy
phase which is mixed with glycerol. The alcohol is recovered by distillation column.

Qil

F1 F4
2 Decanter
Reactor
F2 Alcohol 1
F3 Wash o
—EL— Tank H20 Residue
F§

Wash
I'ank

Column
Tank
Tank F7 Wash Residue
Evaporator e
H20

I'ank Residue Tank
Glycerol Alcohol Tank Biodiesel

Flash

Wash Residue

Fé

Figure 3nocess flow diagram for the biodiesel batch plant at Caetes/Brazil.



Table Qperational data from the plant Caetes/Brazil for biodiesel production from cottonseed oil.
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Variable Value

0il feed flow rate 270 kg h™!
0il temperature 25°C

il pressure 1 atm

Mass fraction of oleic triglyceride 02412
Mass fraction of palmitic triglyceride 0.1375
Mass fraction of linoleic triglyceride 05755
Mass fraction of stearic triglyceride 0.0458
Alcohol feed flow rate (methanol) 60 kg h~!
Temperature of alcohol 25°C
Alcohol pressure 1 atm

Time batch reactor 60 min
Reaction temperature range 40 °Cto 60 °C
Reactor pressure 1 atm
Reaction phase Liquid

Flash temperature (biodiesel drying) 100 °C
Flash pressure (biodiesel drying) 660 mm Hg
Wash water flowrate 70keg h~!

Kinetic Model

Q\ pseudo-homogeneous kinetic model is cogsidered for transesterification of cottonseed oil with
methanol in batch rgactor. The process occurﬁ a 1 L stirred batch reactor, at the temperatures of 40,
50 and 60°C, with &6/1 molar ratio of methanol/cottonseed oil and a 1 wt.% concentration of NaOH
catalyst of vegetable oil mass. Here are the kinetic model equations:

e;:G =—kxCrg*xCy (1)

Ca = C40 — 3 * (Crgo — Crg) (2)
_ _fEa
k=korexp(-20) ()
Cr¢ I1s triacylglycerols concentration, C, is alcohol concentration, Crgo and C,, are initial feed

concentrations, K is kineﬁconstant, k, is frequency factor of reaction rate, E, is activation energy
and T is temperature. The activation energy is 29.3 kd/mole and k, is 3320 dm3/mole*min.

Qperational conditions of the industrial plant

The flowrate of the biodiesel plant was 270kg/th cottonseed oil and 60kg/h of methanol. The
concentrationgf catalyst NaOH was considered 1wt.% of vegetable oil in simulation batch plant, that
was similar t0*the industrjgl plant. NaOH catalyst was blended with alcohol then fed into the alcohol
stream. Table 5 shows thé®groperties and operational conditions of the main streams.
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Table ”operties and operational conditions of the main streams of the batch industrial plant.

Fl ) R F4 3 fo F

Temperature (°C) 25 25 50 5 5 110 4
Pressure (bar) 1013 1013 1013 1013 1013 0.880 1013
Mole Flow (kmol h") 0310 1.860 3214 2411 0803 2493 0.200
Mass Flow (kg h") 27448 50,60 18670 71474 7396 71619 bA1
Mass fraction

Cotton ol 10000 00 00 00 00 00 0.0

Alcohol 00 0.9560 00 00 00 00 1.0000

Glyceral 00 00 00930 0.0001 10000 00 00

Biodiesel 00 00 09060 09999 00 09979 00

Water 00 00 00 00 00 00021 00

NaOH 00 00440 00 00 00 00 00

Qontinuous reactive distillation process simulation

There is a simulation of reactive distillation pggcess. TheQapacity for processing cottonseed oil
feedstock is 270kg/h. The process has ten stages: il feed is in stage 2 and alcohol feed is in stage 8.
The columns should work with high liquid hold-up on trays. It helps facilitating mass transfer in high
rates and kinetic of the chemical reactions. Here is Table 6, which includes operational data used in
this simulation:

szle 6-Operational data of reactive distillation.

Variable Value

0il feed flow rate 270 kg h~!
Oil temperature 25°C

Oil pressure 1 atm
Mass fraction of oleate 02412
Mass fraction of palmitate 0.1375
Mass fraction of linoleate 0.5755
Mass fraction of stearate 0.0458
Alcohol + NaOH feed flow rate 60 kg h™!
Temperature of alcohol 25°C
Configuration column Top down
Alcohol pressure 1 atm
Number of separation stages 10

Reflux ratio u

Stage of oil feed 2

Stage of alcohol feed 8
Operating pressure 1 atm
Type of condenser Total
Temperature on the top 65 °C
Temperature at the bottom 80 °C
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In thiarocess, the cottonseed oil enters into the column in stage 3@ he alcohol enters into the column
in stage 8. The product exits from the bottom of the column. it passes via a decanter whergathe
biodiesel-rich stream is recovered from light phase. Washing process purifies the biodiesel.*{he
glycerol rich stream was sent to the purification process. Alcohol recovery is done at the top of the
column.

