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Biodiesel, an alternative renewable and biodegradable fuel, has been attractive to substitute 

petroleum diesel, the large amounts of glycerol as a byproduct will be a problem because of the limitation 

of glycerol applications.  Recently, hydrogen production using glycerol as a main reactant has been 

attractive, because it can use for several processes. For biodiesel production, oil with high free fatty acids 

(FFAs) content is unsuitable feedstock due to this make the biodiesel process more complicated and 

using more equipment than virgin oil. In contrast, if FFAs is utilized in hydrotreating process with low 

amount of hydrogen as one of reactant. Moreover, a novel process by combination of three alternative 

fuels involving three processes of biodiesel production, hydrogen production via glycerol reforming and 

hydrotreating of free fatty acid might show the beneficially overall process and produces a variously 

alternative fuel.  This research studied the simulation of combination process for production of biodiesel, 

hydrogen and green diesel using soybean oil and stearic acid as raw materials. Firstly, the individual 

process including of biodiesel production, glycerol steam reforming, and green diesel production was 

investigated to choose the suitable process for combination as base case. After that, this base case was 

improved by: (1) glycerol purification column can be neglected from the process. This is leading to 

produce more hydrogen and green diesel  than that of the base case because of methanol reforming; (2) 

hot unconverted oil was recycle to mix with fresh oil which it can reduce the total energy consumption 

from 14.02 to 13.85 MW. Moreover, high purity of condensed water can be directly used as the steam. 

(3) furnace combustor was installed to produce heat from fuel gas which this gas produces large amount 

of energy and return to the process. Pinch analysis showed that the proposed process offers energy saving 

of 47.24% comparing to the base case. Furthermore, the proposed process can also decrease the total 

energy consumption to 31.41% comparing to the conventional biodiesel production, glycerol steam 

reforming and hydrotreating at the same operating condition. It was found that the main energy 

consumption from the proposed process was obtained from the FAMEs purification and methanol 

recovery columns. This proposed process showed the efficiency for producing three alternative energy 

for humanity. 
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NOMENCLATURE 

 

APGR    Aqueous phase glycerol reforming 

ASTM    American Society for Testing and Materials 

BD-WASH   Liquid-liquid extraction 

C [number]   Cooling unit 

C15    Carbon number 15 

C18    Carbon number 18 

CSTR    Mechanically stirred tank reactor 

DC-BD   Methanol recovery column 

DC-FAME   FAMEs purification column 

DC-GLY   Glycerol purification column 

FAME    Fatty acid methyl esters 

FAN [number]   Fan, compressor 

FILTER   Solid filtration 

FURNACE   Furnace combustor 

GATR    Glycerol reforming via autothermal 

GDR    Glycerol dry reforming 

GSM    Glycerol steam reforming 

GSW    Glycerol reforming via supercritical water 

HDO    Hydrodeoxygenation 

HEPD    N-heptadecane 

HEXD    N-hexadecane 

HWGS    High water-gas shift reactor 

HX [number]   Heat exchanger, preheating unit 

LWGS    Low water-gas shift reactor 

MIX [number]   Mixer 

NRTL    Non-Random Two Liquid model 

OCTD    N-octadecane 

OCTDL   L-octadecanol 
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NOMENCLATURE (continue) 

 

P    Pressure, atm 

P [number]   Pump 

PEND    N-pentadecane 

PENG-ROB   Peng-Robinson equation of state 

PSA    Pressure-swing adsorption unit 

QSPTL   Heat splitter 

REFORMER   Reforming reactor 

R-HDO1   Hydrotreating reactor (rate base) 

R-HDO2   Hydrotreating reactor (equilibrium) 

R-NUET   Neutralization reactor 

R-TRAN   Transesterification reactor 

SA    Stearic acid 

SCM    Supercritical methanol 

SEP [number]   Phase separator 

SPTL [number]  Component splitter 

SRK    Soave-Redlich-Kwong Equation of State 

T    Temperature, K 

UNIFAC   UNIQUAC Functional-group Activity Coefficients 

V [number]   Valve 

WGFR    Water to glycerol feed ratio 

WGMR   Water to glycerol-methanol feed ratio 

ΔTmin    Minimum approach temperature, K 
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CHAPTER I INTRODUCTION 

 

1.1 Motivation 

 Nowadays, the increasing of energy consumption of the world has resulted in 

the significant depletion of fossil based fuels. The International Energy Agency (IEA) 

predicts an investment of new fuel sources to increase the global energy demand as 

approximate 8 trillion dollars by 2040 [1]. Bridjanian and Samimi [2] reported 

increasing demand of diesel and gasoline is because of the growth of engine and 

machine supplying for the worldwide automobile industries. Thus, there are many 

researches focusing on alternative energy which could be directly used in engines for 

transportation sector. 

Biodiesel or free fatty acid methyl ester (FAME), known as an alternative 

renewable and biodegradable fuel, has been attractive because it can be directly used or 

blended with petroleum diesel in compression–ignition engines which may avoid 

diesel-engine modification. Vegetable oils and their waste, fat, algae, and lipid are used 

as a renewable feedstock for biodiesel production. Using biodiesel can reduce carbon 

dioxide emission as well as hydrocarbons and exhaust gases. Although present 

biodiesel production is still limited due to high cost of vegetable oils which is about 

80% of total cost of biodiesel production. The cost of biodiesel cost is higher than petro-

diesel as approximately 1.5 times.  

In biodiesel production, every 10 tons of biodiesel produces 1 ton of glycerol as 

a by-product. Although biodiesel can be produced for complete substitution of a fossil 

diesel in the future, glycerol as a byproduct will be a problem because of limited 

glycerol applications. Only 500 kton per year of purified glycerol are used in industries 

such as cosmetics, food and pharmaceutical applications [3]. By-product glycerol 

containing unreacted alkali catalyst and soap must be neutralized with acid and then, 

water and alcohol are removed in order to obtain 50-80% of crude glycerol whereas 

99% or higher purity is used for feeding in pharmaceutical and cosmetic industries [4]. 

Distillation unit is required for glycerol purification to obtain 99% or higher purity of 

glycerol resulting in a higher cost of by-product treatment. Moreover, if glycerol is 
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directly discarded without treatments, it may be environmental hazards [5]. Thus, many 

researchers have been studied the processes in order to convert a glycerol to valuable 

products.  

Recently, hydrogen production using glycerol as a main reactant has been 

attractive for many reasons such as it provides high hydrogen content with an economic 

aspect [6]. Glycerol can be converted to hydrogen via glycerol reforming using a 

commercial nickel-base catalyst reforming [7]. The advantages of hydrogen in 

comparison with other conventional fuels are non-toxic while inhaled with ambient air, 

untraceable by human sensory system, highly combustible fuel without water and air 

pollution. Hydrogen is used for several processes such as oil refinery (approximate 75% 

of worldwide consumption), energy sources for automotive and transportation. Thus, 

hydrogen production in the future also increases to serve human civilization. 

 Although biodiesel has been proven for many reasons to substitute petro-diesel, 

there are some drawbacks. Vegetable oil for biodiesel production must remove free 

fatty acids (FFAs) in order to avoid water formation causing soap formation via 

saponification reaction during transesterification in presence of alkali catalyst [4,8]. 

Many researchers have attempted to develop new processes in order to defeat some of 

biodiesel limitations.  

 Hydrotreating oil is known as green diesel or renewable diesel or second 

generation diesel or petrodiesel-like fuels. Green diesel can be obtained from vegetable 

oil or free fatty acids as well as biodiesel raw materials.  Using free fatty acids as a raw 

material can be reduced via some hydrotreating reaction pathways (see in the next 

chapter) to produce green diesel.  

 In this work, we propose a novel process by combination of three alternative 

fuels involving three processes of biodiesel production, hydrogen production via 

glycerol reforming and hydrotreating of free fatty acid. The combined process with a 

simple diagram is given in Figure 1.1 
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Figure 1.1 Simple diagram of the proposed combination of biofuels production 

processes. 

 

 The crude glycerol is fed to the reforming process in order to convert to 

hydrogen via glycerol reforming. Part of produced hydrogen together with free fatty 

acids are fed to the hydrotreating process for producing green diesel. Both the reforming 

and hydrotreating require operation at high temperatures and consequently high energy 

consumption. Process heat integration would be necessary for efficient operation of the 

combined processes. Based on the proposed combined process, the valuable final 

products are FAME, hydrogen, and petrodiesel-like fuels (green diesel).      

 

1.2 Objective 

To design and simulate a novel process which combines processes of biodiesel 

production, hydrogen production via glycerol reforming and green diesel production. 

 

1.3 Scope of work 

1.3.1 Simulate the proposed process consisting of biodiesel production using soybean 

oil, glycerol reforming and hydrotreating using stearic acid as model of a pure 

free fatty acid oil by Aspen Plus simulation.  
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1.3.2 Determine effects of major operating parameters of the combined process on its 

performances including FAME, hydrogen and green diesel productions, and 

energy consumption. 

1.3.3 Apply the concept of heat integration to further improve the performances of 

the combined process.  

 

1.4 Expected Output 

The work should provide a conceptual design for efficient combined process for 

productions of biodiesel, hydrogen, and green diesel.    
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CHAPTER II THEORY 

 

 Fundamental concepts of biodiesel production, glycerol reforming and 

hydrotreating were presented in this chapter which provided basic knowledge for 

understanding this work. 

 

2.1 Oil feedstocks for biodiesel production 

 Vegetable oils (organic oil) are mainly reactant in biodiesel production. The 

selection of oil as a feedstock is depended on a local availability. In Europe and United 

States of America use edible oils such as rape seed and soybean oil. Philippines and 

Malaysia also apply edible oils such as palm oil and coconut oil. India uses jatropha as 

non-edible oil .The global commercial biodiesel production in the percentage of oil is 

rapeseed oil (84%), sunflower oil (13%), palm oil (1%), soybean and others (2%). The 

favorable agronomic features of soybean is due to its high-quality of protein and 

valuable edible oil that motivating commercial process produces soybean oil for 

supplement in the world trading. The main fatty acid compositions of soybean are 

highly content of linoleic acid, moderate oleic acid and low palmitic acid, stearic acid 

and linolenic acid as shown in Table 2.1 [8] 

 

Table 2.1 Typical fatty acid composition (wt %) of soybean oil is compared with others 

oils (Orthoefer 1996) [8]. 

Fatty acid  Soybean Canola Cottonseed Sunflower Peanut 

Lauric 12:0 –  –  –  0.5  – 

Myristic 14:0 0.1  –  0.9  0.2  0.1 

Palmitic 16:0 11.0  3.9  24.7  6.8  11.6 

Palmitoleic           16:1 0.1  0.2  0.7  0.1  0.2 

Stearic 18:0 4.0  1.9  2.3  4.7  3.1 

Oleic 18:1 23.4  64.1  17.6  18.6  46.5 

Linoleic 18:2 53.2  18.7  53.3  68.2  31.4 

Linolenic 18:3 7.8  9.2  0.3  0.5  – 

Arachidic 20:0 0.3  0.6  0.1  0.4  1.5 

Gadoleic 20:1 –  1.0  –  –  1.4 

Eicosadienoic       20:2 –  –  –  –  0.1 

Behenic 22:0 0.1  0.2  –  –  3.0 

Lignoceric 24:0 –  0.2  –  –  1.0 
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2.2 Transesterification for biodiesel production 

 Transesterification for biodiesel production is a reaction between oil and 

methanol as alcohol that the organic alkoxy group of triglyceride is exchanged with the 

organic alkoxy group of methanol [10, [9]]. In general, transesterification are often 

catalyzed by strong acid or base catalyst [10]. The product of transesterification are 

fatty acid methyl ester and glycerol. The basic reaction is depicted in Figure 2.1 

 

 

Figure 2.1 Transesterification for biodiesel production [10]. 

 

In mechanism detail, transesterification composes of three steps for complete 

reaction, the first step is one mole of triglyceride convert to one mole of diglyceride, 

which is followed by the subsequent higher glycerides to lower glycerides and glycerol 

in the last step. Each of steps provide the one mole of FAME [10]. (Figure 2.2) 
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Figure 2.2 Transesterification reaction steps [10]. 

 

2.3 Esterification for biodiesel production 

 Esterification is the reaction which offers FAME and water via fatty acids react 

with methanol in presence of acid catalyst as shown in Figure 2.3  

 

Figure 2.3 Esterification reactions in biodiesel production [10]. 

 

This reaction is usually used in biodiesel production when oil feedstocks contain 

an excessive free fatty acids in presence of an acid catalyst [11]. 

 

2.4 Saponification in biodiesel production 

 Sodium salt or potassium salt of fatty acid is known as natural soap, is prepared 

by a reaction called saponification where one of organic reaction. The original process 

was produced by either animal fat or boiling lard reacted with sodium hydroxide or 
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potassium hydroxide as reactants and glycerol and crude soap as products. The 

following reaction is shown in Figure 2.4 [12]. This reaction provides alkali soap as 

undesirable by-product of alkali-catalyzed biodiesel production causes the lower 

FAME yield, etc.   

 

Figure 2.4 Saponification reaction [10]. 

 

 

2.5 Glycerol reforming process 

2.5.1 Glycerol steam reforming (GSM) 

The alternative hydrogen production process using glycerol and water as the 

reactants. Conventional glycerol steam reforming is an extremely endothermic reaction 

and may be operated at high temperature (>500 K). Glycerol reforming is combined 

from decomposition of glycerol and water-gas shift reaction as shown below [13, 14] 

 

Glycerol decomposition  

3 8 3 2C H O 3CO +4H (
298K

rΔΗ =251kJ/mol )             (2.1) 

 

Water-gas shift  

2 2 2CO+H O CO  +H (
298K

rΔΗ = 41kJ/mol )             (2.2)

    

Overall reaction   

3 8 3 2 2 2C H O +3H O 3CO  +7H  (
298K

rΔΗ =128kJ/mol )              (2.3) 

 

Methanation  

2 4 2CO+3H CH  +H O  (
298K

rΔΗ = 165kJ/mol )            (2.4) 

2 2 4 2CO +4H CH  +2H O  (
298K

rΔΗ = 165kJ/mol )            (2.5) 
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Glycerol hydrogenolysis 

3 8 3 2 4 2C H O 2H 2CH  +CO+2H O 
298K

rΔΗ = 160kJ/mol )           (2.6) 

 

2.5.2 Glycerol reforming via supercritical water (GSW) 

 This process is operated at a supercritical condition of water. Supercritical fluid 

is fluid state beyond its critical temperature and critical pressure. In this state, fluid 

cannot be clearly defined as a gas or liquid phase. Fluid can effuse like a gas and 

dissolve like a liquid. Supercritical water properties are shown in Table 2.2 and Figure 

2.5. 

