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This research studied the simulations of the integrated systems between of hydrotreating 

and hydrogen generation with various selectivity of deoxygenation (DO) pathways (i.e. 
decarboxylation (DCO2), hydrodecarbonylation (HDCO), and hydrodeoxygenation (HDO)). Two 
integrated systems were proposed i.e. 1) integrated system between single-step hydrotreating and 
propane steam reforming (as called “single-step integrated system”) and 2) integrated system between 
two-step hydrotreating (hydrolysis+DO) and glycerol steam reforming (as called “two-step integrated 
system”). Results revealed that, among DO pathways, DCO2 exhibited the lowest total minimum 
energy requirement (total MER) and the highest total efficiency for both integrated systems mainly 
due to lower electricity requirement to compress H2. In addition, single-step integrated system offered 
significantly lower total MER than that of two-step integrated system because it required much lower 
cooling and heating utilities. In the case of triolein feed, H2 surplus can be achieved only for DCO2 
pathway with two-step integrated system. On the contrary, in the case of tripalmitin, saturated 
feedstock, H2 surplus can be achieved from DCO2 and HDCO in both integrated systems. In 
summarize, DCO2 pathway of single-step integrated system offers the highest total efficiency which 
tripalmitin, as expected, offeres the highest total efficiency (89.3%) while triolein offeres 86.7% since 
less amount H2 is required.  
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CHAPTER I INTRODUCTION 

1.1 Motivation 

Since the effects of greenhouse gas emission is a matter of concern, 

combustion of fossil fuels should be reduced.1 The important key for future energy is 

the development of alternative fuel from bioresources.2 However, to meet the energy 

needs of all industries and transportation, a sustainable and friendly energy source is 

needed.3 

To reduce the consumption of fossil fuels and greenhouse gas emissions, 

alternative resources such as vegetable oils and biomass can be used to produce 

biofuel.3 Carbon dioxide (CO2) in the carbon cycle can be reduced with using 

biodiesel, leading to the potential alternative fuels. Typically, triglycerides (TGs) are 

changed by transesterification with methanol and fatty acid methyl esters (FAMEs) 

can be produced. However, the use of FAMEs has the disadvantage of compatibility 

with conventional diesel engines.4 

Bio-hydrogenated diesel (BHD), known as renewable diesel or green diesel, is 

a promising alternative fuel because it is similar to diesel derived from petroleum 

rather than biodiesel from esters. BHD can be produced from animal fat or vegetable 

oil through catalytic hydrotreating technology. One of the most potential raw material 

for the production of renewable fuels in Thailand is palm oil. Compared with other 

vegetable oils, palm oil uses less hydrogen (H2) in the hydrotreating reaction as it has 

lower unsaturated free fatty acids (FFAs).5-8 Using palm fatty acid distillate (PFAD), 

which is a by-product from palm oil refineries, as a raw material consumes less 

hydrogen than TGs as a raw material. On the other hand, when using palm oil 

(consisting mostly of TGs) as a raw material, the by-product, i.e., propane or glycerol 

can be produced via hydrogenolysis or hydrolysis, respectively. These by-products 

can be employed for hydrogen production. 

Due to the environmental regulations, higher qualities of transportation fuels 

are required. A large amount of hydrogen is used for hydrotreating and 

watertreatment processes in oil refineries, particularly crude oil including bio-
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hydrogenated diesel fuel production. Propane steam reforming (PSR) can be 

employed to convert propane to hydrogen using Ni supported on Al2O3 catalysts, 

which is widely used for large industrial reformers.9 Similarly, glycerol steam 

reforming (GSR) can convert glycerol to hydrogen with the use of Ni-Mg-Al based 

catalysts.10  

In this work, the process performance of the integrated system of bio-

hydrogenated diesel fuel production and hydrogen production was evaluated. The two 

main approaches investigated in this study are: 1) hydrogenolysis / deoxygenation / 

PSR and 2) hydrolysis / deoxygenation / GSR. 

For hydrogenolysis / deoxygenation / PSR, the hydrogenolysis and 

deoxygenation reactions take place in a single reactor.  Palm oil and hydrogen were 

fed into the reactor for hydrotreating process. The reactions included hydrogenation of 

unsaturated TGs, hydrogenolysis of TGs to FFAs, and deoxygenation of FFAs. 

Propane and hydrocarbons were obtained from the deoxygenation process while three 

different by-products, i.e., carbon dioxide (CO2), carbon monoxide (CO), and water 

(H2O) can be obtained from three different reaction pathways, i.e., decarboxylation 

(DCO2), hydrodecarbonylation (HDCO), and hydrodeoxygenation (HDO). Propane 

was fed to the hydrogen generation process in order to convert to hydrogen via PSR 

and water gas shift reaction. The generated hydrogen was fed back to hydrotreating 

for bio-hydrogenated diesel fuel production.  

For hydrolysis / deoxygenation / GSR, TGs was hydrolyzed by water to FFAs 

and glycerol was obtained as a by-product. Glycerol was fed to the hydrogen 

generation process to produce hydrogen via GSR and water gas shift reaction. FFAs 

were deoxygenated via three different reaction pathways, i.e., decarboxylation 

(DCO2), hydrodecarbonylation (HDCO), and hydrodeoxygenation (HDO) to obtain 

hydrocarbons products. 

Both the hydrotreating and hydrogen generation process required operation at 

high temperature and consequently high energy consumption. Process heat integration 

would be necessary for an efficient operation of the integrated system. Based on the 

proposed integrated system, the valuable products were bio-hydrogenated diesel and 

other hydrocarbon fuels. 
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1.2 Objective 

To design and evaluate the performance of the integrated system of 

hydrotreating and hydrogen generation system for bio-hydrogenated diesel fuel 

production from palm oil. 

1.3 Scope of work 

1.3.1 Select the appropriate thermodynamic model in Aspen Plus as simulation 

software for hydrotreating of bio-hydrogenated diesel fuel production and 

hydrogen generation process of hydrogen production. 

1.3.2 Determine suitable major operating parameters and simulate each process: 

single-step of hydrogenolysis of TGs/  deoxygenation of FFAs process, and 

two-step: hydrolysis of TGs and deoxygenation of FFAs process, PSR process 

and GSR process. 

1.3.3 Design the integrated system of hydrotreating and hydrogen generation 

processes. 

1.3.4 Consider the deoxygenation reaction pathways via decarboxylation ( DCO2) , 

hydrodecarbonylation ( HDCO) , and hydrodeoxygenation (HDO)  to simulate 

the process performance. 

1.3.5 Evaluate and compare the performance of the integrated system on the 

following aspects: net H2, energy requirement, electricity requirement, 

minimum energy requirement (MER), total MER, thermal efficiency, and total 

efficiency. 

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

the integrated system. 

1.4 Methodology 

1. Study physical and chemical properties of raw material as feedstock for bio-

hydrogenated diesel fuel production process and compare composition of palm oil to 

vegetable oil. 

2. Study reaction and operating parameters for bio-hydrogenated diesel fuel 

production.  
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- Reaction: hydrotreating via hydrogenolysis reaction, hydrolysis reaction, and 

hydrogenation reaction. Deoxygenation reaction pathways consisting of 

decarboxylation (DCO2), hydrodecarbonylation (HDCO), and hydrodeoxygenation 

(HDO). 

- Key operating conditions: property of catalysts and supports, amount of 

catalysts, temperature of reaction, pressure of reaction, type of feed stock, feed rate, 

H2/oil molar ratio, H2O to oil molar ratio. 

3. Study reaction and operating parameters for hydrogen production. 

- Reaction: PSR, GSR and water gas shift reactions, equilibrium chemical 

reaction. 

- Key operating conditions: property of catalysts and supports, amount of 

catalysts, temperature of reaction, pressure of reaction, reactor type, steam to carbon 

ratio. 

4. Select the appropriated thermodynamic model in Aspen Plus as a simulation 

software for hydrotreating of bio-hydrogenated diesel fuel production and hydrogen 

generation process of hydrogen production. 

5. Determine the suitable major operating parameters of each process: single-

step of hydrogenolysis of TGs / deoxygenation of FFAs process, and two-step: 

hydrolysis of TGs and deoxygenation of FFAs process, PSR process and GSR 

process. 

6. Design the integrated system of hydrotreating and hydrogen generation via 

1) hydrogenation / hydrogenolysis / deoxygenation / PSR and 2) hydrolysis / 

hydrogenation / deoxygenation / GSR. 

7. Simulate the integrated system of single-step of hydrotreating and PSR and 

two-step of hydrotreating and GSR with various selectivity of deoxygenation reaction 

pathways (DCO2: HDCO: HDO) from tripalmitin and triolein. 

8. Report the overall mass and energy balance, weight (%) and purity of 

hydrocarbon range diesel products. 

9. Evaluate the performance of the integrated system on: 
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- Net H2 

- Energy requirement 

- Electricity requirement 

- Minimum energy requirement (MER) 

- Total Minimum energy requirement (MER) 

- Thermal efficiency 

- Total efficiency  

10. Improve the integrated system and apply the concept of heat integration to 

reduce energy consumption. 

11. Compare and summarize the results. 

1.5 Expected output 

The work should provide a conceptual design for the sustainable and 

performance integrated system for bio-hydrogenated diesel fuel and hydrogen 

productions with low total minimum energy requirement and high total efficiency.  

The pathways of the integrated system of hydrotreating and hydrogen 

generation for bio-hydrogenated diesel fuel production with a simple diagram is 

shown in  Figure 1.1. A block diagram of the integrated system of single-step of 

hydrotreating and hydrogen generation is shown in Figure 1.2 and a block diagram of 

the integrated system of two-step of hydrotreating and hydrogen generation is shown 

in Figure 1.3. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 
 

 

Figure 1.1 The pathways of integrated system of hydrotreating and hydrogen 

generation for bio-hydrogenated diesel fuel production. 
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Figure 1.2 Block diagram of integrated system of single-step of hydrotreating and 

hydrogen generation. 

 

Figure 1.3 Block diagram of integrated system of two-step of hydrotreating and 

hydrogen generation. 
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CHAPTER II THEORY 

Concepts of fundamental of hydrotreating of bio-hydrogenated diesel fuel 

production and hydrogen generation process of hydrogen production were presented 

in this chapter which gave the basic knowledge to understand this work. 

2.1 Oil feedstocks 

Triglycerides (TGs) are the main ingredients of vegetable oil, which are 

derived from glycerol and three fatty acids. Different types of TGs are saturated and 

unsaturated types. The saturated TGs have higher melting points than the unsaturated 

ones. They tend to solidify at room temperature. On the other hand, unsaturated TGs 

tend to be liquid at room temperature because of their lower melting point11-12. An 

example of unsaturated TGs shown in Figure 2.113. 

 

Figure 2.1 Example of unsaturated triglycerides (C55H98O6)
13. 

The selection of oil as a feedstock depends on local availability. One of the 

most potential raw materials for the production of renewable fuels in Thailand is palm 

oil. The composition of vegetable oils is described by the content of fatty acids as 

shown in Table 2.114. The TGs composition (%) of palm oil is shown in Table 2.215. 

Most palm oils are palmitic acid (C16:0) and oleic acid (C18:1), which contain a 

lower fraction of unsaturated FFAs compared to another vegetable oil. 
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Table 2.1 Composition of vegetable oils14. 

 
 

Table 2.2 Triglycerides composition (%) of palm oil15. 

 

Abbreviations: M - Myristic acid, P - Palmitic acid, S - Stearic acid, O - Oleic acid 

and L - Linoleic acid 

Fatty acidTriglyceride Jatropha Palm Canola Soybean Sunflower

Capric C10:0 172.3 554.8 0.0 0.0 0.6 0.0 0.0

Lauric C12:0 200.3 639.0 0.0 0.0 0.0 0.0 0.0

Myristic C14:0 228.4 723.2 0.0 2.5 0.1 0.0 0.0

Palmitic C16:0 256.4 807.3 15.9 40.8 5.1 11.5 6.5

Palmitoleic C16:1 254.4 801.3 0.9 0.0 0.0 0.0 0.2

Stearic C18:0 284.5 891.5 6.9 3.6 2.1 4.0 5.8

Oleic C18:1 282.5 885.4 41.1 45.2 57.9 24.5 27.0

Linoleic C18:2 280.4 879.4 34.7 7.9 24.7 53.0 60.0

Linolenic C18:3 278.4 873.3 0.3 0.0 7.9 7.0 0.2

Arachidic C20:0 312.5 975.6 0.0 0.0 0.2 0.0 0.3

Eicosenoic C20:1 310.5 969.6 0.2 0.0 1.0 0.0 0.0

Behenic C22:0 340.6 1059.8 0.0 0.0 0.2 0.0 0.0

Erucic C22:1 338.6 1053.8 0.0 0.0 0.2 0.0 0.0

Estimated MW: 869.7 847.0 876.9 871.9 876.7

Molecular weight

(MW)
Typical composition, wt.%

Source Structure

TGs Composition, %

PLL 2.71

MLP 0.67

OOL 1.87

POL 10.97

PLP 10.54

OOO 3.62

POO 23.15

POP 31.42

PPP 5.15

SOO 2.49

POS 5.64

PPS 1.08

SOS 0.70
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2.2 Bio-hydrogenated diesel 

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

renewable energy from vegetable oils. The molecular structure of BHD is similar to 

that of petroleum diesel.  

BHD obtained from the deoxygenation reaction consists of C17 and C18 n-

paraffins with high cetane content. However, cold flow properties are not good as 

there is a high melting point between 20 and 28 °C. Thus, its quality must be 

upgraded through the second step in the selected hydroisomerization and cracking. 

This process improves the quality of diesel and also produces jet fuel16.  

Technology/ Commercial processes of bio-hydrogenated diesel fuel production 

Green fuels production technology from TGs has been used in refineries of 

petroleum with the type of catalyst, reactor type, and equipment of separation that can 

be operated for hydrotreatment of vegetable oils. Currently, the optimal production 

was studied in order to define the suitable catalyst and the optimal favorable operating 

conditions with using vegetable oil as a raw material for hydrotreating process to 

produce green fuels. Furthermore, there are some drawbacks of the process because 

hydrogen requires large consumption of various raw materials, which increases the 

cost of production. However, there are advantages of this technology in order to 

produce renewable fuels.14 

UOP Honeywell Co.17 offered an alternative diesel fuel, which was produced 

from the Ecofining™ process as shown in Figure 2.2. Green diesel of Honeywell 

meets the diesel performance standards with good cold flow properties, which can be 

produced from a variety of renewable feedstocks by hydrotreating and isomerization. 

https://www.uop.com/processing-solutions/renewables/green-diesel#ecofining
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Figure 2.2 Ecofining™ process producing alternative diesel fuel17. 

KALNes and co-workers, UOP18 reported green diesel production by 

Ecofining system which is an integration of two-stage of hydrotreating process. The 

Ecofining system block flow diagram is shown in Figure 2.3. In the process, the 

renewable oil is saturated and completely deoxygenated in the R1 reactor with 

minimum hydrogen partial pressure and the yield of volumetric products as 

hydrocarbon is greater than 100%.  

 

Figure 2.3 Ecofining process diagram18. 

Haldor Topsøe has also produced BHD and jet fuel from oil as raw tall by 

developing a new hydrotreating technology. Tall oil from Kraft paper mills is a raw 

material, which is non-edible and has no effect on global food shortage14. Production 

of renewable diesel shown in Figure 2.419. 
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Figure 2.4 Revamped hydrotreater for raw tall diesel co-processing19. 

The Neste Oil Co.20 developed a technology of diesel fuel production from 

animal fats and vegetable oils in order to produce high quality products. The NExBTL 

process to produce green diesel is shown in Figure 2.5. The NExBTL Process 

Chemistry is shown in Figure 2.6. 

 

Figure 2.5 NExBTL process to produce green diesel20. 
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Figure 2.6 NExBTL Process Chemistry20. 

2.3 Hydrotreating 

Hydrotreating processes include hydrogenation, hydrogenolysis, 

deoxygenation via HDO, HDCO and DCO2, hydrocracking, and 

hydroisomerization21. Vegetable oils are reacted with hydrogen during the 

hydrotreating method in order to remove oxygen from the feedstock and generate bio-

hydrogenated diesel fuel. Hydrotreating of triglycerides pathways are shown in Figure 

2.72. 

 

Figure 2.7 Hydrotreating of triglycerides pathways2. 

2.3.1 Hydrogenation 

Hydrogenation of vegetable oils occurred in a multiple-phase catalytic reactor 

on supported Ni catalysts or palladium or platinum22-23. The hydrogenation reaction is 

an exothermic reaction of the unsaturated TGs or double bonds of the side chains, 

which are converted into saturated TGs resulting in enhanced oxidation stability.14 

Partial hydrogenation of TGs is shown in Figure 2.824. 
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Figure 2.8 Partial hydrogenation of triglycerides24. 

Hydrogenation of triolein to tristearin 

57 104 6 2 57 110 6
C H O + 3H C H O         (2.1) 

Hydrogenation of trilinolein to tristearin 

57 98 6 2 57 110 6
C H O + 6H C H O         (2.2) 

Hydrogenation of trilinolenin to tristearin 

57 92 6 2 57 110 6
C H O + 9H C H O         (2.3) 

Hydrogenation of oleic acid to stearic acid      

17 33 2 17 35
C H COOH + H C H COOH        (2.4) 

Hydrogenation of linoleic acid to stearic acid 

17 31 2 17 35
C H COOH + 2H C H COOH       (2.5) 

Hydrogenation of linolenic acid to stearic acid 

17 29 2 17 35
C H COOH + 3H C H COOH       (2.6) 

2.3.2 Hydrogenolysis 

Hydrogenolysis is a chemical reaction whereby the molecule of a carbon-

carbon is broken down by hydrogen25. Hydrogenolysis of TGs is an exothermic 

reaction, which breaks down TGs into FFAs and propane by-product in the presence 

of hydrogen14. Examples of the reaction are shown below. 

Hydrogenolysis of trimyristin to myristic acid  

45 86 6 2 13 27 3 8 
C H O + 3H 3C H COOH + C H       (2.7) 

Hydrogenolysis of tripalmitin to palmitic acid 

51 98 6 2 15 31 3 8 
C H O + 3H 3C H COOH + C H       (2.8) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

16 
 
Hydrogenolysis of tristearin to stearic acid 

57 110 6 2 17 35 3 8 
C H O + 3H 3C H COOH + C H       (2.9) 

2.3.3 Hydrolysis 

Hydrolysis of TGs hydrolyzed TGs by water into 3 fatty acids and a glycerol 

by-product. Examples of reaction are shown below. 

Hydrolysis of trimyristin to mysistic acid 

45 86 6 2 13 27 3 8
C H O + 3H O 3C H COOH + C H OH      (2.10) 

Hydrolysis of tripalmitin to palmitic acid 

51 98 6 2 15 31 3 8 3
C H O + 3H O 3C H COOH + C H O     (2.11) 

Hydrolysis of tristearin to stearic acid 

57 110 6 2 17 35 3 8 3
C H O + 3H O 3C H COOH + C H O     (2.12) 

Hydrolysis of triolein to oleic acid 

57 104 6 2 17 33 3 8 3
C H O + 3H O 3C H COOH + C H O     (2.13) 

Hydrolysis of trilinolein to linoleic acid 

57 98 6 2 17 31 3 8 3
C H O + 3H O 3C H COOH + C H O      (2.14) 

Hydrolysis of trilinolenin to linolenic acid 

57 92 6 2 17 29 3 8 3
C H O + 3H O 3C H COOH + C H O     (2.15) 

2.3.4 Deoxygenation 

Deoxygenation of FFAs in a liquid phase reaction removes oxygen from the 

molecule of FFAs, which occurs through different reactions such as decarboxylation 

(DCO2), hydrodecarbonylation (HDCO), and hydrodeoxygenation (HDO). Carboxyl 

groups in the fatty acid were removed to produce n-alkane with decarboxylation by 

releasing a CO2 molecule, while carboxyl groups in the fatty acid were removed to 

produce alkenes with decarbonylation (DCO) by releasing CO and H2O molecules. 

Both of DCO2 and DCO are endothermic reactions26. Furthermore, when there is 

hydrogen, deoxygenation of saturated fatty acid occurs through hydrodeoxygenation, 

an exothermic reaction that removes oxygen by releasing water to produce n-alkanes, 

and hydrodecarbonylation, an endothermic reaction that eliminates carboxyl group to 

produced n-alkanes by releasing CO and H2O molecules26. 

However, CO2, CO, H2, and H2O produced from the liquid phase will undergo 

phase of the gas reactions, which includes methanation of CO2 and CO. A water-gas-
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shift side reaction occurs during the process of deoxygenation14, 26-27. The selectivity 

of the FFAs to undergo a particular deoxygenation reaction pathway is dictated by 

catalysts used and process conditions. The main reaction is shown below. 