Results and discussion

The produced biodiesel based on vegetable oil used, cottonseed, is made oﬁethyl stearate, methyl
palmitate, methyl linoleate and methyl te. These makeups almost 89% of the mixture. The results
of simulation of batch process are really*Close to the experimental results, which are shown in Table
7.

aable 7-Composition and flowrate of experimental and simulated biodiesel product.

Biodiesel flow Experimental Simulated Residue®
Volume flow rate 270 kg h™! 2718 kg h™! 1.8
Fraction of palmitic ester 0.1270 0.1016 0.0254
Fraction of stearate ester 0.0412 0.0539 0.0127
Fraction of oleic ester 0.2148 0.2018 0.013
Fraction of linoleic ester 0.5048 0.4673 0.0375
Methanol fraction 0.0004 0.0010 0.0006
Water content <500 mg kg™! 400 mg kg™! 100 mg kg™!
HC1 content - 0.000007 -

NaOH content - 0.000009 -
Glycerol content 0.0018 0.0016 0.0002

@ Residue is the difference between the simulated and the experimental value.

According t(&:onomic analysis of simulation, three parameters were focused on: the quality of the
final product,“the produced biodiesel flow rate and the fixed cost of the simulated pggcess. Simulation
process has close results to experimental data with few differences. Table 8 shows*the evaluation for
the quality of final biodiesel product.

Table 8-Biodiesel quality specification: experimental, simulated and standard.

Characteristics (unit) Standard® Experimental Simulated Residue

Water content, max (mg kg~') 500 500 400 100

Total contamination, max 24 7 16 9

Ester content, min (% mass) 96.5 972 97.0 02

Total Glycerin (1% mass) 0.25 0.18 0.16 0.02

Methanol or ethanol, max 0.20 0.038 0.11 0.072
(% mass)

2 ANP (Brazilian Petroleum Agency).

Simulation results based on Table 4 parameters, showed a biodiesel ﬂoduction with the rate of
270kg/h. This plant, is located in Caetes, invested USD$344,262.00 for*fixed capital expenses such
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as equipment, buildings and automation and invested USD$179,234.00 on outsourcing and personnel,
which is showed in Table 9.

szle 9-Investment costs (USDS) of the industrial batch plant Caetes/Brazil and reactive distillation process.

Expense Industrial plant Reactive distillation
(Real data) (Estimated values)
Equipment 273,22400 183,744.00
Building 16,393.00 16,393.00
Automation 54,645.00 36,748.00
Personnel 98,360.00 66,147.00
Outsourcing 80,874.00 54,388.00

Qhe total cost of equipment is estimated USD$273,224 which is showed in Table 9. The cost of
equipment for simulatigg is calculated based on industrial plant which is represented about
USD$67,442 for pumpsiﬁistillation columns, flash drum, reactors, decanters, valves, filter pgess,
fittings and pipes. The Lang factor was calculated about 3.90 based on data’s in Table 6 and 7. [T%vas
multiplied by the cost of equipment for simulation about USD$67,442. Fingl cost was calculated about
USD$263,026, which was 96% close to real investment in plaat. The*total annualized unit cost
(TAUC) was calculated by simulation for Caetes, Brazil plant.*his value for the TAUGC, gives a
preliminary economic feasibility of 15%. An analysis was done on the cost of the operation™fhe cost
of the raw feedstock (oil and alcohol), the yield of the product biodiesel and the cost of required energy
in the process was calculated.

Figure 39(a) showgperating cost of the proc§. It is visible that the feedstock cost is 96% and the
energy cost is 4%. Figure 39(b) shows required®€nergy consumption by the reactor. It is about 58% of
total energy used in the whole process.

Oil Remainder of the process;

85% 42%

Reactor;
Alcohol; 58%

11% Energy m Oil = Alcohol u Reactor

Remainder of the process

Figure 399 Relative operating cost of the batch process. (b) Relative energy consumption.
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Figure 40 shows the varmon of thgnnualized unit cost which is a function of reactor temperature.
When the temperaturg,ot*the operation was between 48 °C and 60 °C, total annualized unit cost had
its minimum value.*fhe amount of produ esters is not enough to compensate the energy
consumption at temperatures below 48 °C. Atemperatures above 55 °C, the reaction occurs so fast
becaﬁ? of this the increasing of energy is not necessary for obtaining products. in conclusion, the

ideal*reactor temperature is in the range between 48 °C to 60 °C. In these ranges the total annualized
unit cost has minimum value.

16 . r . -
| [ “Reference
—+— TAUC process
Y 14p !
=
|—
§ 12}
&
=
[=]
ot
S o8
=
=
<<
08
30 40 50 80 70 80
Temperature (°C)

Figure 4@)&7/ annualized unit cost (TAUC) vs. temperature.

Q simulation of the reactive distillation process wgs done based on same calculation of 270kg/h of
biodiesel production, which is visible in figure 41:¥7he reaction and separation steps occur in same
equipment. The flow of oil and alcohol and the reactive distillation column work as a counter flow. It
effects on increasing the mass transfer efficiency during reaction.
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Figure 4¥rocess flow diagram of the continuous reactive distillation process.
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The simulated concentration prgfile of oil, alcohol, glycerol and ester is shown in figure 42. There are
10 stages in the reactive column;*®Vhere the first stage is located at the top of the column. The vegetable
oil was fed into the column rectification zone in stage 2, while the alcohol was fed into the striping
zone in stage 8. It is concluded from figure 5 that a 10 stage column is enough for a 97% conversion
of triacylglycerols (oil).
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Figure 4 ofile of concentration along the column at a reflux ratio of 4:1.