 

Table 2.2 Water properties at various condition [19]. 

 Water Steam Subcritical 

water 

Supercritical 

water 

Temperature, T  (K) 298 673 523 673 673 

Pressure, P  (atm) 0.99 0.99 49.35 246.73 493.46 

Density,   (g/cm3 ) 1 0.0003 0.80 0.17 0.58 

Dielectric constant,  78.5 ~1 27.1 5.9 10.5 

pKw 14.0 - 11.2 19.4 11.9 

Heat capacity, 
pc  

(kJ/kg/K)   

4.22 2.1 4.86 13.0 6.8 

Dynamic viscosity,   

(mPa s) 

0.89 0.02 0.11 0.03 0.07 

Heat conductivity,   

(mW/m/K) 

608 55 620 160 438 
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Figure 2.5 Phase diagram of water as a function of temperature and pressure [1]. 

 

The supercritical water is usually used laboratory and industry such as floral 

fragrance extraction. The decomposition of biomass in sub- and supercritical water state 

is faster than the other water state because the low value of water density and nonpolar 

solvent behavior (low dielectric constant) that it can dissolve with organic compound 

providing the homogeneous reaction.  The mass transfer resistance between biomass 

and water is decreased at supercritical condition. Tar and coke formation are inhibited 

by intermediate of supercritical water [15, 16]. Moreover, the supercritical water 

reforming offers hydrogen selectivity, high space-time yield and beneficial 

endothermic reaction. In finally, hydrogen is possible to directly store without 

compression [2].  
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2.5.3 Glycerol reforming via partial oxidation (POG) 

 Partial oxidation of glycerol (POG) have several advantages on a start-up period 

because this process is naturally exothermic reaction. Furthermore, heat may be not 

required in a partial oxidation reactor providing an advantage than other reforming 

processes. The possible reactions can be described as shown below.  

  

Glycerol decomposition  

3 8 3 2C H O 3CO +4H (
298K

rΔΗ =251kJ/mol )             (2.1) 

 Partial oxidation can offer strongly heat of reaction that the partial combustion 

one mole of glycerol can provide energy itself to convert 6 mole of glycerol to carbon 

monoxide and hydrogen via glycerol decomposition. 

  

Glycerol partial oxidation  

3 8 3 2 2 2C H O +3.5O 4H O+3CO  (
298K

rΔΗ = 1564.93kJ/mol )           (2.7) 

 The stoichiometric of glycerol reforming reaction, which is three mole of water 

per one mole of glycerol (Equation 2.3), can be used to adjust the synthesis gas ratio 

with no significantly affecting against the energy consumption. However, the excessive 

water will extinguish the reaction. If the oxygen is insufficient supply in reaction, the 

partial oxidation can be occurred via    

  

 3 8 3 2 2 2C H O +0.5O 4H +CO  +2CO  (
298K

rΔΗ = 31.79kJ/mol )           (2.8) 

 

 If the oxygen is sufficient supply in reaction the partial oxidation can be 

occurred via     

3 8 3 2 2 2C H O +1.5O 4H +3CO  (
298K

rΔΗ = 597.73kJ/mol )           (2.9) 

  

Other reactions can be described as shown below; 
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Glycerol dehydrogenation to glyceraldehyde 

 3 8 3 3 6 3 2C H O C H O +H (
298K

rΔΗ = 38.64kJ/mol )          (2.10) 

 

Glycerol dehydration  

Glycerol can dehydrate to hydroxyacetone.  

 3 8 3 3 6 2 2C H O C H O + H O (
298K

rΔΗ = 24.9kJ/mol )          (2.11) 

Hydroxyacetone can dehydrate to acrolein.  

3 6 2 3 4 2C H O C H O+H O                         (2.12) 

Glyceraldehyde can dehydrate to 2-oxopropanal. 

3 6 3 3 4 2 2C H O C H O + H O              (2.13) 

  

2-Oxopropanal decomposition to acetaldehyde 

 3 4 2 3C H O CH CHO+ CO              (2.14) 

 

Acetaldehyde decomposition to methane 

 3 4CH CHO CH + CO               (2.15) 

 

 Glycerol partial oxidation on Pt catalyst  

3 8 3 2 4 2C H O C H +2H O + CO              (2.16) 

 

Water-gas shift  

2 2 2CO+H O CO  +H (
298K

rΔΗ = 41kJ/mol )             (2.2) 

 

Methanation 

2 4 2CO+3H CH  +H O  (
298K

rΔΗ = 165kJ/mol )            (2.4) 

2 2 4 2CO +4H CH  +2H O  (
298K

rΔΗ = 165kJ/mol )            (2.5) 
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Coke formation 

 Ethylene decomposition  

2 4 2C H Polymers 2C +2H                          (2.17) 

 Methane decomposition 

4 2CH C +2H                (2.18) 

 Boudouard reaction 

2CO 0.5C +0.5CO               (2.19) 

 Carbon monoxide and carbon dioxide reduction 

2 2CO + H C +H O               (2.20) 

2 2 2CO + 2H C +2H O               (2.21) 

  

Hydrogen and oxygen oxidation 

 2 2 2O + 2H 2H O               (2.22) 

2 2CO + 0.5O CO               (2.23) 

 

 Hydrogen production can be obtained from various reactions with the different 

reaction pathways. Thus, the sufficient oxygen supply in partial oxidation of glycerol 

is direct effect to amount of hydrogen at maximum yield and minimized glycerol 

decomposition and dehydration [17].   

 

2.5.4 Glycerol reforming via autothermal reforming (ATR) 

Principle of glycerol reforming via autothermal reforming is combined steam 

reforming and partial oxidation reaction which occurs simultaneously. The steam 

reforming is naturally endothermic reaction, while partial oxidation is naturally 

exothermic reaction. Thus, autothermal reforming reactions are provided self-energy in 

reaction which could not require the external energy consumption. The possible 

glycerol reforming via autothermal reforming including side reactions are following; 
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Glycerol stream reforming 

 3 8 3 2 2 2C H O +3H O 3CO  +7H  (
298K

rΔΗ =128kJ/mol )                      (2.3) 

  

 Glycerol oxidation 

 3 8 3 2 2 2C H O +0.5O 4H +CO  + 2CO  (
298K

rΔΗ = 31.79kJ/mol )         (2.8) 

 3 8 3 2 2 2C H O +O 4H +2CO +CO  (
298K

rΔΗ = 314.76kJ/mol )            (2.24) 

3 8 3 2 2 2C H O +1.5O 4H + 3CO  (
298K

rΔΗ = 597.73kJ/mol )           (2.9) 

3 8 3 2 2 2C H O +3.5O 4H O + 3CO  (
298K

rΔΗ = 1564.93kJ/mol )         (2.7) 

  

 Water-gas shift 

2 2 2CO(g)+H O CO  +H (
298K

rΔΗ = 41kJ/mol )            (2.2) 

  

 

 Methanation 

2 4 2CO+3H CH  + H O (
298K

rΔΗ = 206.11kJ/mol )            (2.4) 

2 2 4 2CO +4H CH  + 2H O (
298K

rΔΗ = 164.94kJ/mol )            (2.5) 

 

 Methane-carbon dioxide reforming 

2 4 2CO +CH 2H  +2CO (
298K

rΔΗ =247.28kJ/mol )          (2.25) 

  

 Coke formation 

22CO C + CO (
298K

rΔΗ = 172.43kJ/mol )           (2.26) 

4 2CH C +2H (
298K

rΔΗ =74.85kJ/mol )           (2.27) 

2 2CO+H C+ H O (
298K

rΔΗ = 131.26kJ/mol )          (2.20) 
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 The glycerol reforming via auto thermal reforming is combination of glycerol 

steam reforming and partial oxidation of glycerol. Therefore, the overall reaction can 

be expressed as following.  

 3 8 3 2 2 2 2 2 4 2 2C H O + O +3.77N + H O H  + CO+ CO + CH + H O+3.77 Na b c d e f g a (2.28) 

 

 where: a g  are the stoichiometric coefficients depended on the temperature 

and pressure of reformer, oxygen-glycerol feed ratio and water-glycerol feed ratio [3].  

 

2.5.5 Aqueous-phase glycerol reforming (APR) 

Aqueous-phase glycerol reforming is one branch of glycerol reforming process 

which provides less energy consumption in the reaction. At the condition of APR 

process can drive a favorable condition of the water-gas shift reaction. The multiple 

reactors in the general steam reforming process can be replaced by the single-step 

reactor because hydrogen can be produced with low amounts of carbon monoxide. 

Furthermore, at APR condition is possible to avoid undesirable decomposition 

reactions as naturally taking place at the high reaction condition. The main reaction is 

shown below [18]:  

 

 

Aqueous-phase glycerol reforming reaction  

3 8 3 2 2 2C H O (l) +3H O(l) 3CO (g) +7H (g)
refr

            (2.29) 

 

2.5.6 Glycerol dry reforming (GDR) 

Glycerol dry reforming process is an alternative reaction to convert carbon 

dioxide to hydrogen gas as a valuable product. The possible reactions of glycerol dry 

reforming and their side reactions are shown below [19, 20] 

 

Dry reforming of glycerol 

 3 8 3 2 2 2C H O +CO 4CO +3H +H O             (2.30) 
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Glycerol decomposition  

3 8 3 2C H O 3CO +4H (
298K

rΔΗ =251kJ/mol )             (2.1) 

 

Water-gas shift 

2 2 2CO(g)+H O CO  +H (
298K

rΔΗ = 41kJ/mol )            (2.2) 

 

Methanation 

2 4 2CO+3H CH  + H O (
298K

rΔΗ = 206.11kJ/mol )            (2.4) 

2 2 4 2CO +4H CH  + 2H O (
298K

rΔΗ = 164.94kJ/mol )            (2.5) 

2 4 22CO+2H CH  + CO                         (2.31) 

 

Coke formation and carbon gasification 

22CO C + CO (
298K

rΔΗ = 172.43kJ/mol )           (2.26) 

4 2CH C +2H (
298K

rΔΗ =74.85kJ/mol )                      (2.32) 

2 2C+ H O CO+H (
298K

rΔΗ = 131.26kJ/mol )          (2.33) 

2 2 2C+ 2H O CO +2H               (2.34) 

 

2.6 Hydrotreating of vegetable oil 

 Bio-hydrogenated diesel (BHD), also known as green diesel, is an alternative 

renewable energy which can be derived from biomass such as vegetable oils and their 

fatty acids. The molecular structure of BHD has similar with fossil diesel [21]. 

Although the reaction pathway has not been completely understood, the main 

hydrotreating reaction of vegetable oil is following through reaction steps by step 1: 

unsaturated triglycerides are converted to saturated triglycerides via hydrogenation 

reaction, step 2: saturated triglycerides are converted to free fatty acids via 

hydrogenolysis, step 3: free fatty acids are converted to green diesel via the three 
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pathways of hydrodeoxygenation (HDO), decarbonylation (DCO), or decarboxylation 

(DCO2) and end at step 4: the isomerization or cracking take place as shown in Figure 

2.6 [22].  

 

 

Figure 2.6 Reaction pathway for conversion of vegetable oil [22]. 
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CHAPTER III LITERATURE REVIEWS 

  

 In this chapter, literature reviews are divided into three parts. Firstly, a reviews 

of biodiesel production processes, secondly, a reviews of glycerol reforming processes 

and finally, a reviews of hydrotreating of vegetable oils were presented. 

 

3.1 Biodiesel production  

In 1853, E. Duffy and Patrick studied glycerol production via transesterification 

of vegetable oil which biodiesel was obtained as a by-product. After that, Rudolph 

Diesel, who was a German inventor and mechanical engineer invented the first diesel 

engine. Owning to the energy crisis, biodiesel was also recommended as fuel in the 

diesel engine.  

At the present, biodiesel plant have widely installed in many zones in the world 

such as North America, Latin America and Europe.  For example, the biodiesel 

magazine has reported 145 of biodiesel plants using various feedstocks in USA with 

2,601.15 MMgy (million gallons per year) of total biodiesel capacities. In additional, 

16 plants of biodiesel have under constructed and 4 plants of biodiesel have under 

proposed [27]. The biodiesel plant using only soybean as oil feedstock in USA are given 

in Table 3.1.  

In generally, biodiesel production can be classified into four processes, 

including the conventional homogeneous catalytic process, heterogeneous catalytic 

process, enzymatic catalytic process and supercritical methanol process as concluded 

in Table 3.2 – 3.5 and Figure 3.1.  
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Figure 3.1 Simple chart of biodiesel catalyst classification [78]. 

 

The conventional process of biodiesel production using alkali metal as sodium 

hydroxide or potassium hydroxide have many advantages: (1) alkali catalyst 

demonstrates high biodiesel yield in a short reaction time; (2) the two phase natural of 

oil-methanol mixture respect to mass transfer effect, thus homogeneous catalysts have 

a good point because they can distribute in reaction mixture; (3) NaOH and KOH are 

cost effective and available in a market; (4)  Both batch and continuous stirred tank 

reactor can be also employed [79]. Rashid et al. [80] showed an optimum condition of 

1wt% NaOH, 6 molar ratio of methanol to sunflower oil, 333 K of reaction temperature, 

600 rpm of agitation rate, and 2 h of reaction time producing 97.1% of biodiesel yield 

with acceptance on ASTM D 6751 specifications. Noureddini and Zhu [81] investigated 

the optimum operation of transesterification of soybean oil with 6 of molar ratio of 

alcohol to oil and 0.20wt% of NaOH based on soybean oil. They also reported the 

kinetic of transesterification of soybean oil that is shown below; 
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1

-1

k

k
Triglyceride + Methanol FAME + Diglyceride             (3.1) 

2

-2

k

k
Diglyceride + Methanol FAME + Monoglyceride             (3.2) 

3

-3

k

k
Monoglyceride + Methanol FAME + glyceride             (3.3) 

 The mean compositions of soybean oil are 12 mol% of tripalmitin, 28 mol% of 

triolein and 60 mol% of trilinolein. The main biodiesel composition are methyl 

palmitate, methyl oleate and methyl linoleate and the rate expressions are shown as: 

 

TG 1 -1r = -k [TG][MeOH]+k [DG][FAME]               (3.4) 

DG 1 -1 2 2r = k [TG][MeOH]-k [DG][FAME]-k [DG][MeOH]+k [FAME][MG]
           (3.5) 

MG 2 -2 3 3r = k [DG][MeOH]-k [MG][FAME]-k [MG][MeOH]+k [FAME][GL]
          (3.6) 

GL 3 3r = k [MG][MeOH]-k [FAME][GL]
                          (3.7) 

FAME 1 2 3

1 2 3

r = k [TG][MeOH] k [DG][MeOH] k [MG][MeOH]

          -k [FAME][DG]-k [FAME][MG]-k [FAME][GL]  

                          (3.8) 

where: TG, DG, MG, GL, MeOH, and FAME represent triglyceride, 

diglyceride, monoglyceride, glycerol, methanol, and methyl ester and rate constants are 

shown in Table 3.6 

 

Table 3.6 Kinetic constant for transesterification of soybean oil and methanol using 

NaOH as base homogeneous catalyst. 