Route of decarboxylation 

Route 1 

2 3 2
R-CH -COOH R-CH + CO        (2.16) 

Route 2 

2 22
R-CH -COOH R=CH + CO O+ H       (2.17) 

Water-gas shift 

2 2 2
CO + H O CO + H   ( 25 C

r
ΔΗ = 41.06kJ/mol


 )    (2.18) 

2 2 3
R=CH + H R-CH         (2.19) 

 

Decarboxylation 

2 3 2
R-CH -COOH R-CH + CO        (2.16) 

 

Decarboxylation of myristic acid 

13 27 13 28 2
C H COOH C H + CO         (2.20) 

 

Decarboxylation of palmitic acid 

15 31 15 32 2 
C H COOH C H + CO         (2.21) 

Decarboxylation of stearic acid 

17 35 17 36 2 
C H COOH C H + CO        (2.22) 

 

Route of decarbonylation 

2 22
R-CH -COOH R=CH + CO + H O        (2.17) 

 

Route of hydrodecarbonylation 

2 22
R-CH -COOH R=CH + CO + H O        (2.17) 

2 2 3
R=CH + H R-CH         (2.19) 

Hydrodecarbonylation 

2 2 3 2
R-CH -COOH + H R-CH + CO + H O        (2.23) 

 

Hydrodecarbonylation of myristic acid 

13 27 2 13 28 2
C H COOH + H C H + CO + H O       (2.24) 
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Hydrodecarbonylation of palmitic acid 

15 31 2 15 32 2
C H COOH + H C H + CO + H O       (2.25) 

Hydrodecarbonylation of stearic acid 

17 35 2 17 36 2
C H COOH + H C H + CO + H O       (2.26) 

 

Route of hydrodeoxygenation 

2 2 2 2
R-CH -COOH + H R-CH -COH + H O       (2.27) 

2 2 2 2
R-CH -COH + H R-CH =CH + H O      (2.28) 

2 32 2
R-CH CH + H= R-CH -CH       (2.29) 

Hydrodeoxygenation 

2 2 2 3 2
R-CH -COOH + 3H R-CH -CH + 2H O         (2.30) 

 

Hydrodeoxygenation of myristic acid 

13 27 2 14 30 2  
C H COOH + 3H C H + 2H O        (2.31) 

Hydrodeoxygenation of palmitic acid 

15 31 2 16 34 2
C H COOH + 3H C H + 2H O        (2.32) 

Hydrodeoxygenation of stearic acid 

17 35 2 18 38 2
C H COOH + 3H C H + 2H O       (2.33) 

 

Water-gas shift 

2 2 2
CO + H O CO + H  ( 25 C

r
ΔΗ = 41.06kJ/mol


 )    (2.18) 

Methanation 

2 4 2
CO + 3H CH + H O  ( 25 C

r
ΔΗ = 205.94kJ/mol


 )    (2.34) 

2 2 4 2
CO + 4H CH + 2H O   ( 25 C

r
ΔΗ = 164.88kJ/mol


 )   (2.35) 

2.3.5 Hydroisomerization 

Isomerization of a molecule exhibits a different arrangement but with the same 

atoms, e.g., A-B-C → B-A-C28.  Hydroisomerization is the main constraint for 

obtaining most methyl-branched paraffins. With the use of catalysts such as zeolites 

or other acid supports, the targets can be achieved. The normal paraffins have a higher 

number of cetane in the range of boiling point of the diesel than that of their branched 

isomers. On the other hand, freezing points of iso-paraffins are lower than those of n-

paraffins. Then, paraffins with quality in the diesel range should exhibit good cold 

flow properties and good combustion properties14.  
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Green diesel has a higher cetane number than diesel derived from petroleum, 

which is a quality of diesel that can be used in a powerful engine. Therefore, 

improvement of cold flow properties is essential for green diesel production. Figure 

2.9 shows the freezing point and the number of cetane of carbon number in n-

paraffins and methyl branched paraffins14. 

 

Figure 2.9 Freezing point and number of cetane of carbon number in n-paraffins and 

methyl branched paraffins14. 

2.4 Steam reforming process 

Steam reforming is a solution for hydrogen generation from hydrocarbon fuels 

such as natural gas where steam reacts with fuel in a reformer at high temperature. In 

order to produce hydrogen, the industry widely uses steam reforming of methane 

(SRM). Theoretically, 4 moles of H2 can be generated per unit mole of methane via 

SRM. The commercial catalyst is Ni for the reforming of natural gas29. 

2.4.1 Propane steam reforming 

The alternative hydrogen production process uses propane and water as the 

reactants. Theoretically, 10 moles of H2 can be generated per unit mole of propane via 

the overall propane steam reforming as shown below. 

Propane steam reforming  

3 8 2 2
C H + 3H O 3CO +  7H  ( 25 C

r
ΔΗ =499kJ/mol


)      (2.61) 

Water-gas shift 

2 2 2
CO + H O CO  + H   ( 25 C

r
ΔΗ = 41.06kJ/mol


 )    (2.18) 
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Overall PSR 

3 2 28 2
C  COH  + 6H O 3 + 10H  ( 25 C

r
l37ΔΗ = kJ3.7 /mo


)     (2.62) 

Methanation 

2 4 2
CO +3H CH  + H O  ( 25 C

r
ΔΗ = 205.94kJ/mol


 )    (2.34) 

2 2 4 2
CO + 4H CH  + 2H O  ( 25 C

r
ΔΗ = 164.88kJ/mol


 )   (2.35) 

2.4.2 Glycerol steam reforming 

Glycerol steam reforming (GSR) uses glycerol and water as the reactants to 

produce hydrogen. Conventional GSR is an extremely endothermic reaction, requiring 

operation at high temperature. Glycerol reforming is a combination of decomposition 

of glycerol and water gas shift reaction. Theoretically, 7 moles of H2 can be generated 

per unit mole of glycerol via the overall glycerol steam reforming as shown below16, 

30-31. 

Glycerol decomposition  

3 8 3 2
C H O 3CO + 4H  ( 25 C

r
ΔΗ =251kJ/mol


)     (2.63) 

Water-gas shift 

2 2 2
CO+H O CO +H   ( 25 C

r
ΔΗ = 41.06kJ/mol


 )    (2.18) 

Overall GSR  

3 8 3 2 2 2
C H O +3H O 3CO  + 7H  ( 25 C

r
ΔΗ =128kJ/mol


)      (2.64) 

Methanation 

2 4 2
CO +3H CH  + H O  ( 25 C

r
ΔΗ = 205.94kJ/mol


 )    (2.34) 

2 2 4 2
CO + 4H CH  + 2H O  ( 25 C

r
ΔΗ = 164.88kJ/mol


 )   (2.35) 

Glycerol hydrogenolysis 

3 8 3 2 4 2
C H O 2H 2CH  + CO + 2H O  ( 25 C

r
ΔΗ = 160kJ/mol


 )   (2.65) 
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CHAPTER III LITERATURE REVIEWS 

In this chapter, literature reviews are divided into six parts. The first part 

consists of reviews of bio-hydrogenated diesel fuel production via hydrogenolysis and 

hydrolysis of vegetable oil. Secondly, a review of hydrogen production process via 

steam reforming using glycerol and propane as a reactant is presented. The third part 

is a review of the integration system of hydrotreating and hydrogen generation 

process. The forth part is a review of pressure swing adsorption technology. The fifth 

part consists of a review on the use of catalysts for hydrotreating of TGs/ FFAs. 

Lastly, a review of thermodynamic of hydrotreating is presented. 

3.1 Bio-hydrogenated diesel fuel production 

3.1.1 Single-step of hydrogenolysis of triglycerides/ deoxygenation of free fatty 

acids process 

Plazas-Gonzalez and co-workers32 studied simulation of green diesel 

production with hydrotreating of palm oil using a NiMo/ɤ-Al2O3 catalyst. TGs 

reaction’s possible routes in hydrotreating of oils is shown in Figure 3.17, 32. Peng 

Robinson with RK-ASPEN was used as a thermodynamic model and the reaction 

model shown in Table 3.132-33 presented an equilibrium reactor. The process flow 

diagram of renewable diesel production with hydrotreating of palm oil is shown in 

Figure 3.232, which was operated at 2,500 kg/h of initial feed of TGs and H2/oil molar 

ratio of 20. For the initial temperature at 350 °C, increasing C18 and C16 with 

increasing pressure from 20 to 90 bar favors the reduction reactions (HDO) of stearic 

acid and palmitic acid, respectively. Then, a pressure of 40 bar was used to operate 

due to a higher interest in compounds. At 40 bar of pressure, the C16 and C18 of 

products are reduced with increasing temperature at 20 bar from 250 to 450 °C. Then, 

300 °C of temperature was used to operate. At 40 bar and 350 °C, the C16 and C18 of 

products increased with the increase in the H2/oil molar ratio from 10:1 to 25:1, with 

the 20:1 molar ratio being optimum for operation. For hydrotreating of oil, the 

optimal operating condition is in the range of 30 to 60 bar of pressure, 300 to 400 °C 

of temperature, and 20:1 of H2/oil molar ratio, which obtained 97% purity of green 

diesel. 
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Figure 3.1 TGs reaction’s possible routes in hydrotreating of vegetable oils7, 32. 

Table 3.1 Reaction model in equilibrium reactor32-33. 
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Figure 3.2 Process flow diagram of renewable diesel production with hydrotreating of 

palm oil32.  

Kantama and co-workers6 studied techno-economic and heat-integrated for 

green diesel production from PFAD. The process consisted of three steps: catalytic 

hydrotreating, separating, and upgrading. For the operating condition of hydrotreating 

using a Pd/C catalyst, 375 °C of temperature and 40 bar of pressure, 76.13% 

conversion of PFAD was achieved in the conversion reactor. For isomerization, the 

reactor operates at 340 °C of temperature and 30 bar of pressure. The NRTL-RK 

property method was used in the process simulation. Furthermore, the studied results 

proved to be attractive for investment with 950 $m-3 of green diesel price. The 

hydrotreating process is shown in Figure 3.3. 

 

Figure 3.3 Hydrotreating process6. 
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Kantama and co-workers6 also studied heat integration to determine the 

minimum energy consumption with using pinch analysis and design a heat exchanger 

network with 10 °C of ΔTmin. 

Chu and co-workers1 studied process modeling of renewable jet fuel 

production from camelina, carinata, and used cooking oil (UCO) in order to evaluate 

the demand of H2 and the requirement of energy and electricity. The operating 

condition of the HDO process model was 400 °C of reaction temperature and 92 bar 

of reaction pressure using nickel-molybdenum (NiMo). The assumptions of DO for 

the HDO process model was 0.9994 of conversion of deoxygenation and 0.68, 0.03, 

and 0.29 of extent of DCO2, HDCO, and HDO, respectively. The processes were 

simulated using RStoic reactor model and NRTL&Peng-Robinson of property method 

in an Aspen Plus simulator. The catalyst and the reaction condition determine the 

selectivity of cracking. A kerosene yield of 53% and a diesel yield of 13% were 

obtained, with 26 to 30 kg of H2 consumption per ton of oil, which depends on the 

degree of unsaturation of feedstocks. The thermal energy demand from UCO, carinata 

oil, and camelina oil was 2.8, 5.2 and 5.7 GJ/ton oil, respectively, which is the energy 

required for oil extraction from carinata oil and camelina oil. The electricity demand 

from UCO, carinata oil, and camelina oil was 73, 170 and 227 kWh/ton oil. The 

renewable jet fuel production is shown in Figure 3.4. 

 

Figure 3.4 Renewable jet fuel production1. 

Cheah and co-workers34 studied analysis of techno economic of green diesel 

production through the decarboxylation reaction from rubber seed oil using a Pd/C 
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catalyst. The operating condition was 375 °C of temperature and 40 bar of pressure in 

a packed bed reactor. The study achieved 90% conversion of deoxygenation with 95% 

to DCO2 and 5% to HDCO reactions. The Aspen HYSYS program was used for 

simulation and the non-random two liquid (NRTL) property method was used for the 

thermodynamic model. Furthermore, the studied results specified that the production 

cost was sensitive to feedstocks price and H2 gas price. The process flow diagram of 

the green diesel production model is shown in Figure 3.5. 

 

Figure 3.5 Process flow diagram of green diesel production model34. 

Miller and co-workers35 studied techno-economic of BHD production from 

canola and camelina using the Aspen Plus model and the BK-10 property set for the 

thermodynamic model. The major process consisted of a hydrotreating unit and a 

distillation unit. The RYield model reactor was used to simulate hydrotreating using a 

Pd/C catalyst at the operating condition of 400 °C and 152 bar (15.2 MPa). The 

distillation train was simulated by PetroFrac unit operation. The high solubility and 

the low resistance to mass transport of alkane occurred in supercritical hexane which 

increased production costs. Furthermore, the BHD production is highly sensitive to 

the price of solvent, recovery of solvent and the cost of feedstock. The BHD 

production process diagram is shown in Figure 3.6. 
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Figure 3.6 BHD production process diagram35. 

Azizan and co-workers36 studied BHD production with equilibrium analysis of 

triolein. The R-Gibbs reactor was used for analysis and the thermodynamic model 

used the Peng-Robinson property method in Aspen HYSYS. The studied result 

indicated that the 5:1 feed molar ratio of H2 to triolein was optimum with 70 bar of 

pressure, which can produce highly desired products. C18 hydrocarbon was selected to 

decrease with increasing temperature. Methane and propane were by-products from 

side reactions. 

Perez-Cisneros and co-workers37 studied hydrotreating of vegetable oils and 

petro-diesel blends for green diesel production with a process of reactive distillation. 

Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) was used for the 

thermodynamic model in Aspen Plus to simulate the reactive distillation process. The 

mixture products from the hydrotreating process contained unreacted TGs, water, 

alkanes, and gaseous compounds such as H2, propane, CO2, and CO. 

Glisic and co-workers38 studied waste vegetable oil for BHD production and 

performed techno-economic analysis. The thermodynamic model used RK-Aspen 

EOS in UniSim software when the process operated at high pressures and high 

temperatures. Peng-Robinson EOS was employed at near atmospheric pressure. 

RYield reactor operation was simulated at 390 °C of temperature and 138 bar of 

pressure, using CoMo/Al2O3 and H2/oil feed molar ratio of 46 with 95.6% conversion. 

The process flow diagram of the BHD production is shown in Figure 3.7. 
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Figure 3.7 Process flow diagram of BHD production38. 

Hilbers and co-workers39 studied hydrotreated vegetable oil process design for 

green diesel production. UniSim was used for the design and NRTL-RK was chosen 

as the thermodynamic property package. Hydrotreatment of vegetable oil consisted of 

pretreatment, reaction, and separation. The reactors in series (R1-2) was operated at 

300-350 °C of temperature and 35 bar of pressure. The study achieved 97% 

conversion of hydrotreatment using the NiMo/ɤ-Al2O3 catalyst. For the second reactor 

(R2), which was a trickle-bed reactor using the bifunctional Ni-Mo catalyst on ZSM-5 

zeolite, operation at 380 °C of temperature and 35 bar of pressure yielded 100% 

conversion of isomerization with hydrogen feed. The process flow diagram of 

hydrotreated vegetable oil is shown in Figure 3.8.  

 

Figure 3.8 Process flow diagram of hydrotreated vegetable oil39. 
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Smejkal and co-workers40 studied thermodynamic of hydrotreating vegetable 

oil. The Joback’s contribution method and tabulated values by Peng-Robinson EOS 

were used to calculate and estimate the accuracy of the Gibbs free energies of total 

hydrogenation into hydrocarbons with various temperatures at pressure of 70 bar as 

shown in Figure 3.9. The deviation is acceptable indicating the accuracy of the 

thermodynamic parameters, and the forecast is reasonable. 

 

Figure 3.9 Gibbs free energies of total hydrogenation into hydrocarbons with various 

temperatures at pressure of 70 bar40. 

The sum of calculations from tristearate and hydrogenation of rape-seed oil 

from experiments was compared with the concentrations of C17 and C18 hydrocarbon 

products at 70 bar and temperature from 270 to 350 °C as shown in Figure 3.10. 

NiMoS on alumina was used as a catalyst. To obtain the extent of reaction 

corresponding with 7 moles of H2 per unit mole of tristearate, H2 to oil ratio of 100 

was supplied. The temperature of 300 °C shows acceptable agreement between the 

experiment and the model. 
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Figure 3.10 Concentrations of C17 and C18 hydrocarbon at 70 bar for tristearate 

(calculation) and rape-seed oil (experiments) hydrogenation40. 

Guzman and co-workers33 studied hydrotreating of crude palm oil (CPO) 

using the NiMo/ɤ-Al2O3 catalyst. Two process variables were investigated: 15 - 90 

bar of hydrogen pressure and 0 - 14 days of time on stream (TOS). Equilibrium 

reactor in Aspen Plus was used based on stoichiometric approach, and the employed 

thermodynamic model of phase equilibrium was PSRK. 

Results of simulation with two different H2:CPO ratios equal to 12.5:1 and 

20:1 at 350 °C were compared with H2:CPO ratio of 20:1 from the experiment as 

shown in Figure 3.11. The simulation results at 12.5:1 of H2:CPO ratio were in 

agreement with the experiment data. If these reactions are in a chemical equilibrium, 

they show that there is no effective hydrogen, but these reaction conditions can be 

limited by diffusion of hydrogen or diffusion of TGs to the active sites with the mass 

fraction profile shown in Figure 3.12. 
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Figure 3.11 Profile of C15/C16, C17/C18 from equilibrium and experimental at 350 °C 

with various pressures of reactor33. 

 

Figure 3.12 Profiles of mass fractions of equilibrium at 350 °C and 12.5:1 of H2:CPO 

with various pressures of reactor and 20:1 of H2: CPO at 350 °C from experimental 

data33. 

The hydrogen consumption from the effect of pressure was calculated from 

the simulation as shown in Figure 3.13. The results of CO and CO2 gas products of 

HDCO and DCO2 reaction routes, respectively, decreased with pressure. The 

hydroprocessing of CPO at approximately 40 bar of pressure, which DCO2 and 

HDCO are favored, consumed less hydrogen following the lower pressure. 
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Figure 3.13 Hydrogen consumption at 350 °C, 2 h-1 of LHSV with various pressures 

of reactor and H2:CPO ratios33. 

Kumar and co-workers41 studied the hydrodeoxygenation of stearic kinetics, 

using acid over nickel metal on different supports, at the initial hydrogen pressure of 8 

bar in the 260 - 290 °C of temperature range and 13 - 14.5 bar of pressure, which was 

operated in a batch reactor. A 100% conversion at 360 min was obtained from the 

operation at 290 °C of temperature and 14.5 bar of pressure. Hydrodeoxygenation of 

stearic acid mechanism pathways, using the Ni catalyst, is shown in Figure 3.14. 

Moreover, the first order kinetic model was used in liquid phase components 

using the excess H2. Thus, formation rates of the different components were expressed 

as shown in Table 4.1 in the next chapter by following the differential Equations 3.1 - 

3.6. 
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Figure 3.14 Hydrodeoxygenation of stearic acid mechanism pathways, using Ni 

catalyst41. 

Rate of stearic acid consumption: SA
1 SA

dC
= -k C

dt
   (3.1) 

HEPD production rate: HEPD
2 OCTDL

dC
= k C

dt
    (3.2) 

OCTD production rate: OCTD
3 OCTDL

dC
= k C

dt
    (3.3) 

PEND production rate: PEND
4 OCTDL

dC
= k C

dt
    (3.4) 

HEXD production rate: HEXD
5 OCTDL

dC
= k C

dt
    (3.5) 

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

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

dt
  (3.6) 

 

Figure 3.15 shows the effect of reaction temperatures on stearic acid 

conversion. Stearic acid conversion increases with increasing reaction temperatures. 

At 290 °C (563 K) of temperature, even after 240 min of reaction, almost complete 
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SA conversion was obtained with the selectivity to HEPD being the primary product 

in the presence of the nickel catalyst on ɤ-Al2O3 support. 

 

Figure 3.15 The reaction temperatures effect on conversion of stearic acid using 

nickel supported catalyst, 0.18 kmol/m3 of concentration of stearic acid and 8 bar of 

initial hydrogen pressure41. 

Jenistova and co-workers42 proposed a kinetic model of deoxygenation of 

stearic acid using Ni supported on ɤ-Al2O3 catalyst. The results showed a 99% 

conversion in 360 min and 97% of selectivity to heptadecane which was operated at 

300 °C of temperature and 30 bar of total pressure using 5% Ni-ɤ-Al2O3. The pressure 

effect was included in the kinetic model and the kinetic model applied for data with 

Ni-ɤ-Al2O3 as well as Pd/C, Ni-H-Y-80, and Ni/SiO2 catalysts. The network of 

reaction for deoxygenation of stearic acid is shown in Figure 3.16. Langmuir-

Hinshelwood type of kinetics was expressed in Equations 3.7 - 3.8 and hydrogen 

pressure is used to replace the dissolved hydrogen concentration. The reaction rate of 

the second step is not dependent on the hydrogen pressure as shown in Equation 3.9. 

Thus, the formation rate of various components of stearic acid (A), stearyl alcohol 

(B), heptadecane (C), and octadecane (D) is represented by the ordinary differential 

equation according to Equations 3.10 - 3.13. 
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Figure 3.16 The network of reaction for deoxygenation of stearic acid42. 

