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ABSTRACT

Hydrogen is an energy carrier with a very high energy density (>119
MJ/kg) while the heating value on volume basis (~8 MJ/L, which is rather low). Pure
hydrogen is barely available; thus, it requires extraction from its compounds. Steam
reforming and water electrolysis are commercially viable technologies for hydrogen
production from water, alcohols, methane, and other hydrocarbons; however, both
processes are energy intensive. Current study aims at understanding the methane and
ethanol-water mixture pathway to generate hydrogen molecules. The various
intermediate species (like CHx, CH20, CH3sCHO) are generated before decomposing
methane/ethanol into hydrogen radicals, which later combine to form hydrogen
molecules. About 97-98% of production is through steam reforming natural gas. The
plasma reforming process was used to produce hydrogen, and the performance of
various parameters on the hydrogen production rate was analyzed using three different
ultrasonic transducers. Results showed the higher frequency (2.4 MHz) transducer had
about 8-10% higher rate of hydrogen production against 1.7 MHz and 0.3 MHz
transducers. The input voltage showed a 14-25% increase in hydrogen production rate
from 4 kV to 7.5 kV, and beyond 7.5 kV, it declined. Similarly, the higher methanol
concentration of 35% and feed flow rate of 3.5 LPM showed the highest hydrogen
production rate. A Hz purification unit was also installed that generated H at about

99% purity level.

The study uses methanol as the feedstock for hydrogen production via a
low-temperature methanol-reforming process. A simulation model was developed,
where an equilibrium reactor is used for the reforming process. Effects of parameters
like temperature, pressure, and Methanol-to-Water (M-to-W) molar ratio were
examined. Hz2 mole fraction and selectivity rise from 0.54 to 0.64 and from 60.91% to
67.28% when the reaction temperature increases from 100°C to 400°C. At the same
time, the methanol conversion rate reached 95% at 400°C. Reactor pressure showed
inverse effects where higher pressure reduced both hydrogen mole fraction and

selectivity, and a similar reduction was noticed in the methanol conversion rate. M-to-



W molar ratio played a crucial role in the reaction pathway, and the M-to-W ratio is
between 0.5 and 1.5 at 400°C and 1 atm. reactor pressure showed the highest H2 mole
fraction (>0.57) and a maximum methanol conversion rate (>90%). Therefore, the

present simulating model effectively determined the impacts of various parameters.

Developed simulation model of a methanol-water, and the effects of
reaction temperature (RT), reactor pressure (RP), and methanol-to-water (M-to-W)
ratio are investigated. In contrast, the optimal conditions for hydrogen selectivity (HS)
and feed conversion percentage (FCP) were determined using response surface
methodology. Results showed a significant effects on the M-to-W molar ratio ranging
between 0.9 and 1.35, whereas higher RT showed a good affinity for higher HS and
FCP. The regression analysis showed R? values of 0.9877 and 0.9803 for HS and FCP,
which is close to unity. Hence, both experimental (and simulated) and predicted values
showed better correspondence with each other. In contrast, the optimal HS and FCP
of 84.81% and 95.71% were observed at 328°C RT, 2.6 atm. RP and 1.34 M-to-W

molar ratio.

A fuel cell generates electricity using hydrogen and oxygen. In the present
work, a 1 kW proton exchange membrane fuel cell was evaluated for its performance
at variable operating parameters. The operating parameters are important in examining
the outputs from the fuel cell. Hydrogen flow rate (HFR) and gas pressure were two
operating parameters considered for the cell performance. The hydrogen was
generated from a hydrogen production and purification unit, whereas the oxygen was
captured from the air. About 61% reduction in the HFR from 13 LPM to 5 LPM
resulted in only 29% reduction in output current. In contrast, the addition and
subtraction of 10% gas pressure from the rated value resulted in an 8% and 14%
decline in output power. Similarly, the fuel cell stack efficiency declined by 10% and

15% with a 10% addition and reduction in the rated gas pressure.

Therefore, the present simulation and optimization provide results that
may help to enhance the hydrogen production percentage. Also, the lower HFR
reduced the cell output but the Hz requirement was also reduced significantly, which

showed the percentage decline in output was lower than the Hz percentage saved.
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CHAPTER 1

INTRODUCTION

1.1. Overview

Global warming and ozone depletion played a significant role in shrinking
polar ice caps, mainly releasing the enormous methane underneath. The release of
methane has further fastened the effects of global warming [1]. The carbon dioxide
discharged from overusing conventional fuels for humans' daily necessities is
considered the leading greenhouse gas emitter. Since ancient times, the need for
sustainable energy has been considered, but humans’ selfish nature drastically over-
exploited the fossil fuel reservoirs, creating an imbalance in nature [2]. Further,
political influence in the extraction and supply of fossil fuels triggered the world to
consider alternative fuels. Hydrogen is one such alternative that has the potential to

fulfil the present as well as future needs of energy in various sectors.

Hydrogen has about 119.9 MJ/kg (lower heating value) energy density by
weight, which attracted many researchers worldwide. Hydrogen molecules are mainly
attached to other elements, and much energy is needed to split/detach hydrogen
molecules from their compounds. This high energy consumption operation for
hydrogen production has led to expensive, bulky equipment. Researchers and
scientists focus on developing quick and economically viable methods to generate
hydrogen at larger and application-oriented scales. So far, many methods for hydrogen
generation have been developed, varying with the energy availability, raw materials,
and the quality and quantity of hydrogen yield (Figure 1.1) [3].



Hydrogen Production
Methods

|
v v v v

Thermal Electrical Biological Hybird
Plasma

Electro-Photolysis
Refroming
Gasification Bio-Electrolysis

Partial

el A 4 Y Y Bio-Thermolysis
Oxidation . Photo Dark
Photo-Pyrolysis E = =

Steam
Refroming

Electrolysis

ermentatio ermentation

Auto-thermal

Refroming Thermo-Electrolysis

Pyrolysis

IEE0E

Figure 1.1. Various methods of hydrogen generation

Hydrogen generation through thermal processes demands more energy
than any other process because very high temperatures are required in these processes.
Among different thermal processes, steam reforming and gasification are primarily
employed for industrial hydrogen generation. Methane reforming is done in a steam
reformer where high temperatures prompt various reactions required for hydrogen
extraction from its compound. At the same time, the use of a catalyst considerably
reduces the requirement of high temperatures [4]. In contrast, gasification is performed
at a comparatively lower temperature using raw materials like coal and biomass. Using
renewable sources like biomass in hydrogen generation makes the process more
environment-friendly; however, the high energy requirement from conventional

energy sources categorizes it into grey hydrogen [5].

Electrical processes are carried out at comparatively lower temperatures
than thermal processes. Nowadays, the electrolysis of water has gained the interest of
researchers and scientists due to pure hydrogen gas as an output, which can be used in
fuel cells and other industrial processes. Hydrogen from electrolysis can be considered
green hydrogen when the energy sources for splitting water are renewable and non-

polluting. In contrast, electrolytic cell costs are comparatively higher, counterbalanced



by producing about 99.99% pure hydrogen gas. Plasma reforming is another electrical
method currently in the development stage for hydrogen generation. It has
comparatively lower energy and temperature requirements than thermal processes but
consumes more electricity than other processes [6,7]. Plasma reforming is compatible
with different raw materials, while a lower hydrogen production rate and low purity

grade of hydrogen yield than electrolysis is a research matter.

Similarly, biological processes require the physical activities of microbes.
Biological wastes may be fed into the digester (or reactor), where microbes consume
it and generate hydrogen that can later be taken out for various applications. In
contrast, hybrid processes are the combination of two or more processes. In hybrid
processes, benefits from different hydrogen-producing methods are combined, and a

simultaneous process is performed to generate a higher hydrogen gas purity.
1.2. Hydrogen Characteristics

Hydrogen is an energy carrier which has the potential to fulfil present and
future demands of the transportation, industrial, and medical sectors. But it is mainly
found in the compounded form with other elements. Hydrogen has a 141-119.9 MJ/kg
heating value at 25°C and 1 atmospheric pressure. The octane number >130 and the
flammable limit of 4 to 75 vol.% in air add-on to the properties as fuel. In contrast,
hydrogen has a low energy density by volume, making it challenging for large-volume
storage. The expensive carbon fibre cylinders cost approximately 75% of the total cost.
The hydrogen symbol, standard state, atomic number, and atomic mass are stated in
Figure 1.2.

Atomic number
Standard state

=«

Gas

H

Hydrogen«——— Name
1.008«— Atomic mass, amu

10/08 «— Hydrogen day (USA)

Symbol

Figure 1.2. Hydrogen symbol, state, and atomic number, and atomic mass



Conversely, hydrogen is a colourless and odourless gas. It has high
flammability and an auto-ignition temperature of 535°C. The smaller-sized molecules
of hydrogen tend to escape through certain materials, leading to hydrogen

embrittlement. Hence, hydrogen leakage is a significant problem for a hydrogen

storage system. Various hydrogen characteristics are represented in Table 1.1.

Table 1.1. Characteristics of hydrogen [8-10]

Characteristics Conditions SI Unit Values
Chemical formula --- H>
. in the year --- 1776
Discovery -
by Henry Cavendish
Isotapes 31H —72H (stable),
H - 'H (unstable)
Molecular weight 2.016
gas at 0 °C and 1 atm kg/ m? 0.08987
Density solid at -259 °C kg/ m® 857
liquid at -253 °C kg/ m® 708
Viscosity at 25 °C kg/ ms 0.892 x 10
Specific volume at 21.1 °C and 1 atm m3/ kg 11.99
Specific gravity gas at 0 °C and 1 atm - 0.0696
liquid at -253 °C and 1 atm --- 0.0710
Vapour pressure at-252.8 °C Pa 101.283
Solubility in water at 15.6 °C vol/ vol 0.019
Critical temperature °C -240
Critical pressure absolute kPa 1296.212
Higher heating value at25°C and 1 atm MJ/ kg 141.86
Lower heating value at25°C and 1 atm MJ/ kg 119.93
Heat of fusion at-259 °C kJ/ kg 58
Heat of vaporization at-253 °C kJ/ kg 447
Thermal conductivity at 25 °C kJ/ms°C 0.019
gas at 25 °C kJ/ kg °C 14.3
Heat capacity (Cp) liquid at -256 °C kJ/ kg °C 8.1
solid at -259.8 °C kJ/ kg °C 2.63
Specific heat (Cv) at21.1 °C and 1 atm kJ/ kg °C 10.12
Ratio of Cp/Cy at21.1 °C and 1 atm --- 1.42
Flashpoint 1atm °C -253
Triple point temperature at 7.042 kPa (abs) °C -259.3
Auto-ignition temperature °C 400
Maximum flame temperature °C 1527
Flammable limit in air vol.% 41075
Octane number >130




1.3. Hydrogen Pathways

The reaction pathway gives an insight into the various intermediate
chemical reactions involved and how the reaction proceeds. Here, two pathways (via
methane and alcohol-water) for hydrogen production are discussed in detail.

1.3.1. Methane

) ) ) &)
UV AR R
H—C—H=> C & C Cie) Cls)
T
| | H

H H H H ‘H H H- —C,_.
CH+H—-C—H (H) (H2) £ CH,

| ) & N

H CH4

Figure 1.3. Methane decomposition pathway for H, production [11]

The proposed reaction pathway of methane (CHa4) decomposition into
CHx (CHs, CH2, CH) molecules [12,13] and then into hydrogen and carbon inside a
plasma reactor is depicted in Figure 1.3. In a plasma reactor, the electrons get excited
when they contact the plasma zone. The high-energy electrons collide with methane
molecules, breaking the methane bonds and creating active species for the standard
thermodynamic reactions. The CH4 decomposition results in CHs, CH2, and CH
molecules at the various threshold energies [14,15] (as described in Table 1.2) and
generates *H radicals. The minimum amount of energy that transforms the reactant by
activating the hydrogen atoms is called activation energy. It enables the reactants to
overcome repulsive forces and break bonds to generate *H radicals. These *H radicals
combine to form hydrogen (Hz2) molecules, while the standard thermodynamic
reactions produce hydrocarbons (C2). The methane dissociation results in carbon
particle deposition inside the reactor, which requires regular removal. Few researchers

have used rotating electrodes to remove carbon particle deposits, thus, restricting any



decline in the reactor’s efficiency [12,15]. The process does not require a very high
temperature (except in the plasma-arc zone) as in methane steam reforming [16]. Thus,
the CHx molecules resulting in dehydrogenation inside the plasma reactor are possible
under near-ambient conditions.

Table 1.2. Dissociation reactions involved in methane decomposition [11]

Threshold energy Activation energy

Reactions V) (&V)
e"+CHy—> CH;+H+ e~ 8.8 4.4
e~ +CH, > CHy,+H, + e~ 9.4 4.7
e +CHy—-» CH+H,+H+ e~ 125 45
e +CHy—> C+2H,+ e~ 14.0 6.0
e +CH; » CH,+H+ e~ 9.5 4.7
e~ +CH; > CH+H, + e” 10.0 55
e"+CH;—> C+H,+H+ e~ 15.0 7.0
e " +CH,—-> CH+H+ e~ 8.5 4.25
e +CH,-» C+H,+ e~ 8.2 49
e"+CH,—»> C+2H+ e~ 14.0 6.2
e +CH—-> C+H+ e” 7.0 3.5
1.3.2. Alcohol-Water Mixture
)
§3CHZOH
CH5CHOH +_-H
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Figure 1.4. Ethanol-Water decomposition pathway for H, production [11]



Alcohol-water mixture also has the potential for hydrogen production via
plasma reforming. The proposed pathway for ethanol-water decomposition depicting
the alcohol-water dissociation into hydrogen molecules via different intermediate
species is described in Figure 1.4. Initially, the plasma region excites electrons to
higher energy levels of 3-20 eV [17], allowing these excited electrons to collide with
the ethanol-water mixture. When the high-energy electrons strike ethanol-water
molecules, the water molecules break down into *H, *O, and *OH radicals [18], while
the ethanol molecules decompose into Hz, CO, COz, and C, following the intermediate
species CHs, CH20, CH3CHO [19]. The electron collision produces ethanol molecules
through dehydrogenation, generating *H radicals that later combine to form H2
molecules [20,21]. The various dissociation reactions involved in the electron-ethanol
collusion are presented in Table 1.3 [22]. The electrode's carbon deposition
significantly reduces reactor efficiency [18,19]. Researchers have used rotating
electrodes to minimize carbon particle deposition to avoid reactor efficiency decline
[12].

Table 1.3. Dissociation reactions involved in ethanol decomposition [11]

Reactions Activation energy

(eV)

e~ +CH3;CH,0H - CH, + CH,0 + e~ 0.75
e~ +CH;CH,0H - CH3;CHO + Hy +e” 1.03
e~ + CH;CH,0H - CH3 + CH,0H + e~ 4.2
e~ +CH;CH,0H - CH;CHOH +H + e~ 4.3
e~ + CH;CH,0H - CH3CH, + OH + e~ 4.4
e~ +CH;CH,0H - CH3;CH,0 +H + e~ 4.7
e~ + CH;CHOH - CH;CHO +H +e” 211
e~ +CH3;CHO - CH3;CO +H + e~ 3.97
e~ +CH;CO0 - CH,CO+ H+e™ 3.14
e”+ CH,CO —» CH, +CO +e™ 3.35

e +CH,—> CH+H+ e™ 4.25

e +CH-> C+H+ e” 35




1.4. Hydrogen Production Methods

The main challenge related to hydrogen is its availability. Free hydrogen
Is scarcely available, while hydrogen compounds are plentiful in the universe [23].
The compounded form of hydrogen has low heating values and higher emissions than
pure hydrogen. Therefore, hydrogen is extracted from compounds like biomass and
natural gas and used for burning and electricity generation. The energies involved in
the hydrogen generation processes include thermal, electrical, biochemical, and
photonic, respectively [24]. Among various methods, the commonly used methods are
steam reforming, gasification, electrolysis, plasma reforming, and anaerobic

fermentation (also called BioHydrogen).
1.4.1. Steam Reforming

Steam-reforming is a well-established method broadly used as a thermal
process for large-scale hydrogen generation, with over 45% of the total hydrogen
generation. The process did not require oxygen, while the greenhouse gases could be
used as the reactants, but using catalysts is recommended to lower the temperature
requirement. Reactions in the reactor during steam reforming are expressed in
Equation (1.1) to Equation (1.4), where AH® is the standard enthalpy of the reaction.

Reaction Equation (1.1) is the general reaction of the steam reforming process,
CnHm + nH20 — nCO + (n + %2 m) H2 (1.1)

Equation (1.2) describes a methanation reaction where one mole of CO reacts with
three moles of hydrogen to form one mole each of methane and water, and it releases

energy,

CO + 3H2 —» CHa + H20 1.2)
AH® =206.17 kJ/mol (exothermic)

A reversible methane steam reforming reaction is described in Equation (1.3). Here,

the opposite of the methanation reaction occurs,

CHs + H20 — CO + 3H2 (1.3)
AH® =206.17 kJ/mol (endothermic)



CO gas left out after steam reforming is reacted with superheated steam, and the

reaction is called water gas shift reaction as described by Equation (1.4),

CO + H20 «> CO2 + H2 (1.4)

AH® = 41.27 kJ/mol (forward reaction is exothermic)

e Y

r-ﬂ Desulfuration ‘
A - Heat

CH, - - Recovery
\ 4 \
"/' 7 h : "/ 7
Steam Reforming Water Gas Shift
Reactor Reaction

- Qe

I \ 4
Fuel y Y Yo
PAS System H Storage Tank

. 4 \ 4

Figure 1.5. Flow chart of methane steam-reforming process

Figure 1.5 displays the flow chart of the methane steam-reforming process,
and the schematic diagram of the process, gas cleaning, and water gas shift reaction
(WGSR) are shown in Figure 1.6. Methane and superheated steam (water) are passed
through a steam reformer, where the overall reaction Equation (1.1) occurs, and syngas
containing hydrogen and CO gases are produced. This syngas is filtered, and WGSR

is carried out to remove CO and further enhance hydrogen concentration in the final

gas.
Steam Reformer Ga%
; Cleaning
N o H,
B)—=| WGSR [=>
Methane =38
ia
Water Gas
Chromatography

Figure 1.6. Methane Steam Reforming
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The overall principle is the same in the steam reforming process; however,
many upgrades are carried out to enhance hydrogen yield. The fundamentals of
hydrogen generation using catalysts and supporting material for steam reforming are
essential for describing the activity and stability of active metal and its support in the
catalytic reforming process. The use of novel catalyst and technique structure’s growth
considerably reduced steam reforming high-temperature requirements to 500°C and
800°C, respectively. Yoo et al. used butyric acid (BA)/Ni to support Ni/Al20s catalyst
in the natural gas steam reforming process [25]. Ni dispersion enhanced natural gas
conversion to raise Hz yield, and the best catalytic performance is achieved by 0.25
BA-Ni/Al203 catalyst. Thus, adding butyric acid improved the catalytic performance
of the natural gas steam reforming. Han et al. discussed the consequences of the Ca/Al
molar ratio in ethanol steam-reforming using a Co/CaO-Al203 xerogel catalyst [26].
Co enlarged surface area for reaction, thus improving H: yield. Co/0.5 CaO-Al203
achieves the best catalytic performance. Therefore, low acidity and high surface area
are considered key catalysts for higher hydrogen yield in ethanol steam-reforming.

