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CHAPTER I

INTRODUCTION

1.1 Motivation

Hydrogen is considered as one of the most promising energy carriers that would
replace to use of the fossil fuel in the future: Besides its direct uses as the automotive fuel,
hydrogen can be efficiently converted into manysuseful energy forms. One of the most
attractive hydrogen technologies is fuel cell, an-electroehemical devices that converting
the chemical energy of a fuel inte-electricity. However, a major obstacle for hydrogen
energy system is a lack ofhydregen supply in the energy carrier form. In general,
hydrogen can be prepared by different methods and from various sources. A reforming
process is the most widely uséd ichnology-for hydrogen production. Among the various
types of petroleum-derived fuels,1.e., methahe,.-methanol, ethanol and glycerol, methane
as the major component of natural gas which |s a convenient feedstock because the
existing natural gas pipeline infrastructure makes |t readily available and accessible at any
point along the distributed chain. -

Presently, the depletion . of petroleumrr feedstock and the awareness of
environmental impact have motivated researcheré to explore an alternative resource and a
novel technology to preduce hydrogen efficiently. Biomass-has received considerable
attention as an attractive energy source because it is renewable and, theoretically, carbon
dioxide neutral. Recently, biodiesel, an alternative to petroleum diesel, is considered as a
good example of using biomass.to produce alterhative energy: The use of biodiesel and its
production are expected to grow in the. future. With increased production of biodiesel,
glycerol aS.a by-product 4s expected in the world market and thereigre it is essential to
find useful applications for glycerol. Glycerol can be used in many applications including
food, personal care, oral care, polymer and pharmaceutical applications. Several
commercial plants have been established recently to produce propylene glycol from
glycerol.

Producing hydrogen from glycerol is another interesting approach. To date only a
few studies have been attempted on glycerol reforming for hydrogen production. The

current industrial process involves the steam reforming because it is well-established
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technology. However, other alternative routes, i.e., partial oxidation whish is an

exothermic process and autothermal reforming combined with steam reforming and
partial oxidation, should be considered. Reforming of glycerol for hydrogen production
involves complex reactions. As a result, several intermediate byproducts are formed and
end up in the product stream affecting the final purity of hydrogen produced. Furthermore,
the yield of the hydrogen depends on several process variables, such as the operating
temperature, water-to-glycerol molar feed ratio and oxygen-to-glycerol molar feed ratio.
The first step to understanding the effects of the aforementioned variables is a complete
thermodynamic analysis and then varies the operating parameters. From this study, ideal
reaction conditions for the reforming process, Steam reforming, partial oxidation and
autothermal reforming, of glycerol 1o produce maximize hydrogen yield and minimize

undesirable products can be deiermined.

1.2 Objectives

To analyze the effecis of operating parameters on the production of hydrogen
from glycerol using different reforming processes, i.e., steam reforming, partial oxidation,
and autothermal reforming processes.

To define the optimal ‘Operating conditions of the different glycerol reforming

processes for obtaining the best overall efficiency.

1.3 Scopes of work

In this study, a glycerol reforming process for hydrogen production is investigated.
The glycerol reforming process,consisting of.an gvaporator,a, reformer and a water gas
shift reactor is simulated by using HYSYS 3.1 simulator. The effects of various operating
parameters,_i.e., feed preheating temperature, reactiofi*temperature, and molar feed ratio
such as steam to'glycerol (S/G) ratio:and exygen to glycerol (O/G) ratio on the production
of hydrogen is presented. The heat integration of glycerol reforming processes is also

considered. And then compare the performance of each process.



CHAPTER I

THEORY

The renewable energy sources i.e. wind, solar, ocean, and biomass will be the
most important source for the production of hydrogen. Because regenerative hydrogen,
hydrogen produced from nuclear sources and fossil-based energy conversion systems
with capture, and safe storage (sequestration) of CO, emissions, are almost completely
carbon-free energy pathways, -the renewable encigy sources become more widely
available (Fig. 2.1).

2.1 Hydrogen production

Hydrogen is a clean enerqy resource. as only steam is generated during a
combustion process. i '

2Hg +105 2 2HbO" " AH,08k = - 482 kJ/mol (2.1)

Presently, hydrogen is produced.almaost entirely from petroleum-based fuels such
as natural gas, gasoline, naphtha, and coal. In such cases, however, the same amount of
carbon dioxide is released duringthe producti'f'on"'of hydrogen as that formed by direct
combustion of those fuels. Due-io-the depletion of fossil fuels, the use of alternative
resources such as renewable biomass gains significant research interest. Biomass, an
organic material made Trom plants and animals, Is a renewable energy source because it
can always grow more trees and crops, and waste will always exist. Burning of biomass is
released heat and usable forms of energy. like methane gas.or transportation fuels like
ethanol and biodiesel. Moreover, wood-waste or garbage can'be burned to produce steam
for making electricity, or to provide heat to industries and homesi.Biomass does not
release poliutants like sulfur, which/can cause'acid rain when it is burned. Biomass only

releases carbon dioxide, a greenhouse gas. But when biomass crops are grown, a nearly

equivalent amount of carbon dioxide is captured through photosynthesis.
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Biofuels, usually blended with'the pet'réleum fuels - gasoline and diesel fuel, are
made from biomass materials. The'biodiesel is a }'éhewable fuel that can be used instead
of diesel fuel made from petroleéum: Because' it 15 so.clean burning and easy to use,
biodiesel is the fastest growing-and-meost-cost-etficient-fuel-for fleet vehicles. Biodiesel is
most often blended with petroleum diesel in ratios of 2 percent (B,), 5 percent (Bs), and
20 percent (Byo). It can also be used as pure biodiesel (B1og). Biodiesel fuels can be used
in regular diesel vehicles without making any ehanges:to the engines. It can also be stored
and transported using diesel'tanks and ‘equipment.

Glycerol, by-product obtained from bio-dieséi*plants, can be“effectively applied
for hydrogen production by | transesterification pracess of vegetable oils (triglycerides)
and methanol. The process of transesterification is affected by the reaction conditions,
molar ratio of alcohol to oil, type of alcohol used, type and amount of catalysts employed,
reaction time, temperature and the purity of the reagents. Given the forecasted increases
in biodiesel production, the by-production, glycerol — the unique character of being non-
toxic, non-volatile and non-flammable, is predicted to increase markedly in the near
future. Technical grade crude glycerol (85-88% dry matter) is a yellowish brown, viscous
liquid with a sweet taste. Using in pharmaceutical, the crude product must be purified to
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99.5 %. The utilization of glycerol to produce hydrogen or synthesis gas could potentially

reduce the production costs of biodiesel. Synthesis gas is of great importance as a major
chemical intermediate in chemical processes for the synthesis of several fuels and

chemicals.

2.2 Hydrogen production processes
In general, hydrogen can be produced from several routes, i.e., reforming process,
pyrolysis, gasification and electrolysis of water. Many profits of any processes are shown

in this part.
2.2.1 Reforming process

The reforming preeess.~including steam reforming, partial oxidation and
autothermal reforming canJee convert hydrocarbon into hydrogen or synthesis gas. From
Fig. 2.2, hydrocarbons pass.though the reform.ing reactor. Then, let the hydrogen and/or
synthesis gas produced from the geformer to purify and separate to pure component.

* Natural gas * Hydrogen

. * Oxygen
;Iap_:lthal | > | Reformer {&=> | Purification |=| Amyr?mnia

* Residual oi i

* Petrol coke and Separation * Methanol

* Coal * Synthesis

Fig. 2.2 The stepwise of reformer process for hydrogen production

Steam reforming

Steam reforming (SR) is one. of the widely used methods which convert
hydrocarbons ‘with steam,into a ‘mixture of hydrogen and carbonmenoxide, also known
as synthesisigas (syngas). This process is highly endothermic so that it needs to have a lot
of heat from external sources. It is usually operated at temperatures less than 800 C in
order to avoid the deactivation and thermal sintering of the catalyst and the regeneration
of reformer on Ni-based catalyst. However, a small-scale steam reforming unit is
currently subject to scientific researches and generally the most economic way to produce
hydrogen to fuel cells for automobile applications. Today, steam reforming of natural gas

is widely used in industry.



Partial Oxidation

A partial oxidation (POX) is one of the important processes for the hydrogen
production. This process occurs when a fuel and air mixture at a sub-stoichiometric ratio
is partially combusted in a reformer. The advantage of partial oxidation over steam
reforming of the fuel is that it is an exothermic reaction rather than an endothermic
reaction and therefore generates its own heat; the outlet temperature is higher than 1500
°C. Due to high temperature operation, the cost of reactor materials are rising and soot
can easily emerge. The catalytic partial oxidation process has captured wide attention as a

noteworthy method that can reduce production cesis in the future.

Autothermal reforming

Autothermal reforming (ATR) is the combination of two processes of steam
reforming and partial oxidationgin order to achieve a minimum energy input necessary to
maintain the required refermer‘temperature. It offers advantages of small unit size and
lower operational temperaitre, €asier startup, and wider cheice of materials. Moreover,
compared to other reforming‘processes, ATR haé low energy requirements and can easily
regulate the Ho/CO ratio of product stream by ehanging inlet gas composition. Although
ATR has an interesting potential in industrial applications, there has been only a limited

number of work reported in the fielt of reactor desibn and simulation.

2.2.2 Pyrolysis

Pyrolysis is the themical decomposition of a condensed substance by heating so
that it often occurs spontaneously at high temperatures. Furthermore, it does not involve
reactions with oxygen or any<©ther reagents but'can take place in their presence. It is a
special case of thermolysis and:mast commonly usedifor organicematerials. This process
leaves only carbon called carbonization as the residue and is related to the chemical
process ofceharring. Pyrolysis is heavily used/in the chemical industry;-for example, to
produce charcoal, activated carbon, methanol and other chemicals from wood, to convert
ethylene dichloride into vinyl chloride to make PVC, to produce coke from coal, to
convert biomass into synthesis gas, to turn waste into safely disposable substances, and
for the cracking of medium-weight hydrocarbons from oil to produce lighter ones like

gasoline.



2.2.3 Gasification

The gasification is a process that converts hydrocarbon such as coal, petroleum, or
biomass into carbon monoxide and hydrogen by reacting the raw material at high
temperatures with a controlled amount of oxygen and/or steam. Gasification is a very
significant method for extracting energy from many different types of organic materials
and also has applications as a clean waste disposal technique. The process relies on
chemical processes at elevated temperatures (>700 °C), which distinguishes it from
biological processes such as anaerobic digestion that produce biogas. The advantage of
gasification is that using the syngas produced.s.potentially more efficient than direct
combustion of the original fuel because 1t can-he.eombusted at higher temperatures or

even in fuel cells.

2.2.4 Electrolysis of water

Electrolysis is thesdecampesition of water (H,0) into oxygen (O2) and hydrogen
(H2) due to an electric current being passed through the water. This electrolytic process is
used in some industrial applications'when hydro'gen is needed. An electrical power source
is connected to two electrodes or two plates (fypically made from some inert metal such
as platinum or stainless steel) which are placed in the water. Hydrogen will appear at the
cathode (the negatively charged elecirode, Whére‘ electrons are pumped into the water),
and oxygen will appear_at the anede (the positively charged. electrode). The generated
amount of hydrogen is twice-the-amount-of 0xygen;-and-boil are proportional to the total
electrical charge that was sent through the water.