  
2

2

'

1 A H

1

A A H H

k c p
r =

1+K c 1+K p
       (3.7) 

  
2

2

'

3 B H

3

A A H H

k c p
r =

1+K c 1+K p
       (3.8) 

'

2 B

2

A A

k c
r =

1+K c
         (3.9) 

A production rate: A

1

dC
= -r

dt
      (3.10) 

B production rate: B

1 2 3

dC
= r -r -r

dt
      (3.11) 

C production rate: C

2

dC
= r

dt
      (3.12)   

D production rate: D

3

dC
= r

dt
      (3.13) 

 

The estimated rate constants are listed in Table 4.2 with different catalyst 

types listed in Table 3.2. In Table 4.2, a single hydrogen pressure was used for the 

experimental data, so that lumped parameters 
'

1k  and 
'

3k  in this Table include the 

dependence on hydrogen pressure. The model well described the kinetic data. 
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Table 3.2 Estimated rate constant for HDO of stearic acid, using 5 wt.% of different 

catalysts at temperature 300 °C and 30 bar of total pressure42. 

 

 

Figure 3.17 Total pressure effects on deoxygenation of stearic acid using 5 wt.% Ni-

γ-Al2O3 at 300 °C of temperature. Symbols: (o) stearic acid, (□) heptadecane, (*) 

stearyl alcohol, and (+) octadecane42. 

Figure 3.17 shows the total pressure effects on deoxygenation of stearic acid. 

Stearic acid conversion increased with increasing total pressure. The solid lines were 

consistent with calculations. 

The literature review of modelling and design of plant for single-step of 

hydrogenolysis of TGs/ deoxygenation of FFAs process for bio-hydrogenated diesel 

fuel production can be summarized in Table 3.3. 

Catalyst k1 min
-1 Rel. St. error 

(%)
k2 min

-1 Rel. St. error 

(%)
k3 min

-1 Rel. St. error 

(%)
KA [-]

Rel. St. error 

(%)

5 wt% Ni-H-Y-80 1.4×10
-3

4.8 6.25 4.3 3.16×10
-1

4.2 4.01×10
1

3

5 wt% Ni/SiO2 1.85×10
-3

22.9 4.48×10
-1

25.6 5.46×10
-4

36.5 2.55×10
2

26.6

5 wt% Pd/C 4.66×10
-4

7.2 2.9 32.4 2.57×10
-3

31.5 2.06×10
2

8.8
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3.1.2 Two-step: hydrolysis of triglycerides and deoxygenation of free fatty acids 

process 

Gomez-Castro and co-workers43 reported 99.83% conversion of triolein for 

hydrolysis which was simulated by a first order kinetic model at 70 bar and 270 °C of 

reaction and triolein is hydrolyzed with water in a 1/1 volumetric ratio in order to shift 

the equilibrium to the desired products. Then, hydrolysis of triolein with water is 

shown in three steps of reaction: 

2
TRIO+H O DIO+OLAC        (3.14) 

2
DIO+H O MONO+OLAC         (3.15) 

2
MONO+H O GLY+OLAC         (3.16) 

where OLAC corresponds to oleic acid and TRIO, DIO, and MONO stand for 

triolein, diolein, and monoolein, respectively. The overall hydrolysis reaction can then 

be specified as: 

2
TRIO+3H O GLY+3OLAC         (3.17) 

The hydrolysis reaction considers first order for the kinetic model: 

OLAC
H TRIO

dC
=k C

dt
         (3.18) 

where the value of kH has been taken as 0.0026 s-1 at 270 °C (Minami and 

Saka44) with 63,553.05 J/mol of activation energy of hydrolysis reaction. Water is fed 

in excess for the process. The Redlich-Kwong-Aspen equation of state (RK-ASPEN) 

was the thermodynamic model for the simulation of the hydrolysis reactor. Figure 

3.18 demonstrates the biodiesel production process with hydrolysis of triolein. For the 

first reaction using a plug flow reactor, the stream leaves from the reactor into a 

decanter, where the phase of oil and the aqueous phase were separated. The UNIFAC 

model was used for simulating the decanter in order to predict two phases of liquid 

formation. The aqueous phase was obtained from the decanter, which contained 

glycerol and water. 
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Figure 3.18 Biodiesel production process with hydrolysis of triolein using plug flow 

reactor43. 

Minami and co-workers44 studied kinetics in the hydrolysis reaction of TGs in 

subcritical water without any catalyst in a tubular reactor from rape seed oil, which 

operated at 270 °C of temperature and 200 bar (20 MPa) of pressure. Figure 3.19 

shows FFAs yields obtained from rapeseed oil in subcritical waters in various 

conditions. However, higher temperatures may lead to a higher rate of FFA formation, 

with around 90 wt.% of FFAs yields with 1/1 of water to rapeseed oil volumetric 

ratio. 

 

Figure 3.19 FFAs yields obtained from rapeseed oil in subcritical waters in various 

conditions44. 
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Jenistova and co-workers42 also tested tall oil fatty acids (TOFA) as a raw 

material in the HDO reaction at 300 °C and 30 bar of total pressure in hydrogen. 

TOFA contains stearic acid (C18:0) in addition to unsaturated FFAs, including oleic 

acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3). 

 Unsaturated FFAs are rapidly hydrogenated and provided stearic acid, which 

is evident from Figure 3.20. It shows that the concentration of stearic acid initially 

increases. In addition, 94% of conversion and 96% of selectivity of heptadecane were 

the final results. 

 

Figure 3.20 Molar (%) of stearic acid (■), heptadecane (●), stearylalcohol (□), and 

octadecane (∆) in the HDO reaction of TOFA. Conditions of reaction: 300 °C of 

temperatue and total pressure in hydrogen of 30 bar42. 

Wang and co-workers45 studied canola oil conversion to hydrocarbons, with 

the process shown in Figure 3.21. 99.7% conversion of hydrolysis was obtained from 

continuous thermal hydrolysis operated at 250 °C of temperature and 55 bar of 

pressure, with the water feed rate of 20 mL/min and the oil feed rate of 10 mL/min, 

and the volumetric ratio of 2:1. 90% of deoxygenation was obtained from using fed-

batch thermo-catalytic decarboxylation, 5% Pd/C catalyst operated at 300 °C of 

temperature, 19 bar of pressure, with the feed rate of H2 and He gas of 7.0 mL/min. 

The characteristics of DG appearing in Figure 3.22 show the step of the hydrolysis 

reaction that TG transformed into DG and converted to MG, respectively. Figure 3.23 

shows that the concentrations of FFAs and glycerol (GLY) began to rise before 50 

min and reached equilibrium at 180 min and 210 min, respectively. The 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

42 

decarboxylation reaction was dominant with a higher CO2 production rate than CO as 

shown in Figure 3.24. 

 

Figure 3.21 Continuous hydrolysis and fed-batch decarboxylation system45. 

 

Figure 3.22 Concentrations of TG, DG, and MG with various times at 250 °C of 

temperature, water feed rate of 20 mL/min, and oil feed rate of 10 mL/min45. 
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Figure 3.23 Concentrations of FFA and GLY with various times at 250 °C of 

temperature, water feed rate of 20 mL/min, and oil feed rate of 10 mL/min45. 

 

Figure 3.24 Molar flow rates of CO2 and CO and mol (%) of effluent H2 obtained 

from deoxygenation of canola oil derived FFA for fed-batch at 300 °C and 19 bar, 

using 5% Pd/C catalyst with dodecane solvent and 7.0 mL/min of feed rate45. 

Wang and co-worker46 reported the hydrolysis reaction of canola oil at 

temperature of 250 °C and pressure of 55 bar with 20 ml of H2O and 10 ml of oil, 
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which provide 85.87% of FFAs yield with time of 5 h and analyzed thermodymamic 

of the process, which reactor makeup heat of 6,840 kJ from the hydrolysis reaction of 

canola with a continuous reactor. However, the continuous process provided a higher 

degree of the hydrolysis reaction than the batch process because water-glycerol 

mixtures are replaced by the fresh water continuously, leading to the forward shift 

reaction. 

Natelson and co-workers47 studied jet fuel production with analysis of techno-

economic obtained from hydrolysis, DCO2, and hydrogen generation from camelina 

oil. Operating conditions of 250 °C and 50 bar (5 MPa) resulted in 99.7% of yields for 

hydrolysis reaction. The optimal sweet-water flash condition was at temperature of 

125 °C and 1 atm of pressure. The stream of FFAs oil is purified and it was sent to a 

decarboxylation reactor. A temperature of 200 °C and atmospheric pressure were 

optimal FFAs flash conditions. In the hydrotreating process, hydrogen saturates on the 

double bonds of FFAs with the catalytic reaction when operating at 280 °C of 

temperature and 20 bar (2 MPa) of pressure. A deoxygenation efficiency of 100% is 

assumed, with 95% to DCO2 and 5% to HDCO. Aspen Plus was used for the 

simulation and the NRTL property method was thermodynamic model. For process 

energy, energy was obtained from glycerol by-product in the sweetwater by a boiler. 

The diagram of the hydrolysis, DCO2, and isomerization/ hydrocracking process is 

shown in Figure 3.25. 
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Figure 3.25 Diagram of the hydrolysis, DCO2, and isomerization/hydrocracking 

process47. 

The literature review of modelling and design of plant for two-step: hydrolysis 

of TGs and deoxygenation of FFAs process for bio-hydrogenated diesel fuel 

production can be summarized in Table 3.4. 
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3.2 Hydrogen production 

3.2.1 Propane steam reforming process 

Wang and co-workers48 studied thermodynamic of hydrogen production by 

PSR with the Gibbs free energy minimization method. Mole of hydrogen decreases 

with increasing pressure as shown in Figure 3.26. 

 

Figure 3.26 Moles of hydrogen generated per mole of propane (open symbol) and 

SESR (solid symbol) of propane with various pressures and 6 of WPMR48. 

Figure 3.27 indicates that the number of moles of hydrogen generated 

increases with the increase in temperature when water to propane molar ratio 

(WPMR) is less than 6 in steam reforming. For WPMR more than 6, hydrogen 

generation increases with increasing temperature, before reaching the maximum rang 

of 652 - 700 °C (925 - 975 K), and then begins to decrease slightly at higher 

temperatures. The greatest quantity of hydrogen of 9.1 was obtained at 652 °C (925 

K) of temperature, atmospheric pressure, and 18 of WPMR. 
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Figure 3.27 Moles of hydrogen generated per mole of propane with various WPMR 

and temperature at atmospheric pressure (A)48. 

Even though significant enhancement on reforming performance could be 

obtained with high WPMR, it required high volume of the reactor due to high steam 

volumetric flow and high heat duty of process from high vaporization energy. Figure 

3.28 indicates that products composition with various temperatures at atmospheric 

pressure and 12 of WPMR yielded the highest hydrogen concentration of 74% in the 

product gas from PSR at 677 °C of temperature. 

 

Figure 3.28 Products composition with various temperatures at atmospheric pressure 

and 12 of WPMR (A)48. 
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Im and co-workers49 studied the PSR performance with Ni/YSZ and 1.0% 

M/Ni/YSZ catalysts (M = Ru, Rh, Pd, and Ag) for effective hydrogen production. 

Outlet gas distribution and outlet gas selectivity of PSR with various catalysts at 650 

°C of temperature consist of H2, CH4, CO, CO2, and C3H8 as shown in Figure 3.29. 

The result of gas selectivity shows that using 1% Rh/Ni/YSZ catalyst for PSR was 

better than the other catalysts with 74.4% of H2 gas selectivity. 

 

Figure 3.29 PSR performance on gas distribution from Ni/YSZ and 1.0% M/Ni/YSZ 

catalysts (M =Ru, Rh, Pd, and Ag), and selectivity of gas at 650 °C49. 

3.2.2 Glycerol steam reforming process 

Profeti and co-worker50 reported the performance of the Ni and the noble 

metal promoted catalysts for the GSR. The distribution of gaseous product obtained at 

700 °C, especially on the amounts of CO, CO2, and CH4 produced, is very similar for 

all catalysts: 55 - 60% of H2, 20% of CO2, 15 - 25% of CO, and 2 - 5% of CH4. 

Addition of noble metal with the Ni catalyst resulted in a markedly higher product 

yield and glycerol conversion. 

As forecasted, the addition of the noble metal affected the yield of the product. 

Interestingly, catalytic activity of Ni affected the H2 production, and a higher H2 yield 

was achieved from the NiPt catalyst. The NiPt/CeO2–Al2O3 catalyst for the GSR at 
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700 °C, 6 of water to glycerol molar ratio (WGMR), and atmospheric pressure can 

produce H2 of 4.79 moles per mole of glycerol supplied. 

Wang and co-workers10 studied H2 generation from catalytic GSR using Ni-

Mg-Al based catalysts, performing the evaluation in a fixed-bed reactor at 1 atm of 

pressure and 450 - 650 °C of temperature range. Three type of Ni-Mg-Al based 

catalysts with different Ni, Mg, and Al compositions as C1, C2, C3 catalysts were 

evaluated. The results of study showed that conversion of glycerol and selectivity of 

H2 increased with increasing temperatures from 450 to 650 °C. CO and CH4 

formation in the GSR were almost negligible. Formation of carbon in GSR was of 

concern in the low temperature range. The C3 catalyst composing of 24.1 wt.% NiO, 

26.1 wt.% MgO, and 49.8 wt.% Al2O3 was the significant catalyst yielding 78.5% of 

H2 selectivity and up to 88% of glycerol conversion at 650 °C as shown in Figure 3.30 

and Figure 3.31, respectively. 

 

Figure 3.30 H2 selectivity in GSR using three catalysts10. 
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Figure 3.31 Conversions of glycerol and steam with various temperatures10. 

Furthermore, based on thermodynamic of GSR, the number of mole of 

hydrogen increases with increasing temperature, and greater than 95% conversion at 

higher than 500 °C of temperature and the upper limit of 6 moles of hydrogen at 650 

°C, atmospheric pressure, and 9 of WGMR was obtained as shown in Figure 3.32. 

Nonetheless, the theoretical mole number of hydrogen generation per unit mole of 

glycerol is 7.0, with the complete GSR. 
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Figure 3.32 Molar number of thermodynamic equilibrium of GSR: (a) conversion 

and (b) gas products10. 

Hajjaji and co-workers51 reported the result of thermodynamic and the optimal 

condition of GSR at 9 of WGMR, 677 °C of temperature, and atmospheric pressure 

based on the maximum H2 production with the minimum CH4 and CO contents and 

formation of coke. Under these conditions, approximately 6 moles of H2 per unit mole 

of glycerol could be generated as shown in Figure 3.33 and the equilibrium synthesis 

gas yield is shown in Figure 3.34. The thermodynamic model was SRK using R-

Gibbs model of the reactor. 
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Figure 3.33 Hydrogen mole generated per glycerol mole unit in the GSR reactor with 

various WGMR and temperatures at atmospheric pressure51. 

 

Figure 3.34 Yields of synthesis gas in the equilibrium GSR reactor with various 

temperatures and WGMR at atmospheric pressure: (a) CO, (b) CH4
51. 

3.3 Integrated system of hydrotreating and hydrogen generation process 

3.3.1 Multiple processes of integrated system of hydrotreating and hydrogen 

generation 

McCall and co-workers from UOP LLC52 proposed production of aviation fuel 

from renewable feedstocks in a single reaction zone, using multifunctional catalysts 

(Pt, Pd, Ru, Rh, NiMoS2, and NiWS2) with 0.05 - 10 wt.%. The process was operated 

at 150 - 454 °C of temperature and 14 - 140 bar of pressure. Hydrogen is soluble in 

the liquid and the hydrocarbon was recycled. Hydrogen was produced from light 
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hydrocarbon products in the reforming zone using the Ni catalyst, which was operated 

at 700 - 950 °C of temperature and 40 bar of pressure. The diagram of aviation fuel 

production is shown in Figure 3.35. 

 

Figure 3.35 Diagram of aviation fuel production52. 

Sungnoen and co-workers16 studied the simulation of combination process for 

biodiesel production, hydrogen generation via GSR, and green diesel production using 

soybean oil and stearic acid (SA) as raw materials. The process flow diagram for the 

base case condition of the combined process is shown in Figure 3.36. The operating 

condition for hydrogen generation via GSR was at 852 °C and 14.3 atm using the 

nickel catalyst. The process flow diagram for hydrogen generation via GSR is shown 

in Figure 3.37. The optimal operating condition was 290 °C of reaction temperature, 

14.31 atm of pressure, and 1.5 of hydrogen to SA feed molar ratio for green diesel 

production. The process flow diagram for hydrotreating of stearic acid is shown in 

Figure 3.38. The simulation result shows that almost 100% of both SA and OCTDL 

were also converted to green diesel products. The suitable thermodynamic models 

were used in Aspen Plus in order to simulate the process. Soave-Redlich-Kwong 

(SRK) has been applied for glycerol reforming and Peng-Robinson equation of state 

(PENG-ROB) has been applied for green diesel production, which UNIFAC was used 

to forecast some parameters of binary interaction. 
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Figure 3.36 Process flow diagram for base case condition of combined process16. 

 

Figure 3.37 Process flow diagram for hydrogen generation via GSR16. 

 

Figure 3.38 Process flow diagram for hydrotreating of stearic acid16. 

Pujan and co-workers53 studied algae oil conversion in order to obtain 

biokerosene by simulating the fluidized-bed catalytic cracking (FCC) process. The 

FCC unit and the ZSM-5 catalyst with RStoic and RYield model were used for the 

reactor. Methane was fed for steam reforming of hydrogen production with RStoic 

model for the reactor, which operated at 760 °C of temperature and 20 bar of pressure. 

For hydrotreatment using RStoic model of the reactor, the operating condition was 

360 °C of temperature and 100 bar of pressure with PENG-ROB thermodynamic 

model. The result specified that 13.9 kg of diesel and 41.6 kg of biokerosene were 
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produced (55.5% product) and that methane consumption was 2 kg per 100 kg algae 

oil. The process structure of the simulation model is shown in Figure 3.39. 

 

Figure 3.39 Process structure of the simulation model53. 

Atsonios and co-workers54 studied hydroprocessing of vegetable oil as shown 

in Figure 3.40. REquil model is used for the equilibrium reactor in order to simulate 

the hydrotreating reactor at the operating condition of 360 °C of temperature, 40 bar 

of pressure, 100% of TGs decomposition rate, 20 molars of H2/oil ratio, and the NiMo 

catalyst. The PSRK thermodynamic property method was used in Aspen Plus 

simulator. Light gases (by-products) and natural gas (feed) for the autothermal 

reformer reactor (ATR) was operated at 950 °C of temperature, 4.5 bar of pressure, 

and steam to carbon ratio of 2. The water gas shift (WGS) reactor was operated at 300 

°C of temperature and 4.5 bar of pressure in order to improve the hydrogen yield. 

Chemical equilibrium was assumed for modeling of both ATR and WGS reactors. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

57 
 

 

Figure 3.40 Vegetable oils hydroprocessing unit54. 

3.3.2 Single process of integrated system of hydrotreating and hydrogen 

generation 

The single process which combined hydrotreating and hydrogen generated 

from sunflower oil was studied based on a catalytic fixed-bed reactor with the 

response of pressure. Dominguez-Barroso and co-workers55 studied the overall 

process in one step containing the steps of hydrolysis, reforming of glycerol and 

hydrogenation in situ, and deoxygenation with the integration of Pt-Ni/Al2O3 and 

Pd/C catalysts under subcritical water condition (T ≤ 300 °C) without external 

hydrogen support to yield 17 carbon atoms of alkane hydrocarbon. Figure 3.41 

demonstrates the possible reaction of green diesel production from vegetable oil. 
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Figure 3.41 Possible reaction of green diesel production from vegetable oil using 

PtNi/Al2O3+Pd/C combined55.  

Mao and co-workers56 studied the efficiency of TGs reaction (hydrothermal 

and hydrodeoxygenation) with hydrogen generation in situ for green diesel 

production. The result revealed that up to 71.91% yield of green diesel (C17 + C18 

products) was achieved over the activated carbon supported palladium catalyst with 

decalin as solvent in the presence of water at 250 °C (523 K) with pressure of 

autogenous after 12 h of reaction time, which provided the hydrogen generated in situ 

from solvents. 

The literature review of modelling and design of plant for combined 

hydrotreating and hydrogen generation for bio-hydrogenated diesel fuel production 

can be summarized in Table 3.5. 
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3.4 Pressure swing adsorption technology 

Technology of separation such as cryogenic, selective of membrane, 

absorption, and adsorption can present an optimal solution for each production 

process. Technology of pressure swing adsorption (PSA) is a technique used for 

recovery of H2 and purification of H2 from off-gases of refinery, including SRM, PSR 

and GSR of the hydrogen generation process. Principles of PSA are based on 

molecules of gas adsorbing to a material of a solid adsorbent. The material of the 

adsorbent can be integration of silica gel, activated carbon, zeolites, and carbon 

molecular sieves. The attractive forces between molecules of gas and the material of 

the adsorbent depend on the component of gas, the type of the adsorbent material, the 

partial pressure of component of gas and the operating temperature. Compounds, 

which are highly volatile with low polarity such as He or H2, are typically not 

adsorbed compared to gas molecules such as CO, CO2, N2, and hydrocarbon. The 

relative attractive force between various gas molecules and a typical adsorbent 

material is shown in Figure 3.4257. 