Lu et al. determined the impacts of Lanthanum (La) additive in Ni-based
catalysts and Ni’s loading in MSR. Ni/Al20s added La showed higher methanol
conversion and Hz selectivity at reduced CO selectivity below 350°C than Ni/Al203
alone [27]. However, Ni loading above 10 wt.% lowered methanol and Hz selectivity
conversions, respectively. Therefore, adding La to the Ni-based catalyst produced H:
at comparatively lower temperatures. In contrast, Zhang et al. worked on the effects
of TiO2 and CeO2 support over the Au-based catalyst in MSR [28]. All catalysts except
Au/TiO2 produced more than 95% Hz2 selectivity at 250-350°C. In comparison, higher
temperatures beyond 530°C exhibited a decline in H2 selectivity. The best results are
accomplished by the Au-Ti-Ce/Na-ABen catalyst. In contrast, Casanovas et al.
determined the impacts of noble metals or Ni over La-stabilized CeO: catalysts in the
steam-reforming using olive mill wastewater (OMW) [29]. The trend of noble metals
and Ni over CelLa H: selectivity and stability is Pt > Rh > Ru >> Ni > Pd. Catalyst
Pt/CelLa with 1 wt.% w/w delivered approx. 40 mL-H2/ mL OMW at 973 K and for
16000 h* space velocity, respectively. Therefore, Pt and Rh-based catalyst systems

are the most acceptable catalysts for Hz generation for 24 h of stability.
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Rabbani and Dincer investigated the impact of a combined power plant
for optimal hydrogen generation. An upsurge in hydrogen generation is observed with
the rise in steam/glycerol (S/G) ratio and combustion temperature while raising
reformer pressure dropped hydrogen generation [30]. Optimal parameters are
simulated for hydrogen generation at an S/G ratio of 3, a reforming pressure of 100
kPa, a compressor pressure ratio of 9, and a combustion temperature of 980 K,
respectively. Heat recovery for steam reforming will considerably reduce dependence
on conventional sources, and many researchers have worked on it. The performance
of the indirect heating method in steam methane reforming (SMR) using deionized
water as a heat transfer medium (HTM) describes that methanol conversion from an
HTM-based indirect heating method is 81.4-89.4% higher than the conventional direct
heating method. However, the H2 mol% is reduced with increasing reaction
temperature. At the same time, the heat integration technology in lowering the energy
consumption of steam methane reforming (SMR) and pressure swing adsorption
(PSA) shows higher temperature boosted the H2 yield. In contrast, the pressure
reduction cut down the Hz yield. Hence, the heat integration system saved about 60.5%

of the energy needed for the SMR-PSA process.
1.4.2. Gasification

Gasification is another thermal process that is economical and carbon
dioxide neutral for hydrogen production on a large scale. However, the reactor cost,
feedstock purification, and low system efficiency are drawbacks of gasification.
Various reactions involved in the gasification process are methanation reaction, where

carbon reacts with hydrogen to form methane Equation (1.5) to Equation (1.7):

C+2H2 — CHas (1.5)
AH® =75 kJ/mol (exothermic)

CO + 3H2 — CHs4 + H20 (1.6)
AH® =206.17 kJ/mol (exothermic)

CO2 + 4H2 — CHa + H20 1.7
AH® =165.01 kJ/mol (exothermic)
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Followed by pyrolysis of methane Equation (1.8):

CHs + H20 — CO + 3H2 (1.8)
AH® = 206.17 kJ/mol (endothermic)

In a water gas reaction, steam enters the reactor to convert free carbon into CO and Hz
Equation (1.9),

C+ H20 < CO + Hz (1.9

AH® = 131 kJ/mol (forward reaction is endothermic)

However, water-gas shift reaction Equation (1.10) was carried out to reduce highly
reactive CO gas present in syngas, and Boudouard reaction Equation (1.11) again
forms CO gas simultaneously,

CO + H20 < CO2 + H2 (1.10)

AH® = 41.27 kJ/mol (forward reaction is exothermic)

C +CO2 — 2CO (1.11)
AH® = 172 kJ/mol (exothermic)

where AH® is the standard enthalpy of the reaction.
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Figure 1.7. Flow chart of a biomass gasification process
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The flow chart of the biomass gasification process using biomass as feed
Is shown in Figure 1.7, and the supercritical water gasification reactor is described
with various components in Figure 1.8. Methane enters the reactor, where high-
temperature gasification is performed, and the gas coming out of the reactor is

hydrogen-rich syngas, which are later purified to get pure hydrogen gas.
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Figure 1.8. Schematic diagram of Supercritical water gasification

Various modifications in gasification reactors have been observed in
recent years. Yilmaz et al. presented an integrated system’s energetic and exergetic
analysis with coal gasifiers for electricity, heating, and hydrogen generation [31].
Overall energy and exergy efficiencies achieved are 58.47% and 55.72%; however,
the Hz generation reached 0.085 kg/s from 0.06 kg/s by raising the ambient
temperature to 40°C. Seyitoglu et al. used the combined coal-based gasification system
to analyze hydrogen and power generation's energy and exergy efficiencies [32]. Peak
overall energy and exergy efficiencies were 41% and 36.5%, respectively. Yuksel et
al. analyzed hydrogen generation and liquefaction from the waste material-based
combined system. Overall system’s energy efficiency observed is 61.57%, and the
exergy efficiency achieved is 58.15%; however, the rise in waste material gasification

temperature enhanced the plant’s overall exergy efficiency to 60%, along with the
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increase in the hydrogen production rate of 0.077 kg/s [33]. In comparison, Hasan and
Dincer assessed an integrated gasification combined cycle (IGCC) system for
hydrogen generation from used tires. The IGCC produced 11.1 kW of net power with
waste tires as the feed for the gasifier [34]. However, the system confirmed 55.01%
and 52.31% of energy and exergy efficiencies with a 0.158 hydrogen generation to

feedstock ratio.

Kang et al. optimized the supercritical water gasification performance
parameters of lignin, cellulose, and waste biomass using catalyst K2COs and 20 Ni-
0.36 Ce/Al203. Optimized Hz gas is produced with 100% catalyst loading at 650°C
[35]. The effects of CaO on the steam gasification process using various biomass waste
materials to generate hydrogen are studied. Hz concentration and yield are boosted
with the CaO addition, while the CO and CO:2 concentrations decline in the syngas
gas. The CaO behaviour on the gasification of the rice husk shows improvement in Hz
yield, and a reduction in CO2 emissions is observed by using CaO (CO: sorbent) in
the steam gasification [36]. In contrast, the effects of ER and S/B ratio on syngas
production using CaO additive in a two-stage fluidized-bed gasifier shows that CaO
generates about 37% H: in syngas concentration with ER 0.3 and S/B ratio 0.2 in a
two-stage additive [37]. Hence, about 6.1-12.8% more H2 was produced using the
second-stage gasifier instead of the first stage. Similarly, another two-staged fluidized-
bed gasifier assessing the significance of both the stage temperatures, the ER, and the
S/B ratio gives the best results in the hydrogen generation for both stages for an

operating temperature of 900°C [38].

The assessment of tomato and pepper residues, wood and paper, and
sugarcane bagasse for Hz generation using air-steam gasification was studied by many
researchers. The consequences of temperature and chemical composition of cellulose,
hemicellulose, and lignin-based biomass generate higher concentrations of CO and
CHa in syngas from cellulose and hemicellulose, while the lignin-based biomass
generated more Hz and CO: at higher temperatures. Yan et al. determined the effects
of reaction temperature, residence time, and feed concentration in food waste's

supercritical water gasification (SCWG). The optimal condition for the best Hz yield
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without a catalyst is about 2 wt.% of the feed content at 500°C for 60 min [39].
However, Hz yield and H2 selectivity are enhanced to 20.37 mol/kg and 113.19% by
adding 5 wt.% KOH. Deniz et al. performed the hydrothermal gasification of the
marine biomass at the temperature range of 300-600°C and the biomass loading
between 0.04-0.12 g/ml for one hour. With the biomass loading of 0.08 g/ml, hydrogen
yield and the molar fraction calculated are 10.37 mol/kg and 62.51% at 600°C [40].
Hence, hydrogen generation is enhanced with increasing temperature and reducing
biomass loading. The performance of the SCWG installed with the solar
thermochemical receiver to generate solar heat for biomass gives an Hz yield of 10-26
mol/kg; hence, the solar receiver fulfilled the heating requirement of the SCWG of the

biomass for hydrogen generation.
1.4.3. Electrolysis

In electrolysis, the water molecules split or break down into more minor
constituents, i.e., hydrogen and oxygen, when electricity passes through them. It is a
well-established and broadly used process after the steam reforming process. The
electrolysis of water achieves instant hydrogen generation at a smaller scale. Hydrogen
purity is the best advantage in electrolysis because water is the raw material, and no

carbon compound generates CO2 gas.
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Figure 1.9. Flow chart of the water electrolysis process

The flow chart for the water electrolysis process is demonstrated in Figure
1.9, while the schematic diagram of various electrolytic cells is shown in Figure 1.10.

Reactions involved in the electrolysis of water are as follows: -
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A reaction that took place at the anode, Equation (1.12),

H20 — Y% 02 + 2¢” + 2H* (1.12)
AE°=+123V

And the reaction that takes place at the cathode, Equation (1.13),

2H* + 26" — Ho (1.13)
AE°=0V

Thus, the overall reaction for electrolysis is given by Equation (1.14),

H20 — /2 02 + H2 (1.14)
AE°=-1.23V

where AE° is the standard potential of the water electrolysis cell at 25°C.
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Figure 1.10. The various types of electrolysis cells are (a) alkaline electrolysis cell, (b)

proton exchange membrane electrolysis cell, and (c) solid oxide electrolysis cell

Different electrolytic cells using various energy sources affected the
hydrogen production rate. However, the influence of operating parameters on
hydrogen generation from alkaline water electrolysis shows a rise in amperage,
voltage, and electrolyte concentration, which improved the hydrogen generation
irrespective of the cathode material used. Overall, higher hydrogen generation is
obtained by Zn95%Cr5% and Zn90%Cr10% electrodes over the range of operating
parameters [41]. The performance of a PbO2 anode catalyst mixed with three additives,

A, Z, and V, is compared with the commercially available membrane electrode
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assembly (MEA) electrolytic cell. The ozone/O2 and Hz were generated by feeding
pure water, and additives A and Z measured better performance. However, membrane
electrode assembly with additive VV overcomes the performance decline during power
stoppage and restoration [42]. Electrical current fluctuation during water-splitting in
alkaline water electrolysis influenced the efficiency loss in non-steady DC

applications. For instance, a sort of waveform showed no effect on efficiency loss.

Villagra and Millet analyzed proton exchange membrane (PEM) water
electrolysis at different operating current densities. I-V performance of the
perfluorosulfonic acid (PFSA) polymer membrane with 50-200 pm thickness is
measured at 10 A/cm? current density and found satisfactory [43]. In comparison, the
different material substrates for the electrochemical decomposition of various
structured alloys and the newly developed current collectors in alkaline anion
exchange membrane (AEM) and MEA were studied. A cathode is electro-deposited
with porous current collectors to acquire new cross-linked AEM for high ionic
conductivity. The sol-gel method coats anode, which proved unsuitable for covering

stainless steel non-woven fabrics.

Bidin et al. demonstrated the effects of sunlight intensity on water
splitting. A stronger electric field leads to higher surface tension and, thus, breaks the
hydrogen bond [44]. Collimated sunlight triggered hydrogen generation by 53%
higher than 31% by conventional light and 16% by dark field. Belleville et al. produced
hydrogen with a microbial fuel cell-bioelectrochemical system (MFC-BES) decoupled
with a redox flow potassium hexacyanoferrate (KHCF) mediator. A current density
close to 50 A/m? is achieved with an electric potential of 1 V with a 4-hour operation
[45]. This desynchronized microbial rate from wastewater treatment reduces the water
electrolysis cost for hydrogen generation. A coupled system of water electrolysis and
solar photovoltaic (PVH:z system) was also designed, where a PVH2 system coupled
with a 60 W electrolyzer and 100 W PV system is 77.06% efficient without CO2
emissions [46]. Controlled cooling of electrolytes at the inlet enhanced the system's
efficiency, making it a simple, cheaper, reliable, and more effective method for

hydrogen generation without CO2 emissions.
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The performance parameters on methanol electrolysis using a photovoltaic
(PV) system show that the PV array must be angled suitably to reduce the solar
irradiation mismatch with the demand profile. Moreover, the reduction in system
efficiency is estimated to reduce the battery’s DoD for lifetime enhancement. The
hybrid thermophotovoltaic uses water electrolysis to implement optimal power
splitting of concentrated solar radiation. Studies show that proton exchange membrane
measured higher efficiency than alkaline electrolysis, but it required desalinized and
demineralized feed water for electrolysis [47]. In contrast, solid oxide electrolysis cells
operating at a high temperature (700-900°C) generated hydrogen at 80% efficiency
without any noble metal catalyst. A life cycle evaluation of proton exchange
membrane (PEM) water electrolysis to generate hydrogen at reduced greenhouse gas
emissions reduces 75% of CO2 emissions in the hydrogen generation from the PEM
water electrolysis system when run on electricity generated by renewable energy
sources [48]. However, the flexibility in operating the volatile electricity production
hours defined PEM water electrolysis with a very high share of the renewable energy

hydrogen generation by 2050.
1.4.4. Anaerobic Fermentation (BioHydrogen)

When biomass or organic waste is fermented without oxygen in a digester
or air-tight environment, methane, CO2, and Hz are produced. The process is termed
anaerobic fermentation. In contrast, the hydrogen produced in the process is termed
BioHydrogen. Though the quantity of BioHydrogen in the gas is deficient, some pre-
treatment methods may raise the hydrogen quantity considerably. The process is
similar to the biogas production process. The digester used has identical dimensions
and properties; the difference lies in the gas extraction. In BioHydrogen production,
hydrogen is taken out of the digester before it gets consumed by the methanogenesis
bacteria. Two types of microbes are available for fermentation: Hydrogen-Producing
Microbes (HPM) and Hydrogen-Consuming Microbes (HCM). Hydrogen-producing
microbes are thermophiles, e.g., Clostridium thermocellum and Caldanaerobacter
subterraneous [49]. They mainly consume lower hydrocarbon compounds and produce

hydrogen and carbon dioxide gas. Simultaneously, the hydrogen-consuming microbes
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consume acetic acid and hydrogen to generate methane gas and carbon dioxide.

Various pre-treatment methods control the action of HPM and HCM.

Cow dung

Biomass

Volatile

Hz

Agricultural Cellulose Fatty acids
residue 4'\ Glucose 4I\
Hydrolysis Acidogenesis]| Alcohol Acetogenesis)| CO;
Kitchen waste ‘l/ Fructose —l/
Traces of Hz

NH3
Sewage sludge Fatty acids & COz

Other organic
waste

Figure 1.11. Flow chart for BioHydrogen production.

The population of HPM and HCM microbes decides whether the product
will be hydrogen or methane [50]. Because if the hydrogen will not be extracted at the
correct time, it will be fed by HCM, and the final product will be methane gas. Thus,
time is another essential component for BioHydrogen production. To extend the time
for hydrogen availability, many pre-treatment methods were performed, which
decreased the HCM population and slowed down their activity of consuming hydrogen
gas. Biomass and organic wastes are familiar and limitless sources for biogas
production, which is also true for BioHydrogen production. However, the cow dung
is initially fed to the digester because it is rich in HPM and HCM micro-organisms.
Figure 1.11 shows the stage-wise processes involved in the fermentation of biomass/

organic waste during an anaerobic fermentation [51].

In the first stage, hydrolysis occurs, where the heavy carbon compounds
(carbohydrates, fats, and proteins) are broken down into more minor chain carbon
compounds like cellulose, sucrose, and fatty acids. The process starts when biomass/
organic waste is mixed with water. Generally, a 1:1 ratio of water to feed is considered
for feeding into the digester. The overall reaction of hydrolysis is depicted in Equation
(1.15),

nC4H,,05 + nH,0 — nCcH;,04 (1.15)
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The next stage is acidogenesis. The acidogenic bacteria consume more
minor chain carbon compounds (cellulose, sucrose, and fatty acids) to produce simpler
compounds: volatile fatty acids, alcohols, carbon dioxide, and hydrogen. The various
equations involved in the process are Equation (1.16) to Equation (1.18). Hydrogen

production starts from the acidogenesis stage.

C¢H;,0, — CH;CH,CH,COOH + 2CO, + 2H, (1.16)
CeH,,04 + 2H,0 — 2CH,COOH + 2CO, + 4H, (1.17)
C,H,,0,; + 5H,0 » 4CH,COOH + 4CO, + 8H, (1.18)

The third stage is a fundamental stage of hydrogen production. Other
products like carbon dioxide, acetic acid, and ammonia are also produced, but the main
focus is hydrogen production. This stage is called acetogenesis, and the bacteria
involved in this stage are called acetogenic bacteria. Acetogenic bacteria consume
volatile fatty acids and alcohol to produce hydrogen and carbon dioxide, as shown in
Equation (1.19),

CH;COOH + 2H,0 - 4H, + CO, (1.19)
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Figure 1.12. Flow chart of the anaerobic fermentation process



21

In the last stage, hydrogen consumption begins, and methanogenic
bacteria trigger methane generation. This stage is called methanogenesis. Since the
aim is to separate hydrogen as the desired product, various pre-treatment methods are
performed to slow down the methanogenesis process and provide more time for
hydrogen withdrawal from the digester. The flow chart of anaerobic fermentation for

BioHydrogen production is depicted in Figure 1.12.
1.4.5. Plasma Reforming

The plasma reforming process is performed at low temperatures, and less
expensive and bulky equipment is used. Various raw materials, like methane,
methanol, ethanol, dimethyl ether, etc., are used in the plasma reforming process to
produce hydrogen or Hz-rich syngas. The reactions involved in the ethanol plasma
reforming are given by the dry ethanol reforming reaction Equation (1.20),

C2Hs0H + CO2 — 3H2 + 3CO (2.20)
AH°® = 313.45 kJ/mol (endothermic)

The two other reactions, Equation (1.21) and Equation (1.22), involved in the steam

ethanol reforming process are,

C2Hs50H + 3H20 — 6H2 + 2CO2 (1.21)
AH® = 174 kJ/mol (endothermic)

C2Hs0H + H20 — 4H2 + 2CO (1.22)
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Figure 1.13. Flow chart of ethanol plasma-reforming process
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The flow chart of the ethanol plasma-reforming process is shown in Figure
1.13, and a schematic diagram of a gliding plasma arc reactor with various components
is shown in Figure 1.14. A high 10-20 kV voltage generates a plasma between two
electrodes. This plasma contains very high temperatures, which break hydrogen from

its compounds.

H2 rich gas

Gas for testing

E; oas
Chromatograph
Plasma Arc

N v‘7EIectrodes

Voltage
Regulator ~ HV
Transformer
ad | 116
' ~CHa
CO;

Figure 1.14. Gliding plasma arc reactor

A detailed study is performed to understand the working of various plasma
reactors, raw materials, and hydrogen yield/rate. The impacts of the operating
constraints on plasma gasification were discussed. Better biomass oxidation has
resulted from a lower equivalence ratio (ER), which favoured hydrogen generation.
Similarly, hydrogen generation is more at lesser temperatures while lower at higher
steam/biomass (S/B) ratios. Pang et al. evaluated the functioning of the allo-thermal
steam gasification and the non-thermal steam gasification of the wood particles on the
hydrogen generation rate using the electrically heated drop tube reactor. Syngas
composition produced using plasma-assisted gasification contains Hz (38.5%), CO
(38.4%), CO2 (12.7% ), and CH4 (10.3%) at 760°C, respectively [52]. A 20% increase

is noticed in syngas production by non-thermal plasma systems than allo-thermal
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gasification. Bulychev et al. analyzed the acoustic plasma method in liquid
decomposition at low temperatures [53]. The H2 production rate attained is 2 L/min
with a 100 mL capacity reaction chamber, and the feed rate of about 60-70% of the

energy efficiency factor is achieved depending upon the feed mixture composition.

