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ABSTRACT

Biodiesel has become favorable fuel for diesel fuel substitute to overcome the limited fossil
fuel resources while facing the increasing of energy consumption. However, the use of FAME
biodiesel is currently limited to mixing up to 30%. Therefore, it is necessary to consider other
fuels as an alternative to diesel oil. One of them is by developing second generation biodiesel,
which produced from the upgrading process of bio-oil as a result of pyrolysis. Bio-oil can be
upgraded to fuel with range naphtha through two main processes that consists of hydro-pro-
cessing and catalytic cracking. Techno-economic studies on bio-oil production from oil palm
biomass have been studied but the techno-economic studies up to upgraded bio-oil have not
included. Before a techno-economic study was carried out, it was necessary to select the pro-
cess technology route of upgrading bio-oil. Therefore, it is required to conduct study of industry
and the comparison of second generation biodiesel production technology from the upgrading
of oil palm-based bio-oil to obtain an optimum process flow diagram. Process simulations were
conducted using ChemCad software so that the mass balance and ratio of energy consump-
tion was obtained. This work estimated the bio-fuel produced from palm residues collected
from 19 units of a 60 tons hour' palm oil mill. The bio-oil input is 70.35 tons hours™ with upgrad-
ing oil yield of 32.21%. Energy yield of this model is 35.7% while required 76.5 MMJ hour™ of
the energy. Energy required for this process can be provided by an integrated fuel upgrading
facilities that connected with the palm bio-oil production plant could provide self-sustainable
production facilities.
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INTRODUCTION

Biodiesel or fatty acid methyl ester
(FAME) has become favorable fuel for
diesel fuel substitute to overcome the lim-
ited fossil fuel resources while facing the
increasing of energy consumption. As a
renewable fuel, it can be produced from
vegetable oil such as palm oil, soybean
oil, or rapeseed oil. In accordance with
united nations sustainable development
goals (UN SDGs), implementation of bio-
diesel will promote the achievement of
goal 7 to increase substantially the share
of renewable energy in the global energy
mix (UN 2015). Implementation of biodies-
el in Indonesia has become progressive
by applying mandatory of B20 since Jan-
uary 2016 (ESDM 2015). The biodiesel
mixing obligation will be increased to 30%
(B30) in January 2020. Biodiesel used in
mixing is currently carried out by using 1¢t
generation biodiesel or FAME. The higher
blending of FAME biodiesel faces several
obstacles because some materials in the
engine are not compatible with methyl es-
ters and need to be adjusted or replaced.
Another problems arised from the power
reduction in using biodiesel mixed more
than 30%, because of its high oxygen
content.

Therefore, it is important to consider
other alternative fuels as mixtures in die-
sel oil. One of them is by developing 2™
generation biodiesel which derived from
upgrading of bio-oil or pyrolysis oil. The
definition of 2" generation biodiesel pro-
duction technology is found in Figure 1.
2" generation biodiesel has the opportu-
nity to be used as a mixture of diesel oil
because its characteristic is similar to die-
sel oil compared to FAME biodiesel. This
is because the composition of second
generation biodiesel consists of hydrocar-
bons with lower oxygen levels (Fan et al.
2017).
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Second generation biodiesel is pro-
duced from woody biomass or lignocellu-
losic biomass that can be obtained from
plantation waste, for example oil palm
plantations and agricultural waste, such
as rice husk (Surjosatyo et al. 2017) and
sugarcane baggase (Pradana et al. 2019).
As the largest palm oil producer in the
world, Indonesia has an enormous poten-
tial of palm biomass which can be either
palm shells, fibers, empty fruit bunches
(EFB) and palm fronds. With productivity of
4.4 tons hectare” year' of EFB (Abnisa et
al. 2013). Indonesia can produce 46 mil-
lion tons of EFB from having more than
10.5 million hectares of oil palm plantation
(BPS 2018).

Pyrolysis technology has also been
developed by various institutions in the
world, both laboratory scale and industrial
scale. The commercially produced pyrol-
ysis plant is Empyro in the Netherlands,
which uses technology from biomass
technology group (BTG) of the Nether-
lands. This plant is capable of producing
bio-oil with a capacity of 3.2 tons hour’
from 5 tons hour’ of wood chips (BTG
2017). Bio-oil produced is used in electric
generators as a substitute for fuel oil and
cannot be used in diesel vehicles.

To be used in diesel engines, bio-oil
needs to be improved in quality through
the upgrading process. Bio-oil can be up-
graded into fuel in naphtha range through
two main processes, which is hydro-pro-
cessing and catalytic cracking (Shemfe
2015). To understand the feasibility of this
technology, a techno-economic analysis
is required. Several techno-economic
studies on the production of bio-oil from
palm biomass have been carried out,
however the techno-economic studies of
the extended process to produce upgrad-
ed palm based bio-oil have not includ-
ed. In order to conduct techno-economy
study, a process evaluation is required.
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Figure 1 Process for production of 2™ generation biodiesel.

Therefor, this study is conducted to eval-
uate the process of upgrading bio-oil from
palm based biomass through simulation
process.