Rate constant 

Apparent pre-exponential 

factor 

-1 -1L mol s     

Apparent Activation 

Energy 

-1cal mol    

k1 3.9×107 13,145 

k-1 5.78×105 9,932 

k2 5.906×1012 19,860 

k-2 9.888×109 14,639 

k3 5.335×103 6,421 

k-3 02.1×104 9,588 

 



 47 

In fact, sodium hydroxide is a precursor of sodium methoxide as a true catalyst 

of biodiesel production which showed at least 98% of oil conversion in 0.5 h even 

applied 0.5 mol% of sodium methoxide [82-84]. Using sodium hydroxide as a biodiesel 

catalyst have effective cost but it required less amount of water to prevent a serious 

problem in a large scale [85]. The presence of water can provide unsatisfied reaction 

like saponification reaction resulting in a lower activities at the similar condition [86]. 

Thus, sodium methoxide solution in methanol is an alternative homogeneous for 

biodiesel production in a large scale. 

Acid-catalyzed transesterification is alternative method for biodiesel production 

because it simultaneously catalyze esterification and transesterification using both free 

fatty acids and oils [87]. The conventional biodiesel production process in presence of 

alkali and acid catalysts using the virgin oil and waste cooking oil are simulated by 

calculation tools such as HYSYS simulation by many researchers. Zhang et al. [88] 

investigated 8,000 tonnes/year of biodiesel process design and technological 

assessment of four different biodiesel production involving alkali-catalyzed process 

using fresh soybean oil, alkali-catalyzed process using waste cooking oil (oleic acid) in 

oil), acid-catalyzed process using waste cooking oil, and acid-catalyzed process using 

waste cooking oil with hexane extraction. The results showed the alkali-catalyzed 

process using fresh oil was the simplest process, because of low unit operations and it 

was also recommended on a commercial scale. West et al. [89] proposed 

heterogeneous-catalyzed biodiesel production process using waste cooking oil over 

SnO with 8000 tonnes/year of biodiesel capacities. They reported biodiesel production 

using heterogeneous acid catalyzed process had the lowest total capital investment and 

highest rate of return compared to alkali-catalyzed process, homogeneous acid-

catalyzed process, and supercritical methanol process. However, using solid catalyst 

for both laboratory scale and industrial scale might be deactivated by leaching of 

methanol, which it offers homogeneous reaction, and agglomeration. Lee and co-

workers [90] studied economic analysis of biodiesel production processes using fresh 

canola oil (triolein) and waste canola oil (oleic acid) and supercritical methanol which 

the process flow diagram and operating conditions for alkali-catalyzed process and 

acid-catalyst processes were derived from Zhang et al. [88] and West et al. [89]. Alkali 

and acid catalytic biodiesel productions proposed by Lee et al. [90] were demonstrated 
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in the Figure 3.2 – 3.5. In this work, the properties of triolein as triglyceride model in 

the Hysys simulation is not accuracy. Thus, the data of means boiling point of triolein 

was obtained from experiment using thermogravimetric analysis (TGA). Non-random 

two liquid as thermodynamic model was chosen to predict any necessary missing 

parameters such as binary interaction between components for calculation. 

Furthermore, Peng-Robinson equation of state was applied when the operating pressure 

is more than 10 bars. The economic result showed alkali-catalyzed process using 

vegetable oil had the lowest total capital investment (by 11.1 million dollars for a 

40,000 tons/year) and total energy consumption (2349 kW) comparing with waste 

cooking oil process and supercritical methanol process in the same of biodiesel 

capacity. In additional, biodiesel production using waste cooking oil had the highest 

energy consumption because of spending for two methanol distillations column as 

methanol recovery particularly a methanol distillation column in Figure 3.3.   

 

 

 

Figure 3.2 Alkali-catalyzed biodiesel process from fresh oils, Lee et al [90]. 
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Figure 3.3 Pretreatment acid-catalyzed biodiesel process from waste cooking oils, Lee 

et al [90]. 

 

 

 

Figure 3.4 After pretreatment of alkali biodiesel process from waste cooking oils 

proposed by Lee et al [90]. 
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In summary, the simple diagram for conventional biodiesel production with 

high free fatty acid contents in feedstocks is shown in Figure 3.5. 

 

 

Figure 3.5 Two step of conventional biodiesel production with high free fatty acid 

contents in feedstock: (A) reactor, (B) product separation and methanol recovery unit, 

(C) water washing unit, (D) separation unit and (E) biodiesel drying unit [91]. 

 

3.2 Hydrogen production process using glycerol 

Glycerol is an alternative biomass for hydrogen production. Glycerol is a key 

by-product of biodiesel production via transesterification of fats and oils which 

obtained from a various plants, animals and waste cooking oils. Glycerol can be 

converted to hydrogen via a difference processes as Glycerol stream reforming (GSM), 

Glycerol reforming via supercritical water (GSW), Partial oxidation of glycerol (POG), 

Autothermal glycerol reforming (GATR), Aqueous-phase glycerol reforming (AGPR) 

and Glycerol dry reforming (GDR) [14, 16, 19, 20, 92, 93]. Glycerol reforming 

processes have been intensively studied by many researcher by many fields such as the 

performance of catalysts [94-104], kinetic and thermodynamic analyses [5, 94, 104, 

105], multifunctional reactor [106], and process simulations which the example of 

proposed processes are given in Figure 3.6 [107] and 3.7 [108]. Various hydrogen 

production via glycerol reforming as reported in the literature are summarized in Table 

3.7. 

Glycerol steam reforming process have been more attractive by many 

researchers because this process is similar to the conventional steam reforming process 
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comparing with others glycerol reforming process. The amounts of hydrogen are 

depended on the temperature of reformer because both glycerol decomposition and 

reverse water-gas shift reaction are naturally endothermic reaction providing a high 

temperature. The main products are commonly hydrogen, carbon monoxide and carbon 

dioxide. Although, hydrogen can obtain at low temperature via water-gas shift reaction, 

the undesirable products such as methane was occurred from methanation due to this 

reaction favors at low temperature. The catalysts are also necessary for GRM process 

because the high temperature does not suitable condition in term of economy and 

hydrogen selectivity [14].  
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Wang et al. [104] investigated thermodynamic of glycerol steam reforming and 

kinetics analysis of Ni-Mg-Al catalysts at different ratios of Ni, Mg and Al 

compositions in a fixed bed reactor under atmospheric pressure and temperature range 

of 723-923 K. They reported the influence temperature against glycerol conversion and 

products as given in Figure 3.8. In additional, the optimal steam to carbon ratio (S/C) 

is 3 to 4.5 and the hydrogen yield as shown in Figure 3.9.  

Figure 3.8 Influence of temperature against glycerol conversion (a) and products (b) 

[104]. 

 

 

Figure 3.9 Influence of S/C against products distribution in GRM [104]. 

 

Effect of water concentration against reaction may be neglected since the value 

of steam to carbon ratio is 3 while the stoichiometric ratio of GRM is only 1. Thus, the 
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pseudo-first order with respect to glycerol can be applied to express as the rate equation.  

Furthermore the pseudo-first order kinetic model for rate expression was applied 

because it is widely permitted to compare data from different sources on the catalyst 

activities in complex steam reforming reaction such as methanol or ethanol steam 

reforming. 

 

Pseudo-first order kinetic model 

            3 8 3 2 2 2C H O +3H O 3CO  +7H                           (3.9) 

 
2

'

H 3 8 3r = k C H O                (3.10) 

 

The values of the apparent reaction rate for pseudo first order kinetic model of 

three Ni-Mg-Al catalysts are given in Table 3.8  

 

Table 3.8 Kinetic parameters for GRM using three Ni-Mg-Al catalysts at 673-873 K. 

Catalyst 

xaNi-ybMg-zcAl 

Apparent pre-exponential 

factor 

-1 -1molmin g cat.    

Apparent Activation 

Energy 

 kJ/mol  

0.451Ni-0.241Mg-

0.308Al 

5.7 x 105 131.6 

0.344Ni-0.185Mg-

0.471Al 

2.18 x 102 74.6 

0.241Ni-0.261Mg-

0.498Al 

4.12 37.8 

xa, yb, zc = mass fraction of  NiO, MgO, and Al2O3, respectively 

  

Hajjaji et al. [5] investigated the optimal conditions of GRM that maximizing 

the hydrogen production with the minimizing the methane and carbon monoxide 

contents and coke formation. The best operating condition for GRM process can be 

achieved using the water to glycerol feed ratio (WGFR) equal to 9 or the ratio of steam 

to carbon feed equal to 3, at reformer temperature of 950 K and atmospheric pressure. 
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Hydrogen production as a function of WGFR and reformer temperature is given in 

Figure 3.10.  

 

 

Figure 3.10 Hydrogen production as a function of the WGFR and reformer temperature 

at 1 atm [5]. 

 

Hajjaji et al. [5] demonstrated the conventional hydrogen production system for 

fuel cell applications and detailed flowchart of the SGR process are shown in Figure 

3.11 and 3.12, respectively. 

 

Figure 3.11 Conventional hydrogen production system for fuel cell applications [5]. 
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Figure 3.12 Detailed flowchart of the SGR process Label numbers 1-6: Water-Glycerol 

7-16: Synthesis gas 17: Air COPROX 18-19: Air Combustion 22: Off-Gas [5]. 

 

Adhikari et al. [6] studied the kinetics and reactor modeling using COMSOL 

software of hydrogen production from GSR over Ni/CeO2 catalysts at 879-1373 K of 

temperature range. They reported the kinetic parameters for GSM over Ni/CeO2 

catalyst were 103.4 kJ/mol of apparent activation energy, 8135.5 of rate constant, and 

0.233 of reaction order that the kinetic model based on a pseudo-nth order model as: 

 

Pseudo-nth order kinetic model 

3 8 3 2 2 2C H O +3H O 3CO  +7H               (3.11) 

 
2

n

H 3 8 3r = k C H O                 (3.12) 

 

 In several publications for hydrogen production, sorption enhanced in steam 

reforming process have been investigated by many researchers. CaO-based sorbent has 

been shown the efficiency for hydrogen production because this sorbent can shift the 

equilibrium forward by entraps carbon dioxide generating during water-gas shift 

reaction and decrease methane production as undesirable by-product via methanation. 

Fermoso et al. [109] studied the hydrogen purity in GSM in a fixed bed reactor using a 

mixture of Ni/Co catalyst derived from hydrotalcite-like material (HT) and dolomite 

(CaMg(CO3)2) as Ca precursor of CO2 sorbent. High purity (99.7 vol.%) and high yield 

(88%) of H2 can be achieved in one-stage sorption enhanced steam reforming (SESR) 
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process at atmospheric pressure and at 823-873 K using steam to carbon ratio of 3. In 

additional, the lowest amounts of methane is 848 K. 

Glycerol reforming process as well as other reforming process which has a 

challenges in order to achieve for the commercial scale. The steam reforming process 

offers the higher efficiency and product quality such as higher hydrogen yield, lower 

side reaction rate [17]. However, the main challenges of GSR this process can be 

written as: (1) many researchers have reported hydrogen limitation which cannot 

provide hydrogen yield at its upper stoichiometric coefficient; (2) the glycerol 

reforming is thermodynamically-limited reaction, thus operating conditions affect to 

glycerol conversion. The catalyst may be required to operate at the lower temperature; 

(3) the main side reactions of glycerol reforming affect to hydrogen purity and 

production leading to formation of methane from reaction of carbon monoxide, carbon 

dioxide and glycerol hydrogenolysis; (4) the catalyst is deactivated by coke during 

reaction resulting to both product and hydrogen purity in long operation. Thus, the coke 

formation might be concerned for glycerol steam reforming as well as the other steam 

reforming reaction; (5) releasing of by-products such as carbon dioxide is concerned in 

the environmental issue; (6) energy is extremely required in glycerol steam reforming 

because of its naturally endothermic reaction. Thus, the total cost may be increased at 

high operating conditions [14]. The proposed combination process can provide extra 

energy for GSM process using the combustion of syngas from hydrotreating process.  

 

3.3 Hydrotreating of vegetable oil  

Renewable fuels via catalytic hydrodeoxygenation are usually classified in to 

three generation by Choudhary and Phillips [21]: (1) the conventional processes (e.g. 

alkali catalyzed-transesterification production) using edible feedstocks (e.g. vegetable 

oil): (2) the advance processes (e.g. gasification, hydroprocessing, and pyrolysis) using 

non-edible feedstocks (e.g. waste greases, lignocelluloses, refuse) and (3) the 

harvesting and advanced processes of ultra-high yield biomass (e.g., algae). The simple 

flowchart of renewable fuels production from biomass is given Figure 3.13. Both green 

diesel and green gasoline can be derived from hydrodeoxygenation (HDO) process. The 

large amounts of triglyceride-based feedstock such as unsaturated vegetable oils (C=C) 

and their free fatty acids feedstock such as waste cooking oils are available from 
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agriculture and food industry. Moreover, a few researchers patented hydroprocessing 

of vegetable oils that mainly produce alkane with complete conversion [[22],114].  

There was no simulation result of hydrotreating process due to the complication of 

reaction pathway. 

 

 

Figure 3.13 Hydrodeoxygenation of the basic building blocks of biomass to renewable 

hydrocarbon fuels [21]. 

 

The conventional hydrotreating catalyst as NiMo/Al2O3 have been studied in 

hydrotreating of vegetable oil and their free fatty acids. Srifa and co-workers [22] used 

NiMoS2 /ɤ-Al2O3 catalyst for catalytic hydrotreating of palm oil. It was found that 

90.0% of product yield with n-alkane selectivity more than 95.5% were achieved. 