The methane plasma reforming for hydrogen generation shows that a rise
in reactant temperature accelerates methane conversion, whereas the specific energy
density lowers the Hz selectivity. The influence of discharge frequency, input power,
and liquid feed rate on the plasma-steam reforming of methanol along with synergistic
plasma-catalyst systems describes a rise in the frequency, accelerating the methanol
conversion initially and then reducing it. In contrast, 17.89% and 21.86% more
methanol conversion and H2 yield was obtained with activated catalyst than without
catalyst. Huang et al. modified the plasma reforming system by adding a heater and
varying the amplification ratio for hydrogen generation from the methanol-water
mixture. Effects of increasing operating voltage and temperature showed
approximately 50% upsurge in hydrogen generation [54]. In contrast, the influence of
discharge power, type of carrier gas, and the moisture content of the raw material in
the non-thermal arc plasma reactor show that the Gas yield is enhanced with the rise
in discharge power and higher moisture content; however, air as carrier gas showed

the best gas yield and Hz2/CO ratio against N2 and Ar.

Shiraishi et al. studied the performance of the Ni electrode and Ni plate
on the in-liquid plasma breakdown of methanol for hydrogen generation [55]. The in-
liquid plasma method achieves a hydrogen yield of 67% for methanol conversion, and
the hydrogen generation rate increases by 2.3-3.5 times with the Ni porous plate placed
above the electrode. Lian et al. examined the performance of Oz to C ratios,
steam/carbon (S/C) ratios, and specific energy input (SEI) on the oxidative methanol-
reforming for onboard hydrogen generation using a gliding arc plasma reactor [56].
Methanol conversion is accelerated with the Oz to C ratio rise, though the lesser energy
efficiency is recorded with the upsurge in either the S/C ratio or SEI. In contrast, the
methanol conversion of 88% and energy efficiency of 74% is achieved by an O2/C
ratio of 0.30, an S/C ratio of 0.5, and an SEI of 24 kJ/mol, respectively.
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1.4.6. Advantages and Disadvantages

These days, technical advancement has led to the development of

hydrogen production techniques, and they are characterized by their advantages and

disadvantages for using feedstock and hydrogen generation. Before going to the

various methods available for hydrogen generation, it is always better to understand

the different properties of hydrogen. It will help develop better techniques for

generating, storing, and utilizing hydrogen from a particular feedstock and the

available conditions. A few advantages and disadvantages of various hydrogen-

producing processes are illustrated: -

>

Steam Methane Reforming (SMR) and biomass gasification are both energy-
consuming thermal processes, where SMR requires 700-1200°C and gasification
requires 500-650°C temperature for Hz production.

Although the Hz yield from SMR and gasification techniques without a catalyst
is low, ranging between 45-72%, which could be raised to above 90% using a
catalyst like Ni-based Al20:s.

Similarly, electrolysis and plasma reforming are electrical processes that
generate about 95% (plasma reforming) to 99% (electrolysis) high-purity grade
hydrogen at less than 100 °C.

Electrical processes are cleaner; however, the Hz production rate is about 2
L/min, which is comparatively lower than thermal processes.

High CO2 emissions are other drawbacks of SMR and gasification.

Electrolysis also has problems like membrane corrosion, shorter life, and
expensive catalyst requirements.

Anaerobic fermentation (Biohydrogen) is a bacterium-based process; therefore,

bacterium sensitivity must be examined regularly.

All the processes required technical advancement to reduce the cost of

hydrogen with enhanced hydrogen yield at a higher purity grade. Therefore, novel

technologies must be established for cost-effectively producing hydrogen with

advances in the IC engines for the best possible utilization and, thus, minimizing the

environmental impacts by eliminating harmful emissions.
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1.5.  Application in Fuel Cell

A fuel cell converts chemical energy into electricity in a chemical reaction
with oxygen (or any oxidizing substance). A fuel cell comprises an anode (negative),
a cathode (positive), and an electrolyte. Fuel (hydrogen) is supplied to the anode and
air to the cathode. Consider fuel cells like batteries drain over time; fuel cells don’t,
and neither requires recharging as batteries do. As long as fuel is consumed, it will
keep producing electricity and heat. The different types of fuel cells are:

> Proton exchange membrane fuel cell (PEMFC)
Alkaline fuel cell (AFC)
Phosphoric acid fuel cell (PAFC)
Molten carbonate fuel cell (MCFC)
Solid oxide fuel cell (SOFC)

YV V VYV V

Among all these fuel cells, PEMFC is widely used for power generation

1.5.1. Working of Fuel Cell
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Figure 1.15. Fuel Cell
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A fuel cell consists of an anode and cathode enclosed in a container filled
with an electrolyte (see Figure 1.15). An external circuit is connected to both anode
and cathode for electron transportation. Hydrogen (purity of 99.99%) is supplied to
the anode, which oxidizes to generate H+ ions and e- (electrons). Whereas oxygen is
provided to the cathode, where H+ ions react with oxygen to produce water and a small
amount of heat is also generated. The electromotive force developed at the electrodes
is the cell voltage. Thus, an electric current will be available at the external circuit
when hydrogen and oxygen are supplied to the fuel cell, depending on the flow rate
and chemical activities. The current will be available as long as the fuels are provided

for the chemical activity at the electrodes and electrolytes of a fuel cell.
1.5.2. Advantages of Fuel Cells

There are many advantages associated with the utilization of hydrogen in
fuel cells. A few benefits of hydrogen fuel cells are as follows:

% Energy efficient: Fuel cells can operate on an efficiency level of more than
80% [57] compared to internal combustion engines, with an efficiency level of
around 25%. Power plants also don’t have such high efficiency. Their

efficiency levels are approximately 35%.

X/
L X4

Fuel cell units have a faster charging rate than internal combustion engine
vehicles, making them convenient and flexible.
% Easy to store: Unlike batteries, hydrogen fuel cells don’t drain out over time,

which means they can be stored for years and years but still work fine.

X/
L X4

Zero emissions: The by-products produced are water and heat; this technology

will considerably reduce greenhouse emissions from fossil fuel-based vehicles.

% Minimum noise pollution: Hydrogen-powered vehicles are noiseless
compared to internal combustion engines due to the absence of moving parts.

s Easy accessibility to fuel cells: Renewable power sources depend on the right
weather, conditions, or geography.

% High reliability

% Easy installation and operation

< Improved quality of the environment
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1.5.3. Disadvantages of Fuel Cells

Similarly, there are many disadvantages for hydrogen fuel cells that

restrict their usage in the large-scale production of electricity. These are as follows:

<> Expense process: Compared to other forms of energy, hydrogen extraction is
expensive, making fuel cells expensive.

X Dependent on renewables: to power the electrolysis process, one needs
energy, and for a truly green solution, this energy has to come from renewable
sources like solar and wind.

X Metal embrittlement: Hydrogen embrittlement leads to corrosion of metals,

which is a challenge for its storage and transportation.

X/
L X4

Infrastructure development is still a work in progress: Limited

infrastructure is available currently globally, further adding cost to its

transportation. A more viable solution is creating a production plant on site in

case large quantities are required.

X Fuel storage: At room temperature, hydrogen storage is complex due to its
gaseous nature.

X Durability: Fuel cells and electric motors are comparatively less durable than
petrol and diesel engines.

x5 Cost: Currently, fuel cell technology is high-priced.

<> Most hydrogen-producing methods release carbon dioxide and other pollutants

into the atmosphere.

1.6. Simulation-Modelling of Reactors

Simulation of a chemical plant requires developing models for different
processes during plant operation. Only a few works are available for methanol
reforming; however, other sources for hydrogen production, like glycerol, biomass,
etc., have similar working and influencing parameters. Unlu and Hilmioglu
investigated glycerol steam reforming in an Aspen Plus simulator for hydrogen
production [58]. The simulation showed that the reaction temperature directly impacts
the hydrogen concentration, while the reactor pressure has adverse effects. The study

defined a 9:1 glycerol ratio and 1 atm. pressure at 500°C as the optimum condition for
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hydrogen production. Mohammadidoust and Qmidvar simulated the model developed
for wheat straw biomass gasification at supercritical conditions [59]. The model
attained a 32.7 kg/h hydrogen production rate at 700°C with 2000 kg/h and 1500 kg/h
of water and biomass flow rate. Tavares et al. determined the influence of gasification
temperature and steam-to-biomass ratio in hydrogen production using Aspen Plus
[60]. The simulation showed a high hydrogen content in syngas at higher temperature
ranges. Ye et al. also developed a model for simulating the influencing parameters in
the hydrogen production process. Hydrogen yield increases with the rise in operating
temperature and steam-to-carbon ratio [61]. Therefore, the operating temperature and

feed ratio are the two most influencing parameters in hydrogen production.

Modelling and simulating various chemical plant components also help
determine the impacts of the different process parameters and cost considerations.
Ishag and Dincer designed a biomass and solar energy-based model for hydrogen
production, where the overall system efficiency achieved is 29.9%, while the exergy
efficiency is 31.5%, respectively [62]. Bassyouni et al. simulated a downdraft gasifier.
The authors used date palm waste to produce syngas that contain a hydrogen content
of 56.27%, while the other gases are carbon monoxide, carbon dioxide, and methane
[63]. Sanchez et al. developed a model for an alkaline electrolysis system. The system
simulation shows a maximum overall efficiency of 58% at 5 bar and 80 °C of optimum
conditions [64]. In contrast, Chehade et al. simulated and optimized natural gas steam-
reforming plants for hydrogen production. The results show 77.5% less energy

consumption while optimizing the process parameters [65].
1.7. Optimization Method

Parameter optimization helps determine the main influencing parameters
and achieve optimal results. Shuang et al. used a mixed design to optimize hydrogen
yield. The authors used a mixture of agricultural waste and obtained an optimized
hydrogen yield of 21.0mL/g [66]. In contrast, Liu et al. optimized process parameters
in biohydrogen plants and achieved a 30.0 mL/g higher hydrogen yield at optimal
conditions [67]. Bi et al. performed the parameter optimization analysis of a hydrogen

liquefaction process. The authors observed a 22.06% drop in specific energy
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consumption and a 33.58% rise in the coefficient of performance [68]. Similarly, Cao
et al. optimized reaction parameters in response surface methodology (RSM) and
observed the interactive effects of parameters on ethanol reforming [69]. The results
show that the ethanol-to-water molar ratio is the most influencing parameter, while
the discharge power and total flow rate are comparatively lesser influencing
parameters. Methanol has very close properties to ethanol in the alcohol group;
therefore, similar parameters may be considered for the methanol-water-reforming
process. Meanwhile, studying the various research articles on alcohol-water-
reforming observed that reaction temperature, feed molar ratio, reactor pressure, and

reactor type affect the hydrogen production rate.
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CHAPTER 2

LITERATURE REVIEW

2.1. Overview

Hydrogen is an energy carrier with a very high energy density (>119
MJ/kg). Pure hydrogen is barely available; thus, it requires extraction from its
compounds. Steam reforming and water electrolysis are commercially viable
technologies for hydrogen production from water, alcohols, methane, and other
hydrocarbons; however, both processes are energy-intensive. The study aims to
understand the methane and ethanol-water mixture pathway to generate hydrogen
molecules. The various intermediate species (CHx, CH20, CH3CHO) are generated
before decomposing methane/ethanol into hydrogen radicals, which later combine to
form hydrogen molecules. The study further discusses the various operating
parameters involved in plasma reforming reactors. The dielectric barrier discharge
reactor can be operated with or without a catalyst; feed flow rate and discharge power
are the most influencing parameters. In a pulsed plasma reactor, feed flow rate,
electrode velocity, and gap are the main factors that can raise methane conversion (40-
60%). While the gliding arc plasma reactor can generate up to 50% hydrogen yield at
optimized values of oxygen/carbon ratio and residence time, the hydrogen yield in the

microwave plasma reactor is affected by flow rate and feed concentration.
2.2. Steam Reforming

Steam reforming is a well-established and broadly used thermal process
for large-scale hydrogen generation, with over 45% of the total hydrogen generation
globally. The steam reforming process did not require oxygen, and while the
greenhouse gases could be used as the reactants, catalysts are recommended to lower

the temperature requirement. The findings of various studies are depicted in Table 2.1.
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Table 2.1. Studies on the steam reforming process for H, production

,\?6. Author’s Name Relevant Findings
1. | Gaoetal. (2015) |e At 700°C, H; yield 105.28 g-H./kg-tar was achieved.
[70] e H, content was enhanced from 41.75% to 63.13% with 0-4
steam/carbon.
e H, yield dropped to 7.97 g-Ha/kg-tar from 105.28 g-Hj/kg-tar for
equivalence ratio from 0 to 4.
2. | Xieetal. (2015) o With the rise in the temperature from 550-750°C, the CO- adsorption
[71] efficiency was enhanced.
e Beyond 750°C, the efficiency reduced considerably.
e The optimal H; yield of 83.8% and H, (CO + CH.) yield of 94.1% was
achieved with the steam/carbon ratio 9, space velocity 0.23 h™* at 700°C.
3. | Puetal. (2019) o A catalyst with 0.05 molar ratio (Sc/Zn) generated 140 umol/ g-s H; at
[72] 300°C.
e H, yield exhibited a minute reduction with the rise in temperature for
different Sc/Zn molar ratios.
e Catalyst activity and stability over the 220-600°C temperature were
achieved with the optimized Sc/Zn molar ratio.
4. | Jietal. (2018) e CHj, conversion from an HTM-based indirect heating method was 81.4-
[73] 89.4% higher than conventional direct heating.
¢ H; mol% was reduced with increasing reaction temperature.
e SMR reactor with HTM for the indirect heat utilization was less
effective under the design consideration.
5. | Zheng et al. e Enlargement in the height of the fin upgraded the recovery efficiency
(2019) [74] from 96.3 % for 34 mm to 98.4 % for 46 mm.
e Enhancement in the recovery efficiency was noticed with the expansion
of fin root width from 3 mm, giving 97.1% efficiency, to 6 mm, giving
98.1% efficiency.
6. | Kimetal. (2018) |e The membrane reactor attained 82% of the methane conversion with a
[75] 912 kPa pressure difference at 600°C.
o With the pressure difference of 1013 kPa and space velocity of 2000 h-
!, the hydrogen generation rate and H, purity obtained was 0.18 Nm3%h
and 97%.
7. | Yooetal. (2017) |e Augmented Ni dispersion and high methane adsorption capacity
[25] exhibited high natural gas conversion and H; yield.
e The best catalyst performance with the maximum Ni dispersion and CH4
adsorption was obtained from the 0.25 BA-Ni/Al,Oj3 catalyst.
8. | Yangetal. (2016) |e The obligatory reformer diameter and length to charge 167.8 g of
[76] catalyst necessary for 1 Nm3%h hydrogen generation rate were 1 inch and
613 mm.
e Methane conversion and H, generation rates were 98.0% and 1.97
Nm®/h at 745°C with 20 wt.% Ni/y-Al,03 and 10000 h* space velocity.
9. | Houetal. (2015) |e The vital role of the active metal and support was observed in the
[77] activity and stability of the catalyst.
¢ Results revealed that the reforming reaction was mainly operated at high
temperatures between 500°C and 800°C.
10. | Song et al. (2015) |e An upsurge in the H, yield was observed at higher temperatures while

[78]

the pressure reduction resulted in a lower H; yield.

Energy consumption was reduced from 102.12 kJ/mol-H, for
conventional technology to 40.33 kJ/ mol-H, for heat-integrated
technology.
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Hou et al. discussed the fundamentals of hydrogen generation using
catalysts and supporting material in ethanol’s steam reforming [77]. The study
described the active metal’s vital role and support in the catalytic reforming process's
activity and stability. The results revealed that the reforming reaction was mainly
operated at high temperatures between 500°C and 800°C. Thus, the growth of the
novel catalyst and technique structure considerably reduced the steam reforming's

high-temperature requirements.

Yoo et al. evaluated the optimal molar ratio of butyric acid (BA)/Ni to
support Ni/Al203 catalyst in natural gas steam reforming. The augmented Ni
dispersion and high methane adsorption capacity exhibited enhanced natural gas
conversion and high Hz yield [25]. However, the best catalyst performance with the
maximum Ni dispersion and CH4 adsorption was obtained from the 0.25 BA-Ni/Al203
catalyst. Thus, adding butyric acid improved the catalytic performance of the natural

gas steam reforming.

Kim et al. tested the performance of the Pd-based composite membrane
reactor (CMR) with Ru/Al20s catalyst at different transmembrane pressure differences
and space velocity for hydrogen generation. The membrane reactor attained about 82%
of the methane conversion with a 912 kPa pressure difference at 550°C [75]. With the
pressure difference of 1013 kPa and space velocity of 2000 h?, the hydrogen
generation and H2 purity rate obtained was 0.18 Nm3/h and about 97%, respectively.
Therefore, the Pd-based CMR resulted in resourceful hydrogen generation from steam

methane reforming.

Yang et al. designed a compact stand-alone and self-sustaining type
reformer with catalysts 15 wt.% and 20 wt.% Ni/y-Al20s for hydrogen generation. The
obligatory reformer diameter and length to charge 167.8 g of catalyst necessary for 1
Nm®/h hydrogen generation rate were 1 inch and 613 mm [76]. The methane
conversion and hydrogen generation rates were 98% and 1.97 Nm®/h at 745 °C with
20 wt.% Ni/y-Al203 and 10000 h* space velocity of reactants, respectively. Therefore,
the steam methane reforming was efficiently executed with high reactant space

velocity in the reformer for a high Hz yield.
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Zheng et al. determined the effects of the fin dimensions in the waste heat
transfer on methane steam reforming for hydrogen generation. The enlargement in the
fin’s height upgraded the recovery efficiency from 96.3% for 34 mm to 98.4% for 46
mm [74]. Similarly, the enhancement in the recovery efficiency was noticed with the
expansion of fin root width from 3 mm (97.1% efficiency) to 6 mm (98.1% efficiency).
Therefore, the improvement in the recovery efficiency from the waste heat resulted in
higher steam production, thus boosting the system's hydrogen generation capacity,

thus boosting the system's hydrogen generation capacity.

Song et al. analyzed the heat integration technology in lowering the energy
consumption of the steam methane reforming (SMR) and pressure swing adsorption
(PSA) for the generation of hydrogen [78]. The upsurge in the Hz yield was observed
with the temperature rise, while the pressure reduction resulted in a lowered Hz yield.
Meanwhile, the energy consumption was reduced from 102.12 kJ/mol Hz for
conventional technology to 40.33 kJ/mol H: for heat-integrated technology,
respectively. Therefore, using the heat integration system in the SMR-PSA process

revived about 60.5% of the total energy compared to the conventional method.

Wang and Wang inspected the impact of the inlet temperature and space
velocity of catalyst Cu/ZnO/Al203 sealed in a micro-reactor for hydrogen generation.
The growing space velocity condensed the methanol conversion, while the hydrogen
generation rate initially augmented and declined [79]. Thus, the reactor touched the
maximum hydrogen production rate of 193.79 ml/ min with 1.61 h** space velocity.

The raised reactor inlet temperature accelerated the Hz generation in the methanol SR.

Pu et al. inspected the effects of Cu/Sc203-ZnO catalysts at different
temperatures in the methanol-reforming for hydrogen generation. Even for incomplete
methanol conversion, the catalyst with Sc/Zn molar ratio of 0.05 generated the best Hz
yield of 140 pmol/g-s at 300°C [72]. Consequently, the H2 yield exhibited a minute
reduction with a further rise in temperature for different Sc/Zn molar ratios after
attaining the peak value. Thus, the catalyst activity and stability over the 220-600°C
temperature range were accomplished with the optimized Sc/Zn molar ratio for

hydrogen generation.
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Lu et al. explored the impacts of the Lanthanum (La) additive in Ni-based
catalysts and Ni’s loading in methanol steam reforming [27]. The Ni/Al203 with added
La showed higher methanol conversion and H2 selectivity with the reduced CO
selectivity below 350°C compared to Ni/Al20s. However, the Ni loading above 10
wt.% lowered both the conversion of methanol and the H:z selectivity. Therefore,

adding La to the Ni-based catalyst produced H2 at lower temperatures.