Figure 43 presents that thﬂiacylglycerols (oil) conversion increases with the increase of the oil to
alcohol molar ratio. The results of the gimulation showed that using same plant operating conditions
of 270kg/h for a 97% conversion, a 0.74%0tal annualized unit cost (TAUC), the ggevious batch process
had a 0.85 TAUC value. A 11% reduction in TAUC was visible that depends oﬁcrease in economic
viability from 15% in batch process to 26% in reggtive distillation process. In addition, the processing
time in reactive distillation process is about 1 times faster that reaction time in batch process,
which increases the viability of the process in large scale biodiesel production.
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Figure 43%otal annualized unit cost of the reactive distillation process vs. conversion (Number of Stages is 10 and reflux ratio is 4).
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The relative oggrating cost of the continuous reactive distillation process is shown in figure 44. Figure
44(a) presentsthe energy cost and feedstock cost which are 3% and 97%. These amounts are similar
to the batch process results. Figure 44(b) preserﬁe relative energy consumption which is needed
by reactive distillation column, is about 39% and%Ower than operating cost of batch reactor which is
58%. In this process, oil cost is higher than the other costs.

86% Column RD
39%

Alcohol
11%

/
Energy_/
3%

Rest of the

. process
m Alcohol m Oil Energy 61% u Column RD = Rest of the process

Figure 4& Relative operating cost of the continuous reactive distillation process. (b) Relative energy consumption.
Conclusion

Qhe price of feedstock effects on the cost of biodjgsel productiongaw cottonseed vegetable oil has
better price than soybean oil, which is used widely*for biodieselproduction. An industrial batch plant
for producing biodiesel with rate of 270kg/h (561.6 tons/year);¥rom transesterification of cottonseed
oil, was simulated by ASPEN/HYSYS. The simulation results were matched to the experimental
industrial plant. In addition, there is a study*0f the economic viability of batch process which is based
on estimation of total annualized unit cost of the process. The relative energy consumption which is
needed by the reactor is 58% of thgawhole energy used in the process. Temperature ranges betw:
48 °C to 60 °C is the ideal range,“Which the total annualized unit cost has itsgginimum value.
simulation of a continuous process operating with reactive distillation is doneGased on the same
biodiesel production of 270kg/h. A reflux ratio gf 4:1 and 10 stages for process is enough for oil
producing with 97% conversion. So, increasingﬁu alcohol/oil ratio from 3:1 to 6:1 increases the
conversion from 95.6% to 97.6%. The simulation of the reactive distillation process showed economic
viability of 26%, that is 11% higher than in the batch process in that the viability was about 15% [34].

Z.Qiodiesel Production from Waste Vegetable Oils

Sérgio Morais, Teggsa M. Mata, Antonio A. Martins, Gilberto A. Pinto, Carlos A.V. Costa published
an article entitled™Simulation and life cycle assessment of process design alternatives for biodiesel
production from waste vegetable oils” in 2010.

Transesterification is thﬁ]ost usual method to produce biodi@ﬁl, which uses a catalyzed chemical
reaction includes a vegetable oil or fat and an alcohol, produces®iodiesel and glycerol. Alcohols such
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as methanol, ethanol and butanol can be used and the produced esters are called methyl, ethyl and
butyl esters.

Alkali-catalyzed process

@here are different methods for biodiesel production from lipidic feedstockSQrans erification of
triglycerides with low molecular weight alcohols is the most widely used way. It occurSh the prgsence
of a homogenous alkai-catalyst and in a batch mode. It is suggested to use an excess methanoi*n the
presence of the alkai-c st to change the reaction to a maximum production of biodiesel. Freedman
eﬁ. (1984) suggested a%6:1 molar ratio (methanol to oil), at a temperature of 333.25 K which is close
td"the methanol boiling point. The alkali-catalyzed transesterification reaction is very sensitive to the
presence of free fatty acids and gaater in the lipidic feedstocks. Adding an alkali catalyst to the
feedstocks, leads free fatty acids*react with the catalyst and produces soap and water. The soap
formation consu catalyst and also leads to form emulsions, it makes biodiesel recovering and
purifying difficult™®reedman et al. (1984) suggested to use refined vegetable oils with an FFA content
lower than 0.5% (w/w) to enlarge methyl esters formation. In addition, water presence causes ester
saponification under alkaline conditions.