Moreover, the result showed the five reaction pathways as hydrodeoxygenation, 

decarbonylation, decarboxylation, cracking, and isomerization were extensively 

influenced by reaction temperature. Huber et al. [110] investigated the production of 

liquid alkanes via hydrotreating process using vegetable oils and vegetable oil–heavy 

vacuum oil (HVO) mixtures over sulfided NiMo/Al2O3 as conventional hydrotreating 

catalysts. It was found that the reaction pathway favors to decarbonylation and 

decarboxylation with increasing of reaction temperature. Furthermore, the vegetable oil 
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blending with heavy vacuum oil exhibited increases straight chain alkanes yield which 

the 0.05 of sunflower oil to HVO feed weight ratio offered the maximum theoretical 

straight chain yield of C15 –C18 (87%) than that of pure sunflower oil (75%). Kubicka 

and Kaluza [111] carried out the hydrodeoxygenation of rapeseed oil over a different 

catalysts including of Ni, Mo, and NiMo sulfided catalysts in a fixed-bed reactor. They 

proposed the mechanism of triglyceride in hydrodeoxygenation that the reaction 

pathways is given in Figure 3.14; (1) the vegetable oil as unsaturated hydrocarbon 

chains are hydrogenated to saturated oil via hydrogenation reaction; (2) saturated oil 

can be converted to even carbon atom number of n-alkanes via hydrodeoxygenation;(3) 

fatty alcohol from hydrogenation is convert to even carbon atom number of n-alkanes; 

(4) odd carbon atom number of n-alkanes is obtained from hydrodecarboxylation.  

 

Figure 3.14 Reaction pathways involved in the conversion of triglycerides into 

hydrocarbons as proposed by Kubicka and Kaluza [111]. 

 

The activity of catalyst in this experiment is in the sequent as NiMo/Al2O3 > 

Mo/Al2O3 > Ni/Al2O3. Moreover, Ni/Al2O3 is unfavorable to deoxygenation pathway 

as compared with Mo and NiMo catalysts. In contrast, Mo/Al2O3 showed the high 

selectivity in hydrogenation (hydrodeoxygenation) pathway. Furthermore, the 

synergetic NiMo/Al2O3 catalysts is favorable to both hydrogenation and 

decarboxylation products. Simacek and co-workers [112] synthesized a three different 

Ni and Mo wt.% supported on alumina catalyst in rapeseed oil hydroprocessing. The 

result showed C17 –C18 of n-alkanes and i-alkanes are main components of organic 
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liquid products (OLP). They reported that free fatty acids and triglycerides were 

contaminated in OLP. At the high temperature around 583 K, hydrocarbons was content 

in OLP as well as hydrocarbons in diesel fuel. In summary, NiMo/Al2O3 sulfided 

catalyst showed synergetic effect that high hydrocarbons selectivity (at iso-conversion 

levels). Hydrogenation (Hydrodeoxygenation) and decarboxylation products occur 

simultaneously over NiMo/Al2O3. Ni/Al2O3 sulfided catalyst was favored for products 

from the decarboxylation pathway while Mo/Al2O3 is selective in hydrogenation 

(hydrodeoxygenation) pathway.  The minor concentration of decarboxylation product 

was also found [25,116]. 

Although Ni exhibited poor selectivity in deoxygenation, a few researchers 

attempted to improve Ni-based catalyst for several methods. The conventional 

hydrodesulfurization (HDS) catalysts, including sulfided Co–Mo [113], and Ni–Mo 

supported on alumina for the HDO reaction, are not suitable for low sulfur content 

feedstock such as bio-crude-oil or biodiesel because the sulfide catalyst is reduced to 

metal state and then the coke formation is taking place causing the deactivation of 

catalyst. For this reason, it is necessary to add sulfur donor compounds into feedstocks 

in order to prevent desulfurization of the catalyst. Thus, the used of non-sulfide catalysts 

can neglected the addition of sulfur in feedstock. Yakovlev and co-workers [114] 

demonstrated that Ni-Cu catalyst was interested for HDO process at mild condition. Cu 

was found to be easy reduction at lower temperatures (<573 K) and also prevent 

methanation of oxy-organics around 553–623 K. In additional, the activation of oxy-

compounds on the support surface CeO2 and ZrO2 are possible to increase the catalytic 

activity. Furthermore, FAMEs are deoxygenated at C–O bonds via hydrogenolysis over 

Ni/CeO2 while decarboxylation occurs in presence of Ni–Cu/ZrO2.catalyst  

The reaction mechanism of HDO do not clearly understand due to the various 

products are obtained from various reactions depended on the favorable pathways of 

catalysts.  The kinetic studies have been reported by a few researcher. Boda et al. [115] 

proposed the mechanism of HDO using carboxylic acid over supported oxide as Ni-

Mo/ɤ-Al2O3 as demonstrated below:  
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Step 1: Octanal production 

            

(3.13) 

 

Step 2: Octanal consumption 

            

(3.14) 

 

Step 3: Alkane formation: 

             

(3.15) 

 

Langmuir–Hinshelwood–Hougen–Watson (LHHW) kinetic model is applied to rate of 

Ni-Mo/ɤ-Al2O3 oxide that alkane formation (step 3) is assumed to be a rate limiting 

step. Thus, the overall rate of reaction can be expressed as follow: 

 

 
2 2

2 2

H H CA CA

Alkane 2

H H CA CA

kK p K p
r = 

1+K p +K p
              (3.16) 

where:   k  = Rate constant 

  
2HK = Equilibrium adsorption coefficients of H2 

  CAK = Equilibrium adsorption coefficients of carboxylic acid 

2Hp = Hydrogen pressures 

2Hp = Carboxylic acid pressures 
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Kumar and co-workers [116] studied the kinetics of hydrodeoxygenation of stearic acid 

over nickel metal on different support, at initial hydrogen pressure of 7.9 atm with 

various reaction temperatures of 533, 543, 553, and 563 K, respectively. The products 

of HDO of stearic acid include n-pentadecane (PEND), n-hexadecane (HEXD), n-

heptadecane (HEPD), n-octadecane (OCTD), and l-octadecanol (OCTDL). 

Furthermore, the used of nickel supported ɤ-Al2O3 catalyst (NiAl) was studied in HDO 

of stearic acid because it provided the higher n-heptadecane (HEPD) selectivity than 

other supports and 15NiAl (15wt.% of nickel loading) and 0.5 (wt./vol.)% catalyst 

loading were the optimal condition for HDO of SA.  The possible mechanism is 

proposed in Figure 3.15. 
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Figure 3.15 Possible pathways for hydrodeoxygenation of stearic acid in presence of 

supported nickel catalyst proposed by Kumar and co-workers [116]. 

 

Kinetic parameters were included internal diffusion of catalyst. Moreover, the kinetic 

model in Figure 3.15 which can formulate to the pseudo first order kinetic model using 

the excess hydrogen in the experiment. Hence, the differential equations were expressed 

as;  

 

Rate of stearic acid consumption: 
SA

1 SA

dC
= -k C

dt
                      (3.17) 

HEPD production rate: 
HEPD

2 OCTDL

dC
= k C

dt
                               (3.18) 
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OCTD production rate: 
OCTD

3 OCTDL

dC
= k C

dt
                       (3.19) 

PEND production rate: 
PEND

4 OCTDL

dC
= k C

dt
                       (3.20) 

HEXD production rate: 
HEXD

5 OCTDL

dC
= k C

dt
                       (3.21) 

OCTDL production rate:  OCTDL
1 SA 2 3 4 5 OCTDL

dC
= k C - k +k +k +k C

dt
  (3.22) 

 

Values of the apparent reaction rate for hydrodeoxygenation of stearic acid over 

15NiAl catalyst are given in Table 3.7 

   

Table 3.9 Kinetic parameters for hydrodeoxygenation of stearic acid over 15NiAl 

catalyst 

Rate 

constant 

Apparent  

Pre-exponential Factor 

-1s    

Apparent  

Activation Energy 

 kJ/mol  

k1 5.57×1012 175.4 

k2 1.34×1021 250.0 

k3 4.77×1013 190.9 

k4 5.08×1032 387.7 

k5 1.08×1032 377.2 
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CHAPTER IV PROCESSS SIMULATION 

 

All processes in this work were simulated using Aspen Plus simulation. The 

suitable thermodynamic models have been applied for biodiesel, glycerol reforming, 

and green diesel production as follows: Non-Random Two Liquid model (NRTL), 

Soave–Redlich–Kwong (SRK), and Peng-Robinson equation of state (PENG-ROB). 

Furthermore, UNIFAC was used for predicting some binary interaction parameters 

which were not available in the simulation databank and the pressure drop in process 

for all equipment are neglected. 

 

4.1 Biodiesel production process 

  

4.1.1 Process and operating condition selection for biodiesel production 

process 

 Biodiesel production using fresh oil mainly have four processes including the 

conventional homogeneous catalytic process, heterogeneous catalytic process, 

enzymatic catalytic process and supercritical methanol process which reported by many 

researchers. For heterogeneous catalytic process, this process have some issues which 

not practical for industrial scale application. First, the natural of immiscible solution 

between vegetable oils and alcohols results in mass transfer limitation especially using 

solid catalyst, the mass transfer will extremely increasing due to the three phase of oil-

alcohol-catalyst mixture. Second, although solid catalyst can be reusable, the activity 

of repeated catalyst will decrease along the reaction cycle. Third, the cost of 

heterogeneous catalyst is higher than homogeneous catalyst because mostly, they are 

synthesized from inorganic metals and their oxide. Fourth, heterogeneous catalyst is 

slower activity than that of homogeneous catalyst that may be required severe operating 

condition and high methanol to oil ratio and amounts of catalyst loading.  

For enzymatic process, the enzymatic transesterification are several 

disadvantages in industrial scale such as high enzyme cost and low activity compared 

with conventional catalyst, easy enzyme deactivation. Furthermore, lipase activity is 
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decreased in long term because methanol toxicity, water deactivation and glycerol as 

inhibitor [91].   

Although, biodiesel production via supercritical methanol process (SCM) can 

overcome disadvantage of previous biodiesel production processes, the high operating 

conditions is the main consideration [90]. The high temperature and pressure require 

suitable materials for reactor construction in order to offer safety in SCM plant.  

In contrast, the conventional alkali catalytic biodiesel production process offers 

high yield in short resident time, low operating condition, effective catalyst cost, no 

mass transfer limitation between catalyst and reactant, using simple equipment and 

process. Thus, the conventional process was selected as process modelling in biodiesel 

section 

 

4.1.2 Modelling validation of biodiesel production process 

Kinetic parameters for transesterification of soybean oil and methanol using 

NaOH as a homogeneous catalyst are obtained from experimental data of Noureddini 

and Zhu work [81]. Figure 4.1 clearly indicates that oil conversion almost not changes 

after the methanol to oil molar ratio is 6 and the best conversion may obtain at 333 K 

(see Figure 4.2). Thus, the optimal condition of transesterification reaction is 6 of the 

methanol to oil molar ratio, 333 K of reaction temperature and 1 hr. of resident time. 

Methyl ester yield from simulation and experiment at the optimal operating condition 

are 92.5 and 88.0, respectively which is about 5.1% error.  
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Figure 4.1 Influence of methanol to oil molar ratio (1-10) and reaction temperature 

(308-333 K) against oil conversion at 1 hr. of residence time.   

 

 
 

Figure 4.2 Influence of reaction temperature against methyl ester yield at 6 of methanol 

to oil molar ratio. 
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4.1.3 Process description of biodiesel production process 

 Figure. 4.3 shows the process flow diagram for conventional process of 

biodiesel production using soybean oil. This flow sheet and some of operating 

conditions of the conventional biodiesel production process are following Zhang et al. 

[88] and West et al. [89] work. Soybean oil is preheated before feeding to 

transesterification reactor (R-TRAN). Sodium methoxide-methanol solution is mixed 

with make-up methanol and methanol from recycle stream before preheating. All 

reactants is fed to adiabatically transesterification reactor which the reaction mixture 

occurred at atmospheric pressure. Transesterified product consisting of FAME, 

unreacted methanol, alkali catalyst and some intermediate such as diglyceride are sent 

to the first distillation column (DC-BD) in order to recycle methanol from overhead 

stream to the first mixer (MIX1). The bottom product of the first distillation column 

(DC-BD) after cooling is sent to extraction unit (BD-WASH) in order to separates 

FAME from other transesterified products using water as solvent. The isothermally 

neutralization reactor (R-NUET), where an alkali catalyst containing in glycerol-rich 

stream from extraction is neutralized by adding phosphoric acid (H3PO4) to produce 

sodium phosphate salt (Na3PO4. After sodium phosphate salt is sieved at filter 

(FILTER) from glycerol-rich stream, the second distillation column (DC-GLY) as 

glycerol purification unit separated other products in glycerol-rich stream in order to 

achieve the high purity of glycerol. FAME from water washing unit are purified under 

the third distillation column (DC-FAME) 
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4.2 Glycerol steam reforming process  

4.2.1 Process and operating condition selection for glycerol steam 

reforming 

 From Chapter 3 and Table 3.7, glycerol reforming have many method to convert 

glycerol to hydrogen. GSW is not practical for industrial scale, because high pressure 

system (>20 atm) comparing with pressure the conventional steam reforming (3-25 

atm). High cost of suitable materials is a weak points because equipment such as reactor 

construction, pipeline are also required mechanical strength to ensure safety in 

aggressive pressure. Although GATR can provide energy-itself. This process may 

require startup heat and control systems because it need to switch between lean burning 

and its regimes. H2 and O2 as product-residue stream may provide explosive mixture. 

Moreover, GATR is lower hydrogen yield than that of GSM. APGR can enhance 

hydrogen production using liquid water at mild temperature which favors water-gas 

shift reaction with very low CO concentration in product stream, but it need a high 

pressure for pressing water to liquid phase. Furthermore, it also gives the very low 

glycerol conversion and very high residence time comparing with other glycerol 

reforming process. GDR is the only one of glycerol reforming process which can utilize 

CO2 as greenhouse gas to synthesis gas. Nevertheless, the main disadvantage of GDR 

is the coke formation resulting in carbon deposited on catalyst surface. This coke blocks 

active site of catalyst which catalyst contributes to short life and subsequent 

deactivation. The large of coke deposition can be explained by CO2 reactant is 

converted to undesirable reaction as coke formation. In the other hand, GSM can handle 

the previously other problems: (1) coke formation can be solved by using high stream 

ratio; (2) glycerol can completely convert to synthesis gas with low pressure; (3) 

Although GSM can’t produce energy like GATR, heat integration technology also help 

to recover heat from product to preheat feed. Moreover, GSM is not provide the 

explosive mixture and higher hydrogen yield. In additional, it also is stable during 

transition operation which it is not required switch the system. (4) GSM does not suffer 

with special equipment to endure a high pressure as same as GSW. Thus, GSM was 

selected as suitable process for hydrogen production via glycerol reforming 
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Hajjaji et al. [5] reported the result of thermodynamic of glycerol steam 

reforming. The optimal condition of this work can be achieved at 9 of WGFR, 950 K 

of reformer temperature, and 1 atm which the amounts of methane and coke formation 

are very low. Nevertheless, the operating condition of conventional steam reforming of 

natural gas (methane steam reforming) in industry is operated with excessive steam at 

high temperature (>1100 K) and high pressure (>20 atm) using nickel catalyst. Thus, 

the possible products of glycerol steam reforming was analyzed in function of pressure 

and temperature. Products of glycerol steam reforming process, which comprise of H2, 

CO, CO2, CH4, H2O, and C, at equilibrium were analyzed via RGibbs reactor model of 

Aspen Plus simulation by minimization of Gibbs free energy which the Soave-Redlich-

Kwong (SRK) was selected as suitable cubic equation of state to predict vapor-liquid 

equilibrium behavior of all compounds, because this reaction is thermodynamically 

favored. Furthermore, the result can help to achieve the suitable condition ranges. 