2.2.5 Biological production

Biological hydregen praduction_has several advantages over hydrogen production
by photoelectrochemical or thermochemical processes. Biological hydrogen production
by photosynthetic micreorganisms for example, requires the use of asimple solar reactor
such as a transparent closed box, with low energy requirements. Biological hydrogen
production processes are found to be more environment friendly and less energy intensive
as compared to thermochemical and photoelectrochemical processes. Genetic
manipulation of cyanobacteria (hydrogenase negative gene) uses to improve the hydrogen

generation.



Table 2.1 Summary of hydrogen production technologies

Hydrogen production

hydrocarbon fuel with

heat and steam

gas

- Well-understood at large
scale and widespread

- Opportunity to'combine
with-large scale CO,
sequestration (carbon

storage)

Benefits Barriers
technology
Reforming: - Low- cost to produce - Small-scale units not
Splitting of hydrogen from natural commercial

- Hydrogen contains
some impurities

- CO, emissions

- Primary fuel may
be used directly

Pyrolysis:

Chemically
decomposes of organic
materials by heat in the

absence of oxygen

Treat and:destroy semi-
yolatilg' organic™
campounds, fue"'ls_ and
pesticides in soil

— Products creation of
Incomplete combustion,
including dioxins and
furans which are
extremely toxic in the
parts per trillion range

- The molten salt is
usually recycled in the
reactor chamber

- May be removing
volatilemetals but not
destroyed

= Requiring-proper
treatment, storage and
disposal for oils and tars

(hazardous wastes)




Table 2.1 Summary of hydrogen production technologies (continue)

Gasification:

Splitting heavy
hydrocarbons and
biomass into hydrogen
and gases for reforming

- Well-understood for
heavy hydrocarbons at
large scale

- It can be used for solid
and liquid fuels

- Possible synergies with
synthetic fuels from
biomass gasification

being-demonstrated

- Small units very rare
- Hydrogen usually
requires extensive
cleaning before use

- Biomass gasification
still under research

- Biomass has land-use
implications

- Competition with
synthetic fuels from

biomass

Electrolysis:
Splitting water by

using electricity

-«Commergially available
with proventechinology

- Wellundgrstood
industrial process-"

- High ptrity hydf;?)geln,
convenient for produc.:]':ng
hydrogen gt
from renewable electricity

- Competition with direct
use of renewable

electricity

Biological production:
Algae and bacteria
produce hydrogen
directly in some

conditions

- Potentially large

resource

--Slow hydrogen
production rates

- Large area needed

- Most appropriate
organismsnot yet found

- Still under research

2.3 Use of Glycerol for hydrogen production

Due to decease in petroleum reserves and an increase in environmental concerns,
alternative energy resources are becoming increasingly important. On the other hand,
demand for hydrogen (H,) is growing due to the technological advancements in the fuel
cell industry. Hydrogen can be produced from biobased resources via steam reforming,

gasification, and pyrolysis. With ever-increasing production of biodiesel, an inexpensive
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glycerol has resulted in the world market. Several alternatives are being explored to

utilize glycerol, a byproduct from biodiesel plants. For example, several commercial
plants have been established recently to produce propylene glycol from glycerol.
Producing H, from glycerol is another approach that is being investigated in this work.
Glycerol is able to be converted into synthesis gas, a mixture of hydrogen and
carbon monoxide, via several catalytic reactions including steam reforming, partial

oxidation, and autothermal reforming.

Glycerol steam reforming

Steam reforming, is the established progess.for converting steam and lighter
hydrocarbon such as natural gas.or refinery. feedstock.inte synthesis gas. In the reforming
process of alcohol, such as glycerol, “many reactions are likely to occur. The reaction

which is the ideality pathway for'the highest hydrogen is shown as
C3HgO3 + 3H,O <=4 3CO,+ 7H» & AHogsx = +127.67 kJ/mol (22)

Partial oxidation of glycerol _
Glycerol can also be/converted. to hydfo'gen-rich gas via an exothermic partial

oxidation process. The general reaction is descfi,ibéq_by

CaHgO3 + %02 €>2C0 +CO, +4H,  AHagk=/"31.79 ki/mol  (2.3)
C3HgO3+ O, <= CO+2C0; + 4H, AHjggi = -314.76 kJ/mol  (2.4)
CsHgO3 + gOZ <> 3€0, + 4H> AHo98kv=~597:73 kJ/mol (2.5)

CsHgO3 + 202 <> 3CO0O, + 4H, AHogsk = -1564.93 kJ/mol (26)

In this work, the only Eq. 2.5 is used in the process because H,O and CO limiting
in fuel cell is occurred in other Equation.

It is noted that from Eqgs. 2.2 and 2.5, both the reactions has carbon dioxide as a
by-product which can be used to produce carbon monoxide by the reverse water gas shift

reaction.
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2.4 Reverse water gas shift reaction

The reverse water gas shift reaction is an endothermic process and will occur
rapidly in the presence of an iron-chrome catalyst at temperatures of 400 °C or greater to
produce water and carbon monoxide (as a side product) from carbon dioxide and
hydrogen, produced from steam reforming and partial oxidation. Additionally, this

process can be recovered at high temperature. The reaction is summarised by
CO, + Hy <> CO + HyO AHsgsk = -42.2 kd/mol (27)

However, That is, the CO produced hy this reaction is discarded while the water is
electrolyzed to produce oxygen (the net product),-ana-hydrogen which can be recycled to
reduce more CO,. This reaction-has.an equilibrium constant of 0.1 even at temperatures
of 400°C or above, so it mustbe.fedwith either a hydrogen-rich or a carbon dioxide-rich
mixture to ensure satisfaciory results Excess hydrogen (or excess carbon dioxide) is

captured from the exhaust with afiltering mer;r_ibrane and fed back into the reactor.

2.5 Methanation _

Methanation combines carbon monoxidé from the reverse water gas shift reaction
and hydrogen to produce methane, €Hj, the rﬁdjqr__ by-product in reforming system. To
minimize the methane content in the synthesis Q"asiwhile simultaneously maximizing the
hydrogen-yield, the reformer should be operated_ '\—/\)ith a higher steam/carbon ratio than

theoretically necessary.

CO + 3H» <> CH4 + H,O AHogek = -206.11 kJ/mol (28)



CHAPTER I

LITERATURE REVIEWS

Hydrogen is widely considered as an alternative fuel because it has the highest
energy content per unit of weight, compared with any other known fuels. Hydrogen can
be efficiently produced from a variety of resources such as biomass, natural gas and other
hydrocarbons in industrial reformers. A number/of investigations focusing on simulation

and experimental studies for hydroegen productionWwill'be discussed in this chapter.

3.1 Hydrogen production processes

A thermodynamic study of a reforming process for hydrogen production has been
widely reported in literatures. Most of these works concentrated on the investigation of
the characteristics of reforming reactions in the system, which use different type of fuel
and processes.

3.1.1 Partial oxidation process 'l

Costa et al. (2008) studied.the effect of support nature on the performance of Pd
catalysts during partial oxidation of ethanel. From the results, hydrogen, carbon
monoxide and acetaldehyde formation was favored on Pd/CeO,, whereas CO production
was facilitated over Pa/fY,0; catalyst. According to the reaction mechanism, some
reaction pathways are favored depending on the support nature, which can explain the
differences observed on produets distributioni.The production of acetate species was
promoted on Pd/Y;0s, but the acetaldehyde preferentially desorbed and/or decomposed
on Pd/CeO,. Moreover, at the reaction temperature lower than 773 K, Pd/CeO; exhibited
the highest, selectivity~toshydrogen, carbon dioxide and acetaldehyde, whereas the CO
formation was favored on Pd/Y,0; catalyst. On the other hand, at elevated temperatures,
Pd/CeO; exhibited the highest selectivity to hydrogen and lower formation of methane
than Pd/Y,0:s.

Shuhong et al. (2008) investigated the catalytic partial oxidation of methane
(CPOM) to produce synthesis gas (syngas) in a fixed-bed distributor. The axial
temperature and gas composition profiles along the Ni or Rh-based catalyst bed were
measured at different conditions. As the oxygen was distributed radially into the catalyst
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bed through several rows of holes arranged at the special zone of an oxygen distributor, a

micro environment maintaining low oxygen to methane molar ratio (0.10-0.22) was
provided. As a result, the hot spot phenomena appeared at the entrance of the catalyst bed
were effectively controlled. This caused a more uniform temperature profile along the
catalyst bed, which is beneficial to the stability of catalyst and the safety of reactor
operation. The results showed that the thermodynamic equilibrium of CPOM reaction
system was not changed whether or not changing the ways of air feeding by using the
oxygen-distributor. Combining the measurements of temperature profile and species
profile, the reaction path of the CPOM reaction: might have some changes at lower
oxygen to methane molar ratio when using the oxygen distributor.

Wenju and Yaquan (2008) reported thermodynamic equilibrium of ethanol partial
oxidation by using Gibbs freg.energy minimization method for hydrogen production in
the range of molar feed ratig(Oxygen/Ethanol (O/E) = 0-3, Nitrogen/Ethanol (N/E) = 0-
100), the reaction temperature (500-1400 K), and system pressure (1-20 atm). The
optimal operation conditions werg obiained at 1070-1200 K; O/E molar ratio of 0.6-0.8,
and atmospheric pressure. WUnder the optimal-conditions that the complete conversion of
ethanol and no coke formation were observed, the hydrogen yield of 86.28-94.98% can
be achieved whereas the mole fraction of carbr(),h"mpnoxide of 34.69-38.64 % was found.
Increasing operating pressures has a negative erffect‘on the hydrogen yield. The formation
of coke is favored at lower temperatures and Iowér ‘C-)/E molanratios.

3.1.2 Steam reforming process

Lwin et al. (2000) studied thermodynamic equilibrium of methanol steam
reforming as a function of temperatures (360-573K), steam to methanol molar feed ratios
(0-1.5), and atmospheric pressure. The equilibrium concentrationsiwere calculated by the
method of direct minimization of Gibbs free energy. Carbon and methane formations
were not considered, whencthis, process occurs at«1,atm,400:K andaymolar feed ratio of
1.5 with a hydrogen-yield 2.97 mole per mole of methanol.' At'the feed ratios greater than
1.5, carbon monoxide and di-methyl-ether concentrations can be further reduced.
However, hydrogen yield is not raised above its theoretical limit of 3 moles per one mole
of methanol.

3.1.3 Autothermal reforming process

Zahedi et al. (2009) explored an autothermal reforming to produce synthesis gas.

Two sections, a combustion section (non-catalytic partial oxidation) and a catalytic bed

section (catalytic steam reforming) were investigated. In the combustion section,
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temperature and compositions were predicted using 108 simultaneous elementary

reactions considering 28 species whereas in the catalytic bed section, a one-dimensional
heterogeneous reactor model was used for simulations. From the results, it was found that
operation at higher temperatures increases the rate of reactions and reduces the operating
time required to approach the equilibrium condition. Since more fraction of methane is
converted to undesired products such as H,O and CO,, the conversions closed to
equilibrium lead to the reduction of relative H, and CO production. Feed Methane to
oxygen ratio has a direct effect on the reaction temperature. To have higher temperatures
and reaction rate, the concentration of oxygen in feed should be increased. However, an
increase in the oxygen concentration reduces theHz/€O molar ratio of a product stream.