Q\cid-catalyzed process

Pre-treatmeﬁoperation can be avoided by an acid catalyst such as sulfuric acid. Pre-treatment
operation is9ess sensitive than alkali-catalyzed transesterification to the presence of free fatty acids
nd gives high conversion rates. It needs longer times and higher temperature reaction. In addition,
Qigher methanol to oil molar ratio helps to promote triglycerides to esters high,equilibrium
conversions®®anacki ggd Van Gerpen informed a 98.7% conversion in 48 hours at a 30°L molar ratio
of methanol to ail, a:&mperature of 333.15 K. Zhang et al. and Zheng et al found a 97% conversion
for a 4-hour reactiorm™With a 50:1 methanol to oil molar ratio in 353.15 K.

Qupercritical methanol process

Triglyceride transesterification with supercritical methanol is taken into consideratiorﬁor biodiesel
production. It is a catalyst-free process and high reaction rate. This performs the reaction in a few
minutes (about 4 minutes). The insensitivity of this process to the impurities in vegetable oiﬁlch as,
free fatty acids gnd water, can esterify free fatty acids simultaneously with triglycerides
transesterificationéusdiana and Saka reported that this process needs a very high molar ratio of
methanol to oil which is about 42:1 and a very high temperature and pressure which are 623.15 K and
43 MPa.

Qtudy goal and scope definition

This study performs an environmental evaluation of three process design alternatives for biodiesel
production from waste vegetable oils, using process simulation and life cycle assessment. Here are
the process design alternatives in this study: the alkali-catalyzed process with*d free fatty acid pre-
treatment (AICP), the acid-catalyzed process ( P) and the supercritical methanol process using
propane as co-solvent (ScCMP). This unit produces®000 kg of biodiesel based on a process with 3500
tons per year capacity.

Process design and simulation
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Q\Ikali-catalyzed process with FFA pre-treatment

The alkali-cgtalyzed process model, with free fatty acid pre-treatment is shown in Figure 45. Stream
104 which iS*d waste vegetable oil stream with 428.50 kg/h streamgls pre-heated in a heat exchanger.
Stream 106A is the esterification reactor product that is fed into"the esterificatiogyreactor (R-100)
where the free fatty acids are cgaverted to methyl esters. The free fatty acid contenﬁ assumed about
6% (w/w) in the vegetable oi%resh methanol stream flowrate of 9.50 kg/h (101) is mixed with a
recycled methanol stream (110)%&nd the sulfuric acid catalyst (103) to perform esterification. The
esterification reaction occurred at 343.15 K 4405.3 kPa, a 6" methanol to oil molar ratio with 5%
(w/w) of sulfuric acid catalyst ia methanol.*The conversion of free fatty acids in methyl esters is
considered 95%. Stream 106A aS®the esterification products are cooled to 333.15 K in a heat exchanger
that used to preheat the oil feed simultaneously. The products are sent to a glycerol wasging column
(X-100) where fresh glycerol (stream 108) is sued to wash out sulfuric acid and water:*he treated
vegetable oil leaves the glycerol washing column (X-100) and then exits from top stream (107). It
contains*0.30% cogient of non-reacted free fatty acid. Glycerol, water and acid catalyst are remaining
components Whi%ave the glycerol washing column (X-100) in the bottom stream (109). Remaining
components enter*mnto a distillation column (T-100) where most of the non-reacted methanol (stream
110) is recycled and recovered to fed into the esterification reactor (R-100) again. Glycerol and
sulfuric acid leave the distillation column (T-100) in bottom stream (111), that is fed to a neutralization
reactor (R-101). Sulfuric acid is removed from glycerol by calcium oxide (stream 112). Precipitated
calcium sulfate is removed in a gravity separator (X-101) and then treated as a waste stream (114).
Glycerol stream (115) leaves the gravity separator (X-101). The glycerol stream is purified in a flash
evaporator (T-101). The remaining methanol and watggare removed in the top stream (117) in the
flash evaporator. The remaining gethanol and Watehream (117) are treated as a waste stream
because of its small mass flowrate $6.97 kg/h). The flash bottom stream (118) is recycled back to the
glycerol washing column (X-100). This stream (118) is mixed with a fresh glycerol stream (108). The
pretreated oil stream (107) from esterificationgrocess is sent to the transesterification reactor (R-200)
with a 6:1 molar ratio of methanol to oil’% (w/w) of sodium hydroxide to do thggreaction.
Transesterification reaction occursat 333.15 K*05.3 kPa with a 95% conversion of oil t0%atty acid
methyl ester (FAME) after 2 Iqws. fresh methanol stream with a 42.98 kg/h flowrate is mixed with
anhydrous sodigm hydroxide®efore entering the transesterification reactor (R-200). The products
(stream 205) oﬁans erification reactor are fed to a vacuum distillation column (T-300). 94% of
methanol is recovere the vacuum distillation column in 4 theoretical steps with 1.5 reflux ratio.
The column top streargis recovered fro ethanol (301) is recycled back to the transesterification
reactor and mixes witf™resh methanol stream. The column bottom stream (302A) includeg,biodiesel
and glycerol and it should wash a column (X-400). Water washes biodiesel, separates®nethanol,
soap, glycerol and catalyst from fatty acid methyl ester in the washing column™f he top stream leaves
the washing column (402A), and it contains methyl esters and unconverted oil. Top streagais fed to a
vacuum distillation column (T-500) in six theoretical steps. It is operated at a 1.5 aflux rateto separate
remaining water and methanol from non-reacted oil and fatty acidsmethyl ester™*A partial condenser
is placed in the distillation column (T-100) overhead. It is due t0*fatty acid methyl ester separation
from methanol and water. Fatty acid methyl ester is produced from bottonér/eam (502A) with 411.13
kg/h mass flowrate and 99.10% purity of the column overhead gondenser™/Vater and methanol is got
from the same condenser top stream (501) and are treated as ﬁaste stream. Unconverted oil is got
from the column bottom stream (503). It can be considered for recycling conversion and it is not
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considered in this study. Bottom stream (403) contains glycerol and iﬁaves the washing column (X-
400). After Ieavinﬁm washing column, it is fed into a neutralization reactor (R-400) to remove the
catalystPhosphoric acid is added to the NaOH in stream in equivalent moles. It leads salts (Na3PO4)
removal®n a gravity separator (X-301) and treated as a waste. Resulting glycerol from neutralization
(R-400) is purifiﬁin distillation column (T-600) in three theoretical steps at 1.5 reflux rate. Methanol
and watggwith aflowrate of 7.70 kg/h is removed in the column top stream (601) and treated as a
waste. Ay-product (glycerol) is obtained from the column bottom stream (602A) with a flowrate of
43.73 kg/h and 91% purity.