 

Figure 4.4 Mole of hydrogen produces per mole of glycerol in function temperature 

and pressure of reformer at WGFR = 9. 
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Figure 4.5 Mole of methane produces per mole of glycerol in function temperature and 

pressure of reformer at WGFR = 9. 

 

Figure 4.6 Mole of coke produces per mole of glycerol in function temperature and 

pressure of reformer at WGFR = 9. 
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Figure 4.7 Mole of carbon monoxide produces per mole of glycerol in function 

temperature and pressure of reformer at WGFR = 9.  

 

Figure 4.8 Mole of carbon dioxide produces per mole of glycerol in function 

temperature and pressure of reformer at WGFR = 9.  
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Figure 4.4 shows hydrogen yield increased when the reformer temperature 

increases, whereas hydrogen yield was decreased when the reformer pressure increases. 

This behavior can be concluded as the Le Chatelier’s principle, because sum of mole 

product is more than the sum of mole reactant of glycerol steam reforming reaction. 

Figure 4.5 obviously describes hydrogen is consumed via methanation reaction at low 

temperature which three moles of hydrogen convert to methane. Nevertheless, methane 

is converted to hydrogen via methane steam reforming when the reformer temperature 

is high (>1150 K), Coke deposition (Figure 4.6) is not found at high temperature. Figure 

4.7 shows amounts of carbon monoxide increases with temperature. This result 

supports the hypothesis that glycerol is rapidly decomposed to carbon monoxide as one 

of synthesis gas due to decomposition reaction favors high temperature. However, 

when the temperature of reformer increases at constant pressure cause the amounts of 

carbon dioxide significantly increases and subsequently decreases (Figure 4.8). This 

can explain by two steps: (1) carbon dioxide is produced via water-gas shift reaction at 

low temperature zone and (2) After that, the reverse water-gas shift reaction occurs at 

high temperature zone which it disturbs the amounts of hydrogen in reformer. This 

result is in agreement with the rate of increasing of hydrogen yield in Figure 4.4 then it 

decreases when the carbon dioxide content is reduced, whereas carbon monoxide 

greatly is increased.  

Furthermore, the hydrogen yield slightly decreased between 1 to 30 atm when 

the temperature is greater than 1150 K. This result can completely prove that the 

glycerol steam reforming can use nickel catalyst and operate under the similar operating 

condition as same as the conventional steam reforming. Thus, the operating condition 

for this work was selected at 1150 K and 14.31 atm for section of glycerol steam 

reforming process.     

 

4.2.2 Modelling validation of hydrogen production via glycerol reforming 

  Glycerol steam reforming model is referred to validate with Hajjaji et al. work 

[5]. Figure 4.9 demonstrates the synthesis gas composition with dry basis for 

equilibrium reactor which the reformer operating condition are WGFR = 6, the reformer 

973 K, and the reformer pressure = 1 atm. This result shows that the product gas 

composition from reformer are good acceptation.           
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Figure 4.9 Synthesis gas composition with dry basis for equilibrium reactor (WGFR = 

6, T = 973 K, P = 1 atm) 

 

4.2.3 Process description of glycerol team reforming  

 In Figure 4.10, glycerol steam reforming section, the mixture of glycerol-water 

is preheated to the operating condition of reformer (REFORMER). Product gases are 

also cooled to the operating condition of high and low water-gas shift reactor (HWGS 

and LWGS). Off-gas, mainly consists of H2, CO2 and CO from the first phase separation 

unit (SEP1), flows to PSA, where the mean concentration of carbon dioxide can be less 

than 10 ppm. PSA is the most mature application for CO removal from the product gas 

mixture. Moreover, PSA is able to remove other product gases to achieve high purity 

of H2 in the stream outlet from PSA. 
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4.3 Hydrotreating of vegetable oil process 

 

4.3.1 Process and operating condition selection for hydrotreating of free 

fatty acid 

 Kumar and co-workers [116] proposed the mechanism for hydrotreating of 

stearic acid using nickel metal with support and the value of kinetic parameters are 

given in Table 3.7 in the previous chapter. This kinetic model can be manipulated to 

pseudo first order with SA. Thus, hydrogen to SA feed molar ratio in this simulation 

must be operated over 1.00. SA conversion (%) from simulation (Figure 4.11) provides 

a good agreement of conversion as report from experimental data (Figure 4.12). at 533 

to 563 K. Moreover, SA is almost achieved to 100% conversion at 563 K with low feed 

ratio. In additional, Figure 4.13 shows that low hydrogen to SA molar ratio offers high 

liquid hydrocarbon in range of C15 to C18. This result can be explained that hydrogen 

is consumed to produce methane via methanation as unfavorable reaction at high 

amounts of hydrogen feed to reactor.  

The hydrogen requirement following the stoichiometric coefficients of the 

intermediate reaction is two moles of hydrogen and one mole of SA converting to 

OCTDL and followed by OCTDL converting to the various products via multiple 

reactions which hydrogen is used. However, the simulation result shows that almost 

100%of both SA and OCTDL were also converted to green diesel products even though 

hydrogen consumption is nearly two moles. This result can be obliviously described 

that the HEPD as primary product occurring in secondary reaction offers hydrogen via 

dehydrogenation. Therefore, the optimal operating condition can concluded as 563 K 

of reaction temperature, 14.31 atm of pressure and 1.5 of hydrogen to SA feed molar 

ratio.      
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Figure 4.11 Effect of reaction temperature (533-563 K) and feed ratio (1.5-10) to SA 

conversion (%) at 14.31 atm of reactor pressure and 6 hr of residence time.      

 

Figure 4.12 Effects of temperature on conversion of stearic acid using feed ratio = 1 is 

reprinted from Kumar et al. works [116].   
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Figure 4.13 Effect of reaction temperature (533-563 K) and feed ratio (1.5-10) to liquid 

product selectivity (%) [C15-C18] at 14.31 atm.      
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4.3.2 Modelling validation of hydrotreating of free fatty acid  

The comparison on product selectivity between simulation and experiment is 

shown in Figure 4.14 which the condition are validated at 95% conversion of stearic 

acid, 563 K of reaction temperature, and 14.31 atm.      

 

Figure 4.14 Product selectivity of hydrotreating of stearic acid using nickel supported 

catalyst at 95% conversion of stearic acid, 563 K of reaction temperature, and 14.31 

atm.      

  

4.3.3 Process description of hydrotreating of vegetable oil 

 Figure 4.15 illustrates the hydrotreating of stearic acid process. Stearic acid and 

a high purity of H2 acid were adjusted pressure and temperature to 14.31 atm and 563 

K. The multiple reactions such as hydrodeoxygenation and decarbonylation reaction 

can be occurred simultaneously over catalyst bed in hydrotreating reactor (R-HDO1-R-

HD2). In additional, R-HDO1 is represented the reaction zone of steric acid converting 

to various products with different reaction pathways and R-HDO2 is represented the 

reaction zone of methanation. The main hydrocarbon products of HDO of steric acid 

consists of n-pentadecane, n-hexadecane, n-heptadecane, n-octadecane, and l-

octadecanol. Gaseous portion of the stream (FLUE-GAS) comprises a residue of 

hydrogen, carbon monoxide, methane, ethane and propane are removed from a stream 
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by the second phase separator (SEP2). Crude green diesel mainly consisting of liquid 

hydrocarbon can be obtained in the second phase separator. These liquid mixtures are 

prepared for the other processes such as isomerization which it is not a main 

consideration in this work. 
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CHAPTER V PROCESSS IMPROVEMENT 

 

In this chapter proposed the combination process as a base case and 

improvement process.  

 

5.1 Base case condition of combined process 

5.1.1 Biodiesel production section  

 Base case process design including of homogeneous alkali-catalyzed biodiesel 

production process, hydrogen production via glycerol steam reforming, and 

hydrotreating of stearic acid, were simulated. Soybean oil, and steric acid, were used 

for fresh vegetable oil feedstock and free fatty acid for biodiesel and hydrotreating, 

respectively. 10,000 kg/hr of soybean oil were basis of feedstock for biodiesel 

production. In additional, the amounts of hydrogen is related directly to soybean oil via 

glycerol as a by-product.  Process flow diagram of the base case with the detailed stream 

is presented in Figure 5.1  

 

5.1.1.1 Biodiesel production using mechanically stirred tank reactor 

        For biodiesel production section, 10,000 kg/hr of soybean oil was preheated to 

333 K before feeding to transesterification reactor (R-TRAN). Sodium methoxide-

methanol solution was mixed with two stream of methanol (make-up methanol and 

recycle stream methanol) to obtain methanol to oil malar ratio of 6:1. This solution 

mixture was preheated to 333 K before feeding to transesterification reactor. All 

reactants was fed to adiabatic transesterification reactor at atmospheric pressure for 1 

hr of residence time. Mechanically stirred tank reactor (CSTR) was assigned as a 

suitable reactor for transesterification of oil and methanol. The simulation result shows 

that the biodiesel yield was achieved 92.5 %wt. based on kinetic model as reported by 

Noureddini and Zhu [81].       
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5.1.1.2 Methanol recovery 

 Methanol residue was separated from transesterified product using first 

distillation column (DC-BD) where recycling methanol from overhead stream 07 

(Figure 5.1). First distillation column (DC-BD) was operated 1 atm of pressure and fed 

above 4th stage with 7 theoretical stages, 2 mass reflux ratio, and 1130 kg/hr of distillate 

rate which 99.99 %wt. of methanol was achieved. The recovered methanol in stream 

08 was recycled and mixed with the fresh methanol and catalyst in the first mixer 

(MIX1) as seen in Figure 5.1.   

 

5.1.1.3 Water washing step 

 Extraction column (BD-WASH) was used to separate FAME from unreacted 

methanol, alkali catalyst and some intermediate such as diglyceride using water as 

solvent. Transesterified product in stream 09 was pumped and cooled to 333 K before 

sent to biodiesel washing column. Then, it was fed at 6th stage where is countercurrent 

with water from 1st stage under pressure of 0.987 atm in a FAME washing column with 

a total of 6 theoretical stages. The FAME rich product was withdrawn via stream 12. 

All glycerol, unreacted oil, methanol, water, and alkali catalyst were remained in the 

bottom stream 15. 

  

5.1.1.4 FAME purification  

 According to ASTM specification, FAME must be purified to achieve 

>99.6 %wt. following this standard. The rich-FAME product in stream 12 from 

extraction column was sent to the third distillation column (DC-FAME) in order to 

obtain the high purity of FAME. A partial condenser was applied to separate methanol 

and water from FAME at the overhead of column where methanol and water were 

removed as vent gases. This column was operated under pressure of 0.0987 atm and 

fed above 4th stage with 7 theoretical stages, 2 mass reflux ratio, and 800 kg/hr of 

bottom rate. The purity of biodiesel was achieved to 99.89 %wt. in the liquid stream 

FAME (473 K). The bottom stream 14 mainly consisting of unrecovered oil was 

remove from process as a waste.   
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5.1.1.5 Catalyst neutralization 

 Isothermally neutralization reactor (R-NUET), an alkali catalyst containing in 

glycerol-rich stream (15) from extraction was neutralized by adding phosphoric acid 

(H3PO4) to precipitate sodium phosphate salt (Na3PO4), was operated at 1 atm and 323 

K. Then, all sodium phosphate salt was separated via gravity separator (FILTER) to 

obtain glycerol purity of 85 %wt. 

  

5.1.1.6 Glycerol purification 

 Typically, glycerol was widely used in the industrial such as cosmetics, food 

and pharmaceutical applications with 99% or higher purity. The crude glycerol stream 

(C-GLY) obtaining from previous separation was forwarded to the second distillation 

(DC-GLY) in order to achieve the high purity of glycerol. The second distillation 

column were operated under pressure of 0.395 atm and fed above 3rd stage with 6 

theoretical stages, 2 mass reflux ratio, and 943 kg/hr of bottom rate. Methanol and water 

were left via distillate stream (RESIDUE). In this work, the purity of glycerol were 

achieved to 99.91 %wt. 

  

 5.1.2 Hydrogen production via glycerol steam reforming 

  

5.1.2.1 Synthesis gas production 

 High purity of glycerol in GLY stream from biodiesel production section was 

mixed with water in STEAM stream to obtain 9 of WGSR. Then, glycerol-water 

mixture was pump to preheat to desire temperature before feeding to reformer.  

Glycerol-water mixture was converted to product under 1150 K and 14.31 atm at 

equilibrium reformer. The hydrogen yield was achieved via methanol reforming. In this 

work, coke deposition and methanation reactions can be neglected for any operating 

condition, because they do not take place in the reforming reactor (Figure 4.6). Glycerol 

conversion was always 100 % at equilibrium condition. Glycerol was converted to 

product gas consisting of H2, CO, CO2, and moisture.        
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5.1.2.2 CO conversion  

 Stream production gas leaving reforming reactor (stream 20) was cooled and 

forward to CO conversion unit. After cooling, CO was converted in this section via a 

two isothermal water-gas shift reactions in the series of equilibrium reactor. CO was 

firstly converted in the high water-gas shift reactor (HWGS) at 623 K and the low 

water-gas shift reaction in the second reactor was operated at 473 K. It was found that 

syngas (stream 24) contained very low CO content after CO conversion section. 