MATERIALS AND METHODS

Feedstocks

The feed-stocks of bio-oil in this study
is using palm empty fruit bunch produced
from palm oil mill. EFB was chopped and
powdered into 16-30 mesh with moisture
content of 12.73% mass according to pre-
vious study (Solikhah et al. 2018). Pyroly-
sis process produced bio-oil with heating
value of 26.49 MJ kg' and water content
of 11.54% mass. Water content in bio-oil
was analyzed using Karl Fisher KF200

(Mitsubishi Chemical Analytech Co.,Ltd.,
Kanagawa, Japan). The heating value
of bio-oil was measured using automatic
calorimeter AC500 (Leco Corp., Saint Jo-
seph, USA).

Model of Pyrolysis Oil using Chemcad

The bio-oil from EFB was modeled using
a mixture of compounds from the chemical
analysis and previous studies (Solikhah et
al. 2018). The compounds was selected
from database of Chemcad 6.5.3 (Chem-
stations Inc. USA). Other compounds
that not available in the database was
created into the database using molec-
ular weight and density of the compo-
nent. The mass fraction of each com-
pound was determined by compositinal
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analysis and data provided by Jones
et al. (2013). Table 1 presents the select-
ed model compounds of the water-soluble
phase of bio-oil. Meanwhile Table 2 pres-
ents the selected model compounds of
the water-insoluble phase of bio-oil.

Hydrotreating of bio-o0il occurs in
three stages and the reactions are very
complex. Table 3 shows the mixture of
intermediate model compounds used to
represent the hydrotreated oil from stage
1 (stabilizer) and stage 2 (first reactor).
While Table 4 shows the compounds of
upgrading oil from stage 3 (second reac-
tor).

Process Design

The overview process flow diagram
for the conversion of bio-oil from into
fuel is presented at Figure 2. The plant
used in this model processes 70.35 MT
hour' of palm based bio-oil for comparison

Table 1 Model compounds water soluble used to
represent bio-oil

Solikhah et al.

with the work of Jones et al. (2013). This
capacity can be fulfilled by 19 palm oil
mills in capacity of 60 ton hour' of palm
fresh fruit bunch, by using a model de-
veloped by Peryoga et al. (2014) as well
Garcia-Nunez et al. (2016).

Upgrading consists of two separate re-
actions: hydrotreating and hydrocracking
(Jones 2013). The removal of oxygen con-
tent of pyrolysis oil can be conducted using

Table 3 Model compounds representing interme-
diates hydrotreating products

Intermediates from Model compound

Small acids n-butyric acid

Small aldehydes, alcohols, 1,2-propanediol

ketons

Sugars Glucose, sorbitol
Extractives HT dehydroabietic acid
Low MW lignin Pinosylvin

derived compounds

High MW lignin Indene

derived compounds 4-methylphenanthrene

Table 4 Upgraded oil model compounds

Group compound Model compound

Group compound

Model compound

Acids Acetic acid

Alcohols 2-furanmethanol

Ketones 2-propanone, 1-hydroxy-
Aldehydes 2-furancarboxaldehyde
Phenolic Phenol

Benzene Benzene, 1,2,3-trimethoxy-
Guaiacols Isoeugenol

Low MW sugars Levoglucosan

High MW sugars Cellobiose

Table 2 Model compounds water insoluble used
to represent bio-oil

Group compound

Low MW lignin
derived compounds

Model compound

Dimethoxy stilbene,
dibenzofuran

Extractives

High MW lignin
derived compounds

Dehydroabietic acid

Oligomeric compounds,
phenylcoumaran com-

pounds
Nitrogen compounds 2,4,6-trimethylpyridine

Sulfur compounds
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Dibenzothiophene

Normal paraffins
Iso-paraffins

Cyclopentanes

Cyclohexanes

Cyclo C7+
Aromatics

Heavies
Diphenyl
Indanes and indenes

1,2,3,4 naphtalenes

Naphthalenes
PNAs
Oxygenates

Nitrogen compounds
Sulfur compounds

Hexane, dodecane, pentane

3-methylhexane, 4-methyl-
nonane

Cyclopentane, ethyl 1-meth-
yl-1-ethylcyclopentane

Cyclohexane, butyl 1,1-bicy-
clohexyl

1,3-dimethyladamantane

o-xylene, benzene, 1-ethe-
nyl-4-ethyl

4-methylphenanthrene pyrene
1,2-diphenylethane

Indane 1H-indene,
1,2,3-trimethyl-

1-nHexyl-1,2,3,4-tetrahy-
dronaphthalene

Naphthalene, 2,7-dimethyl
Naphthalene, 1-phenyl-

5-methyl-2-(1-methylethyl)
phenol

2,4,6-trimethylpyridine
Dibenzothiophene
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WASTE WATER

Figure 2 Overview process flow diagram for the conversion of bio-oil from into fuel.

three catalytic stages of hydrotreating
(Jones 2013). Ruthenium based catalysts
were employed at the first two reactor
stages while at final stage molybdenum
based catalyst was applied (Jones 2013).