Li et al. (2008) studied thermodynamic equilibrium of methane autothermal
reforming by Gibbs free mimimization for methane conversions, H, yield and coke
deposition as a function of water 0. methane molar ratio, carbon dioxide to methane
molar ratio, oxygen to methane molar ratio, reforming temperature and pressure system.
The results showed that<coke elimination should be done by increasing the reaction
temperatures in CO, reforming and increasing the steam fed in steam reforming.
Moreover, the O,/CHj, ratios should be higher than 0.4 or H,0/CH, ratios higher than 1.2
for oxidative steam reforming wheun the reactri’oih‘ temperature is higher than 700°C. The
optimal CH4/CO,/O, feed ratios 1:0.8-1.0:0.1—0.2‘ were corresponding to the reaction
temperature higher than 800°C. a

Vagia et al. (2008) investigated a thermodynamic analysis of an autothermal
steam reforming of bio-oil components: acetic acid, acetone, and ethylene glycol, in the
range of temperature (400-1300K), steam to fuel ratio (1-9) and pressure (1-20 atm)
values. The equilibrium= concentrations’ 'were calculated | by, Gibbs free energy
minimization. The ‘maximum hydrogen yield is achieved at 900K. The optimal steam to
fuel ratio valueforthe acetic-acid and the ethylerne glyeol is:6 and«far@acetone is 9. The
optimal ratig, of oxygen to fuel is 0.33, 0.26, and 0.62 Tor acetic acid, ethylene glycol, and
acetone, respectively.

Semelsberger et al. (2004) presented the thermodynamic analyses of autothermal
processes using five fuel; natural gas, methanol, ethanol, dimethyl ether, and gasoline as
raw materials. The analyses were carried out to determine the equilibrium product
concentrations at the temperature range of 300-1000 K, pressures range of 1-5 atm, and
the water to fuel molar ratios varied between 1-9 times of the stoichiometric value. The
result showed that the optimum conditions for natural gas reforming were found on the
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water to fuel molar ratio of 4 at 1000 K. For cases of methanol, ethanol, dimetyl ether,

and gasoline feeds, the optimal ratio of water and fuel are 1.5, 4, 4, and 9 at 400K, 540K,
420, and 800 K, respectively. Moreover, the calculation also presented that the oxygen
containing substances (methanol, ethanol and dimethyl ether) required lower operating
temperatures than the non-oxygenated fuels (natural gas and gasoline).

3.1.4 Comparison between different processes

Gerd and Viktor (2008) studied thermodynamics of hydrogen production from
ethanol by steam-reforming, partial-oxidation and auto-thermal reforming as a function of
steam to ethanol molar ratio (0.00-10.00), oxygen.to ethanol molar ratio (0.00-2.50) and
temperatures (200-1000 °C) at atmospheric préssuie: The equilibrium concentration was
calculated by Gibbs enthalpy minimization. The results showed that ethanol can be fully
converted at low temperatures«and«the major product was methane, which changed to
hydrogen with increased temperatures. At elevated temperature, carbon monoxide content
increased which was in accordange with the water gas shift reaction. Coke formation was
a serious issue, especially“at low steam t0 ethanel (S/E) ratios. Steam reforming gave the
highest hydrogen yield, which nearly achieved the theoretical value at a high steam to
ethanol ratio. Pure partial oxidation showed the similar trends of hydrogen and carbon
monoxide content with temperature and oxygérj 1o, ethanol (O/E) ratio. Moreover, a low
hydrogen yield and the avoidance of coke forrmat‘ion demand on high temperatures or
high O/E ratios. Increasing O/E-ratio from 0.00 td ‘0-.75 in-autothermal reforming showed
no strong effect on the hydrogen and carbon monoxide formation at temperatures below
600 -C and over the whole S/E-ratio range. Autothermal operation reduced the coke-
formation and reduced energy demand for the reforming process.

Seo et al. (2002)! studied the characteristics of three different types of a methane
reforming process including steam methane reforming, partial oxidation and autothermal
reforming.as & functien, ofithe, molarifeed ratio, the operating pressurerand temperature
and the preheat temperature of ‘reactant by using AspenPlus™. “The~thermodynamic
equilibrium was calculated by the method of minimizing the Gibbs free energy. From the
results, the optimum steam to carbon ratio of steam reforming process was 1.9, the
optimum air to carbon ratio of the partial oxidation process was 0.3 at a preheating
temperature of 312 °C. For autothermal reforming process, the optimum air to carbon
ratio and steam to carbon ratio was 0.29 and 0.35, respectively at the preheating
temperature of 400 °C. However, the maximum and minimum methane consumption was

found in steam reforming process and partial oxidation, respectively.
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3.2 Use of glycerol for hydrogen production

There are various processes applied to produce hydrogen from glycerol, but three
major technologies: steam reforming (SR), partial oxidation (POX), and autothermal
reforming (ATR), are widely studied.

Nianjun et al. (2008) investigated the production of hydrogen from a glycerol via
aqueous phase reforming over Pt catalysts by considering the effect of metal loading and
operation conditions. The reaction pathways showed that hydrogen generation is
accompanied by side reactions to form alkane and liquid products. Series of Al,O3
supported Pt catalysts were prepared and tested for glycerin aqueous reforming under
various conditions. The catalyst with 0.9 wt% Pt hias the best performance for hydrogen
generation. Higher reaction temperatures facilitated reforming process to produce higher
hydrogen yield. The reaction=pathways disclosed selective reactions for hydrogen
production over platinum catalysi‘were accompanied with other parallel reactions (such
as dehydration and hydrogenation) and further'methanation.

Nianjun et al. (2007) studied the thermodynamic property of a glycerol aqueous
reforming process to generate hydrogen for fuel cells with three ways of processing.
Autothermal reforming, aqueous hydrogen per'o>'<-ide reforming, and the water aqueous
reforming process were investigated and corﬁpérgd. The results showed that the high
fraction of hydrogen can be occurred when the éide reaction, methanation, is limited
kinetically. Comparison of these three kinds of prbéésses indicated that the water aqueous
reforming gave the highést hydrogen-yield, followed by thé autothermal reforming and
aqueous hydrogen peroxide reforming process.

Nianjun et al. (2007) also studied a thermodynamic of polylols reforming to
generate hydrogensrich gas. Polylals can he converted-into carbon dioxide and hydrogen
via aqueous-phase reforming with co-existence of low level of carbon monoxide due to a
reverse water gas shift (R-WGS)reactiontandisubsequently, €Orand/ar €0, and H; react
to form CHg:via the side reaction of methanation which decreased hydrogen production in
products. Matlab was employed to calculate the reaction heat, equilibrium constant and
equilibrium molar fraction of each component through solving the non-linear equations.
The calculation results suggested that the polylols reforming is endothermic but should be
carried at low temperature to give very low level of CO content in the product gas. The
results also demonstrated that low temperature favored the methanation, which should be

limited kinetically during the operation. In addition, the system pressure, slightly higher
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than the saturation water pressure, was unfavorable to the R-WGS reaction but favorable

to the low level of CO content.

Sushil et al. (2007) analyzed thermodynamic equilibrium of glycerol steam
reforming by using the direct minimization of the Gibbs free energy. Simulations were
performed using Mathcad version 11. Steam reforming of glycerol for hydrogen
production involves complex reactions. As a result, several intermediate by-products
were formed and end up in the product stream affecting the final purity of the hydrogen
produced. Furthermore, the yield of the hydrogen depends on several process variables,
such as system pressure (1-5 atm), temperature (600-1000 K), and ratio of reactants
(water to glycerol molar feed ratio 1:1-9:1). The siudy revealed that the best conditions
for producing hydrogen was at a temperature higher than 900 K, atmospheric pressure,
and a molar ratio of water to glycerol of 9:1. Under these conditions, methane production
was minimized, and the carben fermation was thermodynamically inhibited. The upper
limit of moles of hydrogen predueed per mole of glycerol is 6 whereas the stoichiometric
limit of moles of hydrogen ds 7. ‘/Although water-rich feed increased the hydrogen
production, a significant amount of unreactedwater was the product stream. The behavior
of this system was very similar to that of steam réfbrming of ethanol.

Sushil et al. (2007) gompared a thér'mgdynamic equilibrium analysis with
experimentation for the hydrogen production frbm the steam reforming process of
glycerin as a function of pressure (1-5 atm), tefﬁberature (600-1000 K), and water to
glycerin feed ratio (1:1-9:1). The equilibrium concentrations of different compounds were
calculated by the method of direct minimization of the Gibbs free energy. The study
revealed that the best conditions for producing, hydrogen were found at the temperature
over 900 K, atmospheric pressure, and-a molariratio of water to glycerin was 9:1. Under
aforementioned conditions, methane production was minimized and the carbon formation
is thermodynamically<inhibited.~Experimental:results oyerithe Ni/MgQO catalyst were
compared against the results obtained from thermodynamic analysis and the results were
still far from thermodynamic equilibrium.

Zhang et al. (2007) revealed the hydrogen production from ethanol and glycerol
steam reforming over ceria-supported Ir, Co and Ni catalysts with respect to the nature of
the active metals and the reaction pathways. For ethanol steam reforming, ethanol
dehydrogenation to acetaldehyde and ethanol decomposition to methane and carbon
monoxide were the primary reactions at low temperatures, depending on the active metals.

At higher temperatures, all the ethanol and the intermediate compounds, like
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acetaldehyde and acetone, were completely converted into hydrogen, carbon oxides and

methane. Steam reforming of methane and water gas shift became the major side
reactions. The Ir/CeO, catalyst was significantly more active and selective toward
hydrogen production, and the superior catalytic performance was interpreted in terms of
the intimated contact between Ir particles and ceria based on the ceria-mediated redox
process. Additionally, hydrogen production from steam reforming of glycerol was also
examined over these ceria-supported metal catalysts, and the Ir/CeO, catalyst again
showed quite promising catalytic performance with hydrogen selectivity of more than
85 % and 100 % glycerol conversion at 400 °C.

3.3 The optimal condition for hydrogen production

The experimental invesiigauon of hio-ethanol autothermal reforming and water-
gas shift processes for hydr@gen’ production and regression analysis of the data was
performed in Markovaa et al sStudied (2009). The experimental conditions were selected
based on the previous experience in research of ATR processes at Fraunhofer Institute for
Solar Energy systems and resulis of chemical-equilibrium simulations done with software
ChemCAD. The main goal was to obtain regréséion relations between the most critical
dependent variables in the gas reformer and ihdébqndent factors such as molar feed ratio,
inlet temperature of reactants into reformingrproc‘ess, pressure and temperature in the
ATR reactor. Purpose of, the regression models Wés to proyide optimum values of the
process factors that gavé the maximum amount of hydrogén. The optimization results
showed that within the considered range of the process factors the maximum hydrogen
concentration of 42 dry vol. % and yield of 3.8 mol/mol ethanol of the ATR reactor could
be achieved at S/C of 2.5,-0/C' 0f'0.20-0.23, pressure of 0.4 bar, Tatrin at 230 -C and
Tatr at 640-C.