 

Figure 3.42 Range of adsorption force of compounds57. 

The PSA operates at constant temperature and is used between two pressure 

levels in order to affect adsorption loading and desorption loading. Impurities such as 

light hydrocarbons, heavy hydrocarbons, water, CO, CO2, and N2 are selectively 

adsorbed at high pressure in the typical range of 10 - 40 bar, from bottom to top of the 
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vessel and increases the impurities loading onto the material of the adsorbent. 

Desorption or regeneration of the adsorbent material is performed at low pressure to 

slightly above atmospheric pressure in order to reduce the residual impurities loading 

as much as possible. H2 is recovered, which is high purity flow to product stream. 

Isotherm of adsorption showing the relationship between partial pressure of gas 

molecule and equilibrium of loading onto adsorbent material at each temperature is 

shown in Figure 3.4357. The process diagram of the PSA system containing 

adsorption, desorption, and pressure equalization is shown in Figure 3.4457. The 

literature review of PSA technology for hydrogen recovery and purification is 

summarized in Table 3.6. 

 

Figure 3.43 Isotherm of adsorption between partial pressure of molecule of gas and 

equilibrium of loading onto material of adsorbent57. 

 

Figure 3.44 Process diagram of PSA system57.  
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3.5 Catalysts for hydrotreating of triglycerides/ free fatty acids process 

There are three catalyst types that have been widely used in hydrotreating of 

TGs/ FFAs: (1) noble metal catalysts, such as Pt, Pd, Ru, and Rh3-4, 26, 61-62, (2) non-

noble metal and non-sulfide catalysts, such as Ni, Co63-65, and bimetallic catalysts, 

such as NiMo supported on Al2O3
66, and (3) bimetallic sulfide catalysts, e.g., 

CoMoS2, NiMoS2 supported on Al2O3
2, 61. The favorable metal catalysts are HDCO 

and/or DCO2, while the dominant bimetallic sulfide catalysts are HDO. 

(1) Noble metal catalyst 

Snare and co-workers26 studied production of green diesel via heterogeneous 

stearic acid catalytic deoxygenation in a semi-batch reactor under 300 °C of 

temperature and 6 bar of pressure. When using 5% Pd/C, 100% conversion of 

deoxygenation and 95% selectivity to C17 product were obtained. When using 5% 

Pt/C, 86% conversion of deoxygenation and 87% selectivity to C17 product were 

obtained. Furthermore, the results of the CO2/CO ratio with various sampling times 

using 5% Pd/C and 5% Pt/C catalysts are shown in Figure 3.45, which indicated that 

the palladium catalyst was dominating to decarboxylation, and that the platinum 

catalyst was dominating to hydrodecarbonylation. The noble metal catalysts supported 

on activated carbon in stearic acid deoxygenation was reviewed by Pattanaik and co-

workers3, which showed that the Pd/C catalyst contributed to the DCO2 dominating 

pathway and that the Pt/C catalyst contributed to the HDCO dominating pathway. 

 

Figure 3.45 Results of CO2/CO ratio with various sampling times using 5% Pd/C and 

5% Pt/C catalysts, operating condition at 300 °C of temperature, 6 bar of pressure for 

stearic acid deoxygenation26. 
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Kiatkittipong and co-workers4 studied green diesel production from 

hydrotreating of refined palm oil such as palm fatty acid distillate (PFAD) and crude 

palm oil (CPO). The Pd/C catalyst is proposed as a more suitable catalyst for the 

FFAs feedstock. The reaction temperature of 375 °C and 40 bar of pressure are the 

optimal condition to obtain the maximum diesel yield of 81%, while NiMoS2/ɤ-Al2O3 

is preferred for the TGs feedstock. The Ni/Al2O3 contributed decarboxylation while 

Mo/Al2O3 contributed mainly hydrodeoxygenation. The result of the deoxygenation 

reaction pathways was compared to the Pd/C catalyst, and the degree of HDO of 

NiMo/ɤ-Al2O3 was much higher. 

Pongsiriyakul and co-workers62 studied hydrotreating under pure hydrogen 

and under synthesis atmosphere gas for green diesel production. The feedstock was 

PFAD and the Pd/C catalyst was used at 375 °C and 400 °C of reaction temperature 

and 40 bar of initial pressure. The conversion of PFAD and liquid fuel 

(diesel+gasoline) yields under the syngas atmosphere were lower than those under the 

pure H2 atmosphere. Although gasoline and diesel yields increased with increasing 

temperature from 375 °C to 400 °C, the selectivity of diesel decreased. The 

DCO2/HDCO reaction is the main reaction pathway of the deoxygenation reaction 

rather than HDO, and HDCO is the predominant pathway which is indicated by the 

lower CO2 fraction in the gas product.  

Liu and co-workers61 studied production of green diesel by hydrotreating of 

waste cooking oil using the ruthenium (Ru) catalyst supported on Al-polyoxocation-

pillared montmorillonite (Al13-Mont). The studied condition was 350 °C of reaction 

temperature, 20 bar (2 MPa) of H2 pressure, 15.2 h-1 of liquid hourly space velocity 

(LHSV), and 400 mL/mL of the H2/oil ratio. The study achieved an initial C5+ 

hydrocarbon yield of 83.6% and did not show catalyst deactivation after 72 h on-

stream when compared to the sulfide Ni-Mo/Al13-Mont catalyst, which showed slow 

deactivation due to the loss of sulfur. 

(2) Non-noble metal and non-sulfide catalyst 

The non-noble metal and non-sulfide catalysts were studied with waste 

chicken fats through deoxygenation in order to obtain BHD using Ni/ɤ-Al2O3. 

Kaewmeesri and co-workers63 reported that the main pathway of reaction was 
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hydrodecarbonylation/ decarboxylation (HDCO/DCO2), whereas HDO was minor, 

which operated at 330 °C of temperature and pressure of 50 bar.  

The catalytic behaviors of Ni/ɤ-Al2O3 and Co/ɤ-Al2O3 for hydrodeoxygenation 

of palm oil were studied by Srifa and co-workers64, which operated at temperature of 

300 °C and pressure of 50 bar. The Ni catalyst is favorable leading to combined 

hydrodecarbonylation (HDCO) and/or decarboxylation (DCO2) reactions, which were 

dominant over the HDO reaction. Meanwhile, the Co catalyst contributed nearly 

comparably to HDCO/DCO2 and HDO reactions. 

Morgan and co-workers65 studied catalytic deoxygenation of TGs to 

hydrocarbons using supported Ni-Al, Ni-Mg-Al, Mg-Al, and Ni/Al2O3 catalysts, with 

triolein and soybean oil as feedstocks. The use of unsaturated TGs favors cracking 

reactions, leading to the formation of lighter products and higher amount of coke 

deposits than using saturated TGs feeds, which were active and were operated at 350 

°C of reaction temperature. 

Orozco and co-workers66 studied hydrotreating in a continuous fixed bed 

reactor from castor oil in order to produce green diesel, using the NiMo/Al2O3 

catalyst, which was operated at temperature of 350 °C and 35 bar of pressure to 

achieve 100% conversion. The effect of the H2/oil molar ratio was studied at 35:1, 

70:1, and 105:1, which demonstrated that C18H38 increased while C17H36 decreased 

with increasing H2/oil molar ratio. In addition, the gas fraction of CO and CO2 

decreased with increasing H2/oil molar ratio and the low H2/oil molar ratio provided 

the high CO2 gas fraction. Thus, the increasing H2/oil molar ratio affected DCO2, 

HDCO, and HDO reactions. 

(3) Bimetallic sulfide catalyst 

Srifa and co-workers2 studied production of BHD by catalytic hydrotreating of 

palm oil using the NiMoS2/ɤ-Al2O3 catalyst and reported that hydrodeoxygenation 

was dominant when operating at 270 - 420 °C of reaction temperature, 15 - 80 bar of 

H2 pressure, 0.25 - 5 h-1 of LHSV, and 250 – 2,000 N (cm3/cm3) of the H2/oil ratio.  

The maximum production yield was obtained at 1,000 to 1,500 N (cm3/cm3) of 

the H2/oil ratio, which indicates that hydrogen should be about 3 - 5 times greater than 
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hydrogen consumption per oil. At the operating condition of 300 °C of temperature, 

50 bar of pressure, and 1,000 N (cm3/cm3) of the H2/oil ratio, 100% conversion, 

89.8% product yield (C15 - C18), 72% contribution to HDO, and 16.8% contribution to 

HDCO/DCO2 were achieved. 

Furthermore, the performance of different catalysts with various 

deoxygenation pathways can be summarized in Table 3.7. 

Table 3.7 Performance of different catalysts with various deoxygenation pathways. 

Catalyst Feedstock 
Reaction 

condition 

Major 

reaction 
Conversion Reference 

Ni/ɤ-

Al2O3 
Palm oil 

T=300 °C 

P=50 bar 
HDCO/DCO2 100 % 

Srifa and 

co-workers, 

201564 

Co/ɤ-

Al2O3 
Palm oil 

T=300 °C 

P=50 bar 

Comparable 

HDCO/DCO2 

and HDO 

100 % 

Srifa and 

co-workers, 

201564 

NiMo/ 

Al2O3 
Castor oil 

T=350 °C 

P=35 bar, 

vary H2/oil 

molar ratio  

HDO>HDCO

>DCO2 
100 % 

Orozco and 

co-worker, 

201766 

NiMoS2/ 

ɤ-Al2O3 
Palm oil 

T=300 °C 

P=50 bar 
HDO 100 % 

Srifa and 

co-workers, 

20142 

5% Pd/C FFAs 
T=300 °C 

P=19 bar 
DCO2 90 % 

Wang and 

co-work, 

201245 

5% Pd/C 
Stearic 

acid 

T=300 °C 

P=6 bar 
DCO2 100% 

Snare and 

co-workers, 

201626 

5% Pt/C 
Stearic 

acid 

T=300 °C 

P=6 bar 
HDCO 86 % 

Snare and 

co-workers, 

201626 

 

3.6 Thermodynamic of hydrotreating 

Burgess and co-workes67 and Smejkal and co-workers40 reported heat of 

formation of TGs at standard temperature and pressure (STP). Heat of hydrogenation 

reaction of TGs and FFAs was exothermic reaction, which was reported by Burgess 

and co-workes67. Heat of hydrogenolysis reaction of TGs at STP was exothermic 

reaction, which was reported by Valencia and co-workers68. Snare and co-workers26 

reported heat of reaction of DCO2, HDCO, and HDO at 300 °C as endothermic, 
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endothermic, and exothermic reaction, respectively. However, Valencia and co-

workers68 reported heat of reaction of DCO2, HDCO, and HDO at STP as exothermic, 

endothermic, and exothermic reaction, respectively. The literature review of 

thermodynamic of hydrotreating can be summarized in Table 3.8. 

Table 3.8 Literature review of thermodynamic of hydrotreating. 

Reference 
Burgess

67 

Smejkal
40 

Yenumala
69 

Snare
26 

Valencia
68 

Condition STP STP STP 
300 

°C 
STP 

Component   Heat of formation (kJ/mol) 

Tripalmitin 

Tristearin   

  

 

 

-2,176.9 

-2,050 

-2,180 

 

  

 

  

Triolein   -2,193.7   -1,840     

Trilinolein   -1,880.1         

Component Reaction Heat of reaction (kJ/mol) 

Triolein Hydrogenation -378         

Trilinolein Hydrogenation -757         

Trilinolenin Hydrogenation -1,132         

Oleic acid Hydrogenation -123.6         

Linoleic 

acid Hydrogenation -254.4         

Linolenic 

acid Hydrogenation -380.2         

Trimyristin Hydrogenolysis         -286 

Tripalmitin Hydrogenolysis         -284.4 

Tristearin Hydrogenolysis         -286 

Myristic 

acid DCO2         -25 

Palmitic 

acid DCO2         -28.6 

Stearic acid DCO2       9.2 -25.3 

Myristic 

acid HDCO         28.8 

Palmitic 

acid HDCO         45.2 

Stearic acid HDCO       48.1 48.5 

Myristic 

acid HDO         -122.8 

Palmitic 

acid HDO         -123.2 

Stearic acid HDO       -115 -122.5 
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CHAPTER IV PROCESS SIMULATION 

The integrated system of hydrotreating and hydrogen generation for bio-

hydrogenated diesel fuel production from palm oil was designed and proposed in this 

chapter. This is used to evaluate the performance of the process. Tripalmitin and 

triolein, the main components of palm oil, were used as model compounds for this 

simulation. The basis of feedstock for BHD production was 1.0 kmol/h of tripalmitin 

or triolein. In addition, 3.0 times of the theoretical requirement of the H2/oil molar 

ratio was fed initially, which was presented by the calculation in APPENDIX B. In 

the case of tripalmitin with the DCO2 pathway, although H2 is not required 

theoretically both in hydrogenation and deoxygenation, the H2 to tripalmitin ratio of 

1.35 is fed initially to prevent catalyst decomposition and in order to obtain alkane 

hydrocarbon products with reducing intermediate alkene hydrocarbon as mentioned 

earlier45, 47, 62, 70. 

4.1 Thermodynamic property methods 

All processes in the present work were simulated using the Aspen Plus 

simulation model. The thermodynamic model applied to the hydrotreating process 

was PSRK33, 54, which was an appropriate thermodynamic model with an estimation 

method for equilibrium phase of chemical components mixtures at high pressures 

(>10 bar)71. The SRK method model was applied to the hydrogen generation process, 

and the model provided a satisfying result for the vapor-liquid equilibrium phase of 

systems formed by hydrocarbons16, 51. For introduction of oil to hydrotreating and 

hydrolysis homogeneous liquid process, the NRTL property method has been applied, 

which is appropriate for liquid phase47, 54. The thermodynamic property method model 

in Aspen Plus was simulated in order to select the appropriate thermodynamic 

property method, which was reported in APPENDIX A. 
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4.2 Bio-hydrogenated diesel fuel production 

4.2.1 Single-step of hydrogenolysis of triglycerides/ deoxygenation of free fatty 

acids process 

4.2.1.1 Modelling validation of hydrogenolysis of triglycerides/ deoxygenation of 

free fatty acids 

The reaction temperature affects conversion of stearic acid, which can be 

shown by experiment and simulation of the kinetic model of Kumar and co-workers41 

in Figure 4.1 by using the nickel supported catalyst with 0.18 kmol/m3 of 

concentration of stearic acid and 8 bar of initial hydrogen pressure. The values of 

kinetic parameters are given in Table 4.1 by following the Equations 3.1 - 3.6. 

Table 4.1 Formation rates of different components with different temperatures, pre-

exponential factor (A0), and activation energy (E)41. 
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Figure 4.1 Reaction temperature effect on conversion of stearic acid using nickel 

supported catalyst, 0.18 kmol/m3 of concentration of stearic acid and 8 bar of initial 

hydrogen pressure between experiment and simulation from kinetic model of Kumar 

and co-workers41. 

The comparison on product selectivity between experiment and simulation 

from the kinetic model of Kumar and co-workers41 is shown in Figure 4.2. The result 

showed that product selectivity at 290 °C of reaction temperature was acceptable. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

72 
 

 

Figure 4.2 Product selectivity of hydrotreating of stearic acid using nickel supported 

catalyst at 95% conversion of stearic acid, 0.18 kmol/m3 of concentration of stearic 

acid, 280 °C and 290 °C of reaction temperature and 8 bar of initial hydrogen pressure 

between experiment and simulation from kinetic model of Kumar and co-workers41. 

Figure 4.3 shows product selectivity of hydrotreating of stearic acid using the 

nickel supported catalyst at 95% and 99.91% conversion of stearic acid with 154 and 

360 min of reaction time, respectively,  0.18 kmol/m3 of concentration of stearic acid, 

290 °C of reaction temperature, and 8 bar of hydrogen pressure for simulation from 

the kinetic model of Kumar and co-workers41. The results at 99.91% conversion 

present lower OCTDL than those obtained from 95% conversion with slight 

difference of the results. 
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Figure 4.3 Product selectivity of hydrotreating of stearic acid using nickel supported 

catalyst at 95% and 99.91% conversion of stearic acid with 154 and 360 min of 

reaction time, respectively, 0.18 kmol/m3 of concentration of stearic acid, 290 °C of 

reaction temperature, and 8 bar of hydrogen pressure for simulation from kinetic 

model of Kumar and co-workers41. 

The comparison on product selectivity between experiment and simulation 

from the kinetic model of Jenistova and co-workers42 is shown in Figure 4.4. The 

conditions are validated at 360 min of reaction time which obtained 99% of stearic 

acid conversion using 5% Ni-ɤ-Al2O3, 0.035 M (mol/L) of concentration of stearic 

acid, 300 °C of reaction temperature, and 30 bar of hydrogen pressure. The values of 

kinetic parameters are given in Table 4.2. by following the Equations 3.7 - 3.13. 

Table 4.2 Estimated rate constant for HDO of stearic acid using 5 wt.% Ni-ɤ-Al2O3 

catalyst at temperature of 300 °C with various total pressures42. 

 

k1 min
-1

 bar
-1

Rel. St. error (%)* k2 min
-1

Rel. St. error (%)* k3 min
-1

 bar
-1

Rel. St. error (%) KA [-] Rel. St. error (%) kH bar
-1

Rel. St. error (%)

1.56×10
-3

18.5 4.31×10
-1

21.8 7.83×10
-4

23.5 1.36×10
2

23.2 1.58×10
-2

13.2

* Relative standard error.
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Figure 4.4 Product selectivity of hydrotreating of stearic acid over 5% Ni-ɤ-Al2O3 at 

360 min of reaction time, 99% of stearic acid conversion, 0.035 M (mole/L) of 

concentration of stearic acid, 300 °C of reaction temperature, 30 bar of hydrogen 

pressure between experiment and simulation from kinetic model of Jenistova and co-

workers42. 

The product selectivity of hydrotreating of stearic acid at 360 min of reaction 

time was compared between the kinetic model of Kumar and co-workers41 using the 

nickel supported catalyst,  0.18 kmol/m3 of concentration of stearic acid, 290 °C of 

reaction temperature, and 8 bar of hydrogen pressure which obtained 99.91% 

conversion, the kinetic model of Jenistova and co-workers42 using 5% Ni-ɤ-Al2O3, 

0.035 M (mol/L) of concentration of stearic acid, 300 °C of reaction temperature, and 

30 bar of hydrogen pressure which obtained 99% conversion. Both of the results of 

the kinetic model of Kumar and co-workers41 and Jenistova and co-workers42 

provided n-heptadecane (HEPD) was the main product selectivity and n-octadecane 

(OCTD) was slight, but the kinetic model of Jenistova and co-workers42 also provided 

n-pentadecane (PEND) and n-hexadecane (HEXD). 

However, model validation was discussed in order to show kinetic model41-42 

can approach at high temperature around 300 °C.  
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4.2.1.2 Process and operating condition selection of single-step of hydrotreating 

BHD production requires a bifunctional solid catalyst (acid/metal) operating at 

temperature around 300 °C and hydrogen pressure around 50 bar in a continuous flow 

process.14 

Thus, the operating condition for this work was selected at reaction 

temperature of 300 °C, pressure of 50 bar and amount of hydrogen of 300% of the 

theoretical requirement2. The basis calculation is based on 1.0 kmol/h of palm oil as 

tripalmitin and triolein as a feedstock for section of hydrotreating via hydrogenation, 

hydrogenolysis, and various deoxygenation reaction pathways and the simulation was 

assumed with complete hydrotreating as shown by the literature review in Table 3.7. 

4.2.1.3 Process description of single-step of hydrotreating 

Figure 4.5 illustrates the hydrotreating via the hydrogenolysis of TGs process. 

Palm oil (OIL-1) and high purity H2 (H2-1) were heated to a temperature of 300 °C 

and pressurized to 50 bar before mixing and entering the reactor (R-101). Multiple 

reactions such as hydrogenation, hydrogenolysis, and deoxygenation reaction 

pathways can occur simultaneously over the catalyst bed in the hydrotreating reactor 

(R-101) using RSTOIC reactor51. The R-STOIC was chosen as a model reactor since 

the pathway of deoxygenation can be specified. In addition, R-101 represented the 

reaction zone of TGs converting to various products with different reaction pathways. 

The products (PD-1) of hydrotreating of TGs mainly consist of n-heptadecane 

(C17H36) and n-octadecane (C18H38) hydrocarbons for the triolein feedstock, and n-

pentadecane (C15H32) and n-hexadecane (C16H34) hydrocarbon for the tripalmitin 

feedstock, which could be separated from one another as a stream BHD-1. The 

pressure of the stream product (PD-1) was reduced to 30 bar for the PSA unit (PSA-

1). In order to obtained the highest carbon recovery ratio, the temperature of the 

stream S8 was decreased by a cooler (CL-2) to 117 °C for tripalmitin and 126 °C for 

triolein for separation of residue of hydrogen including propane, carbon dioxide, 

carbon monoxide, and the rest of H2O by a three-phase separator (SEP-1), and in 

order to reduce the volume of the PSA unit by separation of H2O for recycling (R-

H2O-1). The suitable temperature of CL-2 was obtained from the sensitivity result 
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curve, which was reported in APPENDIX D with Figure D.1 and Figure D.3 from 

tripalmitin and triolein, respectively. 