Zhang et al. research the effects of TiO2 and CeO2 support over the Au-
based catalyst in the steam-reforming alcohol (methanol). All the catalysts except
AU/TiO: attained higher Hz selectivity of more than 95% at 250-350°C. Beyond
530°C, a decline in H2 selectivity because of the WGSR [80]. The best Hz selectivity

was accomplished with the Au-Ti-Ce/Na-ABen catalyst among all the catalysts.

Gonzalez-Gil et al. analyzed the effects of the VV-Ni/Al203 catalysts on
dimethyl ether steam reforming (DME-SR) in comparison with methanol steam
reforming (MeOH-SR). The MeOH-SR and DME-SR reactions showed the direct role
of the V-Ni catalysts [81]. The stoichiometric H2/COz ratio was reached by the MeOH-
SR using 3V-Ni at 400°C. However, the DME-SR happened in two steps, imparting
H2 selectivity of 60-70% with 3V-Ni at 500°C maintained for 4.5 h.

Ji et al. investigated the performance of the indirect heating method in the
steam methane reforming (SMR) and deionized water being the heat transfer medium
(HTM). Methanol conversion from an HTM-based indirect heating method was 81.4-
89.4% higher than the conventional direct heating [73]. However, the H2 mol% was
reduced with increasing reaction temperature. However, the SMR reactor with HTM
for the indirect heat utilization was less effective under the design consideration than
the direct heating method to produce Hz-rich syngas.

Han et al. discussed the consequences of the Ca/Al molar ratio in the
ethanol steam-reforming with Co/CaO-Al203 xerogel catalyst. The enlarged surface
area due to Co improved the H2 yield significantly [26]. In contrast, the best catalytic
performance was confirmed with Co/0.5 Cao-Al20s. The low acidity and high surface
area were considered the critical catalyst factors for ethanol steam-reforming. Thus,

the optimal Ca/Al molar ratio with Co addition governed the effective ethanol SR.
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Chen et al. analyzed the operating parameters in the two-stage reaction
process in ethanol steam-reforming with Ni/Al2Os catalyst and water-gas shift reaction
using Fe/Cr20s catalyst. The two-stage process for the maximum H: yield of 4.26
mol/mol-ethanol was approximately 73% higher than the single-stage process with the
unique or noble metal catalysts [82]. In contrast, the concentrations of COz and CO in
the syngas computed were 21.77% and 0.81%, respectively. Thus, the optimized two-
stage process resulted in a higher Hz yield with reduced CO formation, though the CO2

concentration was enhanced.

Sepehri et al. evaluated the impacts of Ni loading in Ni/CeOz2 catalysts on
the catalytic performance in the autothermal reactor for hydrogen generation [83]. The
highest CHa conversion and H: selectivity were measured with 20 Ni/CeO2 and 25
Ni/CeOz catalysts. Further, the Ni/CeO2 catalyst qualified the thermal stability test at
700°C for 20 h. Thus, the higher Ni loading for the Ni/CeO2 catalyst leads to better
hydrogen selectivity for autothermal methane reforming.

Zhang et al. examined the implementation of desulfurized Jet-A fuel with
Rh/NiO/K-La-Ce-Al-Ox catalyst in the autothermal reforming (ATR) hydrogen
generation. The influence of parameters like temperature, H20 to C, and Oz to C molar
ratios was analyzed on the reaction equilibrium in the ATR [84]. The highest Hz yield
of 143.84% and the energy efficiency of 64.74% were attained with 2.5 and 0.5 molar
ratios of H20 to C and Oz to C at 696.2°C feeding temperature. However, the product
gas composition was computed as 29.2% Hz, 0.3% Oz, 43.9% N2, 0.5% CHa, 9.1%
CO and 14.2% COz, respectively.

Chang and Lee compared the Ni/porous-CeO2 coated cordierite
honeycomb reactor for hydrogen generation with the packed bed reactor. The biogas
reforming and methane steam reforming at 900°C and 5 h! space velocity measured
the upsurge in the Hz yield to 72.52% and 41.29%, whereas the methane conversion
enhanced to 22.24% and 43.12%, respectively [24]. The temperature above 700°C and
aspace velocity of 3 h™! yielded an 80% higher conversion. Hence, higher temperatures

resulted in more hydrogen generation.
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Chen et al. studied the different methods to activate the biochar from rice
husk pyrolysis and then studied Ni-based catalysts’ performance for steam-reforming
of acetic acid. Notable catalyst performance was obtained from the Ni-supported
KOH-HNO3 activated char [85]. However, the carbon conversion and Hz yield of
91.2% and 71.2% were achieved with a steam/carbon ratio 2.5 for a space velocity of
10 h't at 700°C. Thus, the KOH-HNOsz-activated biochar-based catalyst was efficient
in the steam-reforming of bio-oil.

Xie et al. optimized the reaction parameters of bio-oil steam reforming in
continuous COz2 capture using the Ce-Ni/Co catalyst for hydrogen generation. With
the rise in the temperature from 550-750°C, the CO2 adsorption efficiency was
enhanced, while beyond 750°C, the efficiency reduced considerably [71]. Although
the optimal Hz yield of 83.8% and Hz (+ CO + CHa) yield of 94.1% was reached with
the steam/carbon ratio 9, space velocity 0.23 h™ at 700°C. Thus, the temperature at
700°C and the steam-to-carbon ratio of 9 represented the optimal parameters for

generating hydrogen.

Gao et al. determined the impacts of the performance parameters in the
steam-reforming of tar using NiO/ceramic foam catalysts. At the temperature of
700°C, the peak H2 yield of 105.28 g-H2/kg-tar was achieved [70]. However, the H2
content was enhanced from 41.75% to 63.13% with the steam/carbon ratio of 0-4. The
H2 yield dropped sharply from 105.28 g-Hz/kg-tar to 7.97 g-Hz/kg-tar for equivalence
ratio from O to 4. Thus, the maximum H2 yield was obtained by optimizing the process

parameters.

Macedo et al. compared the traditional reactor (TR) and membrane reactor
(MR) for the performance parameters of glycerol steam reforming to generate
hydrogen. The highest Hz yield was obtained with elevated temperatures, feed ratios,
and pressures in the MR, while the lower pressure favoured TR’s Hz yield [86]. With
the feed ratio of 12 and 200 kPa pressure, the TR generated 5.09 mol-Hz/mol-glycerol
at 700°C, whereas the MR generated 5.87 mol-Hz/mol-glycerol at 500°C with 15 pm
membrane thickness. Hence, the hydrogen generation’s temperature in the MR was

200 K less than the TR.
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Rabbani and Dincer investigated the combined power plant’s operating
constraints' impact on optimal hydrogen generation. The upsurge in the hydrogen
generation was observed with the rise in steam/glycerol (S/G) ratio and combustion
temperature, while the rising reformer pressure dropped the hydrogen generation [30].
The simulation showed that the optimal parameters for hydrogen generation were the
S/G ratio of 3, reforming pressure of 100 kPa, the compressor pressure ratio of 9, and
combustion temperature at 707°C, respectively. Thus, the operating parameters were

optimized in the glycerol steam reforming.

Xie et al. analyzed the blast furnace slag’s heat recovery in bio-oil steam-
reforming. The analysis showed that the H2 yield initially accelerated and then
smoothed with the rise in the temperature and steam/carbon (S/C) ratio [87].
Consequently, the Hz yield and the Hz concentration delivered were 1.725 Nm?3/kg
(88.8%) and 68.7%, respectively, for the S/C ratio 8 at 700°C. As a result, the sensible
heat recovery utilized in the blast furnace manufactured 5-million-ton pig iron and
managed 2.55 x 108 Nm? of Hz and 4.35 x 10* tons of bio-oil annually.

Casanovas et al. determined the temperature and fed on the noble metals
or Ni over La-stabilized CeO2 catalysts in the steam-reforming using olive mill
wastewater (OMW). The trend of the noble metals and Ni over CeLa hydrogen
generation selectivity of product gas and stability were Pt > Rh > Ru >> Ni > Pd. The
catalyst Pt/CeLa with 1 wt.% w/w delivered about 40 mL-H2/mL-OMW at 700°C and
for 16000 h space velocity, respectively [29]. Thus, the Pt and Rh-based catalyst
systems are the finest catalysts for hydrogen generation and product gas selectivity for
24 h of stability.

2.3. Electrolysis

Splitting or breaking down water molecules into hydrogen and oxygen
molecules through electricity is termed electrolysis. Electrolysis is a well-established
and broadly used process after the steam reforming process. Instant hydrogen
generation is achieved by electrolysis of water at a smaller scale. A few studies based

on the electrolysis process for hydrogen production are illustrated in Table 2.2.
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Table 2.2. Studies based on electrolysis for H, production

,\?6. Author’s Name Relevant Findings
1. | Villagra and e PEM electrolysis cells showed optimum current density of 2.5 A/cm?.
Millet (2019) [43] |e I-V performance of PFSA polymer membrane with 50-200 pm
thickness was measured at 10 A/cm?,
o A 2.5-3.0V cell voltage with low cell efficiencies of the PFSA materials
was measured for less than 100 pm thickness.
2. | Guban et al. o Alkaline electrolysis (AE) was an advanced fuel cell with a relatively
(2019) [47] simple setup and easy scale-up.
e Proton exchange membrane (PEM) measured higher efficiency.
e PEM required desalinized and demineralized feed water.
¢ Solid oxide electrolysis cell operates at 700-900°C and generates H> at
80% efficiency without any noble catalyst.
3. | Pushkarevaetal. |e High performance for H, generation was computed for AEMs with up
(2019) [88] to 3 A/ cm current density at 60°C and 0.5-1.0M KOH concentration.
o DI water was not appropriate for H, generation due to the sharp rise in
the membrane resistance.
4. | Dobo etal. (2017) | e About 4620 individual experiments were executed with computerized
[89] measurement and data procurement for efficiency loss.
¢ Frequency, offset, and ripple factors influenced the efficiency loss in the
non-steady DC applications.
o Sort of the waveform showed no effect on the efficiency loss.
5. | Chakik et al. e Amperage, voltage, and electrolyte concentration showed similar
(2017) [41] impacts on hydrogen generation.
¢ Rise in amperage, voltage, and electrolyte concentration augmented the
H, yield irrespective of cathode material.
e The iron composition in ZnFe alloy improved the H; yield, while the
copper composition reduced the H; yield.
6. | Manolova et e The cathode was electrodeposited with porous current collectors to
al.(2015) [90] acquire new cross-linked AEM for high ionic conductivity.
e The sol-gel method to coat the anode proved unsuitable for covering the
stainless steel non-woven fabrics.
o Improved chemical stability with the original membrane was attained in
the highly alkaline environment.
7. | Kimetal. (2015) |e A current of 100 A was generated at 80°C by the electrodes of 200 cm?
[91] surface area electrolyzer.
e The stack delivered a uniform total current of 80 A for a non-stop
operation of 400 hours.
o Electrolyzer with the stack generated H, and O, at 99% and 98% purity.
8. | Lamy (2016) [92] |e Lower-temperature PEMEC exhibited up to 75% energy efficiency at
80°C and 1 A/lcm?,
o High-temperature SOEC oscillated between 50-70% energy efficiency
at 80°C and 1 A/cm?.
9. | AlZahrani and e SOE system accomplished 85.15% energy & 83.14% exergy efficiency.
Dincer (2018) o With 1 MWe power input and 248 kg/h of the water consumption rate,
[93] the SOE system generated H, and O, at 27.75 kg/h and 220.2 kg/h.
10. | Ehteshamietal. |e Current density increases with operating potential while decreasing

(2016) [94]

along the PEM cell length.

The highest operating potential of the PEM cell improved the
production ratio and enhanced the H, generation rate.

Optimal cell potential (0.94 V) from the cell with membrane Nafion 117
achieved a 1.5 cm®/min-cm? H, generation rate.




39

Dobo and Palotas analyzed the effects of the electrical current fluctuation
on the water-splitting efficiency of the alkaline water electrolysis. About 4620
individual experiments were carried out, and a computerized measurement and data
procurement system was constructed for the efficiency loss [89]. The frequency,
offset, and ripple factors were the parameters that influenced the efficiency loss in the
non-steady DC applications. At the same time, the sort of waveform showed no effect

on the efficiency loss.

Manolova et al. demonstrated the different material substrates for the
electrochemical decomposition of the various structured alloys, the alkaline anion
exchange membrane (AEM) production, and the newly developed current collectors
in the membrane electrode assembly [90]. The cathode was electrodeposited with
porous current collectors to acquire new cross-linked AEM for high ionic
conductivity. The sol-gel method was used to coat the anode and was proved
unsuitable for covering the stainless steel non-woven fabrics. The improved chemical

stability with the original membrane was attained in the highly alkaline environment.

Cardoso et al. evaluated the performance of Nickel-rare earth (Ni-RE)
metal electrodes on the hydrogen evolution reaction (HER) in 8M potassium
hydroxide solution at temperatures ranging from 25°C to 85°C [95]. Ni-dysprosium
(Ni-Dy) and Ni-samarium (Ni-Sm) alloys were prepared with 5 wt.% and 10 wt.%.
The activation energy of the Ni-RE alloy electrodes was calculated between 47-71
kJ/mol for HER. Consequently, the performance of the Ni-Sm alloys was better at

room temperature, while the Ni-Dy alloys performed well at high temperatures.

Pushkareva et al. experimentally compared the various anion exchange
membranes (AEMSs) for the hydrogen generation with deionized (DI) water at
temperatures 40°C, 50°C, and 60°C, and KOH concentrations of 0.1M, 0.5M, and
1.0M, respectively [88]. The high performance for hydrogen generation was computed
for all AEMs with up to 3 A/cm? current density at 60°C and 0.5-1.0M KOH
concentration. However, DI water was not appropriate for hydrogen generation due to
the sharp rise in membrane resistance. Thus, the AEM electrolysis technology

obtained the Hz concentration in oxygen outflow with the high safety hydrogen flux.
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Chakik et al. investigated the influences of the operating parameters on
hydrogen generation volume by alkaline water electrolysis. The amperage, voltage,
and electrolyte concentration showed similar impacts on hydrogen generation [41].
The rise in amperage, voltage, and electrolyte concentration augmented the hydrogen
generation irrespective of the cathode material used. Consequently, the iron
composition in the ZnFe alloy improved the hydrogen generation, whereas the copper
composition in the ZnFe alloy reduced the hydrogen generation. Thus, the overall
higher hydrogen generation was obtained by Zn95%Cr5% and Zn90%Cr10%

electrodes over the range of operating parameters.

Kim et al. developed a 26-cell nickel (Ni) stack merged with 52 Ni
electrodes, polymer separators, and a lightweight gasket frame for alkaline water
electrolysis. The current of 100 A was generated at 80°C by 200 cm? surface area
electrolyzer electrodes [91]. The stack delivered the uniform total current of 80 A for
a non-stop operation of 400 hours. Subsequently, the electrolyzer with the stack

generated hydrogen and oxygen with a purity level of 99% and 98%, respectively.

Huang et al. designed a hybrid system of 30 kW for water electrolysis
during day and night. The system consisted of a 100 m? photovoltaic system of 18 kW
and a wind system of 12 kW to produce 25 kg of hydrogen [96]. The system simulation
showed that the current density of 100 mA/cm? produced 25 kg of hydrogen in the
shortest period of 49.2 hours at 60°C. Thus, the decentralized hybrid renewable energy
system generated the required power output for water electrolysis to generate Hz for

the fuel cell.

Palhares et al. fabricated a cylindrical acrylic electrolytic cell with 304
stainless steel electrodes to generate hydrogen using a photovoltaic system of 20 W.
The experiments were performed for three consecutive days. The results revealed that
the hydrogen generation for day 1, day 2, and day 3was 1.82 L, 1.65 L, and 2.00 L at
an average solar irradiance of 755, 659, and 800 W/m?, respectively [97]. In contrast,
the overall efficiency ranged from 1.13-1.15%. Also, the electrical current of the
system was affected by solar irradiance; thus, a slight variation in irradiance influenced

the hydrogen generation rate drastically.
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Bidin et al. demonstrated the effects of sunlight intensity on water splitting
for hydrogen generation. The stronger electric field increases surface tension, breaking
the hydrogen bond or water splitting [44]. The results showed that the collimated
sunlight triggered the hydrogen generation by 53% higher than 31% by conventional
light and 16% by dark field. Thus, the collimated daylight exhibited extraordinary
potential for optimum hydrogen generation compared to the conventional and dark
fields.

Dukic designed a coupled system of water electrolysis and solar
photovoltaic (PV) system for hydrogen generation and named it the PVVH2 system. The
efficiency of the PVH2 system coupled with a 60 W electrolyzer and a 100 W PV
system was 77.06% without CO2 emissions [46]. The controlled cooling of the
electrolyte at the inlet of the electrolyzer noticeably enhanced the system's efficiency.
Thus, the optimal PVH2 system was a simple, cheaper, reliable, and more effective
method for hydrogen generation without CO2 emissions.

Rabady and Kenaan used the hybrid thermophotovoltaic (TPV) water
electrolysis for hydrogen generation by the optimal power splitting of concentrated
solar radiation [98]. The results showed an 18% effectiveness of the optimal power
spectral shaping scheme compared to the wavelength selectivity spectral splitting
scheme. In comparison, the employing efficiencies of the concentrating optics,
thermal convertor, and electrolysis cell were measured as 0.7, 0.8, and 0.7,
respectively. The outcomes described the hybrid TPV electrolysis technology, a pure

energy source for high solar-to-hydrogen conversion.

Rahim et al. presented the simulation and optimization of the parameters
dominating the coupling of the solar photovoltaic (PV) system and the advanced
alkaline electrolyzer (AE). The simulation for the advanced AE was performed at
operating temperatures of 40°C, 60°C, and 80°C, respectively, while the result showed
the lowest operating voltage at 80°C [99]. The Faraday’s efficiency was computed as
98% at 90 mA/cm? current density. The MPPT efficiency was proportional to the
hydrogen generation rate; thus, better hydrogen generation was accomplished with
better MPPT efficiency.
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Kovac et al. used a 960 Wp solar power plant to produce zero carbon
dioxide emission hydrogen from alkaline water electrolysis. The solar power plant
generated a total power of 1.234 MWh in a specified period against the theoretical
output power of 1.31 MWh [100]. A triple-cell bipolar alkaline electrolyzer was
constructed instead of a single-cell alkaline electrolyzer. The result from the system

showed the average hydrogen generation at a rate of 1.138 g/h, respectively.

Tebibel et al. investigated methanol electrolysis for hydrogen generation
using solar photovoltaic (PV) panels at horizontal and 36° (altitude of the location) tilt
[101]. The result showed 8.18 kg/m? and 22.36 g/m?-d total annual and average daily
H2 production by horizontal PV array design, whereas 8.92 kg/m? and 24.38 g/m?-d
total annual and average daily Hz production by tilted PV array design, respectively.
In contrast, the battery captured the energy beyond the electrolyzer power input during
low or high irradiation. Thus, the methanol electrolysis process supported a low-cost
hydrogen generation process compared to water electrolysis.

Tebibel also examined the effects of the performance parameters on the
methanol electrolysis using a solar photovoltaic (PV) system [102]. The consequence
of the battery Depth of Discharge (DoD) was inspected on the system’s overall
performance using parametric sensitivity analysis. The results showed that the PV
array must be angled suitably to reduce the solar irradiation mismatch with the demand
profile. Also, the reduction in system efficiency was evaluated with a decrease in the
battery DoD for lifetime enhancement.