Song et al. (2008), studied-aboutthe energy demand from-the-autothermal reaction
obtained by coupling” the endothermiC Steam reforming process with the exothermic
partial oxidation of methane. From the thermodynamic calculation, the autothermal
reaction could be optimized for maximizing the hydrogen production by decreasing the
O/M (oxygen to methane) ratio and increasing the S/M (steam to methane) ratio.
Moreover, this work showed that the heat of the autothermal reaction was sufficient to
bring the membrane to the temperature required for hydrogen permeation. It was found
that the optimum condition for the purpose of maximizing the hydrogen production by

decreasing the O/M ratio and increasing the S/M ratio was shown in this process.
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Alessandra (2007) revealed the energetic optimization of a proton exchange

membrane fuel cell integrated with a steam reforming system using ethanol as fuel. In
order to obtain high hydrogen production, a thermodynamic analysis of the steam
reforming process had been carried out and the optimal operating conditions had been
defined. Moreover, the overall efficiency of the PEMFC-SR system also investigated as a
function of the fuel utilization factor and the effects of the anodic off-gas recirculation.
The results showed that the amount of hydrogen produced determined the efficiency of
the fuel processor because it was defined as.the ratio of the higher heating value of the
total quantity of hydrogen in the reformate to the higher heating value of the ethanol used
in the fuel processor, when no additional external*heat was considered in the energy
balance.

Zhixiang et al. (2006) presented the hydrogen production using hydrocarbons as
raw material from autothermal‘reforming process. Liguefied petroleum gas, with propane
as the main component, was a promising_fuelfor on-board hydrogen producing systems
in fuel cell vehicles and for demestic fuel cell power generation devices. In this article,
propane ATR process was studied and operation conditions were optimized with PRO/II
from SIMSCI for proton exchange membrane fuel cell application. In the ATR system,
heat in the hot streams and cold.streams Was eontrolled to be in balance. Different
operation conditions were studied and drawn in cohtour plots. One operation point was
chosen with the following process parameters: feéd -temperature for the ATR reactor was
425 °C, steam to carbon ratio S/C was 2.08 and air-flow was'0.256. The thermal fficiency
for the integrated system was calculated to be as high as 84.0 % with 38.27 % H,. The
operation conditions of a propane ATR system were optimized with heat balance in the
system by means of the simulation software package PROAI. Thesimulation results were
drawn in contour plots by varying the steam to carbon ratio and ATR feed temperature. In
such a way operationregions unsuitable tforthe Systemioperation could be figured out,
liked too high temperature regions for the system and carbon forming region, the
optimum operation region with the highest efficiency could be identified.

The objective of Chaniotis et al. (2005) was the investigation and optimization of
a micro-reformer for a fuel cell unit based on catalytic partial oxidation using a
systematic numerical study of chemical composition and inflow conditions. The
optimization targeted hydrogen production from methane. Additionally, the operating
temperature, the amount of carbon formation and the methane conversion efficiency were

taking into account. The fundamental investigation was first based on simplified reactor
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models (surface perfectly stirred reactor (SPRS)). As a consequence, the residence time

of the process was taken into account, which meant that the products were not necessary
in equilibrium. A region where all the targeted operating conditions were satisfied and the
yield of hydrogen is around 80% is identified. The analysis focused on the inlet
conditions such as temperature, velocity and chemical composition for a typical monolith
configuration. In the simulations detailed surface chemistry mechanism was adopted in
order to capture all the important features of the reforming process. The finite radial
diffusion of the Navier-Stokes model compared to the infinite diffusion of the SPSR
seem not be important in our case study, sincesthe residence time in the channel was a
multiple of the radial diffusion time. The hydfegea production is strongly depended on
the equivalence ratio between 0.6 and 1.0 was shown to produce high values of hydrogen
yield which approximated 70-80%with realistic operating conditions, inlet velocity at
1ms—1 and inlet temperature at 875 K.

The optimization of the cormbined carbon dioxide reforming and partial methane
oxidation over a 1% Pt-Al,Og4 catalyst to produce synthesis gas with hydrogen/carbon
monoxide ratio close to 1 was studied by Ariane et al. (2001). The study was performed
with the help of experimental ‘design and tW6 mathematical modeling approaches,
empirical and phenomenological. The empiricéi_ﬁrhqdeling approach was found to be more
efficient, simpler and led to better results than rth'os’é obtained with the phenomenological
model approach. Therefare, the empirical modé-lrirn-g was. used for optimization of the
process operation conditions. At an oxygen/methane ratio of 0,55 and temperature of 950
°C, optimized process conditions were obtained with complete methane conversion,
maximum carbon monoxide selectivity of 43%,and minimum hydrogen/carbon monoxide

ratio of 1.3, in absence of water.



CHAPTER IV

METHODOLOGY

Three different reforming processes, glycerol steam reforming, partial oxidation
and autothermal reforming are described in this part. In this process combines with three
reactors, an evaporator, a reformer and a water gas shift reactor. The temperature and
pressure of streams inlet are fixed at 273 K and 1 atm respectively. And then, the inlet
streams are heated to 580 K for.convert water-and glycerol from aqueous phase into gas
phase by evaporator. The different reformers generatesynthesis gas, hydrogen and carbon
monoxide, at the temperature. range between 600 and 1200 K. For using in high
temperature PEM fuel cell, thesproducis are cooled-down to 450 K. Because of limitation
of the different energy transfegdn heat exchanger, gases product are cooled-down into 480
K before. In heat exchanger, the energy cooleql_—down any products is used to heat inlet
glycerol for reducing energy demand at the evaporator. Because fuel cell electrodes can
tolerate only very low concentrations of carbd'n' monoxide, the water gas shift reactor is

added to convert synthesis gas t@ hydrogen and"ﬁa(bon dioxide at the same condition.

4.1 Description of glycerol steam reforming p"rncéss

The endothermie process for hydrogen production, using glycerol as raw material
is demonstrated. The syStem shown in Figs. 4.1 and 4.2 is-based on a steam reforming
reactor, which is investigated by performing a thermodynamic equilibrium analysis for
the products and reactants.. The refaormer has three reactions.which are steam reforming

reaction, reverse water'gas-shiftreaction’and'methanation reaction.

Feed glycerol

Qcool
ki Product
l\ Veool NG Syngas (H, + CO)

HEx
Vevap Cooler

Steam Reforming

Qsr
Glycerol
Lsr

Water ——> Evaporator
Qevap ——>

Levap

Fig. 4.1 A flow diagram of the steam reforming system components for synthesis gas

production.
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Feed glycerol
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ﬁ
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\L» Levap

Fig. 4.2 A flow diagram of the steam reforming system components for hydrogen and

Cooler

[

Glycerol

carbon dioxide production.

The process involvess two /main-reactors for synthesis gas production, an
evaporator (Evap) and a steamsreformer (SR). The water gas shift reactor (WGS) is added
in the process for converwCO inte H; and CO, production. The simulation is solved by

using HYSYS simulation software.

Inlet streams il
Glycerol and water as a liguid phase are: fed into the system at 273 K and 1 atm,
and then the streams are heated te vapor phase by evaporator. The proportion of steam-to-

glycerol (S/G) molar feed-ratic can be written as:

Molar flow rate of glycerol
Water-to-glycerol ratio (S/G),= 4.2)
Molar flow rate of steam

In this study, the SR process operates between 600 and 1200/K at atmospheric
pressure. The ratio of streams feed inlet is varied from 1 to'9. At higher feed ratio, the
total energy demand is shapely increase but the different maximum hydrogen
concentration is slightly increased.
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4.2 Description of glycerol partial oxidation process

Partial oxidation is an exothermic reaction, releasing energy as it proceeds.
Because of higher hydrogen production from the process, WGS is added in this study. Fig.
4.3 shows a flow diagram of the glycerol partial oxidation system. The process involves
three reactors, an evaporator, a partial oxidation reformer and a water gas shift reactor.
Since the efficiency of the reformer is considered, the system is as same as the steam
reforming process. The reformer has three reactions which are partial oxidation reaction,
reverse water gas shift reaction and methanation reaction.

Feed glycerol

Qeool Vwgs

Water Gas Shift
reactor

A\

Vevap

>

@ Reformer Lwes
N A

Qpox A )
> Lpox

Air  ——> Evaporator
Qevap —>
\L» Levap

Fig. 4.3 A flow diagram of the partiat oxidation System components for hydrogen and

f<

Glycerol

carbon dioxide production.

Inlet streams

Since pure oxygen Is not economical, air as an oxygen carrier is used in this part.
Glycerol as a liquid phase fed intothe systemn at 273 IKband heated:by evaporator to 580 K
iIs combined with ai that inCluding 21 mol% of oxygen and 79 mol% of nitrogen at vapor
phase. The.proportion of oxygen-to-glycerol (O/G).molar, feed ratio can be written as:

(Molar flow rate of oxygen) / 0.21

Oxygen-to-glycerol ratio (O/G) = Molar flow rate of glycerol 4.2)

The gas outlet streams from the POX reactor are varied temperature in the range
of 600-1200 K, which corresponds to O/G molar ratio of 0.5-3. At higher feed ratios
make the POX reaction occurs lower than reverse water gas shift reaction. And at lower
feed ratio, a lot of the total energy demand is released but the different maximum

hydrogen concentration is slightly increased.
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4.3 Description of glycerol autothermal reforming process

The autothermal reforming process combines the steam reforming and partial
oxidation together. Steam reforming is an endothermic reaction, absorbing energy as it
proceeds. Vaporizing water to form steam is a further energy requirement of this process,
usually supplied by partial combustion of the fuel. A flow diagram of the glycerol
autothermal reforming system is shown in Fig. 4.4. The ATR process involves three

reactors as same as SR and POX system.

Feed glycerol

Vwgs

ﬁ

Water Gas Shift
reactor

A\

Vevap

V//A] Reformer Lwes
Glycerol Qatr A ;
Latr /

Air ——>
Water ——>
Qevap >

f(

Evaporator

\L» Levap

Fig. 4.4 A flow diagram of the autothermal reforming system components for hydrogen

and carbon dioxide production.

Inlet streams

Glycerol, water and air are separately fed into the system at 273 K. Glycerol and
water are heated by evaporator and then combined with air at vapor phase. The proportion
of steam-to-glycerol molar ratio is/written‘in=Eq: /4.1 and, the, proportion of oxygen-to-
glycerol molar ratig,is written in EQ. 4.2. The reformer has four reactions which are steam
reforming _reaction,, partial oxidation reaction, .reverse .water.gas. shift reaction and
methanation reaction.

The streams production from the ATR reactor are generated at the temperature
range of 600-1200 K which corresponds to S/G in range of 1-9 and O/G in range of 0.5-2.
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5.4 Optimization for hydrogen production

For each of R ratio, there is an optimal temperature for reformer operation to
provide the maximum H, yield in the range of temperature 600-1200 K. The result is
solved by HYSYS-Optimization software. On this program, the optimizer is used to find
the operating conditions which maximize hydrogen generated. The optimizer contains a
spreadsheet for defining the objective function as well as any constraints. To consider the
efficiency of the different reformer, an objective function in this work is maximized

hydrogen production from the reformer. ’ ’
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CHAPTER V

RESULTS AND DISCUSSION

This chapter presents the entirely feasible results of the different glycerol
reforming, steam reforming, partial oxidation and autothermal reforming, as a
thermodynamic point of view. The system of glycerol reformer involves a set of response
reactions which have different relative fractions at the different operative conditions.
Because the maximum hydrogen production may-be affected from each response reaction,
the generated hydrogen depends-on the operative condition i.e., reaction temperature and

stream molar feed ratio.

5.1 Steam reforming for_laydregen and syﬁth_esis gas production

The effect of key parameters for glycjefol steam reforming reaction i.e., steam-to-
glycerol (S/G) molar feed satio (Rs) and -j.opiérating temperature on the equilibrium
compositions is discussed in this patt.. At the :c;tan_dard condition, the Ry ratio of 3 based
on stoichiometric and reaction temperaitre at 600 K based on the minimum temperature
that can be occurred are studied.-The result étt"é’tandard condition before parameters
variation is shown in tables 5.1 and-5.2. On ta-b.le_‘t5.72, the WGS reactor is added in the

system to convert CO into CO; and Ho.