Methanol

[,Z' Methanol and water

if

Calcium sulfate  Phosphoric acid

Figure 45Qkali-catalyzed process with FFA pre-treatment to produce biodiesel from waste vegetable oils.
Acid-catalyzed process

Figure 46 showge acid catalyzed process for biodiesel production from waste vegetable oilsg\ fresh
methanol stream (102B) and a recycled methanol stream (201) with 87.00 kg/h and 60.48 kg/h
flowgates are mixed together with sulfuric acid catalyst (stream 103). The mentioned mixture is mixed
with"Waste vegetable oil stream with a 420.00 kg/h flowrate (101A) is fed to the transesterification
reactorR-100). The reaction occurs at a pressure of 405.3 kPa ang,353.15 K, with a 1:50:1:3 molar
ratio or*Waste oil to metanol and to acid. A 97% conversion of 0ilST0 fatty acid methyl ester (FAME)
is reached after 4 hours™f ransesterification products (streamgl06) enters to a distillation column (T-
200) to separate the excess methanol. Methanol goes out frontthe top column stream (201) with a 670
kg/h flowrate, and®® 94% mass recovery, that is recycled back to thedzansesterification reactor. Bottom
column stream (202) is made of fatty FAME, acid catalyst and*fion-reacted oil, and is sent to a
neutralization reactog(R-200). Acid sulfuric is removed with calcium oxide in the neutralizgtion
reactor. The addition™0f calcium oxide to the sulfuric acid produces calcium sulfate and water.*The
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salts are removed in gravity separator£X-200) and they are treated as Wastegio iesel and glycerol
purification units (T-400, T-500) and**emaining water washing column (X-300§re similar to the
alkali-catalyzed process in operating conditions and equipment sizing. FAME is taken from the
bottom stream (402A) of the condrerﬁer, with a mass flowrate of 408.67% angs99.14% purity. The
glycerol by-products are taken from™oottom stream of the column (T-500) with*%6.57 kg/h flow rate
and 91% purity.

Water and methanol

106

Water

Calcium oxide

Unreacted oil

4038 H=2

T-200

Figure 4@cid-catalyzed process for biodiesel production from waste vegetable oils.

Qupercritical methanol process using propane as co-solvent

Figure 4Zshows the supercritical methanol process biodiesel production from waste vegetable oils. A
stream of"Waste vegetable oil (stregga 101A) with a flowrate of 410 kg/h is mixed with a fresh methanol
stream (stream 102A) with a 45.33%Kg/h, recycled methanol (stream 202B) and propane (stream 402)
and entered to the transesterification reactor (R-100). The reaction occurs at 553.15 K, 12.7 MPa&*nd
a molar ratio of 1:24 for oil to methanol and 1:0.Q8 for methanol to propane. The reaction is done
completely after 12.6 minutes of residence time in @20 cm diameter and 7 m length plug flow reactor.
The reaction products (stream 105) ate sent to a flash evaporator (X-200) and the pressure reduced to
506.6 kPa. The pressure dropdeads®iquid methanol and propane transferriato gaseous form. The
flash gas stregan (201), which®€ontains 92.2% methanol and 7.5% propane,s recycled back to the
reactor with 9.93 kg/h flowrate. The bottom flash stream (203A) is sent to settler unit (X-201).
he FAME (stream 2044A) from remaining methanol and glycerol (stream 205A) ake separated there.
flash evaporator (X-300) is used to remove remaining methﬁl and propan order to purify
methyl esters (stream 204A). A FAME (stream 302B) is formea*With a flowrate of 412.69 kg/h and
99.15% puriqﬂf h evaporator (X-400) purifies the glycerol by-product (stream 205A) which leads
to form glycerol in*lash bottom stream with a flowrate of 42.90 kg/h and 91% purity. Propane and
methanol flash top stream (401) is recycled back to the transesterification reactor.
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Figure 4Q1percritical methanol process with propane as co-solvent to produce biodiesel from waste vegetable oils.