Tebibel and Medjebour compared the proton exchange membrane on
water, methanol, and hybrid sulphur electrolysis using a photovoltaic (PV) system.
The volume of the hydrogen generation was 65% and 95% additional by methanol
electrolysis (ME) and hybrid sulphur electrolysis (HSE) in comparison with the water
electrolysis (WE) [103]. The average daily hydrogen generation was about 25 g/m?-d
and 29 g/m2-d for ME and HSE, contrasting with 15 g/m?-d for WE. The analysis
revealed that the solar PV system was tested as a clean energy source and a low-cost

system for hydrogen generation through ME and HSE processes.
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Toklu et al. investigated the industrial waste heat utilization for hydrogen
generation. The calculations showed a 2.65 A/m? current density and 18 kg/h hydrogen
generation at a steam utilization (SU) ratio of 0.9, inlet steam flow rate of 0.4977 kg/s,
and flue gas temperature of 100°C [104]. The higher hydrogen yield was governed by
the higher SU, which increased current density and electrolysis voltage. Therefore, an
economical waste heat solution was introduced to generate hydrogen by the

electrolysis unit.

Belleville et al. produced hydrogen with a microbial fuel -cell-
bioelectrochemical system (MFC-BES) decoupled with a redox flow potassium
hexacyanoferrate (KHCF) mediator. A current density close to 50 A/m? was achieved
with an electric potential of 1 V with a 4-hour operation [45]. The BES lessened sludge
production in wastewater treatment to produce a higher energy vector from a low
microbial rate. Thus, the MFC-BES desynchronized microbial rate from wastewater
treatment reduces the water electrolysis cost for hydrogen generation.

Hu et al. studied the polarization losses in a molten carbonate electrolysis
cell (MCEC) containing a porous Ni electrode. The four gases with varying hydrogen
concentrations were used between temperatures 600-650°C [105]. The hydrogen-lean
gases showed higher polarization losses. The activation energy calculated was low for
the gases containing a lower CO2 concentration of 24.5% and increased for those with
a higher COz2 concentration of 49.5%. From the measured activation energy, it was
concluded that the Ni electrode of the MCEC was under mixed or kinetic control.

Vincent et al. developed an effective membrane electrode assembly
(MEA) for anion exchange membrane (AEM) electrolysis to generate hydrogen gas.
They explored the effects of the various constraints on the functioning and stability of
the AEM electrolyzer [106]. About 1% of K2COs electrolyte resulted in the best-
performing electrolyte with a current density of 500 mA/cm? for 1.95 V at 60°C. Thus,
on-site hydrogen production was accomplished with the AEM electrolysis technology,

making it a clean energy and low-cost system.
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Guban et al. compared commonly used fuel cells for hydrogen generation.
The alkaline electrolysis (AE) was a technologically advanced fuel cell with a
relatively simple setup and easy to scale up [47]. The proton exchange membrane
(PEM) measured higher efficiency than AE, but PEM required desalinized and
demineralized feed water for electrolysis. The solid oxide electrolysis (SOE) cell
operated at a high temperature around 700-900°C generated hydrogen at 80%
efficiency without any noble metal catalyst.

AlZahrani and Dincer designed a stand-alone solid oxide electrolysis
(SOE) system of 1 MWe, which consumed water and electricity for hydrogen and
oxygen production. With the proposed design, the SOE system accomplished 85.15%
and 83.14% energy and exergy efficiency [93]. With 1 MWe power input and 248
kg/h of the water consumption rate, the SOE system generated hydrogen and oxygen
at 27.75 kg/h and 220.2 kg/h, respectively. The optimization of the operation leads to
more energetic and exergetic efficient hydrogen generation smoothly with the

conventional heating source of electric heaters.

Lamy presented the working principle of low-temperature proton
exchange membrane electrolysis cell (PEMEC) and high-temperature solid oxide
electrolysis cell (SOEC) [92]. The energy efficiency of both the electrolysis cells was
discussed at a given current density. The lower-temperature PEMEC exhibited up to
75% energy efficiency, whereas the high-temperature SOEC oscillated between 50-
70% at 80 °C and 1 A/ cm? of current density. Several experiments were conducted to

validate the results obtained from recent publications theoretically.

Yu et al. examined the performance of PbO2 anode catalyst mixed with
three additives, A, Z, and V, and compared these with the commercially available
membrane electrode assembly (MEA) [42]. The ozone/oxygen and hydrogen were
generated by feeding pure water. The better performance for higher conductivity was
evaluated with the additives A and Z. However, the MEA with additive V performed
outstandingly to overcome the performance decline during the power stoppage and

restoration.
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Abusoglu et al. performed energy and economic analysis of five models:
alkaline, proton exchange membrane (PEM), high-temperature water electrolysis, and
hydrogen sulfur alkaline electrolysis and dark fermentation, wastewater treatment
plant to generate hydrogen using data provided by the plant management [107]. The
daily H2 generation for alkaline, PEM, and high-temperature water electrolysis was
594 kg, 625.4 kg, and 868.6 kg, with thermal efficiencies of 78%, 82%, and 94%.
While the electricity cost evaluated was 3.60, 3.43, and 2.47 $/kg-Ho.

Ehteshami et al. performed the first computational fluid dynamic study,
formulating an isothermal, two-dimensional, and single-phase model of ethanol
electrolysis on the PEM cell. Current density increased with operating potential while
decreasing along the PEM cell length [94]. The highest operating potential of the PEM
cell improved the production ratio and enhanced the specific hydrogen generation rate.
The optimum cell potential of 0.94 V from the cell with membrane Nafion 117 gave a

reasonable productivity rate and 1.5 cm®/ min-cm? of specific Hz generation rate.

Villagra and Millet analyzed the PEM water electrolysis cell for hydrogen
generation at different operating current densities. The cost analysis of the PEM water
electrolysis cell distinguished the optimum current density, which was determined by
about 2.5 A/cm? at the current electricity cost scenario [43]. Still, the range could attain
up to 10 A/cm? of current density. 1-V performance of the perfluorosulfonic acid
(PFSA) polymer membrane with 50-200 pm thickness was measured at 10 A/cm?
current density. However, the 2.5-3.0 V cell voltage with low cell efficiencies of the

PFSA materials was measured for less than 100 um thickness.

Bareils et al. conducted the life cycle evaluation of PEM water electrolysis
to generate hydrogen at reduced greenhouse gas emissions. A positive reduction of
75% CO2 emissions in the hydrogen generation from the PEM water electrolysis
system was achieved when running on electricity generated by renewable energy
sources [48]. The results examined the impact of the electricity mix on global warming
potential. However, the flexibility in operating the volatile electricity production hours
defined PEM water electrolysis with a very high share of renewable energy hydrogen

generation by 2050.
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2.4. Gasification

Gasification is another thermal process that is economical and carbon
dioxide neutral for hydrogen production on a large scale. Gas like methane enters the
reaction, where high-temperature gasification is performed, and the gas coming out of
the reactor is hydrogen-rich syngas, which are later purified to get pure hydrogen gas.
Some findings of previously published work on hydrogen production via gasification

are presented in Table 2.3.

Yilmaz et al. presented the integrated systems energetic and exergetic
analysis with coal gasifiers for electricity, heating, and hydrogen generation. The
calculated overall energy and exergy efficiencies were 58.47% and 55.72%,
respectively [31]. Successively, the hydrogen generation rate grew from 0.06 kg/s to
0.085 kg/s with the climb in the ambient temperature from 0°C to 40°C. Therefore, the
integrated coal gasifier-based system was considered more environmentally friendly

than the conventional production system.

Mostafavi et al. proposed the innovative M-HyPr-RING process to
determine the influence of catalyst loading and sorbent on hydrogen production
through catalytic steam-gasification ash-free coal (AFC) coupled with CO2 capture.
The sorbent’s significance was to boost hydrogen generation while the catalyst
quickened the gasification rate [108]. The carbon conversion and the hydrogen molar
fraction of 97% and 85% were attained with 20% catalyst loading and a 2:1 CaO/C
ratio at 675°C. Thus, the BL-AFC caused a faster steam gasification rate than the raw
BL coal.

Hasan and Dincer assessed the integrated gasification combined cycle
(IGCC) system for hydrogen generation from used tires with reduced CO2 emissions.
The IGCC produced 11.1 kW of net power with waste tires as the feed for the gasifier
[34]. In contrast, the system confirmed 55.01% and 52.31% of energy and exergy
efficiencies with a 0.158 hydrogen generation to feedstock ratio. Thus, the waste tires
reduced environmental impact and offered better sustainability for the feedstock for
hydrogen generation in the IGCC system.
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Table 2.3. Published work on H; production via the gasification process

,\?6. Author’s Name Relevant Findings
1. | Kang etal. (2016) |e Temperature rated highest contribution, followed by catalyst loading,
[35] catalyst, and biomass.
e Optimized H, gas was produced with about 100% catalyst loading at
650°C.
o Canola meal delivered the highest average H; yield, followed by wheat
straw and timothy grass.
2. | Tianetal. (2017) |e Lignin-based biomass generated more H, and CO, at higher
[109] temperatures.
e The highest H; yield of 1.09 Nm?®/kg was measured at 1020°C by lignin.
e Cellulose and hemicellulose generated 0.33 and 0.36 Nm®/kg at 1220°C.
3. | Yilmaz et al. e The calculated overall energy and exergy efficiencies were 58.47% and
(2019) [31] 55.72%, respectively.
e The hydrogen generation rate grew from 0.06 kg/s to 0.085 kg/s with the
climb in the ambient temperature from 0°C to 40°C.
4. | Hasan and Dincer |e IGCC produced 11.1 kW of net power with waste tires for the gasifier.
(2019) [34] e System confirmed 55.01% and 52.31% of energy and exergy
efficiencies with 0.158 of H; generation to feed ratio.
e Waste tires reduced environmental impact and offered better
sustainability for the feedstock for H, generation.
5. | Chenetal. (2019) |e Gasification temperature and coal concentration exhibited direct
[110] proportionality with H, generation.
e Energy and exergy efficiency achieved were 46.6% and 42.6% for the
coal concentration of 15 wt.% at 700°C.
e The CO; and NOx emissions of the ISCWGC were lower than IGCC
system.
6. | Ibrahimogluand |e The study focused on the impact of the equivalence ratio (ER) on the
Yilmazoglu (2020) plasma reactions for H, production.
[111] e ER between 0.20 and 0.45 enhanced the H, yield in the product gas
because of the activated water-gas shift reaction.
7. | Pangetal. (2019) |e Syngas composition for plasma-assisted gasification includes 38.5% H,,
[52] 38.4% CO, 10.3% CH4 & 12.7% CO- at 760°C.
o A 20% increase was measured in syngas production.
e An upsurge of 33% was observed in the reaction rate with the non-
thermal plasma gasification system.
8. | Favasetal. o Lesser temperatures increase the H, yield, while higher steam/biomass
(2017) [112] (S/B) ratio reduces the H; yield.
e Higher ER and S/B ratios produced low LHV syngas with reduced H,
content.
o Avrise in temperature leads to high LHV syngas with higher CO content.
9. | Mostafavi et al. e Sorbent significantly boosts the H, generation while the catalyst
(2016) [108] quickens the gasification rate.
e Carbon conversion and the H, molar fraction of 97% and 85% were
obtained with 20% catalyst loading and a 2:1 CaO/C ratio at 675°C.
e BL-AFC caused a faster steam gasification rate than the raw BL coal.
10. | Verma and Kumar | e UCG measures the GHG emissions as 0.91 kg-COp.eq/ kg-H, with CCS

(2015) [113]

and 18.00 kg-COz.eq/ kg-H, without CCS.

Reduction in GHG emissions was measured with the CCS system.
Increased H,O/O; injecting ratio and steam/C ratio enhanced the net life
cycle GHG emissions in the UCG-CCS.
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Chen et al. accomplished the energy and exergy analysis and the life-cycle
environmental assessment of the integrated supercritical water gasification of coal
(ISCWGC) to generate hydrogen at low CO2 emissions [110]. The gasification
temperature and coal concentration exhibited direct proportionality with hydrogen
generation. The energy and exergy efficiency achieved was 46.6% and 42.6% for the
coal concentration of 15 wt.% at 700°C. Consequently, the CO2 and NOx emissions
of the ISCWGC were reasonably lower than the IGCC system.

Verma and Kumar analyzed the life cycle assessment of the underground
coal gasification (UCG) greenhouse gas (GHG) for hydrogen generation with and
without carbon capture sequestration (CCS) [113]. The UCG measuring the GHG
emissions were 0.91 kg of COz-eq/kg-H2 with CCS and 18.00 kg of COz-eq/kg-Hz
without CCS. Hence, the significant reduction in GHG emissions was measured with
the CCS system. However, the increased H20/O2 injecting ratio and the steam/carbon
ratio marginally enhanced the net life cycle GHG emissions in the UCG with CCS.

Tian et al. experimentally studied the consequences of the temperature and
the chemical composition on the gasification of cellulose, hemicellulose, and lignin-
based biomass for syngas production [109]. A higher concentration of CO and CHj4
was detected in the syngas generation from cellulose and hemicellulose, while the
lignin-based biomass generated more Hz and CO: at higher temperatures. The highest
yield of Hz was measured at 1.09 Nm3/kg at 1020°C from lignin, followed by 0.33 and
0.36 Nm¥kg at 1220°C from cellulose and hemicellulose separately. Thus, hydrogen
generation from higher lignin-content-based biomass was considered appropriate for

gasification.

Seyitoglu et al. used the combined coal-based gasification system to
analyze hydrogen and power generation's energy and exergy efficiencies. The pressure
swing adsorption (PSA) unit and the high-temperature electrolysis produced Hz with
no electricity input [32]. The CO2 capture and removal ended with a unique and
environmentally friendly system. However, the peak overall energy and exergy

efficiencies were 41% and 36.5%, respectively.
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Kang et al. optimized the performance parameters of the supercritical
water gasification of lignin, cellulose, and waste biomass using catalyst K2COs and 20
Ni-0.36 Ce/Al20s3 [35]. The optimization was based on Taguchi’s approach, and the
temperature rated the highest contribution, followed by catalyst loading, catalyst type,
and biomass type, respectively. The optimized H2 gas was produced with about 100%
catalyst loading at about 650°C. Meanwhile, the canola meal delivered the highest
average hydrogen yield, followed by wheat straw and timothy grass.

Pallozzi et al. simulated the dual fluidized-bed steam gasifier installed
with catalytic filter candles, ZnO guard bed, LT-WGS reactor, and PSA [114]. The
optimum values of the S/B ratio, WGS reaction time, and operating parameters were
computed. The higher chemical efficiency was calculated at a higher WGS reactor
operating temperature with a maximum of 300°C. Thus, the simulation demonstrated
the highest Hz yield of 75.2 g/kg-biomass, giving the chemical efficiency of 55.1% for
0.8 s of residence time.

Wu et al. performed the two-staged fluidized-bed gasifier experiments to
assess the significance of the stage temperatures, the ER, and the S/B ratio for
hydrogen production [38]. The higher operating temperatures produced a substantial
upsurge in Hz, CO, and CHas content, while the CO2 content dropped with the
temperature rise. The operating temperature of 900°C obtained the best results in the
hydrogen generation for both stages. However, the ER ratio 0.2 produced the best Hz
proportion between 0.2 and 0.4, respectively.

Salkuyeh et al. performed the techno-economic analysis along with the life
cycle assessment (LCA) of fluidized bed (FB) and entrained flow (EF) gasification to
generate He-rich syngas from biomass [115]. The EF-based gasification was 11%
thermally efficient compared to the FB-based gasification. Also, the life cycle energy
consumption was 20% lower for the EF-based option than the FB-based one.
Therefore, the LCA of the system was verified as an environmentally friendly system

with harmful life cycle greenhouse gas emissions.
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Li et al. discussed the CaO effects on the steam gasification process using
various biomass waste materials to generate hydrogen. The concentration and yield of
H2 were boosted by adding CaO, while the CO and CO2 concentrations declined in the
syngas gas [116]. However, the surge in the CaO/C ratio from 0 to 2 prompted
hydrogen generation. Also, biomass's volatile and carbon content directly influenced

the Hz yield through agricultural waste.

Doranehgard et al. described the CaO behaviour on the gasification of the
rice husk by considering the effects of the performance parameters. The improvement
in Hz yield and the reduction in CO2 emissions were measured in the steam gasification
using CaO (COz2 sorbent) [36]. The result showed a rise in the Hz yield from 37 to 41
g/kg with the equivalence ratio (ER) elevated from 0.15 to 0.25, while the ER from
0.25 to 0.3, a reduction in Hz yield was detected. Thus, the gasification temperature

was a significant hydrogen production factor.

Deniz et al. performed the hydrothermal gasification of the marine
biomass at a temperature of 300-600°C and the biomass loading between 0.04-0.12
g/ml for 1 h without using a catalyst to produce Ha2. Further, the impact on the
gasification performance was examined with the difference in the reaction temperature
and the biomass loading [40]. With the biomass loading of 0.08 g/ml, the hydrogen
yield and the molar fraction calculated were 10.37 mol/kg and 62.51% at 600°C.
Hence, hydrogen generation was enhanced by increasing temperature and reducing

biomass loading.

Shayan et al. assessed the gasification of wood and paper for hydrogen
generation using air, Oz-enriched air, Oz, and steam. The highest volume of H2 was
generated from steam, whereas the highest hydrogen content in the product gas was
accomplished with Oz and O:z-enriched air, respectively [117]. However, the
gasification temperature adversely affected the hydrogen generation; thus, the product
gas's calorific value was dropped. The hydrogen generation and the energy and exergy
efficiencies were also reduced with an augmented biomass feeding rate in the

gasification process.
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Kocer et al. evaluated the tomato and pepper residues’ performance in
hydrogen generation using air-steam gasification [118]. The O2 content in the biomass
residues was calculated high enough; thus, the air and steam to fuel rates were chosen
as 0.05. The Oz content in the tomato residue was increased, so gasification efficiency
improved from 83.45% to 84.03%, respectively. Hence, the H2 and CH4 production

was influenced by the higher Oz content of the tomato residue.

Kuo et al. discussed the effects of ER and S/B ratio on the syngas
production with CaO additive using a two-stage fluidized-bed gasifier [37]. The two-
stage gasifier system without additives exhibited a 2-3% rise in Hz yield compared to
the single gasifier environment. CaO generated about 37% of H2 in the syngas
concentration with ER 0.3 and S/B ratio 0.2 with a two-stage additive. About 6.1-

12.8% more H2 was produced using the second-stage gasifier instead of the first-stage.

Chutichai et al. fabricated the biomass-feed circulating fluidized-bed
gasifier to determine the operating parameters for hydrogen generation. The Hz yield
augmented with the higher gasifier temperature, giving the highest Hz yield at about
700°C [119]. However, the S/B ratio ranged within 0.8-1.2 for the optimal gasification
process. The higher Hz yield by the steam gasification or air-steam gasification

resulted from the presence of N2 in the air.

Cao et al. experimentally investigated sugarcane bagasse gasification for
hydrogen generation with supercritical water [120]. The H2 yield was highest with
higher reaction temperature, lower bagasse concentration, and lower residence time.
However, the complete bagasse gasification was achieved at 750°C with a catalyst and
carbon gasification efficiency of 96.28%. In contrast, the maximum yield of Hz was
touched at 35.3 mol/kg for 650°C and 20 wt.% Na2COs catalyst loading.

Jin et al. developed the supercritical water gasification (SCWG) kinetic
model focused on hydrogen, CO, methane, and CO2 production. The operating
parameters of the SCWG were temperature 560°C, pressure 25 MPa, and residence
time 4.66-12.41 s, respectively [121]. The modelling resulted in the growth of Hz and
CO2 concentrations to 65.62% and 34.29%, remaining constant. It was concluded that

the longer residence time supported hydrogen generation.
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Yan et al. determined the effects of the reaction temperature, residence
time, and feed concentration in food waste's supercritical water gasification (SCWG).
The optimal condition for the best Hz yield without catalyst was about 2 wt.% of the
feed content at 500°C for 60 min [39]. However, the Hz yield and H2 selectivity in the
SCWG were enhanced to 20.37 mol/kg and 113.19% by adding 5 wt.% KOH. Thus,
the Hz yield and H2 selectivity improvement were observed with high temperature,
long residence time, and suitable catalyst concentration.