  

5.1.2.3 Hydrogen purification 

 Pressure swing adsorption (PSA) is selected as hydrogen purification unit at the 

last process in the large-scale commercial hydrogen production. PSA is the most mature 

application for CO removal from the product gas mixture. “The advantages of PSA are 

described as: (1) The mean concentration of carbon dioxide can be less than 10 ppm; 

(2) PSA is able to remove other product gases (CH4, CO, N2, Ar2, and moisture) to 

achieve a high purity of H2 in the stream outlet from PSA; (3) small amounts of H2 is 

lost during the bed regeneration step because it operated at the low temperature which 

provides a small adsorbent bed volume (low gas volume); (4) the high partial pressure 

promotes adsorption of sorbents against impurities [111]. In this simulation, the 

component separator in Aspen plus was represented PSA as an ideal separator. The 

efficient separation of PSA was supposed to offer a 99.999% of hydrogen purity with 

80% of hydrogen recovery which are practical values for large-commercial scale [111]. 

Therefore, the off-gas consisting of H2, CO2, CO and water must be sent to the first 

phase separation unit (SEP1) in order to possibly remove moisture from product gas 

before entering PSA to minimize the adsorption capacity loss from water. Therefore, 

LWGS off-gas stream was cooled to 308 K and condense water was removed via the 

vapor-liquid separator (SEP1). High purity of hydrogen was prepared for the next 

hydrotreating of free fatty acid section (PURE-H2) and stored for the other applications 

(H2-STORE). Thus, green diesel production was in the consecutive process to utilize 

hydrogen via hydrotreating process. 
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5.1.3 Hydrotreating process 

At the optimal condition, the molar flow rate of stearic is depended on H2 

feedstock which one mole of SA may be converted to other hydrocarbon products with 

two moles of H2 and thus, SA flow rate is dependent parameter. 

 

 5.1.3.1 Green diesel production using multiple-bed reactor   

 Pressure and temperature of high purity of stearic acid in stream SA and 

hydrogen in stream PURE-H2 were firstly adjusted to 14.31 atm and 563 K, 

respectively before forwarding to hydrodeoxygenation reactor [116]. The 

hydrodeoxygenation reactor contains multiple-catalyst bed where the reactions mainly 

consisting of hydrodeoxygenation and decarbonylation, decarboxylation reaction can 

be simultaneously occurred over catalyst bed in this hydrotreating reactor. Based on the 

simulation, the reaction zones were altered in two zones where the SA was converted 

to products (R-HDO1) and CO was reacted with H2 via methanation at equilibrium 

reaction (R-HDO2). Crude green diesel comprising of three phase products were liquid 

hydrocarbons as PEND, HEXD, HEPD, OCTD, and OCTDL, gas hydrocarbons as 

residue of hydrogen, carbon monoxide, methane, ethane and propane, and water which 

HEPD is the primary product. 

  

5.1.3.2 Green diesel separation 

Two-phase separator (SEP2) was applied to separate gas products from the 

liquid products from multiple-bed reactor after cooling. The gaseous portion of the 

stream (FUEL-GAS) was removed from the vessel and the mixture of water and crude 

green diesel in stream 36 was also separated in the liquid-liquid separator (SEP3). These 

liquid mixtures of green diesel in stream CRUDE-GD is readily for the further 

processes such as isomerization which it is not a main consideration in this work. Table 

5.1 and 5.2 summarize the specification detailed such as equipment and operating 

condition and stream table using in the base case. 
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5.1.4 Product price analysis 

The resulting stream after F-H2 cannot show in stream table because, they were 

depended on a portion of H2 and SA as green diesel feedstocks which was used to 

produce green diesel. Thus, the function of H2 spitting to green diesel (H2GD) can be 

written as: 

 

Total amounts of hydrogen is fed to hydrotreating process (kg/hr)
H2GD=

Total amounts of hydrogen is produced from GSM after PSA (kg/hr)

 

Thus, Table 5.1 demonstrates the products involve combination process in 

function of H2GD.  

 

Table 5.3 Products involve combination process as H2GD function.  

H2GD  
Capacities (kg/hr) 

Hydrogen Green diesel Biodiesel 

0 115.24 0.00 9244.10 

0.1 103.71 903.64 9244.10 

0.2 92.19 1807.29 9244.10 

0.3 80.66 2710.93 9244.10 

0.4 69.14 3614.57 9244.10 

0.5 57.62 4518.22 9244.10 

0.6 46.09 5421.86 9244.10 

0.7 34.57 6325.51 9244.10 

0.8 23.05 7229.15 9244.10 

0.9 11.52 8132.79 9244.10 

1.0 0.00 9036.44 9244.10 

 

For product price analysis, the price of three alternative fuel can be 

particularized which they are changed by market world. Hydrogen price deriving from 

International Energy Agency is depended on producing technologies as “reforming 

costs 2.23-4.12 USD/kg (16-29 USD/GJ), electrolysis costs 2.84-5.68 USD/kg (20-40 
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USD/GJ), and the large scale natural gas reforming cost 0.71-1.14 USD/kg (5-8 

USD/GJ), which based on energy and investment costs. Moreover, the cost from 

transportation is added depending on distance as 2.13-2.84 USD/kg (15-20 USD/GJ) 

for 100 miles [117]. Thus, the hydrogen price for this work obtaining from average cost 

from reforming process is 3.20 USD/kg. For green diesel, the carbon range of the liquid 

products was achieved in C15 to C18 within C10-C28 of typical diesel range. Thus, 

this renewable diesel cost was estimated to petroleum based diesel. Both diesel and 

biodiesel (B100) prices were received from Alternative Fuels Data Center using 

national average price between 1 to 15 January 2015 that 0.94 USD/kg (3.06 

USD/gallon) and 1.21 USD/kg (4.02 USD/gallon), respectively [117]. Thus, the linear 

function of product cost can be written by:  

      

Hydrogen Green diesel BiodieselY = 3.20×X  +  0.94×X  +  1.21×X   

Hydrogenwhere: X = Totalhydrogen capacities, kg/hr   

      Green dieselX = Totalgreen diesel capacities, kg/hr  

      BiodieselX  =  Totalbiodiesel capacities, kg/hr  

      Y = Totalproduct incomes, USD/hr  

 In fact, three alternative fuel product distribution cannot be precised prediction 

due to depend on the world market demand. Thus, the total income was applied to 

obtain the suitable product distribution for maximum cost in this work. Table 5.3 and 

Figure 5.2 suggest that the total hydrogen production should be used for hydrotreating 

process to achieve the maximum total income. This result can be agreement because: 

(1) the process provides high of two renewable diesels capacity with low hydrogen 

consumption; (2) hydrogen fuel using for car becomes more expensive when it is 

replaced to existing infrastructure such as gasoline and diesel, because the additional 

cost from transportation to gas station;  (3) hydrogen offers high energy density (142 

MJ/kg) comparing with green diesel (44 MJ/kg) and biodiesel (38 MJ/kg), but it is 

highly inflammable; (4) liquid fuels can be transported through pipelines, coal can be 

carried on the trucks or belt, but hydrogen is hard to transport on the long distance 

which is suitable for industrial estate.   
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Figure 5.2 Total product income analysis of this combination process. 

 

In additional, the overall energy consumption including heating and cooling for 

base case condition was also depended on H2GD as shown in Figure 5.3. The overall 

energy consumption was increased when increasing of hydrogen feed for green diesel 

production because the reactions occurring in multiple bed which reactor required high 

temperature. Heat requirement was related to preheat the reactants before feeding to 

process and cooling the product before phase separation. Table 5.4 shows the overall 

energy consumption for base case condition of combination process using H2GD = 1. 

Figure 5.4 surprisingly illustrates that the total energy consumption was existing into 

the biodiesel production section. However, based on energy consumption per capacities 

(Figure 5.5) clearly indicates that the hydrogen production section is the highest energy 

consumption. 
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Figure 5.3 Energy analysis each of processes for base case condition of combined 

process against H2GD.  
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Table 5.4 Example of total energy requirement for the base case condition of 

combination process using H2GD = 1. 

Equipment Name 
Energy requirement (MW) 

Heat Cooling 

MIX MIX1 0 0 

 MIX2 0 0 

Splitter SPLT1 0 0 

Pump P1 0 0 

 P2 0 0 

 P3 0 0 

 P4 0 0 

 P5 0 0 

 P6 0 0 

Heater HX1 0.030 0 

 HX2 0.200 0 

 HX3 2.601 0 

 HX4 0.128 0 

 HX5 1.941 0 

Cooler C1 0 -0.711 

 C2 0 -0.981 

 C3 0 -0.242 

 C4 0 -1.015 

 C5 0 -2.021 

Valve V3 0 0 

Turbine TURB1 0 0 

Reactor R-TRAN 0 0 

 R-NUET 0 -0.067 

 REFORMER 0.612 0 

 HWGS 0 -0.127 

 LWGS 0 -0.015 

 R-HDO1 0.089 0 

 R-HDO2 0 -0.007 

Separator DC-BD 1.749 0 

 DC-FAME 3.908 0 

 DC-GLY 0.421 0 

 BD-WASH 0 0 

 Filter 0 0 

 SEP1 0 0 

 SEP2 0 0 

 PSA 0 0 

Total  11.68 -5.21 
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Figure 5.4 Energy analysis each of processes for base case condition of combined 

process using H2GD = 1. 

 
 

Figure 5.5 Energy consumption per capacities each of processes for base case condition 

of combined process using H2GD = 1. 
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5.2 Improvement strategies for combination process 

 5.2.1 Improvement strategy 1 

 To improve this combination process, the overall equipment in base case was 

analyzed based on the operating condition adjustment and the numbers of unit operation 

in order to achieve more efficiency process. 

 5.2.1.1 Biodiesel production improvement strategy 1  

 From base case condition (Figure 5.1), the mechanically stirred tank reactor is 

a suitable reactor to reduce mass transfer limitation between oil and alcohol as 

immiscible phase during reaction because no induction period was observed for all 

conditions (Figure 4.2). Although many researchers suggest that the decrease in mass 

transport limitation using several technologies such as ultrasonic irradiation and 

hydrodynamic cavitation, they suffer in industrial scale such as high energy 

consumption, equipment damage [118]. After transesterification reactor, recycle 

methanol from transesterified product is the main considered point due to it can reduce 

amount of methanol usage in this process. Distillation column (DC-BD) clearly uses to 

separate methanol from the other products, because of the low boiling point of methanol 

comparing to the other transesterified products (relative volatility >various product and 

glycerol might be decomposed at the high temperature during distillation process. 

Liquid-liquid extraction was used to separate polar as water methanol, and glycerol and 

non-polar as residue oil and FAMEs in the conventional biodiesel production. Water 

was used as a cheap solvent at low temperature extraction. FAMEs was separated from 

residue oil, water and methanol in the distillation column (DC-FAME) using partial 

condenser.  Crude glycerol stream (C-GLY) comprising of glycerol, water, and 

methanol after solid filtration is also aimed to improve the biodiesel production 

efficiency. Typically, water and alcohol must be removed to obtain 50-80% of crude 

glycerol whereas 99% or higher purity is used for feeding in pharmaceutical and 

cosmetic industries and hence, distillation unit for glycerol purification is used in the 

conventional process. In this work, crude glycerol stream may be directly used as 

reactant for glycerol steam reforming process. Thus, the distillation of purification 

glycerol (DC-GLY) was discarded from the biodiesel production process.  
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5.2.1.2 Glycerol steam reforming improvement strategy 1  

The mixture of glycerol, water and methanol from biodiesel production can be 

converted to hydrogen via glycerol and methanol stream reforming. In C-GLY stream, 

the molar ratio of glycerol-methanol is about 7.5, and then, the thermodynamic of two 

reforming reaction was recalculated as a function of steam to glycerol-methanol molar 

ratio (WGMR). The results of process improvement strategy 1 are shown in Figure 5.6-

5.11 as comparable to Figure 4.4 - 4.8; (1) the molar feed ratio found in Figure 5.6 is 

corresponding to Hajjaji works [5] as 9 of WGMR; (2) The optimal temperature found 

in Figure 5.7 is obtained with the same value found in Figure 4.4; (3) No methanation 

occurs in reaction zone after 1150K (Figure 5.8 and 4.5); (4) Coke deposition can be 

neglected through the three reactors as see in Figure 5.9 and 4.6; (5) Mole of carbon 

monoxide reaction (Figure 5.10 and 4.7) and carbon dioxide produce (Figure 5.11 and 

4.8) were in the similar trend during reaction via glycerol decomposition, water-gas 

shift, and methanol reforming reaction.   

 

Figure 5.6 Mole of hydrogen produces per mole of glycerol-methanol as a function 

WGMR and temperature of reformer under 0.98 atm. 



 114 

 

Figure 5.7 Mole of hydrogen produces per mole of glycerol-methanol as a function 

pressure and temperature of reformer for WGMR = 9. 

 

Figure 5.8 Mole of methane produces per mole of glycerol-methanol as a function 

temperature and pressure of reformer for WGMR = 9. 
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Figure 5.9 Mole of coke produces per mole of glycerol-methanol as a function 

temperature and pressure of reformer for WGMR = 9. 

 

Figure 5.10 Mole of carbon monoxide produces per mole of glycerol-methanol as a 

function temperature and pressure of reformer for WGMR = 9. 
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Figure 5.11 Mole of carbon dioxide produces per mole of glycerol-methanol as a 

function temperature and pressure of reformer for WGMR = 9.  

  

Nevertheless, the optimal operating condition for the three reactors of glycerol 

steam reforming are related from the two process explaining biodiesel production at the 

glycerol-methanol stream (C-GLY) and the hydrotreating process for hydrogen feed 

stream (H2).  From base case condition, the glycerol conversion reactor (REFORMER), 

high water-gas shift reactor (HWGS), and low water-gas shift reactor (LWGS) were 

operated under 14.31 atm. The hydrogen from LWGS off stream was purified from the 

other products via pressure swing adsorption unit (PSA). Mole of hydrogen at the 

optimal operating condition (P = 14.31 atm, T = 1150 K) was 5.43 as seen in Figure 

4.4. Therefore, the new optimal operating condition might be adjusted by changing of 

temperature or WGMR to provide the same mole hydrogen production under the 

pressure of 14.31 atm. Figure 5.12 clearly illustrates that the glycerol-methanol mixture 

cannot provide hydrogen producing as same as the base case condition for any operating 

temperature. WGMR was adjusted to 13.5 to maintain the mole of hydrogen from base 

case as shown in Figure 5.13. Consequently, the operating condition for glycerol steam 
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reforming section was adjusted to 13.5 of WGMR using 14.31 atm of pressure, and 

1150 K of reformer temperature. After adjust operating condition, hydrogen capacity 

increased because, methanol was converted to hydrogen via methanol steam reforming 

along with the energy consumption decreased due to the increase of steam ratio (Table 

5.5).   