Table 5.1 The result of SR process at the standard condition

Molar flow of inlet stream (kmal/h)

glycerol 1

water 3
Inlet stream feed tempeiature (K) 273
System pressure (atm) 1

Steam reformer
inlet temperature (K) 580
outlet temperature (K) 600
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Table 5.1 The result of SR process at the standard condition (cont.)

Steam reformer

products composition (kmol/h)

H> 0.3480
CO, 1.3336
CO 0.0046
CH, 1.6618

Table 5.2 The result of SR process with WWGS is added at the standard condition

Water gas shift reactor

inlet temperature (K) 450
outlet temperature (K) 450
products composition (kmoi/h)
H, 0.3523
CO, b 1.3379
co " 0.0003
CHq b4 1.6618

5.1.1 Effect of reaction temperatutre e

In this work, the reforming temperature is studied between 600 and 1200 K. At a
fixed of S/G molar feed ratio, the amount of hydrogen and-carbon monoxide generated
from SR reaction increase_with the increasing temperature until it reaches the highest H,
production and then the H; yield decreases because the reverse water gas shift occurs
better than steam reforming at fiigh temperature; The CO,.concentration also increases at
low temperature but decreasestat a higher temperature for convert CO, into CO in the
shift reaction. So that, the only CO«content increases with increasing temperature.
However the miethanation,which is'a side.reaction from SR process can|be occurred at
lower temperature and then decreases with increasing temperature because it is an
exothermic reaction. Fig. 5.1 shows the variation of the SR products with the constant
S/G molar ratio of 3 at the operating temperature range between 600 and 1200 K and

atmospheric pressure.
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Fig. 5.1 Plot of thermodymamigequilibrium moelar flow of each component based on S/G

molar feed ratio of 3 ~

5.1.2 Effect of the steam-to-glycerol (S5/G) rﬁélar feed ratio, Ry

The effect of Ry ratio varied«from 1 t€>9 for each operating temperature in SR
reactor at the equilibrium conditior is investidété’d. The hydrogen yield over changing
S/G ratio is shown in Figs. 5.2 ant-5.3. All of'b'r'dduction will be also increased with the
increasing stream inlet (Eg.2:2),-50-that-a-higher Rs-fatio-is favorable for higher glycerol
conversion and H, formation. Moreover, at a lower ratio, the maximum of H, produced is
derived from steam reforming at high reaction temperature and then decreases with
higher feed ratio. Meaning-that;-the highest quantity of\H,-s generated at the excess water
condition. The maximum of H; production is found to-be 6 'kmol/h and R ratio of 9 at
950 K. But the molar fraction (Fig. 5.3), can be written as Eq. 5.1, is“found to be lower
because of the unreacted of excess water.(Sincethe water inlet is inadequate, the only Ry,
ratio of 1 produces higher fraction content of hydrogen at all of the temperature range.

Moles of H, in the products

Mole fraction of H, = 5.1
? Moles of all products (6.1)
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Fig. 5.4 shows the effect of Ry ratio on the equilibrium compositions in SR

reactor at 1 atm. To analyze the thermodynamic equilibrium of stream outlet, CO, CO,
and CH, are found as by-products. Because a higher Rg ratio makes the SR reaction
occurs better than R-WGS and methanation reaction, the CO, concentration is the same

tendency as H;, formation. But the CO and CH, concentrations are reverse. Finally, CH,4

concentration drops to zero at 1100 K.
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is employed

5.1.3 Effect of water gas shift reactor

Because.of the limitation of carbon menoxidé-content.using in fuel cell, water gas
shift reactor' is added“in this section for ‘convert CO“into'CO, and'Hz~From the result
shown in Figs. 5.5-5.7, most of the compositions have a tendency to the only steam
reforming reactor at the temperature lower than 1000 K. For all case of this study, the H,
and CO, production are remaining constant at the final because the shift reactor
completely converts CO from the reformer into CO, and H,. Meaning that, the CO
concentration drops to zero in all cases. By-product, methane, is not affected in this case
since the WGS reactor has only WGS reaction.
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5.2 Partial oxidation for hydrogen production

Since pure oxygen is not economical, air as an oxygen carrier is used in the partial
oxidation process. A major disadvantage of any partial oxidation or air addition is the
nitrogen dilution of the hydrogen containing effluent. This nitrogen dilution is
deteriorating full cell operation, because increased nitrogen content makes the open-
circuit voltage of the fuel cell lower. The effect of key parameters of partial oxidation
reaction i.e., oxygen-to-glycerol (O/G) molar feed ratio (Rpox) and reaction temperature
on the equilibrium compositions is studied and discussed in this part. At the
standard condition, the Rpox ratio of 1.5 baset ‘on stoichiometric and reaction temperature
at 600 K based on the minimum temperature that can be occurred are studied. The result
at standard condition before parameters variation is shown in tables 5.3 and 5.4. On table
5.4, the WGS reactor is added.in the system to convert CO into CO, and H,. Therefore,

hydrogen and carbon dioxide.€ompostiions are higher than its outlet from the reformer.

Table 5.3 The result of POX process at the standard condition

Molar flow of inlet stream (kmol/h)

glycerol 4 4 1

oxygen 2L2 1.5
Inlet stream feed temperature (K) = 273
System pressure (atm) s 1

Partial oxidation reformef

inlet temperature (K) 580
outlet temperature (K) 600
products camposition (kmal/h)
H, 0.2580
CO, 2.0575
CO 0.0094

CH4 0.9331
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Table 5.4 The result of POX process with WGS is added at the standard condition

Water gas shift reactor

inlet temperature (K) 450
outlet temperature (K) 450
products composition (kmol/h)
H, 0.2667
CO; 2.0662
CO 0.0007
CH, 0.9331

5.2.1 Effect of reaction temperature

In this part, the partial oxidation is studied between 600 and 1200 K. At a fixed of
O/G molar feed ratio, the"amount of hydrogen and carbon monoxide generated increase
with the increasing temperatuge as same as the steam reforming process until it reaches
the highest H, productions And then the hy__drogen yield decreases because the reverse
water gas shift reaction @ccurs  better th‘gr{ - partial oxidation reaction. The CO;
concentration also increases at low temperaturé-'but decreases at a higher temperature for
convert CO, into CO in the shift reaction. Th’erp_nly carbon monoxide content rapidly
increases from this reaction. However side;_rrzé'éction, methanation, deceases with
increasing temperature. Erom the result, the hyd:r'drg'e'n generated is lower than it produced
from SR process. The guantity-of-Hs-has-a-hitle-different-from by-products component.
For WGS is added in this process shown in Fig. 5.9, H, and CO; are also increase to
reach the maximum hydrogen content and remain constant to the final temperature. The
carbon monoxide,contentstiltyincreasesofrom: reverse) waterygas shift reaction in the
reformer. Figs. 5.8,and 5.9 show the Vvariation of the"POX products with constant Ryox

ratio of 1.5.at the operating.temperature of 600-1200 K and atmospheric pressure.
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5.2.2 Effect of the oxygen-to-glycerol (O/G) molar feed ratio, Rpox

From the result, the hydrogen produced from WGS reactor is higher than reformer.
Therefore, WGS reactor is added in this part to produce the maximum hydrogen content.
The effect of varied Rpox ratio on hydrogen production is presented in Figs. 5.10-5.11.
This result shows that the increasing of Ryox Sharply increases the hydrogen production at
the oxygen insufficient condition and slightly increases with O/G ratio higher than 1.5. At
Rpox ratio higher than 3 makes the POX reaction occurs lower than reverse water gas shift
reaction so that this work is not considered. Furthermore the amount of hydrogen is
generated until it nearly constant in a higher ramnge of Ryox. After the process reaches the
maximum hydrogen yield, POX reaction i1s lower.affected to this system. Meaning that,
hydrogen molar flow is constant with increasing temperature higher than 1000 K. The
result of O/G molar feed ratiggwhieh is varied from 0.5 to 3, on the conversion of other
components in Figs. 5.12-5.13'Shows that all of the components are higher generated with
increasing Ryox ratio. However, all of components have the same trend as H,. Conversely,
the concentration of CH4drops t@ zero at 950-980 K which is generated the maximum
hydrogen. The maximum hydragen yield of partial oxidation operation reaches only H,-
yield of 3.8 mole H,/mole glycercl and is théféfore much lower than the maximum
reachable hydrogen yield from steamn reformin-cj; 7:mole Ho/mole glycerol, which WGS is
added. =
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5.3 Autothermal reforming process for hydrogen production

The effect of key parameters of autothermal reforming process i.e., S/G molar
feed ratio (Rsr), O/G molar feed ratio (Rpox), preheating temperature at adiabatic condition
and reaction temperature on the equilibrium compositions is studied and discussed in this
part. At the standard condition, the Ry ratio of 3, Ryox of 1.5 based on stoichiometric and
reaction temperature at 600 K based on the minimum temperature that can be occurred
are studied. The result at standard condition before parameters variation is shown in table

5.5. The WGS reactor is added in the system to convert CO into maximum hydrogen.

Table 5.5 The result of ATR process at the standaid condition

Molar flow of inlet stream (kimol/k)

glycerol 1

water 3

oxygen , 1.5
Inlet stream feed temperature (K) 273
System pressure (atm) 7 1

Autothermal reformer

inlet temperature (K) 580

outlet temperature (K) 600
WGS reactor '
products compostiton (kmol/h)

H> 0.4641
CO; 2.1157
CO 0:0005
CH, 0.8838

5.3.1 Effect of reaction temperature

In this section, the reforming temperature is also studied between 600 and 1200 K.
At a fixed of S/G molar feed ratio shown in Fig. 5.14, the amount of hydrogen and carbon
dioxide generated from ATR process increase with the increasing temperature until it
reaches the highest H, production. The CO concentration also equal to zero at all the

range of temperature because CO is completely converted into CO, and H; in the shift
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reactor. However, the methanation which is a side reaction from ATR process uses to

produce methane as the same tendency as SR and POX system

N
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15
1
; e H2
e —o— CO2
0.5 7 ——CO0
W\ X
. fouiind —#— CH4
600 700 800 900 1000 1100 1200

Temperature (K)

Fig. 5.14 Plot of thermodynamic equilibrium'-_rmglar flow of each component based on
S/G molar ratio of 3 and O/G malar ratio-of 1.5 as a function of temperature

i

5.3.2 Effect of molar feéd ratio (Rs- and Rpox) '

Fig. 5.15 shows. that the quantity of hydrogen production depends on Rpox and
reaction temperature. From the result, hydrogen is generated to the maximum and
remains constant. On the other,_hand, the amount of H, decreases with increasing Rpox
ratio because the partial oxidation occurs lower at @ higher Ryox ratio. The effect of varied
Ry ratio which Rpex'and reaction temperature is fixed on the product compositions from 1
to 9 is presented 4n Fig. 5.16: Fhe tendency of hydrogen (productiontis as same as it
produced from SR process. Moreover, Fig 5.17 indicates that the SR reaction occurs
better than POX reaction at low temperature. But POX reaction has higher performance at
high temperature.
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To consider about the efficiency of reformer, gases production are simulated from
the reformer. Fig. 5.18 shows the product components from ATR process which is varied
Rs ratios from 1 to 9 at*1100 K and O/G molar ratio of 2. Hydrogen and carbon dioxide
are slightly generated with-increasing R ratio until it is nearly constant in a higher range
of Ry. However, CO concentration gradually decreases at higher Ry ratio. Conversely,
the effect of O/GI molar feed ratio on_the preduct'compositians:in ATR reactor at the
constant temperature at 1100 K, S/Gs#molar ratio.of 9 and atmaespheric pressure is
presented in Fig. 5.19: The result shows that the amount of |H, and CQ has the same
tendency. It"decreases with increasing Rpox ratio. At higher Rpox ratio, POX reaction
occurs better while SR reaction shifts to reverse reaction. Meaning that the content of
hydrogen shapely decreases with increasing Rpox ratio. As same as the R-WGS reaction,
CO concentration also decreases. Only CO, component increases from partial oxidation.
The maximum hydrogen yield which is affected from POX reaction is 4 kmol/h.