Table 10 presents material and energy inventory data%r each of the three process alternatives

analyzed:

alkali-catalyzed process with FFA pre-treatment (AICP), acid-catalyzed process (AcCP) and

qt]xpercritical methanol process using propane as co-solvent (SCMP). It is concluded from Table 10,
e higher methanol to oil molar ratio for acid catalyzed

methanol flowrate (670 kg/h) in recycle step, which is 297.

sesterification reaction causes higher
g/h for SCMP and 23 kg/h for AICP.

Table 1aaterial and energy inventory data for the three process alternatives.

Inventory AICP AcCP ScMP
Products

Biodiesel (kg) 1000.00 1000.00 1000.00
Glycerol (kg) 106.37 114.80 105.62
Feed

Waste vegetable oil (kg) 1042.25 1035.32 995.51
Methanol (kg) 126.80 214.45 110,09
NaOH (kg) 9.80 = =
H.50, (kg) 0.15 149,09 =
HsPOy (kz) 7.95 — -

Ca0 (kg) 0.10 8524 =
Propane (kg) - - 0.02
Glycerol (kg) 0.05 - -
High pressure steam (300 °C) (kg) — — 196.55
Medium pressure steam (250 =C) (kg) 935.30 933.24 239.53
Low pressure steam (100 °C) (kg) 1750.81 3366.96 —
Electricity (kWh) 1.01 0.95 4.01
Water (Process) (kg) 48.65 39.44 -
Water (Cooling) (kg) 3143 5031 510
Waste

Salts (kg) (to landfill) 16.00 205.71 =
Hazardous liquid waste (kg) 37.92 172.21 —

(to wastewater treatment)

Qlormalized potential environmental impacts of the conventional alkali- catalyzed p%ass with FFA

pre-treatment (AICP) is shown in Figure 48. The most considerab
eco-toxicity. Steam use is the most important participant for all th

impact category i
El categories in the AICP process

arine aquatic
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alternatives. Methanol recover&d FAME purification in the multi-stage distillation unit demand the
most energy.

Photochemical oxidation  []]
Terrestrial ecotoxicity [ | ]
Marine aquatic ecotoxicity [JIIF_ T F | I I

Fresh water aquatic ecotox. |54 || ) !
_ Al B Methanol use [0 Sodium hydroxide use
Human toxicity [T} @ Sulphuric acid use Phosphoric acid use
Ozone layer depletion | O LP Steam production 00 MP Steam production
' B Glycerol use W Waste vegetable oil use
Globalwarming [T
. o Calcium oxide use O Electricity use, medium voltage
e "I D Residual material landfill & Wastewater treatment
Acidification ¥ | |
Abiotic resources depletion | NN I | |
0 1E-10 2E-10 3E-10 4E-10 SE-10 6E-10 JE-10 8E-10 9E-10 1E-09

Normalized PEl categories

Figure 4Qontribution of resources use and waste treatment to the normalized PEI categories of the alkali-catalyzed process with
FFA pre-treatment.

Normalized PEI categories for AcCP is presented in Figure 49. Using low pressure steam has an
important role to all PEI categories in methanol recovery distillation column.
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Figure 4@ontribution of resources use and waste treatment to the normalized PEI categories of the acid-catalyzed process.
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Normalized PEI’s associated with the ScMP igresented in Figure 50. The most important impact
category is depletion of abiotic resources and marine aquatic eco-toxicity is the second important
impact category, in this process. Methanol is formed in a fossil oil based refinery which leads to having

an important participation with abiotic resources depletion.
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Figure S(Qontribution of resources use to the normalized PEI categories of the supercritical methanol process using propane as co-
solvent.

Comparison of normalized PEI categorigs for the three process design alternatives is shown in Figure
51. The PEI includes these categoriesﬁtrophication, ozone layer depletion, human toxicity, fresh
water aquatic eco-toxicity and photochemical oxidation. The AcCP showed some results relatively to
the AICP, an increase of 62% in abiotic resources depletion, 62% in global warming, 33% in marine
aquatic eco-toxicity and 126% cidification because of usingarge amount of sulfuric acid and low
pressure steam. Acid-catalyzed*transesterification reaction needs a higher molar ratio of 50:1 for
methanol to oil to prepare higher energy for methanol recovery.