 

 

Figure 5.12 Comparison of operating pressure to mole of hydrogen produces per mole 

of hydrogen source as a function temperature of reformer at 9 of steam to hydrogen 

source feed molar ratio. 
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Figure 5.13 Evaluation of operating pressure to mole of hydrogen produces per mole 

of hydrogen source as a function steam to hydrogen source feed molar ratio at 1150 K 

of reformer temperature. 
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Table 5.5 Comparison of base case and improvement strategy 1 processes. 

Parameters Original 
Improvement 

strategy 1 

Soybean feed rate (kg/hr) 10,000 10,000 

Hydrogen source feed 99.9 wt.% glycerol Glycerol-methanol 

Steam to feed molar ratio 9 13.5 

Hydrogen to SA feed molar ratio 1.5 1.5 

Reformer T (K) and P (atm) 1150, 14.31 1150, 14.31 

HWGS T (K) and P (atm) 623, 14.31 623, 14.31 

LWGS T (K) and P (atm) 473, 14.31 473, 14.31 

H2GD 1 1 

Soybean oil conversion (%) 96.16 96.16 

Feed conversion (%) 100 100 

SA conversion (%) 99.79 99.79 

Reactors 7 7 

Columns 3 2 

Pressure changers 6 6 

Preheating units 6 6 

Cooling units 6 6 

Separators 3 3 

FAMEs purity (wt.%) 99.80 99.80 

Hydrogen purity (wt.%) ~100 ~100 

Green diesel purity (wt.%) 99.28 99.28 

Biodiesel capacities (kg/hr) 9,244.10 9,244.10 

Hydrogen capacities (kg/hr) 115.24 125.55 

Green diesel capacities (kg/hr) 9034.56 9845.28 

Heating energy requirement (MW) 12.66 14.02 
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5.2.2 Improvement strategy 2 

 The overall byproduct summarizing in Table 5.6 can be used in the each section 

as the aimed of this improvement strategy 2. 

 5.2.2.1 Biodiesel production improvement strategy 2 

 Table 5.6 shows the outlet stream of biodiesel production from the improvement 

strategy 1 flow sheet which the three streams are comprised of: (1) the solid of trisodium 

phosphate (Na3PO4) derived from alkali neutralization via stream SOLIDS; (2) 

methanol, FAMEs residue and water withdrawn from the top of distillation column 

(DC-FAME) by partial condenser via stream 13; (3) the components of vegetable oil 

residue from the bottom of the FAME purification column.   

 

Table 5.6 Effluent stream table of biodiesel production from improvement strategy 1. 

Stream name SOLIDS 13 14 

Temperature (K) 323 467 601 

Pressure (atm) 1 0.0987 0.0987 

Vapor fraction 0 1 0 

Mass flow rate (kg/hr) 27.33 49.46 800.00 

Volumetric flow rate (m3/hr) 0.02 353.68 0.67 

Component mass fraction    

TG-P 0.000 trace 0.006 

TG-O 0.000 trace 0.051 

TG-L 0.000 trace 0.422 

METHANOL 0.000 0.530 trace 

GLY 0.000 0.000 0.000 

DG-P 0.000 trace 0.013 

DG-O 0.000 trace 0.074 

DG-L 0.000 trace 0.299 

MG-P 0.000 trace 0.012 

MG-O 0.000 trace 0.037 

MG-L 0.000 trace 0.074 

FAME-P 0.000 0.133 trace 

FAME-O 0.000 0.138 0.012 

FAME-L 0.000 0.195 trace 

WATER 0.000 0.004 trace 

NA3PO4 1 0 0 
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5.2.2.1.1 Stream SOLIDS 

 Trisodium phosphate is always used in the variously heavy cleaning application 

for household uses by dissolves with the solvent especially hot water. Trisodium 

phosphate offers a fast cleaning without scrubbing which can be used on wall, 

refrigerators, machines, and ceramic surface. Moreover, it can remove grease, grime 

and surface oil deposits motors, engines and other mechanical parts and then, also used 

as a pre-painting cleaner to surfaces. High concentration of trisodium phosphate can be 

also used to clean paint, varnish and shellac [119]. Thus, this stream may be sent to the 
further process in order to obtain trisodium phosphate used grade which this process is 

not main consideration.  

  

5.2.2.1.2 Stream 13  

 Although the stream 13 was withdrawn from the FAME purification column 

contains methanol, water, and FAMEs. This stream cannot be recycled back to mix 

with fresh alcohol because the soap will be occurred by saponification reaction. 

Therefore, this stream must be sent to wastewater treatment.        

  

5.2.2.1.3 Stream 14 

 Stream 14 should be considered since, this stream composes of the unconverted 

oil (~100 wt.% purity) with high mass flow rate (Table 5.8). Consequently, the stream 

14 is recycled back to mix with fresh soybean oil and keep constant feed flow rate 

before feed to transesterification reactor. Thus, the FAMEs purification column must 

be adjust new optimal operating condition which offers biodiesel product greater than 

99.6 wt.% as following ASTM specification [88]. Figure 5.15 clearly indicates that 

optimal operating condition for FAME distillation column can be carried out at 383 K 

of condenser temperature and 800 kg/hr of bottom rate which achieves biodiesel purity 

conformed ASTM standard. 
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Figure 5.15 Influence of condenser temperature and bottom rate toward FAMEs purity. 

 

The vessel (MIX4) and pump (P7) were installed for containing and transferring 

fresh soybean oil in stream SOYBEAN and unconverted oil via stream REC-OIL after 

adjusting the operating condition of FAME distillation column. The temperature of 

mixed vegetable oil (MIXEDOIL) rises from 298 to 328 K due to heat flow from 

recycled oil which the heat duty is extremely decreased from 0.20 MW to 0.03 MW. 

 

5.2.2.2 Glycerol steam reforming improvement strategy 2 

This section was also consideration to improve overall process as seen below: 

 

Table 5.7 Effluent stream table of hydrogen production from improvement strategy 1.  

Stream name S-WATER1 TG 

Temperature (K) 308 308 

Pressure (atm) 14.31 14.31 

Vapor fraction 0 0.999 

Mass flow rate (kg/hr) 2312.82 1489.18 

Volumetric flow rate (m3/hr) 2.35 83.68 

Component mass fraction   

WATER 1.000 0.005 

H2 trace 0.021 

CO trace 0.002 

CO2 trace 0.972 



 124 

5.2.2.2.1 Stream S-WATER 1 

 Water, as a major reactant, was used in the excessive steam, especially, in the 

hydrogen producing reactors including of reformer, HWGS, and LWGS and operated 

at WGMR of 13.5. Hence, the reuse of water was absolutely required. The stream S-

WATER1 (Table 5.7) is attractive for improvement purpose to recycle to hydrogen 

production process, because the water in this stream is almost separated from the other 

product gases to obtain high purity (~100 wt.%) with high mass flow rate. Thus, the 

large amounts of water from C-GLY, STEAM, and S-WATER1 stream were mixed in 

vessel (MIX2) as the operating feed ratio before sending to glycerol conversion. 

 

5.2.2.2.2 Stream TG 

The impurities such as CO and CO2 were removed from H2 by absorbents in the 

pressure swing adsorption unit (PSA). High pressure (after adjust operating condition 

from previous strategy) can enhance H2 purity. The saturated solid containing 

impurities was fed to regeneration step.  Components were desorbed in PSA bed and 

depressurized, where the species were removed via TG stream by total pressure 

reduction. Table 5.7 shows that the tail gas contains some hydrogen, because 20 % of 

total hydrogen is adsorbed by adsorbent and the, this hydrogen is desorbed after sorbent 

regeneration step. TG stream with high concentration of CO2 can be used as s fuel 

stream [120].  
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5.2.2.3 Hydrotreating process improvement strategy 2 

 

Table 5.8 Effluent stream table of green diesel production after biodiesel production 

improvement strategy 2.  

 

Stream name S-WATER2 FUEL-GAS 

Temperature (K) 308 308 

Pressure (atm) 14.31 14.31 

Vapor fraction 0 1 

Mass flow rate (kg/hr) 857.24 1056.46 

Volumetric flow rate (m3/hr) 0.87 64.81 

Component mass fraction   

WATER 1.000 0.002 

H2 trace trace 

CO trace 0.876 

OCTD trace trace 

OCTDL trace trace 

PEND trace trace 

HEPD trace trace 

HEXD trace trace 

SA trace trace 

C3H8 trace 0.036 

C2H6 trace 0.084 

CH4 trace 0.002 

 

5.2.2.3.1 Stream S-WATER2 

 The simulation result reveals that this stream (S-WATER2) has high purity of 

water after separation from phase separator (SEP2). In detailed, stream S-WATER2 

should not be reused to glycerol stream reforming process as same as stream S-

WATER1. The large amounts of residue water obtaining from stream S-WATER1 were 

separated from vapor-liquid mixture which a portion of water (liquid phase) in flash 

drum with some trace of CO, CO2, and H2. The less amount of CO, CO2, and H2 do not 

effect on the reaction zone in hydrogen producing reactors which this water can be 

directly recycled to the process. On the other hand, the water in stream S-WATER2 

derived from phase separation was contaminated with some liquid such as oil 

compounds (OCTD, PEND, HEPD, HEXD). This water must be treated in the water 

treatment before utilization. 
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5.2.2.3.2 Stream FUEL-GAS 

 Byproduct gases consisting of CH4, C2H6, C3H8, CO, moisture, and hydrogen 

residue are attractive purpose to mix (MIX5) with stream TG from PSA off-gas (Table 

5.8). The furnace-combustor was installed to produce the energy from the fuel gas in 

the proposed process which the stoichiometric reactor is selected as suitable model for 

simulation with the air. This required an oxidizing agent, compressed by fan (FAN1) 

and preheated combustion air (HX6). In additional, the operating condition and 

specification of furnace and preheated combustion air are presented in the next 

improvement strategy.         
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5.2.3 Improvement strategy 3 

 

5.2.3.1 Heat improvement of combined process. 

Heat requirement in the process was aimed to recover crossing with the heat 

exchangers to preheat heat stream before sending to destination equipment such as 

reactor. From the improvement strategy 2, tail gas from the PSA outlet stream after 

adsorbent regeneration (TG) and light gas stream (FUEL) after phase separation were 

attractive in this strategy. The components (Table 5.9) were fed to furnace-combustor 

(FURNACE) to oxidize with O2 in air which is compressed by FAN1 (21 mol% O2 in 

air). 

 

Table 5.9 The component mass fraction of gas mixture before sending to combustor. 

Stream name TGIN 

Temperature (K) 306 

Pressure (atm) 1.1 

Vapor fraction 0 

Mass flow rate (kg/hr) 2547.95 

Volumetric flow rate (m3/hr) 1981.28 

Component mass fraction  

METHANOL trace 

FAME-P trace 

FAME-O trace 

FAME-L trace 

WATER 0.025 

H2 0.012 

CO 0.356 

CO2 0.568 

OCTD trace 

OCTDL trace 

PEND trace 

HEPD trace 

HEXD trace 

SA trace 

C3H8 0.010 

C2H6 0.028 

CH4 0.001 

 

Generally, the heater model as a HX6 is represented to preheated combustion 

air. This unit is the one of the popular technology to improve the heat efficiency and 
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preheat inlet air before forward to fuel-burners. Industrial Technologies Program 

Energy Efficiency and Renewable Energy U.S suggests the value of fuel (natural gas) 

can reduce the energy consumption for different furnace off-gas temperature and 

preheated combustion air temperature which can be estimated the energy cost reduction 

following the Table 5.10 [121]. 

 

Table 5.10 Percentage of fuel cost saving derived from using preheated combustion air 

[121]. 

 

Furnace exhaust temperature, K 
Preheated air temperature, K 

589 700 811 922 1033 1144 

811 13 18 - - - - 

922 14 19 23 - - - 

1033 15 20 24 28 - - 

1144 17 22 26 30 34 - 

1255 18 24 28 33 37 40 

1367 20 26 31 35 39 43 

1478 23 29 34 39 43 47 

1589 26 32 38 43 47 51 

Note: 10% excess air required for natural gas 

 

Although, the fuel sources of furnace combustor uses only residue gas stream 

from the process, and likewise, the energy from furnace are only obtained from the inlet 

enthalpy from air (stream AIRIN) and tail gas mixture (stream TGIN), and oxidation of 

combustible component. Table 5.10 may be used as guideline for preheated air 

temperature in order to achieve the possible heat recovery from the heat exchanger 

network, because the energy consumption for the whole process is related with the 

preheated air temperature. Process flow diagram from the improvement strategy 2 was 

developed to obtain the new process before the heat recovery analysis as given in Figure 

5.17. 
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The heater (HEATER) is represented the tube bundles in the furnace which 

received the all heat duty in order to provide the desirable temperature before feeding 

to reforming reactor. Thus, the exhaust temperature of the preheated combustion air is 

an independent variable. The cooler (C6) was installed to decrease the exhaust gas 

stream temperature before releasing from the process. In fact, the main reason of C6 

was installed in the process, because, it was used to recover the large amounts of 

enthalpy in exhaust gas stream back to the process via heat integration. Table 5.11 

shows a list of hot and cold streams which were taken from the overall process in the 

Figure 5.17. 

 

Table 5.11 Energy loads in each of heat exchangers presented in Figure 5.18. 

Type Name 

Inlet 

temperature 

(K) 

Outlet 

temperature 

(K) 

mCp 

(W/K) 

Enthalpy 

(W) 

Cold HX1 319 333 2102.69 30000.61 

Cold HX2 328 333 5846.27 30077.60 

Cold HX3 301 NA NA NA 

Cold HX4 309 563. 506.57 128937.69 

Cold HX5 308 563 8045.80 2049103.45 

Cold HX6 310 NA NA NA 

Hot C1 429 333 7159.04 -682628.45 

Hot C2 1150 623 2537.65 -1336963.25 

Hot C3 623 473 2382.71 -357405.86 

Hot C4 473 308 11946.67 -1971200.52 

Hot C5 563 308 9568.81 -2438611.98 

Hot C6 1250 313 2750.27 -2576592.83 

N/A Presented by authors as “not available” in bibliography. 

  

Pinch technology is a practical methodology to minimize the energy 

consumption in the chemical process using the First and Second law of 

Thermodynamics to achieve the feasible energy result. The First Law of 

Thermodynamics offers the energy balance to calculate the change of enthalpy and The 
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Second Law of Thermodynamic provides the heat flow direction which the heat must 

flow from the higher temperature to lower temperature and temperature crossover is 

prohibited. The pinch analysis is applied to identify the number of heat exchanger 

network which it is the first design from minimum the external heat utility requirement 

via pinch point [125]. 