43

—~ 35+ -
<

S .l

IS —*— H2
z 25 e o
© 2

o

=

0.5
1 9
ar
‘Nz
Fig. 5.18 Plot of thermodynami ilib e components at various Rg
ratios in ATR process at 110 ‘mal ﬂ tmospheric pressure
o,
45 a0
AU "
4% ki o e ' —o— CO2 | |
= —+—CO
35} N —— CH4 | |
< s -
E
X 25¢ m .
5
= 2 ‘a o/ <
2 .
Pl 1 |

AFRINIUNRINYNE Y

< €

% %
0.5 1 1.5 2
O/G molar feed ratio

Fig. 5.19 Plot of thermodynamic equilibrium molar flow of the components at various R-
pox Fatios in ATR process at 1100 K, S/G molar ratio of 9 and atmospheric pressure



44
5.3.3 Effect of preheating temperature on adiabatic condition

From the result, Figs. 5.20-5.22 present the effect of preheating temperature on
the product compositions in ATR process at the adiabatic condition, Rpox ratio of 0.5, R
ratio of 9 and atmospheric pressure. The result shows that the preheating temperature of
800 K gives a maximum hydrogen production. At this condition, the amount of CO,, CO
and CH, are the same tendency as it generated from reforming process. At the optimal
preheating temperature, the system occurs at the reaction temperature of 905 K. At this
condition, H,, CO,, CO and CH, are produced to 5.22, 2.30, 0.68 and 0.03 kmol/h,
respectively.
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Fig. 5.20 Effect of preheating4emperature on the hydrogen production in ATR reactor at

the adiabatic condition,-O/G ratio of 0.5, SIG ratio of 9.and atmosgheric pressure
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5.4 Comparison between three processes, steam reforming, partial oxidation and

autothermal reforming, for hydrogen production

This part is summary efficiency of the different reformer. To compare between SR
and ATR process, from the result, all of the maximum hydrogen content produced from
SR process is higher than ATR system at the constant temperature and pressure. At the
maximum hydrogen yield, Ry of 9, the steam reforming can be generated hydrogen upto
5.8 kmol/h but autothermal reforming produces less than 5 kmol/h. Meaning that POX
reaction on ATR system reduces the efficiency of ATR reformer. But the CO component
generated from ATR is lower than SR. To compare between POX and ATR process, H;
production and purification produced from POX ieformer is a little. In the case of the
product distribution, the amount of hydrogen production is of the order POX<ATR < SR.

The result is shown in Table 5.6:

Table 5.6 The summary of sthe” preduction components from the reformer at the

maximum hydrogen condition

Reforming | Purification
. Hp CO; CO CH4

R ratio | temperature of H
(kmol/h) (kmol/h) | (kmol/h) | (kmol/h)

(K) (%) :

SR 9 925 323 5.-.9‘7168 2.1471 | 0.7793 | 0.0735
POX 2 925 12.98 25606 | 16579 | 1.3097 | 0.0324
ATR

9/0.5/1 1200 33.52 5.9936 | 29939 | 0.0061 0.000

S/0IG
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5.5 Heat integration for hydrogen and synthesis gas production

The reforming products for the three different options, steam reforming, partial
oxidation and autothermal reforming are analyzed. The process energy requirements for
the reformer consist of the evaporation energy for heating up of feed gases from ambient
to reformer temperature, the reforming energy at reformer temperature and cooling
energy of products from reformer to 450 K and the energy for convert CO into CO; and
H. in the water gas shift reactor. The process energy needed is related to the moles of
hydrogen in the reformer effluent. Energy. necessary for heating and cooling is almost
equal, which means that in a well-designed reformer with heat integration little energy is
lost for heating and cooling.

5.5.1 Heat integration from steam reforming process

Heat integration using in the reforming process is described in this part. For all
cases of steam reforming“progess; the amount of heat rapidly decrease in the range of
temperature of 600-900 K.and slightly increase t0 1200 K. The result is shown in Figs.
5.23 and 5.24. The energy demand is given as ehérgy per mole hydrogen produced. At the
temperature range between 600 and 800 K, the energy requirement is much more than the
hydrogen production. Therefore the SRprocess needs a lot of energy.

Heat.integration (kJ/kmol H2)

0 1 1 L 1 L
600 700 800 900 1000 1100 1200
Temperature (K)

Fig. 5.23 Plot of heat integration from SR process for hydrogen production on

thermodynamic equilibrium condition
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Table 5.7 presents total heai flow rate which depends on the ratio Ry in each

reactor. Because of the higher quantity of Wate;_rr,‘_jhe energy demand on the evaporator

increases with increasing.Rs.. The energy demand of other reactors in term of Ry ratio is
slightly differed.

Table 5.7 Summary of the energy demand from each reactor in SR process at 1200 K for

the maximum H, as'a function of R, ratio

Evaporator Reformer Cooler WGS reactor ,| Total heat flow
> *120°kd/h *10° kJ/h *107kJ/h *10°kJ/h *10°kJ/h
1 2.243 4177 -1.861 -0.283 4.276
3 3.292 4.523 -2.458 -0.838 4.519
) 4.342 4,912 -3.047 -0.785 5.422
7 5.391 5.328 -3.630 -0.694 6.395
9 6.441 5.762 -4.210 -0.620 7.373
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5.5.2 Heat integration from partial oxidation process

For all cases of partial oxidation process, the amount of heat sharply increases at
the temperature lower than 900 K and remain constant to the final. The result is shown in
Figs. 5.25 and 5.26. At the temperature range between 600 and 900 K before the
maximum hydrogen generated, the energy requirement releases much more than the
hydrogen which is produced. Therefore the POX process discharges a lot of energy. The

maximum hydrogen is produced at 920 K and then the heat integration is also constant.
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Fig. 5.25 Plot of heat Integration from POX process for hydrogen production on
thermodynamic equilibrium gondition
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Table 5.8 presents total heat fiow raté":_Whi_ch depends on the ratio Rpox in each

reactor. In this partial oxidation process, an exomé}mic process, a lot of heat depends on

Rpox ratio is released from the reformer. However the energy demand of other reactors in

term of Ryox ratio is slightty differed.

Table 5.8 Summary of the'energy demand from each reactor' in POX process at 920 K for

the maximum H; assa function.of Ryex Fatie

Evaporator Reformer Cooler WGS reactor | Total heat flow

e *10°kdih *1@>kdth *10%kdfh *10°k/h *10°kJ/h
0.5 1671 -0.811 -1.638 -0.162 -0.940

1 1.821 -2.330 -1.555 -0.335 -2.399
1.5 2.265 -3.851 -1.897 -0.509 -3.992

2 2.445 -3.568 -2.233 -0.511 -3.867
2.5 2.623 -3.292 -2.568 -0.513 -3.741

3 2.805 -3.020 -2.903 -0.514 -3.632
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5.5.3 Heat integration from autothermal reforming process

The energy needed for reforming shown in Fig. 5.27 is strongly reduced with
increasing R ratio in the temperature range of 600-800 K when operating in autothermal
mode. On the other hand, increasing the Ryox ratio raises the energy demands at high
temperature. Fig. 5.28 illustrates total heat integration which depends on the ratio Ry in
ATR process. And Table 5.9 presents total heat integration which depends on the ratio Ry
in each reactor. Because of the higher quantity of water, the energy demand on the
evaporator increases with increasing Rg. The energy demand of other reactors in term of

Rq ratio is slightly differed.
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Fig. 5.27 Plot of heat integration for hydragen production on thermodynamic equilibrium

condition on autothermal reforming process
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i

Table 5.9 The amount of heat in each reactor on thermodynamic equilibrium condition at

O/G ratio of 0.5, 1100 K and atmosphetic pressuTr_.e;_ '

Evaporator | -Reformer Cooler WGS reactor | Total heat flow
o *10°kJ/h *10°kd/h *10°kJ/h £10°kJ/h *10°kJ/h
1 2.426 1672 -2.039 0,501 1,558
3 3.475 1.931 -2.546 £0.729 2.131
5 4.524 2.237 -3.045 -0.617 3.099
7 5,573 2,572 -3.539 -0.531 4.075
9 6.623 2.926 -4.030 -0.466 5.053
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When R ratio is fixed at 9, the result is illustrated in Fig. 5.29 and Table 5.10.

Total heat integration and heat flow rate in each reactor which depends on the Ryox ratio
in ATR process is the same tendency. Because of the higher quantity of air inlet, a lot of
heat depends on Rpox ratio is released from the reformer. The energy demand of other

reactors in term of Ryox ratio is slightly differed.
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Fig. 5.29 Plot of heat integration for hydrogen production en/thermodynamic equilibrium

condition at various RpoxJatios and fixed R at 9 in ATR process

Table 5.10 The amount of heat.in each reactor,on thermodynamic equilibrium condition

at S/G ratio of 9, 1100 K and atmospheric pressure

Evaporator Reformer Cooler WGS reacter.s| Total heat flow
o *10° kJih *10° kdih *10° kd/h *10°kJ/h *10°kJ/h
0.5 6.623 2.926 -4.030 -0.466 5.053
1 6.805 0.783 -4.446 -0.388 2.754
1.5 6.988 -1.359 -4.900 -0.311 0.418
2 7.171 -3.501 -5.336 -0.234 -1.900
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5.5.4 Comparison of the heat integration on each process

Fig. 5.30 and Table 5.11 show the different energy demands for steam reforming,
partial oxidation and autothermal reforming process. The reasonable hydrogen yields are
given at temperatures above 900 K. The largest amount of energy is necessary for
evaporation and reforming. The comparison of steam reforming, partial oxidation and
autothermal reforming in terms of energy demand is complicated, since in partial
oxidation and autothermal, a part of the fuel is used for heat generation, which lowers the
external energy demand. The operating condition of the result can be solved at the
maximum hydrogen production. Steam reforming process generates at Ry ratio of 9.
Partial oxidation produced at Ryox ratio of 3. And.autothermal reforming operates at Ry

and Rpox ratio of 9 and 0.5, respectively.
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Table 5.11 The amount of heat in each reactor from different process for the maximum

hydrogen generated on thermodynamic equilibrium condition

Evaporator Reformer Cooler WGS reactor | Total heat flow
Reformer
*10°kJ/h *10°kJ/h *10°kJ/h *10°kJ/h *10°kJ/h
SR 6.441 5.762 -4.210 -0.620 7.373
POX 1.671 -0.811 -1.638 -0.162 -0.940
ATR 6.623 2.926 4,030 -0.466 5.053

The result shows a complete different energy. demand from three processes for the

maximum hydrogen, whereas _paitial oxidation is the.most energy demanding operation.