1,2E-09
1E-09 -
8 B ScMP BAICP [OAcCP
g 8E-10
§
§  6E10 4
b
L
]
L]
E  4E-10 -
5
Z
2E-10 + ‘ |
Abiotic Acidification  Eutrophication Globalwarming Ozonelayer Humantoxicity Freshwater Marineagquatic  Terrestrial  Photochemical
Tesources depletion aquatic ecotox,  ecotoxicity  ecotoxicity oxidation
depletion

Figure Slaomparison of normalized PEI categories for the three process design alternatives: supercritical methanol process using
propane as co-Solvent (ScMP), alkali-catalyzed.
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The ScMP has the least contribution 'tlﬁotential environmental impacts (PEI’s), due to it the ScCMP
is the mgst environmental friendl;ﬁor biodiesel production. In contrast with AICP, the ScMP
decreases*cidification by 754%, global warming by 496%, abiotic resources depletion by 313% and
marine aquatic eco-toxicity by 793%. The downstream operations which are related toqle
supercritical methagol process are easier than other process alternatives. Methanol recovers by
pressure depressioﬁ a flash evaporator. Glycerol separated from FAME in flash evaporators and no
catalyst is consumed here®®Kiwjaroun et al. (2009) concluded that the supercritical process haﬁgher
PEI than the conventional alkali-catalyzed process with FFA pre-treatment. It is because ot*fiigher
amount of methanol demand for supercritical transesterification reaction. Avoiding waste production
is visible by using a co-solvent in the SCMP at low temperature.

Applications such aSderodynamic vitation reactor in alkali-catalyzed process are attractive by
economics and environmental. Theﬁinimize mass transfar resistance during transesterification
reaction. Mancosky et al (2007) claimed that theqmentionea*dlternative with a lower reaction time,
allows using different of feedstocks various kinds*Of free fatty acid concentrations and avoiding F
pretreatment due to less emulsification. Boocock et al (1998) also stated that, the co-solvent usi@
the alkali-catalyzed process decreases the mass transfer resistance of the reaction, which decreasesthe
reaction time to 7 minutes and lead to FFA conversion to methyl esters.

Conclusion

Marine aquatic eco-toxicity*dnd depletion of abiotic resources are related to the PEI categories for
analyzed alternatives. Higher PEI for acid-catalyzed process is reported, that is pollutant because of
high energy demands forhethanol recovery unit. The supercritical methanol process with propane as
a co-solvent is the most environmentally friendly between three process alternatives. Despite high
energy intensive for supercritical methanol process, methanol recovery and purification products have
simple structures. It decreases the overall energy consumption in contrast with other alternatives for
process.

Steam production is one of the most important participant in PEI of acid and alkali-catalyzed
processes. So, it is a good chance to decrease environmental concerns by reducing steam demand for
three process alternatives [35].



Page |55

Chapter 3

Examining the Change of Some Parameters on the
Conducted Studies
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3.1 Biodiesel Plant Configurations

Here are four biodiesel plant configurations which are investigated: 1q homogeneous alkali-catalyzed
pure vegetable oil process

2- a two-step process to treat waste vegetable oils
3- a single step homogeneous acid-catalyzed process to treat waste vegetable oil
4- a homogeneous acid-catalyzed process using hexane extraction to help purify the biodiesel

The suitable@o itions for the homogeneous alkali-catalyzed process are at a pressure of 1
atmosphere, 60°C,*d 6-1 alcohol to oil molar ratio and a catalyst weight percent of 1.

The acid-catalyzed process needs 48 hours at 60°C, a@ molar ratio of 30:1 for alcghol-to-oil to have
a 98% conversion. The reaction time of this process can be reduced to 8 hours in*d temperature of
100°C and a pressure of 3.5 bar for a 99% conversion.

Superggitical transesterification processes achieve to high conversion ai high temperatures, up to
350°(§nd a 42:1 molar ratio of alcohol-to-oil in just a quarter of time.“Free fatty acids (FFA) and
water can be tolerated up to 36 wt.% and 30 wt.% in feed stock. Unit operation conditions for each
process is presented in Table 11.



Table 11- Unit operating condition for each process.
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Pre-treated alkali-catalyzed Aoid-catalyzed Heterogeneous acid-catalyzed Supercritical process
Transesterification
Catalyst H,50,"NaOH H.50, Sn0 MNfA
Reactor type CSTRY/CSTR CSTR Multiphase CSTR
Temperature (°C) T0%/60 20 60 330
Pressure (kPa) 400400 400 1013 0% 107
Aleohol-to-oil ratio & 1%6:1 A0:1 4 5] 42:]
Residence time (h) 144 4 3 0.333
Conversion (V) 1004935 a7 94 98
Methanol recovery
Reflux ratio 542 2 3199 342
Number of slapes e 6 14 12
Condenser/reboiler pressure (kPa) 20°/30 101.3/111 40/30 101.3/105.3
YeRecovery 94" a4 992 999 993
Distillate flowrate (kg/h) 201%119.3 1687 .33 1239.7
Distillate purity (%) 49 3100 100 999 99 99
Cetalvst removal

Glycerol wash®/N/A NfA hydrocyelone M/A
Crlycerol separation

Water washing Water washing Gravity Gravity
Water flowrate 11 kg/h 46 kgfh - -
Catalyvst newtralization
Neutralizing agent H,PO, Cas0, NfA MNfA
Biodiesel recovery
Reflux ratio 2 2 2 2
Number of stages 5 10 8 8
Condenser/reboiler pressure (kPa) 10/15 10/15 101.3/111.3 101.3{111.3
YaRecovery 99 98.63 959 99.9
Final purity 9997 95,63 959 99.65

3.2 Equipment Information

Equipment such as pump, mixer, reactor vessels, columns, gravity separator and hydrocyclone have
been used in this project.