The temperature of the gaseous portion from SEP-1 (stream S10) was 

decreased to 30 °C by a cooler (CL-3) in order to obtain higher H2 recovery and 

purity (R-H2-1) from the PSA unit (PSA-1), while other gases such as propane, 

carbon dioxide, carbon monoxide, and the rest of H2O were adsorbed at 30 bar and 

desorbed at 1.1 bar by a valve (V-3) and were released at atmospheric pressure by a 

valve (V-4) to obtain the stream (BP-1) to be sent to the hydrogen generation process. 

Stream description and equipment description of single-step of hydrotreating 

is demonstrated in Figure 4.5 and is shown in Table 4.3 and Table 4.4, respectively. 
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4.2.2 Two-step: hydrolysis of triglycerides and deoxygenation of free fatty acids 

process 

4.2.2.1 Modelling validation of hydrolysis of triglycerides and deoxygenation of free 

fatty acids 

The hydrolysis of triolein model is simulated from the kinetic model of 

Minami and co-worker44 with condition of Gomez-Castro and co-worker43. The 

results shown in Figure 4.6 demonstrate conversion of triolein and the moles number 

of liquid products per unit mole of triolein at temperature of 270 °C and pressure of 

70 bar and 1.0 of water per triolein volumetric ratio. Thus, this result indicates that the 

predictions from the kinetic model provides complete conversion of the hydrolysis 

reaction and liquid products from hydrolysis of triolein following stoichiometry. 

 

 

Figure 4.6 Conversion of triolein and the moles number of liquid products per unit 

mole of triolein for hydrolysis reaction at temperature of 270 °C and pressure of 70 

bar, 1.0 of water per triolein volumetric ratio from kinetic model of Minami44 with 

condition of Gomez-Castro43. 

4.2.2.2 Process and operating condition selection of two-step of hydrotreating 

The operating condition for the hydrolysis reaction was selected at 250 °C of 

reaction temperature, 50 bar of pressure47, and the water to oil molar ratio of 54.0 (18 
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times of the stoichiometric requirement)43, which was presented by the calculation in 

APPENDIX C. The basis is based on 1.0 kmol/h of palm oil as tripalmitin and triolein 

as a feedstock. For hydrotreating via hydrogenation and various deoxygenation 

reaction pathways, the operating condition was selected at reaction temperature of 300 

°C, pressure of 50 bar and 3.0 times of the theoretical requirement of the H2/FFAs 

molar ratio. In the case of tripalmitin with the DCO2 pathway, the H2 to tripalmitin 

ratio of 1.35 is fed initially to prevent catalyst deactivation. In this simulation, the 

effect of the reverse reaction was assumed to be negligible with a complete hydrolysis 

reaction43, 45, 47 and complete hydrotreating according to the literature review shown in 

Table 3.7. 

4.2.2.3 Process description of two-step of hydrotreating 

Figure 4.7 illustrates the hydrotreating via hydrolysis of TGs process. Palm oil 

(OIL-2) and water (H2O-1) were heated to a temperature of 250 °C and pressurized to 

50 bar before mixing and entering the reactor (R-102). In addition, R-102 represents 

the hydrolysis reaction zone of TGs converting to FFAs and glycerol with complete 

conversion. 

The stream (PD-2) left the reactor and entered a decanter (SEP-2) where the 

phase of oil (S30) is separated from the aqueous phase. The glycerol aqueous phase 

(S31) leaving the decanter contains excess water and glycerol. It was released at 

atmospheric pressure and heated up by a heater (HT-5) to vaporize to obtain the 

excess water (R-H2O-2). It was then separated to obtain 9.0 of WGMR for the 

glycerol aqueous phase (BP-2) from a second phase separator (SEP-3). The glycerol 

aqueous phase (BP-2) was prepared for the hydrogen generation process such as GSR. 

The oil phase (S30) and high purity H2 (H2-2) were heated to a temperature of 300 °C 

and pressurized to 50 bar before mixing and entering the reactor (R-103). The 

multiple reactions such as hydrogenation and deoxygenation can occur 

simultaneously in the hydrotreating packed bed reactor (R-103). In addition, R-103 

represents the reaction zone of FFAs converting to various products with various 

deoxygenation reaction pathways.  

The products (PD-3) of hydrotreating of FFAs mainly consist of n-

heptadecane (C17H36) and n-octadecane (C18H38) hydrocarbons for the triolein 
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feedstock, and n-pentadecane (C15H32) and n-hexadecane (C16H34) hydrocarbon for 

the tripalmitin feedstock, which could be separated from one another as a stream 

BHD-2. 

The pressure of the stream product (PD-3) was reduced to 30 bar for the PSA 

unit (PSA-2). The temperature of the stream S38 was decreased to 40 °C by a cooler 

(CL-5) for separation of residue of hydrogen including carbon dioxide, carbon 

monoxide, and the rest of H2O by a three-phase separator (SEP-4), and in order to 

reduce the volume of the PSA unit by separation of H2O for recycling (R-H2O-3). 

Temperature of CL-5 was obtained from the sensitivity result curve, which was 

reported in APPENDIX D with Figure D.5 and Figure D.7 from tripalmitin and 

triolein, respectively. Figure D.5 and Figure D.7 demonstrated that at temperature is 

higher than 180 °C and 170 °C, from tripalmitin and triolein, respectively, the process 

could not separate H2O and at higher temperature, the process could separate lower 

H2O and lower purity of H2O. But at low temperature, the process need high cooling 

utility. Thus, Figure D.5 was selected temperature of 40 °C, which provided high 

recovery and purity of H2O. 

The temperature of the gaseous portion from SEP-4 (stream S43) was 

decreased to 30 °C by a cooler (CL-6) in order to obtain higher H2 recovery and 

purity (R-H2-2) from the PSA unit (PSA-2), while other gases such as carbon dioxide, 

carbon monoxide, and the rest of H2O were adsorbed at 30 bar and desorbed at 1.1 bar 

by a valve (V-10) and were released as the outlet off-gas stream (OG-1).  

Stream description and equipment description of two-step of hydrotreating is 

demonstrated in Figure 4.7 and is shown in Table 4.5 and Table 4.6, respectively. 
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4.3 Hydrogen production 

4.3.1 Propane steam reforming process 

4.3.1.1 Modelling validation of propane steam reforming 

The PSR model is validated by comparison with the result of the 

thermodynamic model reported by Wang and co-workers48. The results shown in 

Figure 4.8 demonstrate the product gas composition with dry basis for an equilibrium 

reactor with the reformer operating condition of 12 of WPMR, 677 °C of temperature, 

and atmospheric pressure. The mole number of H2 from the simulation is 8.65 moles 

per unit mole of propane, which is consistent with the report by Wang and co-workers 

of 8.64 moles of the mole number of hydrogen produced. This result indicated that the 

model prediction and thermodynamic data of the product gas composition obtained 

from the propane steam reformers are in good agreement. 

 

Figure 4.8 Product gas composition with dry basis for equilibrium reactor of PSR, 12 

of WPMR, 677 °C of temperature and atmospheric pressure between thermodynamic 

data of Wang and co-workers48 and equilibrium simulation. 

The PSR model is validated by comparison with the experimental data 

reported by Im and co-workers49. The results shown in Figure 4.9 demonstrate the 

product gas composition with dry basis and the conversion of propane for the 
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equilibrium reactor of the PSR performance using Ni/YSZ and 1.0% M/Ni/YSZ 

catalysts (M = Ru, Rh and Pd) with the reformer operating at 9 of WPMR, 650 °C of 

temperature, and atmospheric pressure. The mole number of H2 from simulation is 

7.93 moles per unit mole of propane, while the experimental data shows the mole 

number of hydrogen for Ni/YSZ, 1% Ru/Ni/YSZ, 1% Rh/Ni/YSZ, and 1% 

Pd/Ni/YSZ of 4.48, 4.71, 9.09, and 8.36, respectively, as shown in Figure 4.10 

Moreover, this result indicated that the experimental data using 1% Rh/Ni/YSZ and 

1% Pd/Ni/YSZ of the product gas composition obtained from the propane steam 

reformers are thermodynamically approach equilibrium calculation, and therefore the 

results are in good agreement. 

 

Figure 4.9 Product gas composition with dry basis and conversion of propane for 

equilibrium reactor of PSR performance using various catalysts of Ni/YSZ, 1% 

Ru/Ni/YSZ, 1% Rh/Ni/YSZ, and 1% Pd/Ni/YSZ, 9 of WPMR, 650 °C of 

temperature and atmospheric pressure between experiment of Im and co-workers49 

and equilibrium simulation. 
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Figure 4.10 Mole number of H2 per unit mole of propane using various catalysts of 

Ni/YSZ, 1% Ru/Ni/YSZ, 1% Rh/Ni/YSZ, and 1% Pd/Ni/YSZ, 9 of WPMR, 650 °C 

of temperature and atmospheric pressure between experiment of Im and co-workers49 

and equilibrium simulation. 

4.3.1.2 Process and operating condition selection of propane steam reforming  

The operating condition at atmospheric pressure was selected for the optimum 

condition of PSR for hydrogen generation because the reaction favors low pressure48. 

The result of PSR simulation revealed that the higher efficiency of H2 

generation in mole number of H2 per unit mole of propane can be obtained at 

atmospheric pressure, 12 of WPMR, and 667 °C of temperature than at atmospheric 

pressure, 9 of WPMR, and 650 °C of temperature, due to higher WPMR and higher 

temperature. 

Thus, the operating condition for this work was selected at 667 °C of 

temperature, 12 of WPMR, and atmospheric pressure for section of the PSR process48. 
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4.3.1.3 Process description of propane steam reforming 

Figure 4.11 illustrates the PSR section. The mixture of propane-water was 

heated to a temperature of 677 °C, atmospheric pressure, and 12.0 of WPMR before 

entering the reactor (R-104), using REQUIL reactor. The temperature of the stream 

product (PD-4) was decreased to 40 °C by a cooler (CL-7) for separation of residue of 

H2O by the two-phase separator (SEP-5), and in order to reduce the volume of the 

PSA unit by separation of H2O for recycling (R-H2O-4). Temperature of CL-7 was 

obtained from the sensitivity result curve, which was reported in APPENDIX D with 

Figure D.2 and Figure D.4 from tripalmitin and triolein, respectively. The main gas 

products (S58) consist of H2, CO2, and CO. The pressure of the gas products was 

increased to 30 bar by a compressor (C-3) and was decreased to 30 °C by a cooler 

(CL-8) in order to obtained higher H2 recovery and purity (R-H2-3) from the PSA unit 

(PSA-3), while other gases such as carbon dioxide, carbon monoxide, and the rest of 

H2O were adsorbed at 30 bar and desorbed at 1.1 bar by a valve (V-11) to obtain the 

outlet off-gas stream (OG-2). 

Stream description and equipment description of PSR is demonstrated in 

Figure 4.11 and is shown in Table 4.7 and Table 4.8, respectively. 
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4.3.2 Glycerol steam reforming process 

4.3.2.1 Modelling validation of glycerol steam reforming 

The GSR model is validated by comparison with the experimental data 

reported by Profeti and co-workers50. The results shown in Figure 4.12 demonstrate 

the product gas composition with dry basis for the equilibrium reactor of GSR using 

metal un-promoted and metal promoted Ni catalysts, 6 of WGMR, 700 °C of 

temperature, and atmospheric pressure between experiment and equlibrium 

simulation. This result demonstrates that the modelling and experimental data of the 

product gas components derived from the GSR have been well accepted. Furthermore, 

at this operating condition, the mole number of H2 per unit mole of glycerol from the 

simulation was 5.59 moles. 

 

Figure 4.12 Product gas composition with dry basis for equilibrium reactor of GSR 

using un-promoted and promoted Ni catalysts, 6 of WGMR, 700 °C of temperature, 

and atmospheric pressure between experiment of Profeti and co-workers50 and 

equilibrium simulation. 
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The GSR model is validated by comparison with the experimental data 

reported by Wang and co-workers10 when using the Ni-Mg-Al based catalyst. The 

conversion of glycerol and the mole number of H2 per unit mole of glycerol for the 

equilibrium reactor, using catalyst C3 with the following composition: NiO (24.1 

wt.%), MgO (26.1 wt.%), and Al2O3 (49.8 wt.%), 9 of WGMR, 450, 550, and 650 °C 

of temperature, and atmospheric pressure between experiment and equilibrium 

simulation are shown in Figure 4.13. Based on the simulation results, conversion of 

glycerol was complete under all conditions and the mole number of H2 per unit mole 

of glycerol increased with increasing temperature, which is consistent with the 

experimental data of Wang and co-workers10. For the operating condition at 650 °C of 

temperature, the mole number of H2 per unit mole of glycerol from simulation was 

5.97 moles, while the experimental data gave 5.57 moles. 

 

Figure 4.13 Conversion of glycerol and the mole number of H2 per unit mole of 

glycerol, using catalyst C3, 9 of WGMR, 450, 550, and 650 °C of temperature, and 

atmospheric pressure between experiment of Wang and co-workers10 and equilibrium 

simulation. 

The H2 selectivity for the equilibrium reactor of GSR, 9 of WGMR, 450, 550 

and, 650 °C of temperature, and atmospheric pressure between experiment and 

equilibrium simulation is shown in Figure 4.14. According to the simulation result, H2 

selectivity increased with increasing temperature, which is consistent with the 

experimental data of Wang and co-workers10 under all conditions with the C3 
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catalyst. The higher operating temperature, the result of experimental data approach 

the thermodynamic data. 

 

Figure 4.14 Comparing H2 selectivity of GSR, 9 of WGMR, 450, 550, and 650 °C of 

temperature, and atmospheric pressure between experiment of Wang and co-

workers10 and equilibrium  simulation. 

4.3.2.2 Process and operating condition selection of glycerol steam reforming 

The result of GSR simulation revealed that the efficiency of H2 generation that 

the higher efficiency of H2 generation in mole number of H2 per unit mole of glycerol 

can be obtained at atmospheric pressure, 9 of WGMR, and 650 °C of temperature 

than at atmospheric pressure, 6 of WGMR, and 700 °C of temperature. Even though 

the mole number of H2 per unit mole of glycerol increased with increasing 

temperature, WGMR also affected the efficiency of GSR.  

Thus, the operating condition for this work was selected at 650 °C of 

temperature, 9 of WGMR, and atmospheric pressure for the section of the GSR 

process10. 
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4.3.2.3 Process description of glycerol steam reforming  

Figure 4.15 illustrates the GSR section. The mixture of glycerol-water was 

heated to a temperature of 650 °C under atmospheric pressure and 9.0 of WGMR 

before entering the reactor (R-105), using REQUIL reactor. The temperature of the 

stream product (PD-5) was decreased to 40 °C by a cooler (CL-9) for separation of 

the residue of H2O by the two-phase separator (SEP-6), and in order to reduce the 

volume of the PSA unit by separation of H2O for recycling (R-H2O-5). Temperature 

of CL-9 was obtained from the sensitivity result curve, which was reported in 

APPENDIX D with Figure D.6 and Figure D.8 from tripalmitin and triolein, 

respectively. 

The main gas products (S72) consist of H2, CO2, and CO. The pressure of gas 

products was increased to 30 bar by a compressor (C-4) and was decreased to 30 °C 

by a cooler (CL-10) in order to obtain higher H2 recovery and purity (R-H2-4) from 

the PSA unit (PSA-4), while other gases such as carbon dioxide, carbon monoxide, 

and the rest of H2O were adsorbed at 30 bar and desorbed at 1.1 bar by a valve (V-13) 

to obtain the outlet off-gas stream (OG-3). 

Stream description and equipment description of GSR is demonstrated in 

Figure 4.15 and is shown in Table 4.9 and Table 4.10, respectively.  
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4.4 Integrated system of hydrotreating and hydrogen generation 

The integrated system of hydrotreating and hydrogen generation was proposed 

in this section, which is used to evaluate the performance of the process. 

4.4.1 Integrated system of single-step of hydrotreating and propane steam 

reforming 

4.4.1.1 Base case condition of integrated system 

The base case process design, including bio-hydrogenated diesel fuel 

production via single-step of hydrogenolysis of TGs/ deoxygenation of FFAs process 

(Section 4.2.1.2), and hydrogen generation via PSR (Section 4.3.1.2), was simulated 

and the process flow diagram without recycle is shown in Figure 4.16. 

4.4.1.2 Material balance condition of integrated system 

The suitable operating condition of hydrotreating at 300 °C of temperature, 50 

bar of pressure, and 3.0 times of the H2 stoichiometric requirement was applied in 

order to provide the complete conversion reaction. The basis calculation is based on 

1.0 kmol/h of tripalmitin or triolein as a feedstock. The operating condition of 

hydrogen generation via PSR was set at 677 °C of temperature, atmospheric pressure, 

and 12.0 of WPMR. Fuel gas (BP-1) was fed to the reformer.  

In order to recycle excess hydrogen and excess H2O and in order to recover 

energy, the material balance of the process is needed to specify a reactant to be added 

or to drain the product from the process, in which a stream splitter was used. The 

amount of the H2 initial feed (H2-1) varied with the selectivity of deoxygenation 

reaction pathways. For the PSR process, the amount of the H2O initial feed (H2O-2) 

depending on the amount of H2O as a by-product produced from the deoxygenation 

reaction of hydrotreating. 

The processes flow diagram of the integrated system of single-step of 

hydrotreating and the PSR process with recycle are shown in Figure 4.17 and Figure 

4.18, respectively. Since, a pair of M-H2-1 and H2-1 streams, and a pair of M-H2O-1 

and H2O-2 streams in Figure 4.17 are equal, they can be connected as summarized in 

Figure 4.18. The unit specification is shown in Table 4.11.  
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The splitter (SP-1) was used to split the flow rate of the mixed H2O stream 

(M-H2O-1) as initial feed H2O (H2O-2) in order to determine WPMR and split excess 

H2O (S-H2O-1). The mixed H2O stream (M-H2O-1) composed of the H2O by-product 

of hydrotreating (R-H2O-1), excess unreacted H2O (R-H2O-4), and feed H2O (H2O-

4) for the insufficient H2O case. The H2O (H2O-4) feed was equal to the H2O 

consumption. 

The splitter (SP-2) was used to split the flow rate of the mixed H2 gas stream 

(M-H2-1) as an initial feed (H2-1) in order to determine the H2/ oil molar ratio and in 

order to split excess H2 (S-H2-1). The mixed H2 gas stream (M-H2-1) composed of 

excess H2 gas from unreacted (R-H2-1), H2 gas product (R-H2-3), and H2 make up 

(H2-3) for the insufficient H2 case. If hydrogen generation is sufficient for H2 

consumption, H2 feed is not required.  

Calculator specification of flow rate calculation was reported in APPENDIX E 

with Table E.1, Table E.2, and Table E.3 for M-H2O-1, H2O-4 and, H2-3 stream, 

respectively.
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4.4.2 Integrated system of two-step of hydrotreating and glycerol steam 

reforming 

4.4.4.1 Base case condition of integrated system 

The base case process design, including bio-hydrogenated diesel fuel 

production via two-step: hydrolysis of TGs and deoxygenation of FFAs process 

(Section 4.2.2.2), and hydrogen generation via GSR (Section 4.3.2.2), was simulated. 

The process flow diagram without recycle is shown in Figure 4.19. 

4.4.2.2 Material balance condition of integrated system 

The suitable operating condition for two-step is hydrolysis of palm oil at 250 

°C of temperature, 50 bar of pressure, and 54.0 of H2O/oil molar ratio of initial feed 

water (H2O-1). The basis is based on 1.0 kmol/h of tripalmitin or triolein as a 

feedstock. For hydrogenation, deoxygenation of FFAs at 300 °C of temperature, 50 

bar of pressure, and 3.0 times of the H2 stoichiometric requirement was applied in 

order to provide the complete conversion reaction. For the tripalmitin feedstock and 

selectivity to decarboxylation of the deoxygenation reaction, the H2 to tripalmitin ratio 

of 1.35 is fed initially to prevent catalyst deactivation. For the operating condition of 

hydrogen generation via GSR at 650 °C of temperature and atmospheric pressure, the 

glycerol aqueous phase (BP-2) was fed to the reformer with 9.0 of WGMR. 

In order to recycle excess hydrogen and excess H2O and in order to recover 

energy, the material balance of the process is needed to specify a reactant to be added 

or to drain the product from the process, in which a stream splitter and a mixer were 

used. The amount of the H2 initial feed (H2-2) varied with the selectivity of 

deoxygenation reaction pathways.  