This means from viewpoint efhydrogen content in the reformer effluent. The total energy

demands that following order in.terms of efﬁciency Is steam reforming, autothermal and

partial oxidation, respectively.
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5.6 Optimization for different reforming processes

For each of the molar feed ratio (Rsr and Rpox), there is an optimal temperature for
reformer operation to provide the maximum H; yield in the range of the reaction
temperature between 600 and 1200 K. These data solving by HYSYS-Optimization are
listed in Tables 5.12-5.15. Because this part considers the efficiency of the reformer, the
products generated from the reformer are perused. Heat integration is a summary of

energy demand which is given as energy per mole hydrogen produced from the process.

Table 5.12 The optimal operating temperature of glycerol steam reforming at various
S/G ratios

. Optimum Ho CO, CcoO Total
atio temperature concentratien i concentration concentration heat flow
K) (Kmolin) (kmol/h) (kmolh) | (*10°%Jh)
1 1150 43208 0.3411 26521 4.2660
3 1020 400466 1.0875 19323 4.4567
5 950 5 3603 15868 1.3408 5.2972
7 930 5.8614 1.9952" 0.9602 6.8076
9 900 5.9261 21473 . 0.7790 7.2465

Table 5.13 The optimal operating-temperature of glycerol partial oxidation at various
O/G ratios

0/G Optimum Hz CO; CO Total
catio temperature | concentration | concentration | concéntration | heat flow
(K) (kmol/h) (kmol/h) (kmaol/h) (*10°kJ/h)
0.5 930 0:8405 0.5297 0.4628 -0.9369
1 930 1.6728 1.0609 0.9207 -2.3933
15 930 2.5043 15924 13782 -3.9829
2 930 2.5243 1.5889 1.3898 -3.8593
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Table 5.14 The optimal operating temperature of glycerol autothermal reforming various

S/G ratios and fixed O/G ratio of 0.5

. Optimum H, CO; CcoO Total
(atio temperature | concentration | concentration | concentration | heat flow
(K) (kmol/h) (kmol/h) (kmol/h) (*10°kJ/h)
1 1050 3.7776 0.8147 2.1731 0.2354
3 1035 4.2975 1.3166 1.6773 0.3476
5 980 47219 1,7573 1.2311 0.4963
7 900 5.0070 2.1664 0.7811 0.6523
9 900 5.2172 2.3085 0.6613 0.7702

Table 5.15 The optimal operating temperature of glycerol autothermal reforming at

various O/G ratios and fixed:S/G.ratioof 9

0/G Optimum H> COZ CcO Total
.| temperature | concentrations| .concentration | concentration heat flow
ratio (K) (kmol/h) (kmol/h), (kmol/h) (*10°kJ/h)
05 900 52472 2.3o§5 . 0.6613 0.7702
1 900 4.4192 2.452-—2- e 0.5369 1.0453
1.5 850 3.6136 2.6595._ T 0.3254 1.3317
2 820 2.7638 2.7930 04973 1.6096

From the result, the optimization which is calculated-by optimization program for
the maximum hydrogen produetion closes to the.data from solving by HYSYS simulation.
Almost data is presented in appendix C. However, the result ' which is compared with the
different reforming indicates that the eptimal temperature for the maximum hydrogen
produced is,shift reverse from Ry 'ratio. Meaning that, the maximumhyerogen yield can
be generated at a lower temperature but higher Ry ratio. At a higher Ry ratio condition,
H. and CO, compositions are increase but CO content is decrease. For higher hydrogen
produced at higher Ry, ratio, the total heat integration is also increase. At higher feed ratio,
the total energy demand is shapely increase but the different maximum hydrogen
concentration is slightly increased.

The entire various Rpox ratio cases in the POX process, the maximum hydrogen is

generated as the same optimum temperature. But the total production components are
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increase with increasing Rpox ratio. Because POX is an exothermic process, the increasing

of total heat integration which is released to the environment depends on Ryox ratio. At
lower feed ratio than 0.5, the total energy released decreases and the purification of
hydrogen at the maximum product condition also decreases too. The different of the
product components, H,, CO, and CO is a little.

The result from ATR process which is varied R ratio and fixed Rpox ratio is as the
same tendency as SR process. However, the maximum hydrogen and net energy demand
of ATR is lower than SR process. In term of Rpox ratio, the maximum H, is as the same
tendency as POX process, decreases hydrogensproduced with increasing ratio, but the
quantity from ATR is much more than POX sysiem. For higher Ryox ratio, total heat
integration of ATR is increase.

To summary of the gpiimum. condition in term of reaction temperature, Steam
reforming process should be generated at Ry of 9 and the operating temperature of 900 K.
Partial oxidation system should he operated at Ryox 0f 2 and the operating temperature of
930 K. And Autothermalreforming combined SR and POX process should be generated
at Ry of 9, Rpox Of 0.5 and the operating temperature of 900 K.



CHARPTER VI

CONCLUSIONS

Three kinds of the thermodynamic equilibrium of glycerol steam reforming,
partial oxidation and autothermal reforming by using HYSYS simulation software is
discussed in this chapter. The main product set is hydrogen, carbon monoxide, carbon
dioxide and methane. The number of moles of hydrogen produced is calculated based on
equilibrium condition. The thermodynamic compesitiens are evaluated for S/G of 1-9 for
SR and ATR process, O/G 0f0:5=3 for POX process; O/G of 0.5-2 for ATR process and
the reaction temperatures range between 600 and 1200 K.

In SR operation required a lotof heat to generated hydrogen, the study reveals that
the best conditions for producing ydrogen is at the temperature higher than 900 K and a
molar ratio of water to glycerol of 9:1: Under___these conditions methane production is
minimized. The upper limit'of the moles of hydrogen produced per mole of glycerol is
5.98 in only reforming process and IS 7 in WGS’ which is added versus the stoichiometric
limit of 7. High temperatures and-tigh Rsr'fé\'/‘or the hydrogen production. Although
water-rich feed increases the hydrogen produétidlﬁ, a significant amount of unreacted
water is resulted in the-products. Because of 'th'e"higher quantity of water, the energy
demand on the evaporater increases with increasing Rs. The energy demand of other
reactors in term of Ry ratio is slightly differed. Moreover, R-WGS reaction occurs better
than SR reaction at high temperature.

In POX operation‘at which'a ffot 0f energy. releases from: the process, the study
reveals that the besticonditions for producing hydrogen is at the temperature of 930 K and
a molar ratio .of water, to,glycerol .of 2:1., The .upper dimit, of-the-meles of hydrogen
produced per ‘mole’ of" glycerol“is* 2.52 versus ‘the stoichiometric' limit of 4. High
temperatures favor the hydrogen production but decreases with higher Ry ratio. In this
operation, high hydrogen content appears in conjunction with high carbon monoxide
content. At the temperature range between 600 and 900 K before the maximum hydrogen
generated, the energy requirement releases much more than the hydrogen which is
produced. Therefore the POX process discharges a lot of energy.

In ATR operation combined with steam reforming and partial-oxidation together,

heat emission from POX reaction is used in SR reaction. The study reveals that the best
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conditions for producing hydrogen is at the temperature of 900 K and a molar ratio of

water:oxygen:glycerol of 9:0.5:1. At the constant temperature and pressure, POX reaction
occurs better than SR reaction for all case.

Comparison of the above Figs. and Tables shows that the hydrogen content
generated from glycerol steam reforming is the highest, followed by that created from
autothermal reactions and by that produced from partial oxidation process. In cases of the
total energy demand, which is the process energy for evaporation, reformation, and

conversion of CO, the total energy deman 's’of the order POX<ATR < SR.
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APPENDIX A

PHYSICAL PROPERTY

Glycerol

Glycerol is an organic compound, also called glycerin or glycerine. It is a
colorless, odorless, viscous liquid that is widely used in pharmaceutical formulations.
Glycerol has three hydrophilic hydroxyl groups that are responsible for its solubility in
water and its hygroscopic nature. The glycerel.substructure is a central component of

many lipids. Glycerol is sweet=tasting and of low toxicity.

Table A.1 Glycerol propeity

Molecular formula v C3Hs(OH)3

L 4 OH
Molecular structure ] HD‘.M)\\/DH
Molar mass (g/mole) - 9209
Appearance ~ Clear, colorless
Density (g/ cm®) - 1261
Melting point ("C) 17.8
Boiling point (°C) 290
Viscosity (Pa.S) 1.5
Solubility ipawater Miscible
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Air
Air is a mixture of gases especially oxygen required for breathing and which
surrounds the earth.

Table A.2 Air property
Standard composition
N, 0.78
O, 0.21
Ar

Vﬂ/ =

/ - \\ orless
Gas density (kg/ m°) 17// “‘\:\\ evel)

Melting point ("C)” l//ﬂ&\\\ ‘\
Boiling point (°C) lrl ._l\\\\\
Vﬂ% B AR

Viscosity (Pa.S)

Other gases

Molar mass (g/mole)

Appearance

m«* "

e

EB
ﬂuﬂ?ﬂﬂﬂﬁwmﬂ‘i
’QW']ENﬂ‘iﬂJ UAIINYAY
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APPENDIX B

THERMODYNAMIC EQUILIBRIUM ANALYSIS

The relationship between the Gibbs energy and the equilibrium constant can be
found by considering the chemical potentials. At constant temperature and pressure, the
function G (Gibbs free energy) for the reaction depends only with the extent of reaction
(&) and decrease according to the second law of thermodynamics. It means that the
derivative of G with & must be negative. It the.réagtion happens at the equilibrium the

derivative will be equal to zero:

(QEJ X0 (B.1)
df TP
The equilibrium system can be written as

oA £ B = oS+ 1T (B.2)

In order to reach the thermodynamic equilibrium-condition, the Gibbs energy
must be stationary meaning that the derivatﬂi_\/é' of G with respect to the extent of
reaction, &, must be zero. It can'be.shown that mthls case, the sum of chemical potentials
of the products is equal to the sum af chemical V'r:)otrentials of the reactants. Therefore, the
sum of the Gibbs energy-of the products must be the equal to'the sum of the Gibbs energy
of the reactants.

Opip + Pl = Ofs + Tl; (B.3)

4 1s a partial molar, Gibbs energy;.a.chemical potential:

The chemical potential ‘'of a reagent’A"is ‘a function ‘of the activity { A} of that
reagent.

=% RTIn{A} (B.4)

5 is the standard chemical potential.

Substituting expressions like this into the Gibbs energy equation:

dG =VdP — SdT +Zk:,uidNi (B.5)
i=1

In the case of a closed system:

dN, =v,dé& (B.6)
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v, corresponds to the stoichiometric coefficient and d& is the differential of the

extent of reaction.

At constant pressure and temperature is obtained:

k
(d_G] =Y v, = AG, , (B.7)
dé T.p i=1
Results in
AGy p = 0l + Tl — oty — Py (B.8)

By substituting the chemical potentials:

AG; p = (o1 +71° )~ (ops2 i) laRT IN(S 1 RTINE= (RT In{AL+ ART In{B))

(B.9)
The relationship becemes:
S W
y e¥ §£2 2y +_.RTIn—{— (B.10)
b T
K _J
And D Hv =BG (B.11)

i=1
which is the standare-Gibbs-energy-change-for-the-reaction. It is a constant at a
given temperature, which can be calculated, using thermodynamical tables.
sy
RT In{—z RT InQ, (B.12)
{AlB)f

Q, is the reaction quotient when the system is not at equilibrium.