The process was started by pumping
bio-oil through P-01 to raise it pressure to
81 atm and then sent it to the mixer M-01
to be mixed with hydrogen gases which
the pressure had been raised to 81 atm
by compressor C-01. Then, this mixture
sent to stabilizer or hydrotreating reactor
stage 1 which operated at mild condition
of 81 atm and 140 °C. Products from sta-
bilizer were cooled using heat exchanger
HE-01 to temperature of 40 °C and then
separated by flash drum F-01 to separate
hydrogen gases from the products. Hy-
drogen gases from flash drum then mixed
with fresh hydrogen in mixer M-02. This
hydrogen mixture was heated to 121 °C
with heat exchanger HE-02 and pressur-
ized to 136 atm using compressor C-02.
Afterthat, the hydrogen mixed with the
product from flash drum which already
raised it pressure to 136 atm using pump
P-02 in mixer M-03. This mixture then is
sent to hydrotreater 1 or hydrotreating
reactor stage 2. Hydrotreater 1 operates
at 136 atm and 252 °C. Products from

hydrotreater 1 are heated to 288 °C and
sent to hydrotreater 2 or hydrotreating re-
actor stage 3. Hydrotreater 2 operates at
136 atm and 400 °C. Products from hy-
drotreater 2 are cooled to 65 °C with heat
exchanger HE-04 to separate water from
the upgrading oil products in flash drum
F-02. From flash drum, the pressure of
vapor phase upgrading oil products are
lowered to 51 atm with expander E-01.
Light gases then separated from upgrad-
ing oil products using flash drum F-03.
Upgrading oil products were heated with
heat exchanger HE-05 to 149 °C and sent
to light column separator to purify the oil.

The evaluation of the process design
conducted by evaluating the overall mass
balance, mass yield and energy yield with
comparison to the similar studies by pre-
vious researcher.

RESULTS AND DISCUSSION

The mass balance of the simulation
process is summarized in Table 5 that
includes the material stream of bio-oil,
hydrogen, waste water, upgraded oil and
efluent that indicate balances between
input stream and output stream. This
table shows that the overall mass yield of
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Table 5 Mass balance of the bio-oil upgrading
process

Component Input Output
(kg hour)

Bio-oil 70352.57 0.00
Hydrogen 3857.80 3587.07
Wastewater 0.00 32081.36
Upgraded oil 0.00 22664.65
Effluent gases 0.00 15877.30
Total 74210.37 74210.37

the upgraded oil is 32.21% that calculated
from the mass flow of upgraded oil at the
output section divided by the mass flow
of bio-oil at the input section. This result
is higher compared to the study conduct-
ed by Wright et al. (2010) that produced
overall yield of 12.6% (using cornsto-
ver as biomass resources) and Jones et
al. (2013) that produced overall yield of
24.7% (using wood blended as biomass
resources). However, hydrogen input into
the process was absorbed only 7.02%. To
optimized the process efficiency, the re-
maining hydrogen released from should
be recycle back into the process.

Energy efficiency to produce second
generation biodiesel is calculated using
the calorific values of the mass streams
of the output compared to the calorific
values of the mass streams of the input
stream, using the next equation:

Energy Ef ficiency

Total mass output{kg /hour) X Calorific value (kcal [kg)

"~ Total mass input(kg/hour) x Calorific value (keal /kg)

X 100% (1)

This model assumes 70.35 tons day™’
of bio-oil which has energy efficiency of
35.7%. Energy efficiency is affected by
the mass input and output, mass yield,
as well as energy input and output. The
value from this study is much lower than
the study by Jones et al. (2013) that using
bio-oil from wood chips but similar the the
result from Wright et al. (2010) that ap-
plying bio-oil from corn stover. However,
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Jones et al. (2013) mentioned that the
utilization of biomass char as the energy
source may increase the energy efficien-
cy. Besides, the increase of mass yield
can increase energy efficiency by increas-
ing mass output of the product.

According to the process simulation,
the upgrading process requires 76.5 MMJ
hour' of the energy, from the exother-
mic hydrotreating reactions. This value
is higher compare to Wright et al. (2010)
and Jones et al. (2013). The further op-
timization can be conducted by recycling
hydrogen to reduce the energy for heating
and incresing pressure of hydrogen.

On the other hand, the integrated
fuel upgrading facilities could provide
self-sustainable  production  facilities
(Perkins et al. 2018). This model can be
conducted by providing energy by com-
busting char from pyrolysis process.
Therefore, further study is required by
connecting the upgrading bio-oil facili-
ties with the palm bio-oil production plant.

CONCLUSION

The process evaluation of upgrading
bio-oil produced from palm EFB has been
conducted. This work estimated the bio-fu-
el produced from palm residues collected
from 19 units of a 60 tons hour' palm oil
mill. The bio-oil input is 70.35 tons hours™'
with upgrading oil yield of 32.21%.

Energy efficiency of this model is 35.7%
while required 76.5 MMJ hour' of the en-
ergy. According to previous study, energy
required for this process can be provided
by using combustion of the pyrolysis char
to supply energy for the pyrolysis as well
as the upgrading process. Recycle pro-
cess of hydrogen also required to reduce
the energy consumption. Further study is
required by connecting the upgrading bio-
oil facilities with the palm bio-oil production
plant.
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