The processes flow diagram of the integrated system of two-step of 

hydrotreating and the GSR with recycle are shown in Figure 4.20 and Figure 4.21, 

respectively. Since, a pair of M-H2-2 and H2-2 streams, and a pair of M-H2O-2 and 

H2O-1 streams in Figure 4.20 are equal, they can be connected as summarized in 

Figure 4.21. The unit specification is shown in Table 4.12. 
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The splitter (SP-3) was used to split the flow rate of the mixed H2O stream 

(S84) as initial feed H2O (H2O-1) in order to determine the H2O/oil molar ratio and 

split excess H2O (S-H2O-2). The mixed H2O stream (S84) composed of excess H2O 

from unreacted (R-H2O-2), the H2O by-product of hydrotreating (R-H2O-3), excess 

H2O from unreacted (R-H2O-5), and feed H2O (H2O-5) for the insufficient H2O case. 

The H2O (H2O-5) feed was equal to the H2O consumption. A cooler (CL-11) was 

used for condensation of the vapor stream to liquid in order to prepare for recycle of 

the H2O stream (M-H2O-2). 

The splitter (SP-4) was used to split the flow rate of the mixed H2 gas stream 

(M-H2-2) as an initial feed (H2-2) in order to determine the H2/ oil molar and in order 

to split excess H2 (S-H2-2). The mixed H2 gas stream (M-H2-2) composed of excess 

H2 gas from unreacted (R-H2-2), H2 gas product (R-H2-4), and H2 make up (H2-4) 

for the insufficient H2 case. If hydrogen generation is sufficient for H2 consumption, 

H2 feed is not required. 

Design specification with various temperatures and calculator specification of 

flow rate calculation was reported in APPENDIX E with Table E.4 for HT-5 

equipmemt and Table E.5 and Table E.6 for H2O-5 and H2-4 stream, respectively. 
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CHAPTER V RESULTS AND DISCUSSION 

The integrated system of hydrotreating and hydrogen generation for bio-

hydrogenated diesel fuel production from palm oil with various selectivity of 

deoxygenation reaction pathways was evaluated on the process performance. The 

result interm of net H2, energy requirement, electricity requirement, minimum energy 

requirement, and thermal efiiciency were reported. The key performance parameters 

are considered total minimum energy requirement and total efiiciency. However, the 

integrated system of hydrotreating and hydrogen generation required high energy. 

Thus, an energy analysis for heat integration is need for this process.  

5.1 Performance evaluation of integrated system of hydrotreating and hydrogen 

generation 

The evaluation result of the integrated system was reported in APPENDIX F. 

The results of the integrated system of single-step of hydrotreating and PSR with 

various selectivity of deoxygenation reaction pathways from tripalmitin and triolein 

are shown in Table F.1 and Table F.2, respectively. The results of the integrated 

system of two-step of hydrotreating and GSR with various selectivity of 

deoxygenation reaction pathways from tripalmitin and triolein are shown in Table F.3 

and Table F.4, respectively. The performance of the integrated system of 

hydrotreating and hydrogen generation with deoxygenation reaction pathways from 

tripalmitin and triolein and the comparative performance of the integrated system 

among the different deoxygenation reaction pathways using tripalmitin and triolein as 

feedstock is demonstrated in Table 5.1. The comparative performance of the 

integrated system among the different deoxygenation reaction pathways using 

tripalmitin and triolein as feedstock is demonstrated in Table 5.2. 
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5.1.1 Net H2 of integrated system 

Studies of H2 consumption and H2 generation were performed in order to 

obtain net H2 of the integrated system. Various selectivity of deoxygenation reaction 

pathways provided different amount of H2 consumption, gas products, C15 and C16 or 

C17 and C18. However, the performance of the integrated system was considered from 

sufficient hydrogen generation for H2 consumption as the integrated system is 

considered sustaining without an external support of H2 which included performance 

hydrocarbon products generation. Net H2 was calculated from Equations 5.1 and 5.2. 

2 2 2Net H  (kmol/h) = H  generation - H  consumption     (5.1) 

2 2 2 2Net H  (kmol/h) = H  generation - (Initial feed H  - Excess H )   (5.2) 

 

Values of net H2 of the integrated system of single-step of hydrotreating and 

PSR with various selectivity of deoxygenation reaction pathways (DCO2: HDCO: 

HDO) from tripalmitin and triolein are presented in Figure 5.1 (a) and (b), 

respectively, and the values for two-step of hydrotreating and GSR from tripalmitin 

and triolein are presented in Figure 5.1 (c) and (d), respectively. The result of net H2 

is more than or equal to zero kmol/h, indicating the performance of the integrated 

system which hydrogen generation being sufficient for H2 consumption. 
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Figure 5.1 Net H2 of integrated system with various selectivity of deoxygenation 

reaction pathways. Single-step of hydrotreating and PSR from (a) tripalmitin and (b) 

triolein. Two-step of hydrotreating and GSR from (c) tripalmitin and (d) triolein.   

5.1.1.1 Net H2 of integrated system of single-step of hydrotreating and propane 

steam reforming 

H2 consumption of tripalmitin consisted of hydrogenolysis 3.0 kmol/h and 

deoxygenation reaction: HDCO 1.0 kmol/h and HDO 3.0 kmol/h of palmitic acid. But 

H2 consumption of triolein consisted of hydrogenation 3.0 kmol/h, hydrogenolysis of 

tristearin 3.0 kmol/h and deoxygenation reaction: HDCO 1.0 kmol/h and HDO 3.0 

kmol/h of stearic acid per the stoichiometric requirement of each reaction. 

When the Deoxygenation is via DCO2 a 100% (selectivity of DCO2 = 1), there 

is no H2 consumption of DO, but 3.0 kmol/h of H2 was consumed for hydrogenolysis 
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of tripalmitin and 6.0 kmol/h of H2 was consumed for hydrogenation and 

hydrogenolysis of triolein.  

For HDCO selectivity of DO equal 1, 6.0 kmol/h of H2 was consumed for 

tripalmitin and 9.0 kmol/h was consumed for triolein, which increased from the DCO2 

pathway. Furthermore, the amount of H2 consumption increased with increasing HDO 

selectivity of deoxygenation reaction pathways, and the highest amount of H2 

consumption was when HDO selectivity of DO equaled 1 with 12.0 kmol/h for 

tripalmitin and 15.0 kmol/h for triolein.  

A complete hydrogenolysis reaction produced 1.0 kmol/h of propane as a by-

product. Since, various deoxygenation reaction pathways provided different gas 

product composition. Only H2 was separated from the gas product and recycle to 

hydrotreating process, while the rest of gas product including propane, CO, CO2 and 

small content of H2O and H2. The rest of gas product was fed to reformer (R-104), 

therefore the composition of gas product affects to the reaction in the reformer (R-

104). For hydrogen generation of various deoxygenation reaction pathways from the 

propane reformer (R-104), DCO2 selectivity of DO equal 1 generated the lowest 

amount of H2 because the by-product of the DCO2 pathway was CO2, which high CO2 

content leads to the reverse water gas shift reaction, causing H2 consumption in the 

reformer (R-104). 

The HDCO selectivity of DO equal 1 generated the highest amount of H2 

because the by-product of the HDCO pathway was CO and H2O, which leads to the 

water gas shift reaction, causing H2 generation.  

For HDO selectivity of DO equal 1, the generated amount of H2 was more than 

the DCO2 pathway, but the generated amount of H2 was lower than the HDCO 

pathway, because the by-product of the HDO pathway was only H2O, no CO2, which 

was caused H2 consumption, and no CO, which was caused H2 generation. 

For the tripalmitin feedstock shown in Figure 5.1 (a), the highest of net H2 

equals 2.31 kmol/h for DCO2, the lowest of net H2 equals -5.39 kmol/h for HDO, and 

for HDCO, net H2 equals 1.37 kmol/h with H2 generation of 7.53, 8.37, and 9.54 

moles per unit mole of propane, respectively. 
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For triolein feedstock shown in Figure 5.1 (b), the highest of net H2 equals -

0.28 kmol/h for DCO2, the lowest of net H2 equals -8.35 kmol/h for HDO, and for 

HDCO, net H2 equals -1.49 kmol/h with H2 generation of 7.49, 8.31 and 9.41 moles 

per unit mole of propane, respectively. Thus, there is no case for H2 sufficient, and H2 

feeding is required for this integrated system. Furthermore, the amount of net H2 

decreased from tripalmitin to triolein, due to required H2 for hydrogenation of the 

triolein feedstock. 

By the most likely HDO reaction pathway that makes hydrogen generation 

sufficient for H2 consumption to provide BHD, most of C16 hydrocarbon products 

from tripalmitin and C18 hydrocarbon products from triolein, in which hydrocarbon 

contains more carbon, will provide more heating value of products, but the value is 

slightly different. BHD (BHD-1) obtained from tripalmitin contains C15H32 and 

C16H34 of approximately 3.00 kmol/h and 97.48 - 99.37 wt.% of product purity. BHD 

(BHD-1) obtained from triolein contains C17H36 and C18H38 of approximately 3.00 

kmol/h and 98.62 - 99.54 wt.% of product purity. The off-gas (OG-2) such as CO2 

and CO are combusted by a flare. Excess hydrogen and excess H2O were recycled 

into the process. 

5.1.1.2 Net H2 of integrated system of two-step of hydrotreating and glycerol steam 

reforming 

H2O is consumed for hydrolysis of tripalmitin and triolein to palmitic acid and 

oleic acid, respectively. H2 consumption of palmitic acid consists of deoxygenation 

reaction: HDCO 1.0 kmol/h and HDO 3.0 kmol/h. But H2 consumption of oleic acid 

consists of hydrogenation 1.0 kmol/h and deoxygenation reaction: HDCO 1.0 kmol/h 

and HDO 3.0 kmol/h of stearic acid per the stoichiometric requirement of each 

reaction. 

For DCO2 selectivity of DO equals 1, there is no H2 consumption of DO from 

both tripalmitin and triolein. But 3.0 kmol/h of H2 was consumed for hydrogenation 

of the triolein feedstock. 

For HDCO selectivity of DO equals 1, H2 consumption for tripalmitin was 3.0 

kmol/h and 6.0 kmol/h for triolein, which increased from DCO2 pathway. 
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Furthermore, the amount of H2 consumption increased with increasing HDO 

selectivity of deoxygenation reaction pathways and the highest amount of H2 

consumption was when HDO selectivity of DO equaled 1 with 9.0 kmol/h for the 

tripalmitin feedstock and 12.0 kmol/h for the triolein feedstock. 

The glycerol by-product was produced from hydrolysis reaction of 1.0 kmol/h 

with complete conversion. For hydrogen generation (R-H2-4) of various 

deoxygenation reaction pathways from the glycerol reformer, 5.38 kmol/h (H2 

generation of 5.98 moles per unit mole of glycerol) can be achieved for both 

tripalmitin and triolein feedstocks. 

For the tripalmitin feedstock shown in Figure 5.1 (c), the highest of net H2 

equals 5.22 kmol/h for DCO2, the lowest of net H2 equals -5.26 kmol/h for HDO and 

HDCO, and net H2 equals 1.82 kmol/h. 

For the triolein feedstock shown in Figure 5.1 (d), the highest of net H2 equals 

1.74 kmol/h for DCO2, the lowest of net H2 equals -9.04 kmol/h for HDO and HDCO, 

and net H2 equals -1.85 kmol/h. Furthermore, the amount of net H2 decreases from 

tripalmitin to triolein, due to required H2 for hydrogenation of oleic acid. 

BHD (BHD-2) obtained from tripalmitin contains C15H32 and C16H34 of 

approximately 2.92 kmol/h and 95.04 - 99.97 wt.% of product purity. BHD (BHD-2) 

obtained from triolein contains C17H36 and C18H38 of approximately 2.99 kmol/h and 

97.82 - 99.97 wt.% of product purity. The off-gas (OG-1 and OG-3) such as CO2 and 

CO are combusted by a flare. Excess hydrogen and excess H2O were recycled into the 

process. 

The H2 flow rates for each of net H2 of the integrated system of single-step of 

hydrotreating and PSR with selectivity of deoxygenation reaction pathways from 

tripalmitin and triolein are presented in Figure 5.2 (a) and (b), respectively. The H2 

flow rates for two-step of hydrotreating and GSR from tripalmitin and triolein are 

presented in Figure 5.2 (c) and (d), respectively. 
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5.1.2 Energy requirement of integrated system 

Heating utility and cooling utility are considered for energy requirement of the 

integrated system. The energy requirements of the integrated system of single-step of 

hydrotreating and PSR with various selectivity of deoxygenation reaction pathways 

(DCO2: HDCO: HDO) from tripalmitin and triolein are presented in Figure 5.3 (a) 

and (b), respectively, and for two-step of hydrotreating and GSR from tripalmitin and 

triolein the energy requirements are presented in Figure 5.3 (c) and (d), respectively. 

 

Figure 5.3 Energy requirement of integrated system with various selectivity of 

deoxygenation reaction pathways. Single-step of hydrotreating and PSR from (a) 

tripalmitin and (b) triolein. Two-step of hydrotreating and GSR from (c) tripalmitin 

and (d) triolein.   
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5.1.2.1 Energy requirement of integrated system of single-step of hydrotreating and 

propane steam reforming 

The energy requirement for each equipment of the integrated system of single-

step of hydrotreating and PSR with selectivity of deoxygenation reaction pathways 

from tripalmitin and triolein is shown in Figure 5.4. 

 

Figure 5.4 Energy requirement for each equipment of integrated system of single-step 

of hydrotreating and PSR with selectivity of deoxygenation reaction pathways from 

tripalmitin and triolein. 

Heating utility was supported to heat palm oil to reaction temperature (HT-1), 

to heat the reactant to reaction temperature (HT-6), and to the reformer (R-104). 
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For the triolein feedstock, the highest heating utility was used for DCO2, 

HDO, and HDCO, respectively. Because PSR is an endothermic reaction, water gas 

shift is an exothermic reaction, and methanation is an exothermic reaction. As a result, 

the HDCO pathway can generate the highest H2 equal to 9.54 and 9.41 moles of H2 

per unit mole of propane from tripalmitin and triolein, respectively. The HDCO 

pathway produces H2O and CO by-products in the hydrotreating reactor (R-101), and 

the CO by-product reacted to water gas shift of PSR in the reformer (R-104). Then, 

the reformer (R-104) of the HDCO pathway required the lowest heat duty. The DCO2 

pathway required the highest heat duty because the CO2 by-product from 

hydrotreating process reacted to reverse water gas shift, which is an endothermic 

reaction. Also, methane (CH4) was produced from methanation with the lowest from 

DCO2, HDO, and HDCO pathways, respectively. The amount of H2O (H2O-4) of the 

integrated system affects the heater (HT-6), with DCO2 pathway requiring more heat 

duty than HDCO and HDO, respectively because both HDO and HDCO pathways 

produced the H2O by-product, but the HDO pathway produced more H2O. 

For the tripalmitin feedstock, the highest heating utility was used for HDO, 

DCO2, and HDCO, respectively. Following the analysis results above, the HDCO 

pathway required the lowest heat duty, but because 0.80 kmol/h of the lowest of the 

propane by-product (propane was produced at 1 kmol/h) with the DCO2 pathway was 

fed into the reformer (R-104), this affects PSR to require lower heat duty than the 

HDO pathway with 0.92 kmol/h of the propane by-product. 

Cooling utility was supported to cool H2 to reaction temperature (CL-1), to 

cool the product mixture from the hydrotreating reactor before being fed to phase 

separation (CL-2), to cool mixture gas before being fed to the PSA unit (CL-3) and 

(CL-8), to cool the mixture gas products from the reformer before being fed to the 

phase separation unit (CL-7), and to palm oil conversion to various products in the 

multiple bed reactor (R-101). The main contributions of cooling utility are CL-1 and 

R-101. For R-101, the highest cooling utility was used for HDO, HDCO, and DCO2, 

respectively, because hydrogenolysis is an exothermic reaction, HDO is an 

exothermic reaction, HDCO is an endothermic reaction, and DCO2 is slightly 

endothermic reaction. Then, the hydrotreating reactor (R-101) of the HDO pathway 
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required the highest cooling duty and the DCO2 pathway required more cooling duty 

than the HDCO pathway. For CL-1, the cooling utility depending on the amount of H2 

required for the reaction. The HDCO pathway required more H2 than the DCO2 

pathway, the HDO pathway required the highest H2 which affects the cooling duty of 

the cooler (CL-1). Thus, the cooling utility for the HDCO pathway is more than that 

of the DCO2 pathway and the HDO pathway requires the highest cooling uitility. Thus 

CL-1 of HDO > HDCO > DCO2. 

For the tripalmitin feedstock shown in Figure 5.3 (a), the highest energy 

requirement equals 5,171 MJ/h for HDO; the lowest energy requirement equals 3,793 

MJ/h for DCO2; and for HDCO, the energy requirement equals 4,024 MJ/h. 

For the triolein feedstock shown in Figure 5.3 (b), the highest energy 

requirement equals 5,348 MJ/h for HDO; the lowest energy requirement equals 4,092 

MJ/h for DCO2; and for HDCO, the energy requirement equals 4,232 MJ/h. 

5.1.2.2 Energy requirement of integrated system of two-step of hydrotreating and 

glycerol steam reforming 

The energy requirement for each equipment of the integrated system of two-

step of hydrotreating and GSR with selectivity of deoxygenation reaction pathways 

from tripalmitin and triolein is shown in Figure 5.5. 
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Figure 5.5 Energy requirement for each equipment of integrated system of two-step 

of hydrotreating and GSR with selectivity of deoxygenation reaction pathways from 

tripalmitin and triolein. 

Heating utility was supported to heat palm oil to reaction temperature (HT-2), 

to heat water to reaction temperature (HT-3), to heat oil phase to reaction temperature 

(HT-4), to vaporize the glycerol aqueous phase from decanter before being fed to the 

phase separation unit (HT-5), to heat reactant to reaction temperature (HT-7), and to 

the reformer (R-105).  

For tripalmitin, the highest heating utility was used for HDCO, DCO2, and 

HDO, respectively. Because inside the hydrotreating reactor (R-103), only the 

deoxygenation reaction of palmitic acid occurred and the pathway of DO consists of 

HDO, which is an exothermic reaction, HDCO, which is an endothermic reaction, and 
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DCO2, which is slightly endothermic reaction, then, the HDCO pathway of palmitic 

acid converting to various products in the multiple bed reactor (R-103) required more 

heat duty than the DCO2 pathway, and for the HDO pathway, cooling duty is 

required.  

For triolein, heating utility was used equally for each of the reaction pathway. 

Because hydrogenation of oleic acid occurred in the hydrotreating reactor (R-103), 

which is a highly exothermic reaction and deoxygenation reaction of stearic acid, 

then, the hydrotreating reactor (R-103) required cooling duty. 

Cooling utility was supported to cool H2 to reaction temperature (CL-4), to 

cool the product mixture from the hydrotreating reactor before being fed to phase 

separation (CL-5), to cool mixture gas before being fed to the PSA unit (CL-6) and 

(CL-10), to cool the mixture gas products from the reformer before being fed to the 

phase separation unit (CL-9), to condense partial steam to liquid water before being 

fed to the pump (CL-11), and to convert palm oil to FFAs and glycerol. For both 

feedstocks, the highest cooling utility was used for HDO, HDCO, and DCO2, 

respectively. The HDO reaction is highly exothermic reaction. However, the HDCO 

pathway required more H2 than the DCO2 pathway, which affects the cooling duty of 

the cooler (CL-4). Then, cooling utility for the HDCO pathway is more than that of 

the DCO2 pathway. 

For the tripalmitin feedstock shown in Figure 5.3 (c), the highest energy 

requirement equals 7,627 MJ/h for HDO; the lowest energy requirement equals 6,436 

MJ/h for DCO2; and for HDCO, the energy requirement equals 6,897 MJ/h. 

For the triolein feedstock shown in Figure 5.3 (d), the highest energy 

requirement equals 8,175 MJ/h for HDO; the lowest energy requirement equals 6,863 

MJ/h for DCO2; and for HDCO, the energy requirement equals 7,098 MJ/h. 

Thus, triolein required more energy requirement than tripalmitin for both of 

the integrated systems. 

5.1.3 Electricity requirement of integrated system 

The electricity requirement of the integrated system of single-step of 

hydrotreating and PSR with various selectivity of deoxygenation reaction pathways 
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(DCO2: HDCO: HDO) from tripalmitin and triolein is presented in Figure 5.6 (a) and 

(b), respectively, and the electricity requirement for two-step of hydrotreating and 

GSR from tripalmitin and triolein is presented in Figure 5.6 (c) and (d), respectively. 

 

Figure 5.6 Electricity requirement of integrated system with various selectivity of 

deoxygenation reaction pathways. Singl-step of hydrotreating and PSR from (a) 

tripalmitin and (b) triolein. Two-step of hydrotreating and GSR from (c) tripalmitin 

and (d) triolein. 