Therefore:
(d—Gj =AG;, =AG®° +RT InQ, (B.13)
dg TP
At the equilibrium condition:
dG
— =AG;, =0 B.14
(dél,p (549

Q, = K, the reaction quotient becomes equal to the equilibrium constant.
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Then

0=AG® +RT InK, (B.15)
And AG® = -RT InK,, (B.16)

Obtaining the value of the standard Gibbs energy change, allows the calculation of

the equilibrium constant

Addition of reactants and products

For a reaction system at equili

] ’ (B.17)
If the system is I I e , the value of the reaction
quotient changes and beco i i constant:

(B.18)
So that:

(B.19)
And from Eq. C 14

(B.20)

Then

Thisen bﬂyﬂmﬁgﬁﬁ%ﬂ%m o
| ”W’lmmr‘mmﬁﬁ"ﬁ i1y

Q, M(a,)" (B.22)
Then
dG
Q, <K, and (dfl P <0 (B.23)

Meaning that, the reaction will shift to the right, the forward direction, thus the

process will form more products.
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. If the activity of product j increases, the reaction quotient also increases.
Then
Q, > K,, and (d—Gj >0 (B.24)
déE T,P

Meaning that, the reaction will shift to the left, the reverse direction, and thus the

process will form fewer products.

GJ",P

L < M
E |
AT
progressio i’g " ;t 7 regression
e '... ooy
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THE RESULTS OF THE OPTIMAZATION ANALYSIS

APPEN
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Table C.1 The optimal operating temperature of glycerol steam reforming at the

different range of S/G ratio

o8 1 3 5 7 9

T(grﬁ]tb. 1150410207 | ~950 930 900
Composiltion (kmol/h

H, | #3208 / 48465 453694 | 58614 | 59262
co, | 0.342 4 4.0375 J 1.5868 | 1.9953 | 2.1474

co | 2%6522 | 1.9323 | a.3408 | 0.9603 | 0.7790
CH, | 00067 | 6:0302 f"f@:@}ﬂ% 0.0445 | 0.0736

E_r;_g_rgy deman_c'ij"—__(EL_Q5 kd/h)

Qevap {22431 | 329004 | 43412 | 54149 | 64399
Qsr | 40210 | 3.7090 | 34500 | 36777 | 3.5103
Ocool | 17257 | 18214 | 19492 | 23923 | 2.3852
Qwgs |-0.7272 | 107229 || J0.5444 | -0.3926] | -0.3185
sumQ | 4.2659 | 4.4867 | 5.2972+| 6.8076 | 472465
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TableC.2 The optimal operating temperature of glycerol partial oxidation process at the

different range of O/G ratio

0/G 0.5 1 15 2

ratio

Opt. 1 939 930 930 930
Temp.

Compo itio kmol/h)

Hy | 08405 | h / 5043 | 2.5243

co, | 08297+ 1Q,§10 “ 15624 | 15887

CcO fm- 08 1.3899

/ /M@h\“‘
y EROY

0.0215

u

;“ 4

' 0\
Qevap ﬁ k\ 2.4453
CIRERSL - E
Qpox ; ':‘éﬁ;ag ﬂ -3.8136 | -3.5291

Qcool 6529" E‘lﬁST? 7 2.2589

-0.5165

——

[r—— Ir
| £3.8592

[
ﬂﬂﬂ’ﬁ'ﬂﬂ‘ﬂ‘ﬁﬂﬂ?ﬂ‘i
QW’]@Nﬂ‘iﬂJ UANINYA Y



Table C.3 The optimal operating temperature f glycerol autothermal reforming process at the different R ratio

S:0:G | 1:05:1 ] 1:1:1 | 1:15:1 | 1:2:1 | 3:05:1 3.8 3:15:1 3:2:1 5:05:1 o0 101 5:15:1 | 5:2:1
T(err);[[.). 1050 975 930 850 1035 930 900 850 980 900 900 820
Cempesition (kmal/h)

H, 37776 | 3.2841 | 27736 | 2.2128 | 4.2975 3127 1_ 13.1461 2.4726 4.7219 4.0803 3.3553 | 2.6013
CO; 0.8147 | 1.3475 | 1.8298 | 2.3461 | 13166 1:8652 2.2074 2.5359 1.7573 2.1854 2.3862 | 2.6847
CO 21731 | 1.6315 | 1.1515 | 0.6094 | 1.6773 1.1040 0.7721 0.4429 1.2311 0.7796 0.6035 | 0.2874
CH,4 0.0122 | 0.0211 | 0.0187 | 0.0445 | 0.0061 0.0308 Q0204 0.0212 0.0116 0.0350 0.0103 | 0.0279
Energy demand (*10@57%)
Qevap 24260 | 2.6079 | 2.7896 | 2.9716 | 3.4746 | 3.6567 38?87 40208 4.5236 4.7059 48881 | 5.0704
Qsr 1.8678 | 1.9669 | 21011 | 1.9719 | 212694 2.1402 2.2850 2.2570 2.4333 2.3186 2.6093 | 2.3230
Qcool -0.4850 | -0.6083 | -0.4648 | -0.2477 | -0:6763 | -0.4491 | -0.3150 | =0.1807 | -0.5026 | -0.3184 | -0.2468 | -0.1172
Qwgs 1.4546 | -1.1837 | -3.7430 | -6.6393 [} 159167 [1/7113149" |=-3.7892 ||"+6:4540 | 1.4915 | -1.3483 | -3.5881 | -6.5348
sumQ 2.3541 | 5.1501 | 8.1689 | 11.3351' | 3.4760 6.6628 9.5979 | 12.5511 | 4.9627 8.0544 | 10.8387 | 13.8110

€L
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Table C.3 The optimal operating temperature of glycerol autothermal reforming process at the different R ratio (continue)

S:0:G | 7:05:1 | 7:1:1 7:15:1 AR 9°0:5: 1 9:1:1 9:15:1 el
Opt. 900 900 850 820 1 900 900 850 820
Temp.
Composition (kmol/h)
H, 50070 | 4.2864 | 3.503 41 /27014 : 52172 | 44192 | 36136 | 2.7638
CO, | 21661 | 23432 | 25876/ [ 2.7494 J 723085 | 24522 | 2.6593 | 2.7930
CO | 07811 | 06379 | 03870 J 02346 | 06613 || 05369 | 0.3254 | 01973
CH, 0.0528 0.0189 0.0254 --;50.0160 _099302 0.0110 0.0152 0.0098
Energy-demand (*'l"ﬁgkjfh) |
Qevap | 55730 | 5.7552 "._53;95// 6.1201 6.6223 _'i-'_6_','8047 6.9873 | 7.1698
Qsr 23522 | 26427 | 25660 | 25789 | 26764 | 29642 | 2.8459 | 28337
Qcool -0.3192 | -0.2609 |. -0.1581 -0.0957 -0.2705 -0.2198 -0.1331 -0.0805
Qwgs | 1.0835 | -1.1264;| -3.8177 | -6.3518 | 1.3258 | -0.9040 | -3.6170 | -6.1730
sumQ 6.5225 9.2632 12:1633 14.9550 77022 10.4532 13.3172 16.0960

VL
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APPENDIX D

HYSYS SIMULATION PROGRAM

In this work, different reforming processes for the production of hydrogen from
glycerol obtained from biodiesel production was studied by using Hysys simulation
software (Fig. D.1). The reforming pro s of glycerol including steam reforming,
partial oxidation and autothermal refor inf of an evaporator, a reformer and a
water gas shift reactor. The tern@r_ature and pre@glycerol, water and air feeds are
fixed at 273 K and 1 atm, rfggg,ct.wely The evammployed to vaporize glycerol
and water in liquid phase t erature of 580 K. The different reformers generate

synthesis gas, H, and CO perature range between 600 and 1200 K. The

synthesis gas is cooled downsto befote*enterlng the WGS reactor. Because of the

limitation of heat transfer'in heat anger Athe gaseous products from the reformer are

first cooled-down into 480" K by reheatmgﬁa glycerol feed. This reduces the energy

o rdda S

demand of the evaporator. Be use ft;el eﬂkelectrodes can tolerate only very low
ALJ- i
concentrations of carbon mon Id?’al fow_te ature, the water gas shift reactor is

added to remove CO from the s nthe31 as. .——-h
y e »s:g v, ‘{F{‘-?":-f"‘

b L

" L
WSk
cao | =13

Refarrmer

glyceral

Fig. D.1 Reforming process of glycerol
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To perform an opimizaton in Hysys, the first step is to set up an objective function.
In this study, the objective is to maximize hydrogen production from the reforming
process of glycerol (Fig. D.2). Then, all important variables used to solve the
optimization problem are selected as shown in Fig. D.3. The outlet temperature of the
reformer is selected as an optimization variable in this work. It is noted that product
components are employed to evaluate the reformer performance in terms of the

production and purification of hydrogen. Total heat requirement is another choice to

consider the reformer efficiency. \\ ' ,/

i Optimizer

|Cell

{ Current ¥ alue 4 15005923 *ﬂ’“‘
—Constraint Functions ———————————— / -‘
Hum!  LHS Cel Current ¥ alue | B Jrﬁﬁ',érfm m“rﬁ,ﬁh\m\

1 D3 1.0000 AR

) D3 wnanT v b

‘J“I
_..I . ,-7_'_

Start I

Delete I

ﬂumwﬂmwmm
ama\mmm&’nwmaa
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Cell Object W ariable Dezcription ;l Edit Import... |
BZ W Temperature _I
B4 W ar Comp Molar Flow [Hydrogen) Add Import.... |
ES War Comp Molar Flow [CO2)
BE W g Comp Malar Flaw [CO] Delete Irmport |
BY W Corp Molar Flow [Methane]
E3 Hevap Heat Flow
B0 Dsr Heat Flow |~/

—Ezported VY ariable

Cell

Object

-—

b Optimizer

Edit Export. .. I

Add Expot... I

Delete Export I

e —

—Adjusted (Primary]  ariable

Ohject Var|ab|e Diescriptioh Low Bound Eurw alus High Bound Feset Value Enabled

EE TR E atupq AR 0D e wIE0D A8E0 <emphy> M |

i d i
€ = L
[ [laTa _g -
J 1
L B | s L 1 | = . (==
b |
| | | | |
Add... | Edit... | [elete | Save Current | Reset Current |
Configuration  Wariables | Functions ! Parameters ! Moritor |

Delste | T . Pieesd Start |

Fig. D.4 Constraint on the reformer outlet temperature



i OptimizerSpreadsheet

—Current Cell
Ezportable il
A1 ‘Y ariable: | Angles in: I "I
A B C D ;|
7
2 Opt Temp 1200 K,
3 pressUne 1.000 atm
4 HZ 41501 kgmale/h
7 coz 01663 kgmole/h
5 co 2.8284 kgmals
7 CH4 0.0053 kamnal: ]
a . X
k| A3e+[ '
10 4 097 e+005 :
11 ! 5k .
12 04 " .
13 ' -
14 4 e BB | | f
15 | L '

Connections I Paramets ‘fjf‘f/ I zer W ariables ItES ]_.

o[
PEET \\\\5‘ Only.. I~ fanored

il dd

M;? S

121
Lo%

Fig. B.580 t‘fﬁ .1=’~_'r \\\ oblem
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