Energy integration was used to manage the amounts of heat (Figure 5.17) by the 

minimum approach temperature (ΔTmin) as estimated at first of calculation. ΔTmin = 15 

K was chosen to use in this simulation and then, the pinch temperature and minimum 

energy requirement were derived by the software The Heat Exchanger Network version 

1.0. 

According to the result of pinch analysis in Table 5.12 shows that the combined 

process in the improvement strategy 3 do not need the minimum heat requirement for 

any preheated combustion air temperature (K) which the heater is not  additional 

installed in the process. When the inlet temperature of air stream increases, the total 

heat recovery increases and the number of total heat exchanger in process decreases. 

The optimal operating temperature of preheated combustion air temperature (Figure 

5.17) may be obtained at 850-1150 K with 16 heat exchangers, but at low temperature 

range (850-950 K) provides the low energy from furnace which relates to HX3 duty 

requirement. The comparison of coolers required in of 1050 and 1150 K showed that 

the exhaust gas stream in Table 5.13 was used in pinch analysis. This result may not be 

agreed, because: (1) the heat flow in reformer and LWGS outlet stream (C2 and C4) 

were not used in the heat exchanger network which they should be firstly used to 

connect with other heat exchangers in the process; (2) Enthalpy in LWGS outlet stream 

(C3) was used in the small amounts; (3) The exhaust gas stream was not directly used 

to supply energy to unit operation because, it can be corrosive equipment ,which the 

energy of this gas is apply to produce steam to supply heat for any equipment required 

high temperature.  Unlike preheated combustion air temperature of 1050 K (Table 

5.14), the energy in the process is firstly used in energy integration. Furthermore, the 

cooler (C6) can be discarded from the process which decrease the minimum cooling 

requirement from 4,639,498.5 W to 2,062,905.5 W as 55.54 % cooling energy saving 

and then, the simple and detailed heat exchangers networks are illustrated in Figure 

5.18 and 5.19. 
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Table 5.13 Energy loads in coolers and heaters after pinch analysis presented in Figure 

5.17 using preheated combustion air temperature = 1150 K. 

No. Heat stream 
Temperature 

inlet (K) 

Temperature 

outlet (K) 
Heat (W) 

Cooler 1 C1 429 333 682,628.4 

Cooler 2 C2 1150 623 1,336,963.5 

Cooler 3 C3 559 473 204,097.3 

Cooler 4 C4 391 308 986,459.8 

Cooler 5 C5 344 308 344,246.4 

Cooler 6 C6 708 313 1,085,103.1 

The minimum cold utility requirement 4,639,498.5 

 

Table 5.14 Energy loads in coolers and heaters after pinch analysis presented in Figure 

5.17 using preheated combustion air temperature = 1050 K. 

No. Heat stream 
Temperature 

inlet (K) 

Temperature 

outlet (K) 
Heat (W) 

Cooler 1 C1 429 333 682,628.4 

Cooler 2 C2 631 623 19,133.4 

Cooler 3 C3 559 473 204,097.3 

Cooler 4 C4 377 308 817,876.9 

Cooler 5 C5 344 308 339,169.5 

Cooler 6 C6 1250 313 2,576,593 

The minimum cold utility requirement 4,639,498.5 
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5.2.3.2 Heat improvement of the three conventional processes. 

Energy integration of three processes consisting of the conventional biodiesel 

production, hydrogen production via stream reforming, and hydrotreating of stearic 

acid were investigated in this section using ΔTmin = 15 K for all processes. 

 

5.2.3.2.1 Heat improvement of the conventional biodiesel production 

Process flow diagram of the conventional biodiesel production in Figure 4.3 

was used pinch analysis to determine the heat recovery. Table 5.17 and 5.18 summarize 

the total number of heat exchangers, total heat recovery, and the energy utility 

requirement which this result suggested that the heat of products withdrawn from 

methanol recovery column (DC-BD) can offer the sufficient energy for total feed 

comprising of oil and methanol. The cooling utility is required for remove the excess 

enthalpy before forwarding to liquid-liquid extraction hot and cold stream details are 

illustrated as following Figure 5.20, and 5.21. Table 5.16 also concludes the main 

results after heat improvement. 

 

Table 5.16 Process performance comparison of the conventional process and its heat 

integration 

Parameters Conventional Heat improvement 

Soybean feed rate (kg/hr) 10,000 10,000 

Soybean oil conversion (%) 96.16 96.16 

Reactors 2 2 

Columns 3 3 

Separators 5 5 

FAMEs yield (wt.%) 92.5 92.5 

Biodiesel capacities (kg/hr) 9,244.10 9,244.10 

Preheating units 2 0 

Cooling units 1 1 

Heat exchanger units 0 2 

Energy consumption (MW) 6.32 6.09 

Energy consumption per kg (MJ/kg) 2.27 2.19 
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5.2.3.2.2 Heat improvement of hydrogen production via glycerol steam 

reforming 

The heat integration was applied to hydrogen production via glycerol steam 

reforming in Figure 4.10. Although this process must be made up the external energy 

for heater as found in Table 5.20 and 5.21. Table 5.19 concludes that heat exchangers 

can almost recover 51 % of energy back to the process. The hot and cold stream details 

are illustrated as following Figure 5.22, and 5.23. 

 

Table 5.19 Process performance comparison of the conventional process and its heat 

integration. 

Parameters Conventional Heat 

improvement 

Hydrogen source feed 99.9  

wt.% glycerol 

99.9  

wt.% glycerol 

Hydrogen source feed rate (kg/hr) 943 943 

Steam to feed molar ratio 9 9 

Reformer T (K) and P (atm) 1200, 14.31 1200, 14.31 

HWGS T (K) and P (atm) 623, 14.31 623, 14.31 

LWGS T (K) and P (atm) 473, 14.31 473, 14.31 

Reactors 3 3 

Columns 0 0 

Separators 2 2 

Feed conversion (%) 100 100 

Hydrogen purity (wt.%) ~100 ~100 

Hydrogen capacities (kg/hr) 115.24 115.24 

Preheating units 1 1 

Cooling units 3 1 

Heat exchanger units 0 3 

Energy consumption (MW) 3.27 1.61 

Energy consumption per kg (MJ/kg) 102.05 50.16 
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5.2.3.2.3 Heat improvement of the hydrotreating of stearic acid 

The total heat consumption of the hydrotreating of stearic acid, was recalculated 

(see in Figure 5.24 and 5.25). This process produced the low energy itself which 

required more energy adding in the heater. Although the heat was recovery (Table 5.23 

and 5.24). After pinch analysis, it was found that this process showed the lowest the 

energy consumption comparing with biodiesel and glycerol steam reforming (Table 

5.22). 

 

Table 5.22 Process performance comparison of the conventional process and its heat 

integration. 

Parameters Conventional Heat improvement 

Stearic acid (SA) feed rate (kg/hr) 10841.84 10841.84 

Hydrogen to SA feed ratio 1.5 1.5 

SA conversion (%) 99.79 99.79 

Reactors 2 2 

Columns 0 0 

Separators 2 2 

Green diesel purity (wt.%) 97.46 97.46 

Green diesel capacities (kg/hr) 9036.81 9036.81 

Preheating units 2 2 

Cooling units 1 1 

Heat exchanger units 0 1 

Energy consumption (MW) 2.28 0.47 

Energy consumption per kg (MJ/kg) 0.91 0.19 
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5.2.3.2.4 Process performance comparison of the three original processes 

and the combined process. 

 According to the result from Table 5.25, the original base case was lower the 

energy requirement than that of the improvement strategy 1 and 2. This result can be 

described that the large amounts of feed stock of improvement strategy 1 and 2 were 

directly obtained from crude glycerol consisting of glycerol, water, and methanol 

(stream C-GLY) after solid filtration and high water to feed ratio. Crude glycerol-

methanol mixture are benefit toward the hydrogen capacity and no waste as water and 

methanol residue when glycerol distillation column was installed. Hot residue oil 

provides the enthalpy to fresh oil after recycle in the vessel (MIX4) in outlet stream 

utilization (improvement strategy 2) which this result can decrease the oil heating 

requirement from 0.2 MW to 0.03 MW and energy saving rate can be obtained in the 

improvement strategy 3 as 47.24%. 

Process performance comparison of the three conventional process and the 

combination process analyzed by heat integration are presented in Table 5.26. The 

combination process can reduce the energy used in the process. 6.68 MW of energy 

consumption is mainly obtained from the two distillation column in biodiesel section 

as methanol recovery (DC-BD) and FAMEs purification (DC-FAME). Total number 

of equipment in the proposed process is higher than the three conventional processes, 

but the preheating unit used in the process is lower than the three conventional 

processes and the large amount of energy requirement of glycerol purification can be 

neglected and then, the energy consumption extremely decreases even though 

comparing with individual processes modified energy integration which offered 

31.41 % of energy saving rate. 
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CHAPTER VI CONCLUSION AND RECOMMENDATION 

 

6.1 Conclusion 

In this work, the novel combined processes comprising of the conventional 

biodiesel production, hydrogen production via glycerol reforming, and green diesel 

production using stearic acid as free fatty acid model was simulated and, the following 

conclusion can be written below; 

 

6.1.1 Base case condition 

1) An alkali catalytic biodiesel production process was selected to simulate in 

biodiesel production section ,because this provides high yield in a short residence time, 

low operating condition, effective catalyst cost, no mass transfer limitation between 

catalyst and reactant, using simple equipment and process. 

 2) The optimal condition from the proposed biodiesel production process was 6 

of methanol to oil molar ratio, 1 hr. of residence time of mechanical stirred tank reactor, 

333 K of reaction temperature which this process offers 99.60 wt.% of biodiesel purity 

with 92.7 wt.% yield of FAMEs yield. 

  3) Glycerol was converted by steam reforming process which offers high 

hydrogen yield, no coke formation, and methanation occurring during reaction zone. 

 4) The operating condition for GSM was selected at 9 of steam to glycerol feed 

ratio, 1150 K and 14.31 atm which operated in the range of conventional steam 

reforming process as 3-25 atm and 973 – 1373 K. 

 5) The total product income suggests that the total hydrogen produced should 

be used for green diesel production to obtain the higher income (H2GD = 1). 

 6) For green diesel production, SA can be converted to HEPD via 

dehydrogenation and followed by decarboxylation over nickel supported catalyst which 

allows the low hydrogen used in process. The optimal condition can be operated at 1.5 

of hydrogen to SA molar ratio at 563 K and 14.31 atm. 

 7) 10,000 kg/hr of soybean oil was converted to 9,244 kg/hr of biodiesel. 115.24 

kg/hr of hydrogen obtaining from PSA was produced from 942 kg/hr of 99.9 wt.% of 
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glycerol withdrawn from glycerol distillation column and then, 9,034.56 kg/hr of C16-

C18 of diesel range was derived along with H2GD = 1.     

 

6.1.2 Improvement strategy 1 

 1) Crude glycerol consisting of glycerol, methanol, and water can be directly 

used for GSM process and then, the glycerol purification column was discarded from 

the process with the energy consumption of this column is 0.42 MW per 9,244.10 kg/hr 

of biodiesel. 

 2) Due to the glycerol purification column neglected from the process, 

thermodynamic was recalculated in function of 7.5 glycerol to methanol mole ratio in 

hydrogen feed source, water, and reaction temperature and pressure. The glycerol-

methanol mixture cannot offers a hydrogen yield as same as 99.9 wt.% of glycerol any 

reaction temperature, but the increase of steam ratio provided the same hydrogen yield. 

Thus, the optimal of steam ratio from 9 to 13.5. 

 3) Total heat requirement increases from 12.66 to 14.02 MW because of steam 

ratio increase from 9 to 13.5 when crude glycerol is substituted the glycerol after 

discarded glycerol purification column.  

4) Green diesel capacity increased from 9034.56 to 9845.28 kg because, the 

additional of hydrogen was produced via the methanol reforming reaction.  

       

6.1.3 Improvement strategy 2 

 1) The hot unconverted oil (606 K) withdrawn from the bottom of FAMEs 

purification column was recycled to mix with fresh soybean oil to remain 10,000 kg/hr 

can decrease the total energy from 14.02 MW to 13.85 MW . 

 2) Although the large amounts of steam from the steam ratio was adjust from 9 

to 13.5, the high purity of used condensed water after separated from phase separation 

(SEP1) can be directly recycle to use as reactant without any treatment. 

 3) Tailed gas from adsorbent regeneration of PSA in stream TG and the fuel gas 

in stream FUEL-GAS were mixed as the fuel for furnace combustor which is installed 

in the process in order to produce heat for the process.    
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6.1.4 Improvement strategy 3  

 1) Preheat combustion air is widely in industrial process which installed along 

with furnace combustor by reducing the cost of fuel gas for make up or provide high 

heat duty from air enthalpy. 

 2) When the temperature of preheat combustion air increases the total number 

of exchanger units was decrease which at 1050 K of temperature of preheat combustion 

air was given the suitable operation because, lower heat exchangers used and exhausted 

gas stream is not used in heat integration which the minimum cooling utility 

requirement was decreased from 4,639,498.5 W to 2,062,905.5 W as 55.54 % cooling 

energy saving. 

 3) The minimum heat utility is not required in 550 to 1150 K of the temperature 

of preheat combustion air operated for the process. This result clearly indicated that the 

heat produced from the furnace is excessive when the three processes is combined 

whereas, the more heat is required when three processes is not combined even though 

the energy integration is applied to recover heat back to processes.     

 4) Comparison of three processes and the combined process obliviously 

demonstrated that the proposed process offers 31.41 % of energy saving which 6.68 

MW of this process is mainly obtained from the two distillation column in biodiesel 

section as methanol recovery (DC-BD) and FAMEs purification (DC-FAME).     

 

6.2 Recommendations 

 1) Combined process uses SA as the model of free fatty acid which is not the 

main component of free fatty acid in soybean likewise, the soybean oil and their fatty 

acid as waste cooking oil have attractive to be further investigated 

 2) Modified combined process with energy integration provides the higher heat 

exchangers than other processes and then should be further analyzed. 

 3) This work does not consider the detailed of total cost such as capital 

investment, operating cost to decide the plant operation. Therefore, the comparison of 

cost or amounts of total utility is strongly comment in the future. 

 4) Large amounts of enthalpy in exhausted gas stream was not used in the pinch 

analysis and suitable using to directly exchange the heat in the process. This gas is more 
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attractive to produce steam to supply the energy to equipment such as distillation 

column to reduce the heat consumption in the proposed process.   

 5) Although this proposed process can handle the large amount of glycerol 

converted to hydrogen, the high concentration of CO2 in the exhausted gas stream is 

more interesting to combine with other processes which used CO2 as raw material such 

as methanol production.
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