5.1.3.1 Electricity requirement of integrated system of single-step of hydrotreating 

and propane steam reforming 

The electricity requirement for each equipment of the integrated system of 

single-step of hydrotreating and PSR with selectivity of deoxygenation reaction 

pathways from tripalmitin and triolein is shown in Figure 5.7. 
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Figure 5.7 Electricity requirement for each equipment of integrated system of single-

step of hydrotreating and PSR with selectivity of deoxygenation reaction pathways 

from tripalmitin and triolein. 

Electricity was supported to pump palm oil to destination pressure (P-1), to 

adjust H2 pressure before heating (C-1), and to adjust gas pressure before being fed to 

the PSA unit (C-3). The highest electricity requirement was for HDO, HDCO, and 

DCO2, respectively, for both tripalmitin and triolein feedstocks, because the process 

needs to compress H2 to reaction pressure, because the HDO pathway required the 

highest H2, and because the HDCO pathway required more H2 than the DCO2 

pathway.  

For the tripalmitin feedstock shown in Figure 5.6 (a), the highest electricity 

requirement equals 368 MW for HDO; the lowest electricity requirement equals 138 

MW for DCO2; and for HDCO, the electricity requirement equals 238 MW. 

For the triolein feedstock shown in Figure 5.6 (b), the highest electricity 

requirement equals 450 MW for HDO, the lowest electricity requirement equals 212 

MW for DCO2; and for HDCO, the electricity requirement equals 321 MJ/h. 

5.1.3.2 Electricity requirement of integrated system of two-step of hydrotreating and 

glycerol steam reforming 

The electricity requirement for each equipment of the integrated system of 

two-step of hydrotreating and GSR with selectivity of deoxygenation reaction 

pathways from tripalmitin and triolein is shown in Figure 5.8. 
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Figure 5.8 Electricity requirement for each equipment of integrated system of two-

step of hydrotreating and GSR with selectivity of deoxygenation reaction pathways 

from tripalmitin and triolein. 

Electricity was supported to pump palm oil to destination pressure (P-2), to 

pump water to destination pressure (P-3), to adjust H2 pressure before heating (C-2), 

and to adjust gas pressure before being fed to the PSA unit (C-4). The highest 

electricity requirement was for HDO, HDCO, and DCO2, respectively, for both 

tripalmitin and triolein feedstocks, following Section 5.1.3.1. 

For the tripalmitin feedstock shown in Figure 5.6 (c), the highest electricity 

requirement equals 248 MW for HDO, the lowest electricity requirement equals 64 

MW for DCO2; and for HDCO, the electricity requirement equals 121 MW. 

For the triolein feedstock shown in Figure 5.6 (d), the highest electricity 

requirement equals 313 MW for HDO, the lowest electricity requirement equals 124 

MW for DCO2; and for HDCO, the electricity requirement equals 187 MJ/h. 

Similar to single-step, the electricity requirement for two-step of HDO > 

HDCO > DCO2, corresponding to the requirement of pressurized H2. Moreover, two-

step of hydrotreating required less H2 than single-step of hydrotreating. 

The electricity requirement for the triolein feedstock is more than that of the 

tripalmitin feedstock for both integrated systems because the triolein feedstock 

required more H2 than tripalmitin. 
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5.1.4 Minimum energy requirement of integrated system 

Aspen Energy Analyzer was used to determine the minimum heating utility 

requirement and the minimum cooling utility requirement with pinch analysis to 

obtain the cold and hot composite curve of the integrated system with 30 °C of ΔTmin, 

which was studied for the gas-oil hydrotreater unit and the hydrogen production 

unit71. For the pinch analysis, on the left side represent the hot composite curve. And 

then, on the right side away from hot composite curve represent the cold composite 

curve by fixing the temperature and enthalpy change of the curves. The maximum 

heat can be exchanged within the process is represented by the overlap of cold and hot 

composite curve. The minimum heating utility requirement is represented by the 

excess point from the top of the cold composite curve for heating the cold streams and 

the minimum cooling utility requirement is represented by the the excess point from 

the bottom of the hot composite for cooling the hot streams72-73. Then, both of the 

minimum heating utility and the minimum cooling utility requirement provided the 

minimum energy requirement (MER) of the integrated system. 

Although the lowest of the minimum heating utility requirement was used for 

HDO, HDCO, and DCO2, respectively, the lowest of the minimum cooling utility 

requirement was used for DCO2, HDCO, and HDO, respectively, for both integrated 

systems and feedstock. Thus, the optimum MER of the integrated system of 

hydrotreating and hydrogen generation with various selectivity of deoxygenation 

reaction pathways from tripalmitin and triolein was defined as the lowest of MER.   

    However, for the composite curves of optimum MER of the integrated 

system of single-step of hydrotreating and PSR with the HDCO pathway, pinch 

temperature is 647.0 and 677.0 °C from tripalmitin and triolein, as presented in Figure 

5.9 (a) and (b), respectively. For two-step of hydrotreating and GSR with the HDO 

pathway, pinch temperature is 127.8 and 97.8 °C from tripalmitin and pinch 

temperature is 128.2 and 98.2 °C from triolein as presented in Figure 5.9 (c) and (d), 

respectively. 
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MER of the integrated system of single-step of hydrotreating and PSR with 

various selectivity of deoxygenation reaction pathways (DCO2: HDCO: HDO) from 

tripalmitin and triolein is presented in Figure 5.10 (a) and (b), respectively, and MER 

for two-step of hydrotreating and GSR from tripalmitin and triolein is presented in 

Figure 5.10 (c) and (d), respectively. 

 

Figure 5.10 MER of integrated system with various selectivity of deoxygenation 

reaction pathways. Single-step of hydrotreating and PSR from (a) tripalmitin and (b) 

triolein. Two-step of hydrotreating and GSR from (c) tripalmitin and (d) triolein.   
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5.1.4.1 Minimum energy requirement of integrated system of single-step of 

hydrotreating and propane steam reforming 

For the tripalmitin feedstock shown in Error! Reference source not found. 

(a), the highest MER equals 1,758 MJ/h for HDO; the lowest MER equals 937 MJ/h 

for HDCO; and for DCO2, MER equals 997 MJ/h. 

For the triolein feedstock shown in Error! Reference source not found. (b), 

the highest MER equals 2,119 MJ/h for HDO; the lowest MER equals 1,210 MJ/h for 

HDCO; and for DCO2, MER equals 1,379 MJ/h. 

5.1.4.2 Minimum energy requirement of integrated system of two-step of 

hydrotreating and glycerol steam reforming 

For the tripalmitin feedstock shown in Error! Reference source not found. 

(c), the highest MER equals 3,560 MJ/h for DCO2; the lowest MER equals 2,634 

MJ/h for HDO; and for HDCO, MER equals 3,488 MJ/h. 

For the triolein feedstock shown in Error! Reference source not found. (d), 

the highest MER equals 3,114 MJ/h for DCO2; the lowest MER equals 2,142 MJ/h for 

HDO; and for HDCO, MER equals 3,023 MJ/h. 

5.1.5 Total minimum energy requirement of integrated system 

The integrated system required electricity for BHD production. Then, thermal 

for electricity production was considered with 40% net efficiency, which is described 

in Equation 5.374, including thermal of net H2 of the integrated system with lower 

heating value, which was reported in APPENDIX G, in order to evaluate the 

performance of the integrated system of hydrotreating and hydrogen generation. Total 

MER was calculated in Equation 5.4, with thermal for electricity (QElec) and thermal 

of net H2 being calculated in Equations 5.5 and 5.6, respectively. 

Electricity (W) = Thermal for electricity (J/s)  40%     (5.3) 

2Total MER (MJ/h) = (Thermal for electricity + Thermal of net H  + MER)Heating
 

                                   + (MER)Cooling
       (5.4) 

/
Thermal for electricity (Q ) (MJ/h) = Electricity (kW) 9 of thermal Elec

MJ h

kW

 
  

 
 

(5.5) 
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22 2Thermal of net H  (MJ/h) = Net H  (kmol/h) -LHV (MJ/kmol)H  (5.6) 

 

Total MER of the integrated system of single-step of hydrotreating and PSR 

with various selectivity of deoxygenation reaction pathways (DCO2: HDCO: HDO) 

from tripalmitin and triolein is presented in Figure 5.11 (a) and (b), respectively, and 

total MER for two-step of hydrotreating and GSR from tripalmitin and triolein is 

presented in Figure 5.11 (c) and (d), respectively. 

 

Figure 5.11 Total MER of integrated system with various selectivity of 

deoxygenation reaction pathways. Single-step of hydrotreating and PSR from (a) 

tripalmitin and (b) triolein. Two-step of hydrotreating and GSR from (c) tripalmitin 

and (d) triolein.   
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For the tripalmitin feedstock, the integrated system of single-step of 

hydrotreating and PSR with the DCO2 pathway provides the lowest of total MER 

equal to 1,690 MJ/h. 

For the triolein feedstock, the integrated system of single-step of hydrotreating 

and PSR with the DCO2 pathway provides the lowest of total MER equal to 3,356 

MJ/h. 

As a result, the effect of the electricity requirement and the net H2 on the 

performance of the integrated system is strong, with HDCO and HDO pathways 

requiring more H2 than DCO2 pathway. 

The total MER for each of the energy requirement of the integrated system of 

single-step of hydrotreating and PSR with selectivity of deoxygenation reaction 

pathways from tripalmitin and triolein is presented in Figure 5.12 (a) and (b), 

respectively, and the total MER for two-step of hydrotreating and GSR from 

tripalmitin and triolein is presented in Figure 5.12 (c) and (d), respectively. 
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5.1.6 Thermal efficiency of integrated system 

The deoxygenation reaction provides BHD with different hydrocarbon 

products. N-pentadecane (C15H32) and n-hexadecane (C16H34) are obtained from the 

tripalmitin feedstock, while n-heptadecane (C17H36) and n-octadecane (C18H38) are 

obtained from the triolein feedstock. The heating value of feedstocks and products 

including H2 are needed for performance evaluation of the integrated system54. 

Thermal efficiency (ηThermal) was described in Equation 5.7 and was calculated in 

Equation 5.8, with thermal of each component with lower heating value 

(QLHVComponent) calculated in Equation 5.9 and lower heating value of each component 

(LHVComponent) was reported in APPENDIX G. 

 

 
2

2

/
= 100%

/

BHD H

palmoil H

LHV LHV
product

Thermal

LHV LHV
feedstock

Q Q
MJ h

x
MJ h Q Q




 
 
  

     (5.7) 

 
 

15 32 16 34 17 36 18 38 2

2

 = 100%
C H C H C H C H H

Tripalmitin Triolein H

LHV LHV LHV LHV LHV
Product

Thermal

LHV LHV LHV
Feedstock

Q Q Q Q Q
x

Q Q Q


   

 

 (5.8) 

Q  (MJ/h)=Flow rate (kmol/h) LHV (MJ/kmol)
ComponentLHV Component Component   (5.9) 

 

Thermal efficiency of the integrated system of single-step of hydrotreating and 

PSR with various selectivity of deoxygenation reaction pathways (DCO2: HDCO: 

HDO) from tripalmitin and triolein is presented in Figure 5.13 (a) and (b), 

respectively, and thermal efficiency for two-step of hydrotreating and GSR from 

tripalmitin and triolein is presented in Figure 5.13 (c) and (d), respectively. 

For the tripalmitin feedstock, the integrated system of single-step of 

hydrotreating and PSR with the HDO pathway provides the highest thermal efficiency 

of 96.20%. Although DCO2 and HDCO pathways can produce sufficient H2 for BHD 

production with remaining H2 as fuel to provide heating, C16H34 provided more 

heating value than C15H32. Thus, the composition of BHD products is important for 

performance evaluation. 

For the triolein feedstock, the integrated system of two-step of hydrotreating 

and GSR with the DCO2 pathway provides the highest thermal efficiency of 96.70%. 

However, this integrated system can produce sufficient H2 for BHD production with 
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remaining H2 as fuel to provide heating, in another process, H2 was supported from an 

external source. 

 

Figure 5.13 Thermal efficiency of integrated system with various selectivity of 

deoxygenation reaction pathways. Single-step of hydrotreating and PSR from (a) 

tripalmitin and (b) triolein. Two-step of hydrotreating and GSR from (c) tripalmitin 

and (d) triolein.   

5.1.7 Total efficiency of integrated system 

The overall efficiency of the integrated system was considered from MER, 

thermal for electricity (QElec), thermal of each component with lower heating value 

(QLHVComponent), for both feedstock and product including H2. Total efficiency (ηTotal) 

was described in Equation 5.10 and was calculated in Equation 5.11. 
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2

2

/
= 100%

/

BHD H

PalmOil H

LHV LHV
Product

Total

LHV LHV MER Elec
Feedstock

Q QMJ h
x

MJ h Q Q Q Q



 
 
    

  (5.10) 

 
 

15 32 16 34 17 36 18 38 2

2

 = 100%
C H C H C H C H H

Tripalmitin Triolein H

LHV LHV LHV LHV LHV
Product

Total

LHV LHV LHV MER Elec
Feedstock

Q Q Q Q Q
x

Q Q Q Q Q


   

   

  (5.11) 

 

Total efficiency of the integrated system of single-step of hydrotreating and 

PSR with various selectivity of deoxygenation reaction pathways (DCO2: HDCO: 

HDO) from tripalmitin and triolein is presented in Figure 5.14 (a) and (b), 

respectively, and total efficiency for two-step of hydrotreating and GSR from 

tripalmitin and triolein is presented in Figure 5.14 (c) and (d), respectively. 
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Figure 5.14 Total efficiency of integrated system with various selectivity of 

deoxygenation reaction pathways. Single-step of hydrotreating and PSR from (a) 

tripalmitin and (b) triolein. Two-step of hydrotreating and GSR from (c) tripalmitin 

and (d) triolein.   

For the tripalmitin feedstock, the integrated system of single-step of 

hydrotreating and PSR with the DCO2 pathway provides the highest total efficiency of 

89.31%. Although this integrated system with the DCO2 pathway required more 

electricity with less remaining net H2, it required less MER than the other integrated 

system.  

For the triolein feedstock, the integrated system of single-step of hydrotreating 

and PSR with the DCO2 pathway provides the highest total efficiency of 86.73%. 

Although this integrated system with the DCO2 pathway required H2 support from an 
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external source and required more electricity, it required less MER than the other 

integrated system. Thus, heat integration is needed for process improvement. 

However, the integrated system of two-step of hydrotreating and GSR with the 

DCO2 pathway from triolein provided total efficiency of 85.60%, which is not very 

different from the last one. Then, the number of equipment unit for each the integrated 

system was compared, which is shown in Table 5.3. It was found that the integrated 

system of single-step of hydrotreating and PSR required fewer number of pumps, 

coolers, heaters, reactors, and separators than the other integrated system. Thus, this 

integrated system presents less process complication and, therefore, it is the optimum 

integrated system. 

Table 5.3 Number of equipment unit of each integrated system.  

Equipment unit 

The integrated system of 

single-step of 

hydrotreating and PSR 

The integrated system of 

two-step of hydrotreating 

and GSR 

Pump 1 2 

Compressor 2 2 

Cooler 5 6 

Heater 2 5 

Reactor 2 3 

Separator 2 4 

PSA unit 2 2 

Stream mixer 1 1 

Stream splitter 2 2 

Valve 7 7 

Total equipment unit 26 34 
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5.2 Comparison of the results of integrated system of hydrotreating and 

hydrogen generation 

Hydrotreating of vegetable oil required H2 for hydrogenolysis of converted 

TGs to FFAs and propane by-products, and for deoxygenation of converted FFAs to 

alkane hydrocarbon range diesel fuel. The literatures in Table 5.4 reported H2/oil 

molar ratio depending on the type of vegetable oil following unsaturated TGs and 

deoxygenation reaction pathway.  

Firstly, H2 was not produced in the process, and the single-step of 

hydrotreating process required H2 support from external sources as reported in the 

literatures of Plazas-Gonzalez32, Kantama6, Cheah34, and Glisic38. This value of H2 

feed/oil molar ratio for PFAD reported by Kantama6 is lower than that for TGs 

because PFAD is FFAs, which does not require H2 for hydrogenolysis. 

Secondly, H2 was produced in the process without an external support of H2 

and was reported in the literatures16, 39, 53-56. For this work, the integrated system of 

single-step of hydrotreating and PSR with the decarboxylation reaction pathway from 

tripalmitin produced H2 sufficiently in the process but required H2 support from 

external sources for the integrated system from triolein.   

From literatures, fuel from an external source such as CH4 was fed to produce 

H2 via SRM, which was reported by Pujan53 and Atsonios54 with multiple processes of 

the integrated system. Atsonios54 reported 84.63% of BHD/ oil mass ratio from palm 

oil which demonstrated the performance of BHD production, which is more than the 

performance of the present work which obtained 80.89% and 82.85% of BHD/ oil 

mass ratio from tripalmitin and triolein, respectively. Pujan53 reported a low BHD/ oil 

mass ratio because BHD production provided main kerosene.  

For the process without an external support of fuel, Hilbers39 did not design 

the integrated system, but reported that H2 was produced from PSR sufficiently in 

single-step of hydrotreating. Sungnoen16 designed a process to produce H2 from 

glycerol by-products via GSR for hydrotreating of stearic acid with multiple processes 

of the integrated system, which stearic acid requiring less H2 than TGs according to 

the above discussion. Dominguez-Barroso55 and Mao56 reported BHD production in a 
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single process, with H2 generation via aqueous phase reforming of glycerol by-

products from hydrolysis. However, these processes provided lower yield and resulted 

in residual oxygen content in the product as Mao56 and  Dominguez-Barroso55 

reported, respectively.  

Energy requirement and electricity requirement per ton of oil of the present 

work were compared to the literatures6, 34, 54. The energy requirement of the present 

work was lower than those reported by Kantama6, Cheah34, and Atsonios54. BHD 

production of Kantana6 was improved with heat integration, but BHD production of 

Cheah34 and Atsonios54 was not improved with heat integration. The electricity 

requirement of the present work was lower than what Cheah34 reported, but higher 

than what Kantama6 and Atsonios54 reported. However, Kantama6 did not report 

electricity requirement of the compressor and Atsonios54 operated at lower pressure 

than the present work for both hydrotreating and the PSA unit. 

Thus, the present integrated system from both tripalmitin and triolein provided 

superior performance for BHD production with the use of the Ni/ɤ-Al2O3 catalyst for 

hydrotreating process, which it is favorable leading to the DCO2 reaction pathway64 

and the Ni with support catalyst for PSR process, which it is widely used for hydrogen 

generation9, 49. 

Comparison of the results of the integrated system of hydrotreating and 

hydrogen generation to the literature review for bio-hydrogenated diesel fuel 

production can be summarized in Table 5.4. 
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CHAPTER VI CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion 

In this work, the integrated system comprising of the bio-hydrogenated diesel 

production via single-step and two-step of hydrotreating, and hydrogen production via 

PSR and GSR using tripalmitin and triolein as a palm oil feedstock, was simulated 

and the performance was evaluated. According to the results of the performance 

evaluation of the integrated system of hydrotreating and hydrogen generation with 

various selectivity of DO reaction pathways (DCO2: HDCO: HDO) from tripalmitin 

and triolein, it was found that the DCO2 pathway with the use of the Ni/ɤ-Al2O3 

catalyst for hydrotreating process64 and the Ni with support catalyst for hydrogen 

generation9-10, 49 exhibited the highest performance of each integrated system for both 

tripalmitin and triolein feedstocks. However, the integrated system of single-step of 

hydrotreating and PSR with DCO2 pathway provided higher performance with lower 

total MER and higher total efficiency than the other integrated system for both 

tripalmitin and triolein feedstocks. The process of this integrated system was also less 

complicated; therefore, it is the optimum integrated system. The following 

conclusions can be made. 

6.1.1 Integrated system of single-step of hydrotreating and propane steam 

reforming 

1) This integrated system was simulated for single-step of BHD production at 

300 °C, 50 bar, and 3 times of H2 stoichiometric requirement with complete 

conversion and hydrogen production via PSR at 677 °C, atmospheric pressure, and 

12.0 of WPMR with equilibrium reactor. 

2) For tripalmitin with DCO2 pathway, the initial feed of H2 equals 9.0 kmol/h. 

Net H2 equals 2.31 kmol/h, with H2 production of 7.53 moles per unit mole of 

propane. The system required H2O of 3.63 kmol/h. Mole flow rate of BHD equals 

3.43 kmol/h, which contains C15H32 of approximately 2.997 kmol/h and 97.48 wt.% 

of product purity. This integrated system required energy, electricity, MER, total 

MER, thermal efficiency, and total efficiency of 3,793 MJ/h, 138 MW, 997 MJ/h, 
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1,690 MJ/h, 96.15%, 90.90%, respectively. Heat integration can recover heat equal to 

1,355.7 MJ/h, which presented a 71% saving and the remaining required utility was 

reduced to 1,081.7 MJ/h as shown in APPENDIX H.1. 

3) For triolein with DCO2 pathway, the initial feed of H2 equals 18.0 kmol/h. 