Sivasangar et al. examined the supercritical water gasification (SCWG)
of the empty fruit bunches (EFB) at 380°C temperature and about 240 bar pressure for
He-rich syngas production [122]. The water-gas shift reaction produced hydrogen;
however, the moisture generation further raised the overall Hz yield. However, the Hz
yield was enhanced to exceed the 45 mmol/ml value for 0.3 g EFB loading and
remained in the 45-55 mmol/ml range up to 0.5 g EFB. Thus, the SCWG system was
effectively fed by the EFB, having a high moisture content.

Yuksel et al. analyzed the hydrogen generation and liquefaction from the
waste material-based combined system for energy and exergy performance. The
system showed good performance of the waste material gasification to produce H:
with the inspected indicators [33]. The overall system energy and exergy efficiencies
achieved were 61.57% and 58.15%, respectively. The rise in the waste material
gasification temperature enhanced the plant’s overall exergy efficiency to 60%, and

the hydrogen production rate rose to 0.077 kg/s.

Liao and Guo evaluated the performance of the SCWG installed with the
solar thermochemical receiver to generate solar heat for producing hydrogen from
biomass. The temperature of the SCWG was fed by the high-temperature fluid from
the solar receiver [123]. Therefore, the Hz yield produced by the SCWG was within
10-26 mol/kg. Hence, the solar receiver fulfilled the heating requirement of the SCWG
of biomass for hydrogen generation.
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Plasma Reforming

In the plasma zone, the electrons exist at very high temperatures, up to

15,000-20,000°C, and these electrons support the decomposing of the organic matter

in the feed. In contrast, inorganic matter deteriorates partially [112,124]. High

temperatures completely decompose waste plastics and other hydrocarbons into

syngas containing Hz, CO, and a few higher hydrocarbons; however, the system

temperature remains near room temperature, and in some reactors, it may reach 300-

400°C [125]. Putra et al. studied a banana's pseudo-stems Hz production potential

using an in-liquid plasma reactor [126]. The pseudo-stem with long fibres showed

70.7% H: yield and 98.8% H2 selectivity, making it an excellent raw material for H

production. Various plasma reactors used for generating Hz are discussed in Table 2.4.

Table 2.4. Various plasma reforming methods

(2019) [133]

NSc.). Author’s Name Relevant Findings
Dielectric Barrier Discharge Plasma Reactor
1. | Lee and Kim (2013) |e Methanol conversion enhances from 5.7% to 39.1% when electric
[18] discharge is raised to 4.0 kV voltage and 50 kHz.
The highest methanol conversion of 39.1% is achieved by 4.0 kV
discharge voltage and 50 kHz frequency at 180°C.
2. | Ulejczyk et At 20 W, the highest H, yield obtained is 137.76 L/h with a 3
al.(2019) [127] water/ethanol ratio and 1.4 mol/h feed rate.
Maximum ethanol conversion (71%) is achieved with a 5 water/
ethanol ratio at a 0.6 mol/h feed rate.
3. | Hayakawa et al. Generates hydrogen gas (99.99% pure) at a 20 mL/min rate at 400 W.
(2019) [128] Maximum H, production rate is achieved at 150 L/h of NH; flow rate
at 110 V, and the overall system obtains 28.5%.
4. | Hayakawa et al. Maximum H; production rate is obtained by 4.5 gap length and 400 W
(2020) [129] power with the H, purity of 100%.
The ammonia conversion rate achieved is 24.4%.
5. | Song etal. (2017) H; yield is enhanced from 23.1% to 28.4% at a 30 mL/min feed rate,
[130] CH./O;, ratio of 1, and discharge power of 100 W.
Methane conversion increases from 60.1% to 83.6%.
6. | El-Shafie et al. Maximum H; flow rate is achieved with a 0.2 L/h steam flow rate at
(2019) [131] 18 kV and 130°C PMCR heating temperature.
The water conversion rate obtained is 42.51%.
7. | Zhang et al. (2022) The background temperature played a significant role in n-CsHi
[132] conversion.
Conversion increases up to 225°C and then declines at 250°C.
8. | Shareei et al. The influence of applied voltage and Argon flow rate on CH,

conversion was studied.
About 99.9% methane conversion was observed at 1.84 synthesis gas
modules and 10 kV applied voltage.
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Nsc'). Author’s Name Relevant Findings
Gliding Arc Plasma Reactor
1. | Kimand Chun The highest conversion rate is obtained by 69.5 m/s injection gas
(2014) [134] velocity, 300 L/h CO; flow rate at 1 CH4/CO; ratio.
CO, destruction rates ranged between 35.7% and 42.6%.
2. | Lianetal. (2017) The highest CH4 conversion is obtained at 0.3 O,/C ratio, 0.5 S/C ratio,
[56] and 24 kJ/mol SELI.
74% and 0.45 kWh/Nm? are the energy efficiency and cost.
3. | Wang et al. (2019) The highest H; yield is achieved at 30 W input power, 0.71 O/C ratios,
[135] 6.5 mm discharge gap, and 24.7 s residence time.
The best H, energy yield of 94.5 L/kWh is achieved.
4. | Baowei etal. Ideal H; yield is achieved with a 0.68 O/C ratio, 18.4 s of residence
(2020) [136] time with Ar addition of 10 vol% at 32 W.
With 10 vol.% Ar addition, the reactor achieved 48.6% hydrogen
yield.
5. | Lian et al. (2020) CH, conversion and H; selectivity increase from 24.0% to 87.7% to
[137] peak value and H,O conc. from 0 to 95 mol%.
Water behaved as a homogeneous catalyst, CO oxidant, and side-
product.
Both the catalyst and oxidant behaviour of water enhanced hydrogen
production.
6. | Song etal. (2019) Optimal conversion is obtained by a 3 mm discharge gap and 20 kHz
[138] discharge frequency at 60 V.
A higher CH4/CO, ratio results in H, production, but CH. will remain
unreacted.
The ideal CH4/CO; ratio is 1-2.
7. | Wang et al. (2021) H, yield and H; energy yield of 50.1% and 94.5 L/kWh are achieved
[139] at 30 W input power, 0.71 O/C ratio, 6.5 mm discharge gap, and 24.7
s residence time.
Any fluctuation in the above parameters showed a significant decrease
in Hy yield, while CO and CHj, yield enhanced.
8. | Liuetal. (2022) Ethanol reforming for hydrogen production in a gliding arc plasma
[140] reactor was performed.
The authors achieved 38.6% of the highest H, yield during the
experimentation.
Microwave Plasma Reactor
1. | Czylkowski et al. Study determined the effect of spraying ethanol microdroplets into an
(2018) [141] N2 MW plasma flame at atmospheric pressure.
The highest H, production rate with 28% H, content is achieved by
ethanol and N gas flow rate of 3.7 L/h and 2700 L/h at 5 KW power.
2. | Czylkowski et al. The highest H production rate with 27.6% H- content is achieved by
(2017) [142] raising microwave power to 5 kW.
Increased ethanol mass flow rate resulted in higher H, production
efficiency.
3. | Sunetal. (2017) The highest H, flow rate with 58.1% H, content is achieved at 1500
[143] W and 70 vol% ethanol concentrations.
Syngas consisting mainly of H, and CO are produced in the reactor,
while CH4, C2H>, and CO, were present in the traces.
4. | Chehade et al. Ceriated tungsten showed higher H, production than pure tungsten.

(2020) [65]

The overall system attained 53% energy efficiency and 44% exergy
efficiency.
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Hrycak et al. (2019)
[144]

The highest H, production rate is achieved with a 6000 L/h flow rate
at 7.5 kW

A peak energy yield of 21 g/kWh is obtained at 4.5 kW, and a
maximum CH, conversion of 86.5% is achieved with a 3000 L/h flow
rate at 6.5 kW power.

Zhu et al. (2021)
[145]

Ethanol decomposes into CH3CHO and H, by high-energy electrons
and produces CH,4 and CH,0.
The H,O decomposes into *OH and *H radicals.

Zhu et al. (2022)
[146]

80 PPI Cu foamed metal suspended electrode shows a 31.5% increase
in total gas flow rate than no suspended electrode.

A 29.5 NL/min peak flow rate of total gas and 0.70 Nm%kWh peak
energy yield of H, production was obtained.

Akande and Lee
(2022) [147]

A 74.6%-97.7% rise in methane conversion was observed with an
increase in the S/C ratio.

The hydrogen production rate rises from 1532 g (H.)/h to 2247 g
(H2)/h when the absorbed microwave power is raised from 27 to 32
KW.

Pulsed Plasma Reactor

Moshrefi and
Rashidi (2018) [12]

The highest H; selectivity is achieved by 9 L/h CH, flow rate at 21 W
and 2000 rpm electrode speed.
An energy efficiency of 1.46 mol/kJ was obtained without a catalyst.

Kheirollahivash et
al. (2019) [13]

The highest H;, rate (7.96 L/h) is achieved with a 9 L/h CH, flow rate
at 20W and 200 rpm.
A 36.8 g/kWh of energy yield is obtained.

Morgan and
ElSabbagh (2017)
[15]

At 17.2 kV and 100 SCCM CH, flow rates, 85.6% and 40% CH,
conversion and H, selectivity are obtained.

Higher CH4 conversion (92%) reduces H, selectivity to 30.6% and H.
concentration percentage to 56%.

Xin et al. (2020)
[22]

Highest H, flow rate and energy yield are achieved at 30 kV and 50%
ethanol concentration in water.

Higher voltage helps jumping electrode balls enhance the randomness
and strength of discharge.

Lee and Park
(2020) [148]

1.41 L H, yield obtained by 1:4 ethanol/bio-oil ratio in 20 min.
At 1:1 ethanol/bio-oil and 5 min, the H, production reaches a
maximum containing 65.51% H; content.

Xin et al. (2021)
[149]

H; and CO consist of about 99% of syngas.
Both high peak voltage and appropriate electrode distance increase the
H; yield to the maximum value.

Ghanbari et al.
(2020) [150]

Effects of Argon flow rate applied voltage catalyst loading and were
determined.

A CHs conversion of 88.4% and 76.4% were achieved with and
without Ni-K;0/Al,O3 catalyst.

Chung et al. (2018)
[151]

TiO, photocatalyst addition showed an improved rate of H, evolution.
The H; evolution rate also increases with metal loading on the TiO,
surface.

Alcohol agent also increases the H, evolution considerably.
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4.3.1. Dielectric Barrier Discharge Plasma Reactor

In a DBD reactor, an alternating current (AC) potential difference is
applied between the electrodes. Here, the dielectric barrier that limits charge transport
between electrodes covers at least one of the two electrodes; this counteracts the
conversion of discharge into a thermal regime transition. The gas transition requires
electrodes in concentric cylindrical configurations. The electric discharge initiates

alcohol-water dissociation at a comparatively lower temperature.

In the optimization process, Lee and Kim examined the effects of various
parameters in methanol-water decomposition using a hybrid plasma-catalytic
(Cu/ZnO supported Al203 catalyst) reactor, where Copper (Cu) provides active sites
and Zinc oxide (ZnO) is a surface stabilizer [18]. It enhances methanol conversion
from 5.7% to 39.1% when raising the electric discharge to 4.0 kV and 50 kHz. The
result shows the significance of electric discharge in alcohol decomposition.

Ulbejczyk et al. performed ethanol conversion in a DBD reactor and
studied the effects of operating parameters on hydrogen production. Results showed
that the discharge power, water/ethanol ratio, and feed flow rate influenced the ethanol
conversion [127]. At 20W discharge power, 5 water/ethanol ratio, and 0.6 mol/h feed
flow rate, the maximum ethanol conversion (71%) is obtained. Zhang et al. used
simulated gasoline (n-CsHi2) to produce hydrogen-enriched syngas [132]. The
background temperature played a significant role in n-CsHi2 conversion, where the

conversion increases to 498°C and then declines to 523°C.

Hayakawa et al. designed a low-temperature plasma membrane reactor
(PMR) that continuously decomposes ammonia (NHs) into high-purity hydrogen gas
[128,129]. The PMR works stage-wise; firstly, plasma decomposes NHs into *H
radicals, then <H radical adsorption and penetration into the membrane surface takes
place, and finally, the <H radicals recombine to form hydrogen molecules. The process
generates hydrogen gas (99.99% pure, which feeds directly to the fuel cell) at a 1.2
L/h rate at 400 W input power. PMR gap length and gas differential pressure showed
a 120 L/h hydrogen flow rate against a 150 L/h ammonia flow rate at 110 V, giving
28% energy efficiency.
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Song et al. investigated the hydrogen production potential of a DBD
plasma reactor with & without a NiO/g-Al203 catalyst. The DBD plasma and NiO/g-
Al203 catalyst synergized, resulting in better CH4 conversion and Hz yield [130]. The
results showed improved CHa4 conversion from 60.1% to 83.6% and Hz yield from
21.3% to 28.4% using a honeycomb catalyst. The observation also showed that the
high temperature reduces Nickel oxide (NiO) to Nickel (Ni), affecting the catalyst life;
thus, a low temperature is favourable for longer catalyst life. King et al. determined
the hydrogen production rate from landfill gas/coal mine gas in a DBD reactor [152].
The catalytic DBD reactor generates about 1456 kL/h-Hz at 500°C and near

atmospheric pressure.

Shareei et al. studied the influence of applied voltage and Argon flow rate
on methane conversion. About 99.9% methane conversion was observed at 1.84
synthesis gas modules and 10 kV applied voltage [133]. Table 2.4 discusses other
modified DBD reactors, operating parameters, Hz yield, and production rate. The
observation shows that the hydrogen yield is mainly affected by discharge voltage (or
power) and feed flow rate. At the same time, temperature, electrode gap length, and

O/C ratio have a significantly less or negligible impact on hydrogen yield.
4.3.2. Gliding Arc Plasma Reactor

The gliding arc discharge is another plasma technique that produces warm
plasma at about 1000-3000 K gas temperature and, thus, possesses properties between
thermal and non-thermal plasmas. It is a transient arc discharge formed between two
flat diverging electrodes. The shortest inter-electrode space initiates the arc that glides
along the electrodes due to the gas blast and reaches the larger inter-electrode space

before it vanishes; then, a new arc is generated, and the process continues.

Lian et al. examined the behaviour of water (at several concentrations) in
a gliding arc plasma reactor for methane reforming [137]. During the process, water
plays a homogeneous catalyst and CO oxidant between 33 and 95 mol% content and
a side-product below 33 mol% concentration. Both a catalyst and an oxidant behaviour
of water enhanced hydrogen production, while the side-product behaviour resulted in

hydrocarbon formation, drastically reducing hydrogen production.
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Wang et al. examined the influence of various other operating parameters
in continuous n-heptane decomposition at room temperature and achieved 50.1% H:2
yield and 94.5 L/kWh H:z energy yield at 30 W input power, 0.71 O/C ratios, 6.5 mm
discharge gap, and 24.7 s residence time, respectively [135]. Any fluctuation in the

above parameters decreases H: yield, while CO and CHys yield increases drastically.

Kim and Chun designed a similar gliding arc plasma for CO:
decomposition and CH4 steam inflow and measured the effects of varying orifice
baffles in hydrogen-rich syngas production [134]. The orifice baffles with the smallest
inner diameter showed the highest CO2 destruction rate (42.5%) due to higher
retention time while achieving 48% methane conversion at a 300 L/h CO:2 flow rate.
In contrast, Lian et al. investigated the methanol-reforming in a gliding arc plasma
reactor and observed an 88% methanol conversion by 0.3 oxygen/methanol ratio, 0.5
steam/methanol ration, and 24 kJ/mol specific energy input, respectively [56]. It gives
high energy efficiency with low energy costs.

Piavis and Turn also fabricated a reverse vortex flow plasma reactor and
tested the reactor performance for methane reforming. The reactor achieved 66.5% H2
yield and 79.8% methane conversion at 43.5% efficiency and 144 kJ/mol specific
energy requirement [153]. In contrast, Song et al. examined the CH4-CO:2
decomposition in a rotating gliding arc reactor and observed a 1-2 CH4/COz ratio ideal
for hydrogen production, while a higher ratio resulted in incomplete CH4 reforming.
At the same time, the higher voltage and frequency enhance gas energy yield, whereas

overall energy consumption is improved.

Baowei et al. performed the toluene reforming in a gliding arc plasma
reactor while adding a smaller amount of Argon (Ar) gas[154]. With 10 vol.% Ar
addition, the reactor achieved a 48.6% H: yield and 60.2 L/ kWh H2 energy yield,
respectively. Ma et al. studied the potential of n-dodecane for hydrogen production in
a gliding arc plasma reactor [155]. The highest n-dodecane conversion of 68.1% gives
76.7% H2 selectivity, while the other products generated are acetylene and ethylene.

Both acetylene and ethylene help in the selectivity enhancement of light olefins.
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Liu et al. investigated ethanol reforming for hydrogen production in a
gliding arc plasma reactor and achieved 38.6% of the highest H2 yield during the
experimentation [140]. Table 2.4 discusses other gliding arc plasma reactors and
operating parameters for higher hydrogen yield. The hydrogen yield in the gliding arc
plasma reactor depends on the O/C ratio, power, and feed flow rate. The O/C ratio
between 0.4 and 0.7 at a power input of 30-32W is considered favourable for
maximum hydrogen production, while in the case of methanol, the power input can

reach as high as 120 W for effective results.
4.3.3. Microwave Plasma Reactor

A microwave (MW) plasma reactor is another plasma technique for
hydrogen production that works between 300 MHz and 10 GHz frequency range. It
utilizes electromagnetic radiation to excite electrons to higher energy levels, and these
excited electrons break the hydrogen bonds to form <H radicals, which later combine
to form Hz molecules [141,142]. The discharge initiation happens when gas flows
through a quartz tube and intersects with a rectangular waveguide. The plasma absorbs

wave energy, and MWs spread through quartz tubes.

Czylkowski et al. used a microwave plasma reactor and determined the
effects of spraying ethanol micro-droplets into Nitrogen (N2) MW plasma flame at
atmospheric pressure [141]. Direct spraying saved energy requirements for vaporizing
ethanol. The results show hydrogen concentration and production rate of 28% and
1043 L/h at 3.7 L/h ethanol flow rate and 5 kW microwave power. Wang et al.
investigated the liquid-phase methane reforming for hydrogen production in an MW
plasma reactor [156]. The highest Hz yield of 74% was achieved by 94.3% methane
conversion and 900W power.

Sun et al. described a significant hydrogen production process from
ethanol using a microwave discharge plasma reactor [143]. H2 and CO are produced
in the reactor, while other gases like CH4, C2H2, and COz are also in smaller quantities.
The highest hydrogen concentration and energy yields obtained are 58.1% and 48.32
g/kWh at 1500 W with 70% ethanol concentration in the solution. Thus, a feasible on-

board hydrogen production showed good potential with less energy demand.
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Czylkowski et al. examined the ethanol conversion in a similar MW plasma
reactor at atmospheric pressure by directly supplying ethanol from the induction
vaporizer to the plasma flame [142]. The experiments showed that microwave power
enhanced hydrogen production rate and volume concentration, while the increased

ethanol mass flow rate gave higher hydrogen production efficiency.

Ogungbesan et al. investigated the methane dissociation at atmospheric
pressure with a quartz tube to generate an MW plasma torch at 2 kW and 2.45 GHz
[157]. The temperature caused by the microwave plasma torch is as high as 5000 +

250°C, which is suitable for methane decomposition into hydrogen.

Chehade et al. designed an MW plasma reactor using a commercially
available 2.45 GHz microwave oven for water plasmolysis [65]. The steam at 107°C
enters the reactor, having a tungsten electrode with a flow rate of 2 bbl/s, and the
effects of pure and ceriated tungsten electrodes are examined. The ceriated tungsten
sustained a higher Hz rate, and the Hz production rate ranges between 1.65 and 4.7
L/h, respectively, while the highest hydrogen energy yield achieved is 13.3 g/kWh.
Therefore, the fabricated microwave reactor generates hydrogen through water
plasmolysis, making hydrogen production more affordable.