Reactor vessels: The size of the reactor is obtained by dividing residence time by the flowrate of feed.
Vessels have a 3:1 aspect ratio.

Columns: Columns with diameters higher than 0.90 meter are known as tray tower whil@olumns
with diameters less than 0.90 m aregaacked tower. Flooding velocity showed each packs’ diameter.
The height of tray tower is obtained0y multiplying the actual stages by tray spaging. The height of
reboiler and condenser is obtained by increasing the tray tower height by 20%:8y multiplying the
height equivalent of a theoretical plate by the number of stages, packed tower height can be obtained.

Gravity separators: Gravity separator is used for impurity separation. It was placed itﬂeterogeneous
acid-catalyzed and supercritical processes vertically with a ratio of 2.
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Hydrocyclone: Hydrocyclone separates or cuts solid parts of a stream based on their size and density.
Initial dimensions of hydrocyclone were obtained from HYSYS unit block [36].

3.3 Process Description

Simulation results

In the simulation performed, according to all the issues raised in the original source, it was necessary
to choose some parameters hypothetically. It caused the results of the simulation to be slightly
different from the results mentioned in the source. Another part of the difference is related to the
software version and its activation type. Therefore, according to these cases, some results obtained
from the simulation that was used with the software Case Study tool are presented.
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Figure 52-Process flow diagram.

QA Case Study
3.4.1 Case Studyl: Effect of temperature on product amount

In this study, the temperature ﬁhe reactor was changed in the range of 75 to 112°C according to the
flow of energy input to it, anathe effgct of temperature change on the mole fraction of the product

was calculated by the software, whicl™s shown in Figure 53.
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Case Study 1
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Figure 53- The effect of changing the reactor temperature on th®#¥olar fraction of the product in the output stream.

As it i@mwn in this figure, the molar fracgn of the product increases by about 55% with the change
of temperature from 75 to 112 °C, which islue to the endothermic nature of the biodiesel production
reaction.

3.4.2 Case study 2: The effect of glycerin flow intensity in the product extraction process

In the extraction process that leads to product purification, determining the optimal amount of
extractant is very important. According to the simulation, this issue was investigated in the liquid-
liquid extraction tower.

As it is shown in figure 54, according to the three-phase equilibria related to the discussion of
extraction, it shows that in different intervals in terms of flow intensity, the amount of extraction
within the interval has a decreasing trend with increasing flow intensity, but each interval compared
to its previous interval in total increases extraction.
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Case Study 2
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Figure 54-The influence of the flow intensity of the extraction material in the extraction process.
3.4.3 Case Study 3@he effect of temperature on the extraction process

Another factor that was investigated in the extraction process is the flow temperature ofglycerin as
an extractant. In this study, the temperature of this stream was changed from 5 to 100 °C™*The results
are shown in Figure 55.
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Figure 55-The influence of the temperature of the extractant flow in the extraction process.

10

As it is visible in this figure, it decreases with increasing temperature in the temperature range of 5 to
35 mole parts, but with increasing temperature from 35 to 40 we face an increase in mole parts, and it
decreases again in the temperature range of 40 to 100 mole parts. This behavior is due to the three-
phase equilibria of these materials in the vicinity of each other and under the influence of temperature.

3.4.4 Case Study 4: Effect of inlet temperature to methanol purification tower

Another investigated case is the influence 0@16 temperature of the inlet stream to the methanol
purification tower. This case, which was investigated separately, showed that with the increase in
temperature from 20 to 150 °C the amount of
decreases. This decrease will be around 14%. Th

thanol mixture in the upper flow of the tower
sults of this study are shown in Figure 56.
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Figure 56-The effect of the temperature of the inlet flow to the methanol purification tower.
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Conclusion

The biodiesel production process is an effective process to provide energy from natural sources,
which, in addition to environmental benefits, can be a sustainable and clean method for fuel
production. The study conducted according t(ﬁle simulation showed that this process, like most
chemical, refinery and petrochemical processes;%s influenced by process factors such as temperature,
pressure, current intensity, etc. Although in this study, due to the fact that most of the materials in the
process were in the liquid phase and the vapor and gas phases were created in the distillation process,
the effect of pressure was not investigated. Simulation and case study results show that:

1-If the reactor temperature changes from 75°C to 30°C, the mole fraction changes from 0.2263 to
0.2275, which is equivalent to 0.57%.

2-1f the mass flow of glycerin changes from 20 kg/h to 200 kg/h, the mole fraction changes from
0.2625 to 0.2650, which is equivalent to 0.95%.

3-If the flow temperature changes from 5°Cto 100°C, the mole fraction changes from 0.2585 to
0.2700, which is equivalent to 4.44%.

4-1f the inlet stream temperature changes from 20°C to 150°C, the mole fraction changes from 0.9994
to 0.9997, which is equivalent to 0.03%.

Suggestions

Due to the time constraints during this project, the following suggestions are provided to complete
and continue this project:

Simulation and investigation of other biodiesel production methods
Simulating and checking other clean fuels such as biogas
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