Net H2 equals -0.28 kmol/h, with H2 production of 7.49 moles per unit mole of 

propane. Thus, H2 is insufficient for this case and H2 feeding is required for this 

integrated system, which triolein requiring more H2 than tripalmitin. The system 

required H2O equal to 3.97 kmol/h. Mole flow rate of BHD equals 3.30 kmol/h, which 

contains C17H36 of approximately 2.998 kmol/h and 98.62 wt.% of product purity. 

This integrated system required energy, electricity, MER, total MER, thermal 

efficiency, and total efficiency of 4,092 MJ/h, 212 MW, 1,379 MJ/h, 3,356 MJ/h, 

95.47%, 86.73%, and 157.15 kg/h, respectively. Heat integration can recover heat 

equal to 1,342.5 MJ/h, which presented a 66% saving and the remaining required 

utility was reduced to 1,407.2 MJ/h as shown in APPENDIX H.2. 

6.1.2 Integrated system of two-step of hydrotreating and glycerol steam 

reforming 

1) This integrated system was simulated for two-step: hydrolysis of palm oil at 

250 °C, 50 bar, and 54.0 of H2O/oil molar ratio and hydrotreating at 300 °C, 50 bar, 

and 3 times of H2 stoichiometric requirement of BHD production with complete 

conversion. And hydrogen production via GSR at 650 °C, atmospheric pressure, and 

9.0 of WGMR with equilibrium reactor. 

2) For tripalmitin with DCO2 pathway, the initial feed of H2 equals 1.35 

kmol/h. Net H2 equal 5.22 kmol/h, with H2 production of 5.98 moles per unit mole of 

glycerol. The system required H2O of 5.63 kmol/h. Mole flow rate of BHD equals 

3.69 kmol/h, which contains C15H32 of approximately 2.921 kmol/h and 95.04 wt.% 

of product purity. This integrated system required energy, electricity, MER, total 

MER, thermal efficiency, and total efficiency of 6,436 MJ/h, 64 MW, 3,560 MJ/h, 

3,580 MJ/h, 96.12%, and 85.64%, respectively. 

3) For triolein with DCO2 pathway, the initial feed of H2 equals 9.0 kmol/h. 

Net H2 equals 1.74 kmol/h, with H2 production of 5.98 moles per unit mole of 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

158 
 

  

glycerol. The system required H2O of 5.64 kmol/h. Mole flow rate of BHD equals 

3.41 kmol/h, which contains C17H36 of approximately 2.99 kmol/h and 97.82 wt.% of 

product purity. This integrated system required energy, electricity, MER, total MER, 

thermal efficiency, and total efficiency, of 6,863 MJ/h, 124 MW, 3,114 MJ/h, 3,452 

MJ/h, 96.70%, and 87.44%, respectively.  

However, comparison of the two integrated systems of hydrotreating and 

hydrogen generation revealed the lower total MER and the higher total efficiency of 

single-step of hydrotreating and PSR than the other integrated system with the DCO2 

pathway. 

6.2 Recommendations 

1) Composition of palm oil contains many kinds of TGs, which is not pure 

tripalmitin or triolein, but tripalmitin and triolein are the main component of palm oil. 

Then, the ratio of tripalmitin and triolein for the feedstock as palm oil are attractive 

should be further investigated. 

2) For the integrated system of single-step of hydrotreating and PSR with 

DCO2 reaction pathway from tripalmitin, the propane by-product was separated in the 

three-phase separator (SEP-1) with 80% of propane produced. The temperature of the 

separation process with the cooler (CL-2) should be decreased in order to obtain a 

higher propane from the separation process.  

3) Heat integration of the integrated system of single-step of hydrotreating and 

PSR with DCO2 reaction pathway provided a higher energy requirement than MER of 

the integrated system. This work did not investigate heat integration of the integrated 

system of two-step of hydrotreating and GSR, thus, it should be further analyzed.  

4) This work did not consider several components of the total cost such as the 

operating cost and the capital cost of the integrated system to decide the operation. 

However, comparison of the total cost and the cost of total utility should be strongly 

discussed in the future. 

5) Electricity requirement of pumps and compressors was considered from 

assumption of the single stage of each unit. But this work was operated at high 

pressure drop, thus, multistage pumps and compressors should be further investigated. 
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APPENDIX A 

Thermodynamic property methods 

 

Principle selection of themodymamic property methods is based on categories 

of difference, such as polar vs. non-polar, ideal liquid vs. non-ideal liquid, and high 

pressure vs. low pressure, including type of process. For operating condition at high 

pressure (>10 bar), an equation of state method such as SRK and PSRK71 is used. 

Furthermore, literature review provided the thermodynamic property method for 

hydrotreating operating condition at high pressure and high temperature, such as 

NRTL-RK6, 39, NRTL1, 34, 47, PENG-ROB1, 16, 32, 36, 40, 53, BK1035, PC-SAFT37, RK-

ASPEN32, 38, 43, PSRK33, 54, CHAO-SEA75-76, GRAYSON76, and SRK77.  

The thermodynamic property method model in Aspen Plus was simulated in 

order to select the appropriate thermodynamic property method for the hydrotreating 

process, which was considered and was compared with thermodynamic models from 

literature reviews26, 40, 67-68 such as enthalpy of TGs, heat of reaction, including density 

of triolein and tripalmitin compared to NIST ThermoData Engine71. 

 

Figure A.1 Density of tripalmitin and triolein with various temperatures at pressure 

1.0 bar. 
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The density of tripalmitin and triolein at various temperatures at pressure of 

1.0 bar is shown in Figure A.1 The results of density from the NRTL model 

estimation are close to the experimental data71. 

 

Figure A.2 Enthalpy of tripalmitin, tristearin and triolein with various temperatures at 

pressure 1.0 bar and 50 bar. 

The enthalpy of TGs at various temperatures at pressure of 1.0 and 50 bar is 

shown in Figure A.2. The enthalpy values at the two pressures are very close to one 

another, thus, pressure slightly affects enthalpy of TGs. Moreover, at 25 °C, enthalpy 

of tristearin obtained from the PSRK thermodynamic model is similar to the result of 

Smejkal40 and Yenumala69, but enthalpy of tripalmitin and triolein obtained from the 

PSRK thermodynamic model had an error of 4.31% and 7.02% compared to the result 

of Yenumala69 and Burgess67, respectively. However, the present work was operated 

at temperature of 300 °C and pressure of 50 bar for the hydrotreating process. 
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Figure A.3 Heat of deoxygenation reaction of palmitic acid and stearic acid at 

temperature of 300 °C and pressure of 50 bar. 

Figure A.3 shows the heat of deoxygenation reaction at temperature of 300 °C 

and pressure of 50 bar obtained from the PSRK thermodynamic model, which is 

consistent with the report by Snare and co-workers26 at 300 °C for exothermic of the 

hydrodeoxygenation reaction, endothermic of the hydrodecarbonylation reaction, and 

slightly endothermic of the decarboxylation reaction. 

 

Figure A.4 Heat of hydrolysis reaction of triglycerides at high temperature and high 

pressure. 

Figure A.4 shows the heat of hydrolysis reaction at temperature of 250 °C 

between pressure of 55 (Wang’s condition45) and 50 bar (Natelson’s condition47) 
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obtained from the NRTL thermodynamic model, and at temperature of 270 °C and 

pressure of 70 bar (Gomez’s condition43) obtained from the RK-ASPEN 

thermodynamic model. At high temperature and high pressure, the hydrolysis reaction 

is an exothermic reaction. 
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APPENDIX B 

Hydrogen to oil molar ratio 

 

Srifa and co-workers2 reported H2/oil ratio should be higher than 3-5 times of 

theoretical requirement of hydroprocessing via hydrogenation and 

hydrodeoxygenation. 

Palm oil consisting of 50% of tripalmitin and 50% of triolein, 1 mole of palm 

oil will consume 13.5 moles of H2 (6 moles for tripalmitin, 7.5 moles for triolein) 

1 mole of palm oil consume 13.5 moles of H2 

Density of palm oil    0.903 g/mL 

Molecular weight of palm oil   838 g/mol 

 

1 mole of H2 occupied 22.4 L at standard temperature and pressure 

Molecular weight of H2   2 g/mol 

 

 

Solution 

1 𝑚𝑜𝑙 𝑜𝑓 𝑝𝑎𝑙𝑚 𝑜𝑖𝑙 =  1 𝑚𝑜𝑙 × 838
𝑔

𝑚𝑜𝑙
= 838𝑔  

                                      = 838 𝑔 ×
1

0.903

𝑚𝐿

𝑔
= 928.02 𝑚𝑙 

 

1 𝑚𝑜𝑙 𝑜𝑓 𝐻2              =  22.4 𝐿 

2 𝑔 𝑜𝑓 𝐻2                   =  22.4 𝐿 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐻2         =  
2

22.4

𝑔

𝐿
= 0.089 𝑔/𝐿 

                                       = 0.089 
𝑔

𝐿
×

1

1000

𝐿

𝑚𝐿
= 8.95 × 10−5

𝑔

𝑚𝐿
 

 

13.5 𝑚𝑜𝑙 𝑜𝑓 𝐻2         =  13.5 𝑚𝑜𝑙 ×
2

1

𝑔

𝑚𝑜𝑙
= 27𝑔 

                                       = 27𝑔 ×
1

8.92 × 10−5

𝑚𝐿

𝑔
= 302,690.583 𝑚𝐿 

 

928.02 𝑚𝐿 𝑜𝑓 𝑝𝑎𝑙𝑚 𝑜𝑖𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒 302,690.583 𝑚𝐿 𝑜𝑓 𝐻2 

1 𝑚𝐿 𝑜𝑓 𝑝𝑎𝑙𝑚 𝑜𝑖𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒 
302,690.583

928.02
= 326.17 𝑚𝐿 𝑜𝑓 𝐻2  

(Srifa and co-worker2 determined that 1 mL of palm oil will consume about 325 mL 

of hydrogen) 

 

The highest production yield 1000 N (cm3/cm3) of H2 to palm oil ratio 
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or 1 mL of palm oil feed 1,000 mL of H2 

𝑆𝑢𝑔𝑔𝑒𝑠𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑓𝑒𝑒𝑑 =  
1000

326.17

𝑚𝐿 𝑜𝑓 𝐻2 𝑓𝑒𝑒𝑑

𝑚𝐿 𝑜𝑓 𝐻2 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 

 

                                                                 = 3.07 𝑡𝑖𝑚𝑒𝑠 𝑎𝑠 𝑡ℎ𝑒 𝑟𝑎𝑡𝑖𝑜 𝑐𝑜𝑠𝑢𝑚𝑒 𝐻2 𝑡𝑜 𝑜𝑖𝑙 
 

𝑂𝑟 1 𝑚𝐿 𝑜𝑓 𝑝𝑎𝑙𝑚 𝑜𝑖𝑙 = 1 𝑚𝐿 ×
1

928.02

𝑚𝑜𝑙

𝑚𝐿
= 1.0776 × 10−3 𝑚𝑜𝑙 

 

𝐹𝑒𝑒𝑑 𝐻2 1000 𝑚𝐿     = 1000 𝑚𝐿 ×
1

1000

𝐿

𝑚𝐿
×

1

22.4

𝑚𝑜𝑙

𝐿
= 0.0447 𝑚𝑜𝑙 

 

1 𝑚𝑜𝑙 𝑜𝑓 𝑝𝑎𝑙𝑚 𝑜𝑖𝑙 𝑓𝑒𝑒𝑑
0.0447

1.0776 × 10−3
= 41.48 𝑚𝑜𝑙 𝑜𝑓 𝐻2 

 

𝑆𝑢𝑔𝑔𝑒𝑠𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑓𝑒𝑒𝑑 =  
41.48

13.5

𝑚𝑜𝑙 𝑜𝑓 𝐻2 𝑓𝑒𝑒𝑑

𝑚𝑜𝑙 𝑜𝑓 𝐻2 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
 

 

                                                                 = 3.07 𝑡𝑖𝑚𝑒𝑠 𝑎𝑠 𝑡ℎ𝑒 𝑟𝑎𝑡𝑖𝑜 𝑐𝑜𝑠𝑢𝑚𝑒 𝐻2 𝑡𝑜 𝑜𝑖𝑙 
 

Thus, 3.0 times of the theoretical requirement of the H2/oil molar ratio is an 

initial feed for this work. 
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APPENDIX C 

Water to oil molar ratio 

 

Gomez-Castro and co-workers43 reported simulation of hydrolysis reactor with 

feed rate 2,476.45 kmol/h of water and 45.89 kmol/h of triolein, water to oil 

volumetric ratio of 1:1. 

Feed rate      2476.45 kmol/h 

Feed rate      45.89 kmol/h of triolein 

Density of triolein at STP   909.2 kg/m3, 0.9092 g/cm3 

Density of water at STP   998.2071 kg/m3, 0.9982 g/cm3 

Molecular weight of triolein   885.44 g/mol 

Molecular weight of water   18 g/mol 

 

Solution 

𝐹𝑒𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝑜𝑖𝑙 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 =  
2476.45

45.89

𝑘𝑚𝑜𝑙/ℎ

𝑘𝑚𝑜𝑙/ℎ
= 53.96 ≈ 54  

𝑂𝑟 𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑓𝑒𝑒𝑑 =  
54

3

𝑚𝑜𝑙 𝑜𝑓 𝐻2𝑂𝑓𝑒𝑒𝑑 𝑝𝑒𝑟 𝑡𝑟𝑖𝑜𝑙𝑒𝑖𝑛

𝑚𝑜𝑙 𝑜𝑓 𝐻2𝑂 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑝𝑒𝑟 𝑡𝑟𝑖𝑜𝑙𝑒𝑖𝑛
= 18 𝑡𝑖𝑚𝑒𝑠 

 

                                             𝑎𝑠 𝑡ℎ𝑒 𝑟𝑎𝑡𝑖𝑜 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐻2𝑂 𝑡𝑜 𝑜𝑖𝑙 
 

Calculation volumetric ratio of water to triolein 

𝑇𝑟𝑖𝑜𝑙𝑒𝑖𝑛 = 45.89 𝑘𝑚𝑜𝑙 = 45.89 𝑘𝑚𝑜𝑙 × 
885.44

1

𝑘𝑔

𝑘𝑚𝑜𝑙
= 40,632 𝑘𝑔 

                                             = 40,632 𝑘𝑔 ×
1

909.2

𝑚3

𝑘𝑔
= 44.69 𝑚3 

𝑊𝑎𝑡𝑒𝑟 = 2,476.45 𝑘𝑚𝑜𝑙 = 2,476.45 𝑘𝑚𝑜𝑙 × 
18

1

𝑘𝑔

𝑘𝑚𝑜𝑙
= 44,576.1 𝑘𝑔 

                                             = 44,576.1 𝑘𝑔 ×
1

998.2071

𝑚3

𝑘𝑔
= 44.66 𝑚3 

 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑡𝑜 𝑡𝑟𝑖𝑜𝑙𝑒𝑖𝑛 =  
44.66

44.69

𝑚3

𝑚3
= 0.99924 ≈ 1 

 

Thus, 54.0 of the water to oil molar ratio is an initial feed for this work. 
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APPENDIX D 

Sensitivity result curve 

 

Sensitivity to temperature of cooler was simulated in order to define optimum 

temperature for integrated system of hydrotreating and hydrogen generation with 

HDO reaction pathway in order to reduce volume of PSA unit by separation H2O. 

The integrated system of single-step of hydrotreating and PSR with HDO 

reaction pathway was sensitivity to temperature of CL-2 and temperature of CL-7 as 

shown in Figure D.1 and Figure D.2 from tripalmitin and Figure D.3 and Figure D.4 

from triolein, respectively.  

Figure D.1 and Figure D.3 demonstrated that at temperature is higher than 152 

°C and 146 °C from tripalmitin and triolein, respectively, the process could not 

separate H2O and at low temperature, C3H8 could not become total vapor. However, 

Figure D.1, at higher temperature, the process provided higher purity of C16H34, but 

composition of C16H34 was decreased. Highest of carbon recovery ratio was 

considered for selected temperature of 117 °C, which provided recovery ratio of 

C16H34 and C3H8 equal 99.82% and 91.80%, respectively and H2O was separated 

equal 4.12 kmol/h (H2O was produced 6 kmol/h). Figure D.3 at higher temperature, 

the process provided higher purity of C18H38, but composition of C18H38 was 

decreased. Temperature was selected at 126 °C, which provided recovery ratio of 

C18H38 and C3H8 equal 99.93% and 93.87%, respectively and H2O was separated 

equal 2.87 kmol/h (H2O was produced 6 kmol/h). 

Figure D.2 and Figure D.4 demonstrated that at higher temperature, the 

process could separate lower H2O. But at low temperature, the process need high 

cooling utility. Thus, Figure D.2 was selected temperature of 40 °C, which provided 

6.07 kmol/h of flow rate of H2O and Figure D.4 was selected temperature of 40 °C, 

which provided 6.22 kmol/h of flow rate of H2O. 
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Figure D.1 Sensitivity composition of separation with various temperatures of CL-2 

from tripalmitin. 

 

Figure D.2 Sensitivity composition of separation with various temperatures of CL-7 

from tripalmitin. 
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Figure D.3 Sensitivity composition of separation with various temperatures of CL-2 

from triolein. 

 

Figure D.4 Sensitivity composition of separation with various temperatures of CL-7 

from triolein. 
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The integrated system of two-step of hydrotreating and GSR with HDO 

reaction pathway was sensitivity to temperature of CL-5 and temperature of CL-9 as 

shown in Figure D.5 and Figure D.6 from tripalmitin and Figure D.7 and Figure D.8 

from triolein, respectively.  

Figure D.5 and Figure D.7 demonstrated that at temperature is higher than 180 

°C and 170 °C, from tripalmitin and triolein, respectively, the process could not 

separate H2O and at higher temperature, the process could separate lower H2O and 

lower purity of H2O. But at low temperature, the process need high cooling utility. 

Thus, Figure D.5 was selected temperature of 40 °C, which provided recovery ratio of 

C16H34 equal 97.16%, 7.23 kmol/h of flow rate of H2O and purity of C16H34 and H2O 

equal 99.97% and 99.12%, respectively. Figure D.7 was selected temperature of 40 

°C, which provided recovery ratio of C18H38 equal 98.75%, 7.44 kmol/h of flow rate 

of H2O and purity of C18H38 and H2O equal 99.97% and 99.21%, respectively. 

Figure D.6 and Figure D.8 demonstrated that at higher temperature, the 

process could separate lower H2O. But at low temperature, the process need high 

cooling utility. Thus, Figure D.6 was selected temperature of 40 °C, which provided 

6.30 kmol/h of flow rate of H2O and Figure D.8 was selected temperature of 40 °C, 

which provided 6.31 kmol/h of flow rate of H2O. 
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Figure D.5 Sensitivity composition of separation with various temperatures of CL-5 

from tripalmitin. 

 

Figure D.6 Sensitivity composition of separation with various temperatures of CL-9 

from tripalmitin. 
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Figure D.7 Sensitivity composition of separation with various temperatures of CL-5 

from triolein. 

 

Figure D.8 Sensitivity composition of separation with various temperatures of CL-9 

from triolein. 
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APPENDIX G 

Lower heating value 

 

The lower heating value of fuel was defined as amount of heat release from 

fuel combustion at 25 °C of initial temperature and returning the temperature at 150 

°C, which the latent heat of vaporization of water is not recovery. Aspen plus71 was 

used for simulation in order to define lower heating value of fuel and compared to 

literature review60-61. However, literature review reported lower heating value of 

diesel, BHD and palm oil equal 43.1 MJ/kg78, 42-44 MJ/kg6 and 36.543 MJ/kg79, 

respectively. 

Table G.1 Lower heating value of fuel. 

Fuel 
Lower heating value (LHV) 

(MJ/kg) (MJ/kmol) 

Tripalmitin                36.28          29,242.75  

Triolein                40.44          32,592.17  

C15H32                43.39            9,199.50  

C16H34                43.36            9,799.62  

C17H36                43.34          10,400.88  

C18H38                43.31          11,001.93  

H2              118.79               237.57  
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APPENDIX H 

Heat integration of integrated system 

 

H.1 Example of heat integration of integrated system of single-step of 

hydrotreating and propane steam reforming with decarboxylation pathway from 

tripalmitin 

Energy loads in each of the heat exchangers are presented in Table H.1. 

Summarization of temperature and heat recovery is presented in Table H.2. Heat 

exchanger network and heat flow after heat integration of the integrated system of 

single-step of hydrotreating and PSR from tripalmitin are shown in Figure H.1. Heat 

integration can recover heat equal to 1,355.7 MJ/h, which presents a 71% saving and 

the remaining required utility equals 1,081.7 MJ/h. 
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H.2 Example of heat integration of integrated system of single-step of 

hydrotreating and propane steam reforming with decarboxylation pathway from 

triolein 

Energy loads in each of the heat exchangers are presented in Table H.3. 

Summarization of temperature and heat recovery is presented in Table H.4. Heat 

exchanger network and heat flow after heat integration of the integrated system of 

single-step of hydrotreating and PSR from triolein are shown in Figure H.2. Heat 

integration can recover heat equal to 1,342.5 MJ/h, which presents a 66% saving and 

the remaining required utility equals 1,407.2 MJ/h. 
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