More MW plasma reactors with process parameters to achieve high H:
yield are depicted in Table 2.4. The MW plasma reactors are based on electromagnetic
waves; thus, the frequency of the electromagnetic waves, input power, and feed flow

rate plays a significant role in the hydrogen production rate.
4.3.4. Pulsed Plasma Reactor

Pulsed discharge is chemically active and produces high current density,
generating reactive ions, electrons, and radicals, which break the hydrogen bonds
[15,158]. Corona discharge and spark discharge are two pulsed electrode plasma forms
that depend on the variation in peak voltage. The low voltage generates corona
discharge, which appears as many streamers, while high voltage results in spark

discharge, which appears as a flash between electrodes.
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Morgon and ElSabbagh observed that the methane flow rate of 100
standard cubic centimetres per minute (SCCM) is more effective in CH4 conversion
than a 200 SCCM flow rate, while the CHa conversion raises with applied voltage in
both cases [15]. However, the Hz selectivity at low voltage has similar results (as CHa
conversion), and the opposite results were obtained at a voltage higher than 17 V. The
reactor showed 92% CHa conversion and 44.6% H: selectivity at specific input
conditions. Thus, the methane flow rate and applied voltage directly influence the
reactor's CHa4 conversion and H: selectivity. Meanwhile, a valuable by-product
(graphite oxide) is produced within the reactor by methane decomposition, which can
be collected and purified for different applications in electronics, optics, chemistry,

energy storage, and biology.

Xin et al. operated a pulsed discharge reactor with a needle-balls-like
electrode configuration, generating hydrogen at a 66 L/h flow rate and a 141.3 g-
(H2)/kWh hydrogen energy yield at 30 kV [158]. During the discharge shock waves,
the jumping of electrode balls increases the discharge randomness and strength, giving
a higher energy yield. The study also includes pulsed discharge through constant rate
comparison and found that formaldehyde (CH20) addition may significantly raise
hydrogen flow rate.

Moshrefi and Rashidi investigated the methane conversion into hydrogen
in a rotating plasma electrode reactor at almost ambient temperature and found no COx
radicals generation in the reactor [12]. The method showed about 60% methane
conversion and 1.46 mol/kJ energy efficiency without any expensive catalyst, thus

making the process more energy efficient than a fixed electrode reactor.

Kheirollahivash et al. developed a screw-type electrode and recorded the
reactor performance parameters to determine the impacts of arc extension and
electrode traveling at different angular velocities [13]. The maximum CHa4 conversion,
hydrogen production rate, and Hz energy yield obtained with the double-helix
electrode are 47%, 7.96 L/h, and 36.8 g/kWh, respectively. At the same time, it showed

a 2.1 g/h carbon decomposition rate, where carbon has a graphite-like structure.
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2.6.  Application in PEM Fuel Cell

Once the Hz was produced, its utilization in power generation becomes
very important. Various fuel cell technologies are available in the market, among all
the proton exchange membrane (PEM) fuel cell is chosen in this study. A PEM fuel
cell comprises an anode (negative), a cathode (positive), and an electrolyte. The fuel
(hydrogen) is supplied to the anode and air to the cathode. It converts the chemical
energy into electricity in a chemical reaction with oxygen (or any oxidizing substance).
Consider fuel cells like batteries drain over time; fuel cells don’t, and neither requires
recharging as batteries do. As long as fuel is supplied, it will keep producing electricity

and heat. The findings of work on PEM fuel cell are presented in Table 2.5.

Kumar and Subramanian determined the effects of various parameters on
the performance of a PEM fuel cell [159]. Oxygen-enriched air (up to 45%) showed a
9% and 33% improvement in voltage efficiency and power output due to more oxygen
reduction reactions. Whereas beyond 45% oxygen enrichment, the performance
declined due to increased stack temperature. In contrast, a 50°C optimal temperature
performed better between 40°C and 60°C. However, the hydrogen pressure showed

the most minor significance in the PEM fuel cell performance.

Tang et al. discussed the temperature sensitivity of a PEM fuel cell to
improve the durability and performance of the fuel cell stack [160]. Results showed
that increasing the temperature speeds up the electrochemical reaction rate; thus, a
significant rise in fuel cell performance was observed. In contrast, the higher
temperatures have inverse impacts on the water content that reduces the cell's power
output. Therefore, an optimal temperature must be mentioned to retain hydration in

normal fuel cell operations.

Wang et al. simulated the cathode channel's water removal and heat
transfer rate. It was observed that the inlet section has three evolution stages, whereas
the middle and outlet section has only two evolution stages [161]. The growth,
coalescence, and generation stages of water droplets occur in the inlet section of the
cell. In contrast, the middle and outlet stages involve growth and water film formation

to the upper channel surface.
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Table 2.5. Studies on the proton exchange membrane (PEM) fuel cell

,\?6. Author’s Name Relevant Findings
1. | Kumar and e Oy-enriched air improved 9% voltage efficiency and 33% power output.
Subramanian ¢ Rise in stack temperature declined the cell performance declined beyond
(2023) [159] 45% O, enrichment.
e 50°C optimal temperature gave a better performance.
2. | Eslami et al. o A 1-2% improvement in stack performance for relative humidity (from
(2023) [162] 50% to 100%) and stoichiometry of the cathode (from 1.02 to 1.60)
e Hydration of membranes and enhanced water and fuel management
improved the cell performance.
3. | Yangetal. (2022) |e At lower current density (say 200 mA/cm?), membrane dehydration and
[163] uneven water distribution were observed.
o Fuel cell performance is enhanced above 600 mA/cm? current density
o The best cell performance was achieved at 45°C and 2.2 m/s air velocity.
4. | Dhimishetal. e Maximum cell efficiency of 58% was measured at high hydrogen
(2021) [164] pressures.
e When voltage is dropped between 75V and 95V, the membrane
temperature reaches above 75°C.
o The cell efficiency reduced in the range of 33-37%.
5. | Al-Anazi et al. ¢ A significant variation was observed in PEM fuel cell performance
(2021) [165] during the winter and summer environment.
e About 12% lesser efficiency was calculated in the winter as compared
to the summer.
o Humidification during the peak summer interval showed a 40% output
enhancement.
6. | Carcadea et al. e GDL thickness results in the liquid water transport and gas flow rate in
(2020) [166] the fuel cell flow channel and catalyst layer.
e A rise in GDL (cathode) porosity from 0.4 to 0.78 enhanced cell
performance.
e A slight variation in GDL thickness can contribute to significant
variation in the cell performance.
7. | Uzunetal. (2020) |e Arise of up to 10% in fuel cell performance was achieved with the TSC
[167] at below 25°C ambient temperature.
e A 60% rise in the thermal efficiency based on solar radiations was
noticed.
8. | Omran et al. o Model shows a linear reliance between hydrogen feeding and the stack
(2021) [168] current.
o Peak overall system efficiency of 47.5% was achieved at half the rated
power of the fuel cell.
e About 4.6% discrepancy was obtained between model and experimental
values of the power output.
9. | Ratlamwalaetal. |e An increase of 40% in cell efficiency with the rise in the temperature.
(2012) [169] e Adecline of 38% in cell efficiency was noticed with the surge in current
density and membrane thickness.
e To obtain the maximum power output parameter optimization is
required.
10. | Tang et al. (2023) |e Increasing the temperature speeds up the electrochemical reaction rate.

[160]

Higher temperatures have inverse impacts on the water content that
reduces the power output of the cell.
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Eslami et al. studied the effects of various operating parameters on the
PEM fuel cell performance. The parameters studied include relative humidity,
temperature, pressure, and stoichiometry [162]. Results showed a 1-2% improvement
in stack performance for both relative humidity (from 50% to 100%) and
stoichiometry of the cathode (from 1.02 to 1.60). Hydration of membranes and
enhanced water and fuel management are behind the performance improvement.
Similarly, a 4-6% improvement was observed for the temperature (from 50°C to 80°C)

and reactants outlet pressure (from 0.5 bar to 2.0 bar), respectively.

Meng et al. investigated the effects of hydrogen circulation rate and water
management on PEM fuel cell performance [170]. When the hydrogen circulation rate
was increased, the lower liquid water was noticed in the cathode and anode flow
channels, reducing the cell performance due to the membrane and catalyst layer drying
that raised ohmic resistance. In contrast, the lower hydrogen circulation rate results in
the flooding at hydrogen and air inlet regions. Hence, the hydrogen circulation rate

must be raised with increasing current.

Yang et al. investigated the impacts of water transport mechanisms and
water distribution in an open-channel PEM fuel cell. Membrane dehydration and
uneven water distribution were observed at lower current density (say 200 mA/ cm?)
[163]. In contrast, at above 600 mA/ cm? current density, the cell performance is
enhanced due to increased cell temperature and air velocity that removes extra water
from gas diffusion and the catalyst layer. The best cell performance was achieved at
45°C and 2.2 m/s air velocity.

Al-Anazi et al. investigated the performance of a PEM fuel cell in winter
and summer conditions in Saudi Arabia using an Ansys model. A significant variation
was observed in PEM fuel cell performance during the winter and summer
environment [165]. About 12% lesser efficiency was calculated in the winter
compared to the summer due to the hot and humid conditions resulting in fast reaction
kinetics and membrane hydration. Furthermore, the humidification during the peak

summer interval showed a 40% output enhancement.
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Dhimish et al. studied the effects of temperature and operating voltage on
the performance and degradation of a PEM fuel cell. Maximum cell efficiency of 58%
was measured at high hydrogen pressures [164]. In contrast, the membrane
temperature ranged between 55°C and 95°C at 100 V of operating voltage. Whereas,
when voltage is dropped between 75V and 95V, the membrane temperature reaches

above 75°C, reducing the cell efficiency in the range of 33-37%, respectively.

During dead-end mode operation, Shateri and Torabi examined the
proton exchange membrane fuel cell performance with liquid water accumulation at
the anode. A large volume of liquid water accumulation was observed at the cathode
due to dead-end operation [171]. The accumulated water covers the catalyst, which
increases charge transfer resistance. The liquid water accumulation reduces the cell
performance; therefore, regular purging becomes very important in the fuel cell

operation.

Chinannai et al. studied the effects of temperature and coolant flow rate
on the performance and functioning of a PEM fuel cell stack [172]. Cell voltage
degradation forces to raise the coolant flow rate. The temperature rise inside the stack
does not always result in the voltage decline. However, the cause could be local current

density distribution as well. The voltage drop is an indication of cell malfunctioning.

Tao et al. identified the impacts of the cold start on the performance of
PEM fuel cells using an analytical model. The developed fuel cell model simulates the
catalyst layer and cold-start failure due to ice formation [173]. It was observed that an
uneven distribution of current density results in the ohmic resistance within the fuel
cell. The results showed the cold-start correlation between the experimental and

simulation results of the fuel cell.

Qu et al. examined the PEM fuel cell performance for high-temperature
applications [174]. Stable mechanical properties and high proton conductivity are
mandatory for the cell to work at high temperatures and non-humid conditions.
Phosphoric acid-doped polybenzimidazoles (PBI) are helpful when operating at higher
temperatures. It provides mechanical stability and high proton conductivity at dry and

high-temperature conditions.
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Kulikovsky developed a PEM fuel cell model to investigate the cell
impedance at variable airflow velocities in the cathode channel [175]. The oxygen
transport in the channel through higher air flow velocity showed lower resistivity. In
contrast, a relatively equal airflow velocity and cell potential showed total resistivity

compensation in the PEM fuel cell model.

Taner investigated the impacts of various operating parameters on the
thermodynamic efficiency of a PEM fuel cell [176]. A drop in thermodynamic
efficiency of the fuel cell was observed with increasing pressure and mass flow rate
of Hz. The decline in thermodynamic efficiency lies in the energy loss within the
energy system. The pressure and mass flow rate inversely affect the thermodynamic

efficiency.

Houreh et al. investigated the effects of different configurations of the
humidifiers at different PEM fuel cell operating conditions [177]. The counter-flow
humidifier showed a superior heat and water transfer rate than parallel and cross-flow
humidifiers. The cross-flow humidifier has a better heat transfer rate than the parallel-
flow humidifier. The reverse goes for the water transfer rate (i.e., the parallel-flow
humidifier has a better water transfer rate than the cross-flow). The wet side inlet

temperature significantly affects the humidifiers' performance in the fuel cells.

Carcadea et al. studied the impact of the gas diffusion layer (GDL) on the
PEM fuel cell performance [166]. The GDL Thickness has noteworthy effects on the
cell performance because the GDL thickness results in the liquid water transport and
gas flow rate in the fuel cell flow channel and catalyst layer. A rise in GDL (cathode)
porosity from 0.4 to 0.78 enhanced cell performance due to reduced mass transport
resistance. Therefore, a slight variation in GDL thickness can contribute to significant

variation in the cell performance.

Strahl et al. studied the effects of temperature on the PEM fuel cell
performance. The study revealed a positive impact with the temperature rise due to
lowering the activation barriers [178]. The lower water content due to higher
temperature also reduced the electrochemical active sites in the cathode catalyst layer.

Hence, temperature control becomes an essential parameter for fuel cell performance.
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Ratlamwala et al. designed a proton exchange membrane for a fuel cell
system and analyzed its performance with the temperature and membrane thickness
[169]. Results showed an increase of 40% in cell efficiency with the rise in the
temperature. In contrast, a decline of 38% in cell efficiency was noticed with the surge
in current density and membrane thickness. Therefore, to obtain the maximum power

output, parameter optimization is required.

Chugh et al. evaluated the performance of the PEM fuel cell and identified
the various influencing parameters in fuel cell operation. The rise in the temperature
improved the fuel cell performance as the gas diffusivity and current density improved
at elevated temperatures [179]. The higher operating pressure also enhanced the cell
performance. Humidification has a low impact on cell performance, but the fully

hydrated membrane still showed the best outputs from the cell stack.

Uzun et al. examined the performance of a PEM fuel cell when the air is
pre-heated using solar energy. The transpired solar collector (TSC) is used in the study
to pre-heat the air [167]. It was observed that a rise of up to 10% in fuel cell
performance was achieved with the TSC during below 25°C ambient temperatures. At
the same time, a 60% improvement was noticed in the thermal efficiency based on
solar radiation. Hence, about 30-70% enhancement in the cell efficiency was detected

with the solar air pre-heater for cathode inlet air.

Omran et al. developed a PEM fuel cell mathematical model in MATLAB
Simulink software to enhance the overall system efficiency and output power [168].
A linear dependence was observed between hydrogen feeding and the stack current.
The peak overall system efficiency of 47.5% was achieved at half the rated capacity
of the fuel cell. About a 4.6% discrepancy was obtained between the model and

experimental values of the power output.

Mubin et al. investigated the performance of a PEM fuel cell at varying
temperatures and pressure. The fuel cell performed better at higher temperatures and
gas pressure values [180]. The fuel cell malfunctioning could occur when the
temperature and pressure reach beyond a particular limit. It becomes essential to

identify the working temperature and gas pressure to obtain the best power output.
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2.7. Summary from the Literature Review

The following conclusions were drawn from the literature after studying

and reviewing the works of various researchers/ scientists:

X Steam reforming is an energy-intensive method for hydrogen production.

X Low H2 yield and H: selectivity and high CO2 emissions are other drawbacks
of hydrogen production via steam reforming.

X On the other hand, electrolysis is unreliable and has small-scale applications.

X Electrolysis also has problems like membrane corrosion, shorter life, and
expensive catalyst requirements.

> Gasification has economic vial infrastructure; however, the feedstock
purification and low system efficiency restrict its usage.

X Gasification produces gas containing impurities and tar formation; therefore,
an additional carbon capture and storage unit must be installed, increasing
cost and energy requirement.

«  Anaerobic fermentation (Biohydrogen) is a bacterium-based process;
therefore, bacterium sensitivity must be examined regularly.

X Plasma reforming is highly efficient and cost-effective; however, low H2
production rate and small-scale production applications are drawbacks.

X Plasma reforming is divided into four main categories with advantages and
limitations.

X Dielectric barrier discharge requires costly catalysts, and the catalyst has a
shorter life.

X Gliding arc plasma uses two bean-shaped electrodes where plasma glides
from the lower end to the upper end of the electrode. Low-feed plasma
interaction is a big concern.

<> Microwave plasma produces comparatively higher Hz yield; however, higher
electricity requirement makes it low energy efficient.

X Pulsed plasma has a low H2 production rate since the plasma production is

not continuous.



69

2.8. Literature Gaps

The following literature gaps were observed during studying and

reviewing works of various researchers/ scientists:

X Plasma reforming is highly efficient and cost-effective; however, low H:
production rate and small-scale production applications are not properly
investigated.

X Dielectric barrier discharge requires costly catalysts, and the catalyst has a
shorter life; the work on catalyst life assessment is limited.

X Gliding arc plasma uses two bean-shaped electrodes where plasma glides
from the lower end to the upper end of the electrode. Low-feed plasma
interaction is little explored.

X Microwave plasma produces comparatively higher Hz yield, but its energy
efficiency is not investigated.

X2 Pulsed plasma has a low H2 production rate since the plasma production is
not continuous. The parameter optimization is roughly available.

X The simulation-based study is also missing for the parameter optimization to

enhance the Hz production.

Therefore, a continuous plasma generation unit must be developed after
determining the literature gaps. The continuous plasma generation will improve the

interaction between plasma and feed, thus enhancing the Hz yield.

2.9. Objectives
The major objectives of the present study are:

1) To design and develop a Hydrogen Production system.

2) To optimize the performance parameters in Hydrogen production to increase
the yield and purity of the Hydrogen.

3) To investigate a fuel cell using Hydrogen.

4) To optimize the process parameters using Simulation software.
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CHAPTER 3

METHODOLOGY

The various phases of the research activity are as discussed below:

» Phase 1: Conducted an extensive literature survey and analysed the potential
of various hydrogen production methods

» Phase 2: Design and fabrication of experimental setup for plasma reforming
of alcohol-water mixture.

» Phase 3: Characterised feed and identified the potential for Hydrogen
production method in plasma reformer.

» Phase 4: Determined the effects of operating parameters and optimized
influencing parameters to enhance hydrogen production rate.

» Phase 5: Developed a simulation model for hydrogen production and
optimised the parameters for hydrogen selectivity and feed conversion rate
(methanol-water mixture).

» Phase 6: Purified and characterized produced gas for hydrogen purity
produced during experimentation.

» Phase 7: Performed experimentation on proton exchange membrane (PEM)
fuel cell and regulated the input parameters for low feed flow rate and variable

gas pressures.
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Phase 1: Conducted an extensive literature survey and analysed the potential of

various hydrogen production methods.
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Figure 3.1. Various hydrogen production methods studied

An extensive literature review was performed to understand the various
hydrogen production methods as stated in Figure 3.1. The working principles, raw
materials and output gaseous mixture was studied thoroughly. The study revealed that
among all hydrogen production methods, plasma reforming process was not much
explored and there are still many loop holes that may be filled by extending the
research towards this field. Therefore, the plasma reforming process was considered

in the present study.
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Phase 2: Design and fabrication of experimental setup for plasma reforming of

alcohol-water mixture.
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The research work required fabrication of a plasma reformer generator.
The designing and fabrication process was performed within the laboratory and the
plasma reformer fabricated is shown in Figure 3.2. A high voltage was generated using
flyback transformer that has the potential of converting voltage at about 1 to 10 kV
from an input of few volts. The two electrodes, one cylindrical road and another
magnetic ring-type were used. The gapping between the two electrodes was
maintained so that the plasma from one electrode may jump to another electrode. The
magnetic ring-type electrode does not allow the jump from cylindrical electrode at
single point, thus, a vortex at the reactor zone was created. Different atomizer having
frequencies, 0.3 MHz, 1.7 MHz and 2.4 MHz were used to atomize water-alcohol

mixture.
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Phase 3: Characterised feed and identified the potential for Hydrogen production

method in plasma reformer.

Water
Feed Characterization and Potential for Plasma
; Methanol
Reforming :
Mixture

Figure 3.3. Raw material for plasma reformer

Table 3.1. Percentage content of raw material.

Water content (% vol.) 100 95 90 85 80 75 70 65
Methanol content (% vol.) 0 3 10 15 20 25 30 35

After through literature review, it was found that water-alcohol mixture
has very high potential of generating hydrogen. The commercial grade methanol
(ONGC/LPG/09/2015) and distilled water (de-ionized/ de-mineralized) were procured
to prepare a water-methanol mixture at different methanol concentrations to be fed
into the reactor. All the chemicals were high-grade and did not require any further
processing to prepare samples for plasma reformer feed. The various samples tested
in the plasma reactor are presented in Figure 3.3. The samples contained a water-
methanol mixture in different compositions. The composition of various feeds is
depicted in Table 3.1.
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Phase 4: Determined the effects of operating parameters and optimized influencing

parameters to enhance hydrogen production rate.

Experimentation: Effects of Parameter
Determination and Optimization of Hydrogen
Production Rate

DoE (RSM) &
ANN-GA

Figure3.4. Samples for parameter optimization

Table 3.2. Sample content for optimization

Water content (% vol.) 95 80 65 Optimized
Methanol content (% vol.) 5 20 35 Value

The process of water-methanol reforming was carried out in the plasma
reformer. The plasma arc created in a high-temperature zone was used to break down
the hydrogen bond of the feed, that splits water and methanol molecules into species
like H, CO, and O ions. The process was then optimized using three different samples
as shown in Figure 3.4. Whereas the content % by volume of water and methanol is
depicted in Table 3.2. Here, ‘Sample O’ denotes the optimized values generated using

RSM and ANN-GA model.
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Phase 5: Developed a simulation model for hydrogen production and optimised the

parameters for hydrogen selectivity and feed conversion rate (methanol-

water mixture).
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Figure 3.5. Simulation model for plasma reforming

A simulation model was developed, where an equilibrium reactor is used
in the reforming process, and examined the effects of parameters like temperature,
pressure, and Methanol-to-Water (M-to-W) molar ratio as shown in Figure 3.5.
Hydrogen mole fraction and selectivity increase by roughly 18.5% and 10.5% when
the reaction temperature increases from 100°C to 400°C. The effects of parameters in
simulation model are investigated using RSM model where and DoE was generated
and parameters were optimised for improved hydrogen selectivity and feed conversion

rate.
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Phase 6: Purified and characterized produced gas for hydrogen purity produced during

experimentation.

3 ! ’
Deflated Tedler Bag ms;::::;z::g

Figure 3.7. Gas chromatography for sample characterization

The gaseous mixture would contain compounds like Hz2, CO2, and CO. the
samples from plasma reform and purification unit were collected in tedler bags (Figure

3.6), and tested using Agilent make GC-TCD for gas composition (Figure 3.7).
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Phase 7: Performed experimentation on proton exchange membrane (PEM) fuel cell

and regulated the input parameters for low feed flow rate and variable gas

pressures.
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Figure 3.8. PEM fuel cell test setup

A proton exchange membrane (PEM) fuel cell containing 48 cells and a
rated power of 1000 W was used as shown in Figure 3.8. The peak power was attained
at about 28.8 V potential difference and 35 A current. The resistance was varied using
a rheostat attached to the system and I-V characteristic, P-V characteristic and fuel
stack efficiency were measured. The input parameters were regulated at lower
hydrogen flow rate and gas pressure was varied to understand the performance of fuel

cell at variable input parameters.
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CHAPTER 4

HYDROGEN PRODUCTION AND OPTIMIZATION

4.1. Overview

Hydrogen energy is a non-polluting energy source. The commercial usage
of hydrogen energy started long ago, but the production processes are still
conventional [28,181]. About 97-98% of production was from steam reforming of
natural gas, and 2-3% was from water electrolysis [11,18]. Water electrolysis is a
cleaner hydrogen production process when combined with other renewable energy
sources. In contrast, the hydrogen production rate for water electrolysis is very low.
Hence, the industries were forced to consume hydrogen produced from conventional
processes using non-renewable and polluting raw materials [182,183].

The over-exploitation of non-renewable energy sources has created many
environmental problems. A group of countries sits annually for an annual
environmental issues analysis and prepares a report on the actions taken and future
roadmaps. This report was published as the ‘CoP Sustainability Report’. The primary
objective of the CoP is “To prevent global temperature surpassing 2°C by the end of
the century, and progress towards this target is reviewed each year at the event.” The
CoP-26 was held in Glasgow, Scotland, United Kingdom [184]. The 197 parties in the
event prioritized using low-carbon alternatives of energy sources. In addition, the
CoP-27 held in Sharm El-Sheikh, Egypt, focused on carbon neutrality in energy
sources [185]. Meanwhile, the recently held CoP-28 in Dubai, United Arab Emirates,
debated whether fossil fuel phase-down or complete phase-out [186]. Hence,
alternative energy sources were required to be produced from renewable and

environmentally friendly raw materials such as biomass-based sources.
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There are many such contenders for raw materials of alternative energy
like biomass, biogas, biodiesel, and alcohol. In alcohols, the methanol has the highest
hydrogen content, about 12.5% w/w of hydrogen. Methanol is considered carbon-
neutral and can be produced from renewable sources by processes such as
fermentation [21]. Wu et al. used methanol for the production of hydrogen in a steam
reforming (SR) process [187]. The best result was obtained at 3600 mL/g.h gas hourly
space velocity (GHSV) was 98% methanol conversion, whereas 6000 mL/g.h GHSV
showed a 100.8 mL/min reformate flow rate. In contrast, Ranjekar and Yadav analyzed
the reaction mechanism and reaction pathways involved in the methanol-reforming
process [188]. Bepari et al. discussed the catalytic effects of carbon catalysts in
methanol-reforming. The result showed 46% methanol conversion at 300°C while
40% methanol conversion at 250°C and gave more than 90% hydrogen selectivity with
good stability for 42 hours [189]. Hence, methanol is a good raw material for hydrogen
production; however, the most widely used method of hydrogen production is steam

reforming.

Pinzari used nanocrystalline TiO2 to produce hydrogen in a methanol
reformer for enhanced methanol conversion. The testing was performed between
200°C and 400°C at 50.0 h™* GHSV [190]. It was observed that TiO2 nanocrystalline
improved the methanol conversion and hydrogen production. Jin et al. performed
methanol reforming using NiTiOs nano-catalyst and obtained a significant rise in
hydrogen production [191]. The higher methanol conversion (> 95%) and about 90%
hydrogen selectivity were achieved at 550-600°C. The study also showed that
methanol decomposition was dominated at low temperatures, whereas higher
temperatures showed dominance in the methanol-water decomposition. Mironova et
al. studied methanol steam reforming using a metal-carbon catalyst for hydrogen
production and found good stability for continuous operation for more than 30 hours
[192]. Hafeez et al. conducted modelling of a methanol-reforming micro-reactor for
hydrogen production. The computational fluid dynamics analysis showed higher
methanol conversion while rising temperature, steam-to-methanol ratio, and residence
time [193]. Hence, these parameters are significant for enhanced hydrogen production

through methanol-reforming.
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In contrast, Budhraja et al. generated a methanol-reforming model and
observed 95% methanol conversion at 400°C. Meanwhile, the methanol-to-water ratio
enhanced methanol conversion [194]. The reaction temperature significantly affected
hydrogen production and showed a 10.5% rise in hydrogen selectivity from 100°C to
400°C [195]. Chen et al. simulated an integrated methanol-reformer and used heat
from a proton exchange membrane fuel cell [196]. The study conducted a systematic
investigation to understand the effects of various parameters. The steam-methanol
ratio and reformer temperature significantly influenced the hydrogen production. Zhao
et al. used a hybrid methanol reformer assisted with solar energy. The system utilized
solar heat and heat from proton exchange membrane fuel cells for methanol
conversion [197]. Thus, the study showed the importance of temperature in the
methanol-reforming process. Wang and Wang performed methanol-reforming for
hydrogen production in a micro-reactor reaction chamber. An increase of 2.6% and
5.46% in hydrogen production rate and methanol conversion was attained at 270°C

and 0.95 h't space velocity [198].
4.2. Materials and Method

The raw materials and the production process used were discussed, and
the purification method, mathematical calculations, and analysis implemented were

also proposed in this section.
4.2.1. Materials

The commercial grade methanol (ONGC/LPG/09/2015) and distilled
water (de-ionized/ de-mineralized) were procured to prepare a water-methanol
mixture at different methanol concentrations to be fed into the reactor. All the
chemicals were high-grade and did not require any further processing to prepare
samples for plasma reformer feed. The various samples tested in the plasma reactor

are presented in Figure 4.1.
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Figure 4.1. Water-methanol mixtures feed into the plasma reformer

The samples contained a water-methanol mixture in different

compositions. The composition of various feeds is depicted in Table 4.1.

Table 4.1. Composition of water-methanol feed

Sample No. Water Content (%0age) Methanol Concentration (%age)

1 100 0

2 95 5

3 90 10
4 85 15
5 80 20
6 75 25
7 70 30
8 65 35

4.2.2. Feed Atomization

The water-methanol mixture cannot be fed directly to the plasma reformer/
reactor; therefore, the feed atomization was carried out. Three different ultrasonic
transducers (or atomizers) with frequencies of 0.3 MHz, 1.7 MHz, and 2.4 MHz were
installed for feed atomization. The average droplet size for 0.3 MHz, 1.7 MHz and 2.4
MHz are 200 nm, 130 nm and 50 nm, respectively [199]. The ultrasonic transducers
and their circuit are shown in Figure 4.2. The working principle of the ultrasonic
transducer depends on the sound frequency at the ultrasonic level generated by the
metal diaphragm connected with the piezo-ceramic element. The ultrasonic sound

waves vibrate the metal diaphragm to convert liquid feed into minute droplets with a
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diameter within a few nanometres (nm) range. The atomized feed was then fed into

the plasma reformer for further processing.
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Figure 4.2. Various ultrasonic transducers with circuit

4.2.3. Plasma Reforming Process

The process of water-methanol reforming was carried out in the plasma
reformer designed and developed within the laboratory (shown in Figure 4.3). The
plasma reformer consists of two electrodes (one cylindrical copper-based alloy and
another neodymium-based ring-type magnet) placed in a cylindrical tube of inner
diameter 20 mm. A high-voltage generator was designed with a flyback transformer
that generated a potential difference between 1.0 kV and 10 kV at the output terminals.
The atomized feed was fed into the reformer and passed through the two electrodes.
The plasma arc jumps from the Cu electrode to the magnet electrode when the distance
between the two electrodes ranges from 7 mm to 13 mm. The plasma arc created a
high-temperature zone that breaks down the hydrogen bond of the feed. Hence, water
and methanol molecules split into species like H, CO, and O ions. These ions
recombine to form compounds like Hz, COz, and CO. The Hz molecules were
separated and stored in hydrogen storage bags, and tedler bags of 1 L were used to

collect samples to test the product's purity.
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Figure 4.3. Experimental setup for plasma reforming

4.2.4. Hydrogen Purification

The hydrogen purification becomes very necessary to obtain pure hydrogen
for applications such as fuel for fuel cell and other industrial applications. The gaseous
mixture coming out the plasma reformer consists of Hz, N2, CO, COz etc. the hydrogen
purification was performed by passing pressurised gaseous mixture through zeolite
sieve. The void diameter of zeolite sieve was slightly more than the kinematic diameter
of hydrogen molecules; thus, the hydrogen molecules pass through the sieve whereas
other gaseous molecules being larger than the void diameter got stuck. Once the first
sieve got chocked from larger gaseous molecules, the other sieve began working and
a small amount of hydrogen gas after purification passes through first sieve in the
reverse direction. In this process, the chocked voids get unblocked and become ready
for operation after the second sieve got chocked. Therefore, an automatic ON/OFF
switching of zeolite sieve perform a continuous hydrogen purification. The purified
hydrogen was taken for sample testing in tedler bags for qualitative analysis using a

gas chromatography.
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4.2.5. Hydrogen Production Rate

The amount of hydrogen gas produced during the plasma reforming

process was measured in hydrogen production rate, Ry, (mol/day) using Equation

(4.1),
= TH 4.1)

Where Wy, represents the amount of hydrogen produced in mol, and T represents the

total time in hours.
4.2.6. Response Surface Methodology

The experimental variables in the hydrogen production process were
optimized using the response surface methodology (RSM). As depicted in Table 4.2,
the central composite design (CCD) generated a 20-run design of experiments (DoE)
with three input variables at three levels. The RSM model generated empirical
relationships between input and output variables to investigate the impacts of the
various parameters at different levels. The various input variables involved in
generating DoE for CCD were feed flow rate (FFR), methanol concentration (MeOH),
and input voltage (\Voltage).

Table 4.2. Operating parameters for the RSM model

) Levels
Parameter Unit
-1 0 1
P-Feed Flow Rate LPM 0.5 25 4.5
Q-Methanol concentration % 5 20 35
R-Voltage kv 4 6 8

A CCD design consisting of 6-central, 6-axial, and 8-factorial points was
used to generate a quadratic Equation (4.2) that represented Y as the response variable
(Hydrogen production rate); P, Q, and R as input variables (depicted in Table 4.2); 8

as intercept; S;, B, and B5 as first-order coefficients; S,, Bs and B, as interactive
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coefficients; S, B and Sy as a second-order coefficient and S,, as associated error,

respectively.

Y =By + B1(P) + B2(Q) + B3(R) + B (PQ) + Bs(QR) + Bs(RQ) + B,(P?) +
Bs(Q*) + By (R*) + Bio (4.2)

In the earlier study, Budhraja et al. used RSM-CCD to optimize hydrogen
production from a water-methanol mixture via a reforming process [195]. The
optimized hydrogen selectivity of 84.81% was achieved against the maximum
simulated hydrogen selectivity of 82.76%. Similarly, in another study, Budhraja et al.
optimized biohydrogen production using an anaerobic digester [200,201]. The
optimized hydrogen yield of 25.27% was found against the maximum yield of 24.6%.
In another study, Budhraja et al. optimized the biodiesel yield using the RSM model
and observed a 92% optimized yield against 89% of the maximum experimental
biodiesel yield [202].

4.3. Results and Discussions

This section describes the results obtained during experimentation and
analyses the results through discussions. The effects of various process parameters,
namely input voltage, methanol concentration, and feed flow rate, were studied. The
three ultrasonic transducers with ultrasonic frequencies of 0.3 MHz, 1.7 MHz, and 2.4
MHz were used to atomize the water-methanol mixture, and the effects with different
parameters were observed. The results obtained were discussed separately for each
parameter, taking the other two parameters constant. The regression analysis and the
interactive effects of the various parameters were also studied. The optimized results

were obtained and compared with the experimental results obtained.
4.3.1. Effect of Parameters
a) Input Voltage

The input voltage is a significant parameter of plasma generation. A
minimum and maximum input voltage is necessary for an electron to jump from one

electrode to another in the air. The lower voltage will not produce enough energy for
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an electron jump. Meanwhile, the higher voltage will make a continuous electron jump
from a single closest point between two electrodes. Hence, a specific voltage range
will produce a plasma vortex due to the magnetic effect.
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Figure 4.4. Hydrogen production rate with respect to input voltage

Figure 4.4 shows the influence of the input voltage from 4.0 kV to 8.0 kV
on the hydrogen production rate (mol/day). The input voltage range was maintained
between 4.0 kV and 8.0 kV because the electrons jump was not observed below 4.0
KV; hence, there was no plasma generation. In contrast, above 8.0 kV made a
continuous electron jump from a single point, and no plasma arc vortex was generated.
Therefore, the input voltage range was maintained between 4.0 and 8.0 kV. A water-
methanol mixture with a 35% MeOH and FFR of 4.0 LPM was maintained.

The behaviour of three different curves for 0.3 MHz, 1.7 MHz, and 2.4
MHz ultrasonic transducer was represented in Figure 4.4. The Hz production rate was
observed between 215 mol/day and 306 mol/day. The highest HPR was achieved with
a 2.4 MHz ultrasonic transducer followed by 1.7 MHz and 0.3 MHz transducers. The
hydrogen production rate increased with the increase of input voltage and reached the
peak value at about 7.5 kV. Beyond 7.5 kV, the hydrogen production rate showed a

slight decline. The higher input voltage generated enough energy to ionize the
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atomized water-methanol mixture. The ionization led to the breakdown of hydrogen
bonds and, thus, generated hydrogen ions that combined to form hydrogen molecules.
About a 14% rise in hydrogen production rate was observed when input voltage was

increased from 4.0 kV to 7.5 kV for a 2.4 MHz ultrasonic transducer.
b) Methanol Concentration

The methanol concentration in the mixture affects the hydrogen yield (or
hydrogen production rate) during the plasma reforming process. The higher hydrogen
content in the methanol, as opposed to water molecules, produces more hydrogen
when the reforming process occurs. The methanol concentration range was maintained
between 0% and 35% during the experimentation. The lower limit (0%) represents
100% water and no methanol content, whereas 35% means 65% water and 35%
methanol content by volume. Beyond 35% methanol concentration, it was observed
that the atomized mixture caught fire and started burning within the plasma reactor.

Therefore, the methanol concentration was maintained below 35%.
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Figure 4.5. Hydrogen production rate with respect to methanol concentration

Figure 4.5 depicts the influence of methanol concentration on hydrogen
production rate. The methanol concentration was maintained between 0% and 35%,

and the input voltage and feed flow rate were retained at 3.5 kV and 4.0 LPM,
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respectively. The various curves represented the ultrasonic transducers of 0.3 MHz,
1.7 MHz, and 2.4 MHz frequencies. Figure 4.5 showed that the highest hydrogen
production rate was attained with a 2.4 MHz ultrasonic transducer followed by 1.7
MHz and 0.3 MHz transducers. The higher ultrasonic frequency tends to atomize
liquid mixture molecules at finer droplets. The smaller the molecular droplets, the
more smoothly molecular bond breakage occurs. The results showed a 90% rise in
hydrogen production rate from 0% to 35% methanol concentration. A similar trend
was observed for all ultrasonic transducers. Therefore, the higher methanol
concentration in the water-methanol mixture gave a higher hydrogen production rate,
and the highest hydrogen production rate of 306 mol/day was achieved for 35%
methanol concentration using a 2.4 MHz ultrasonic transducer at 3.5 kV input voltage
and 4.0 LPM feed flow rate.

C) Feed Flow Rate

The feed flow rate is the amount of raw material (of feed) fed to the reactor
at a given interval of time. The feed flow rate directly impacts the production rate
because the more feed available, the more the product will generate. Here, the feed
flow rate considered was between 0.5 LPM and 4.5 LPM. The experiments were also
performed beyond 4.5 LPM, but the hydrogen production rate declined significantly.
The other parameters, like input voltage and methanol concentration, were maintained
at 3.5 kV and 35%.
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Figure 4.6. Hydrogen production rate with respect to feed flow rate

The influence of feed flow rate on hydrogen production rate for different
ultrasonic frequency transducers was represented in Figure 4.6. The ultrasonic
frequencies generated were 0.3 MHz, 1.7 MHz, and 2.4 MHz for feed atomization.
The results showed a sudden rise from about 40 mol/h to 272 mol/h when the feed
flow rate was increased from 0.5 LPM to 3.0 LPM for a 2.4 MHz ultrasonic transducer.
It raised about 6.5 times the initial value, whereas the peak (288 mol/day) of hydrogen
production rate was achieved at 3.5 LPM, and the rise was about 13%. The hydrogen
production rate declined with a further rise in the feed flow rate. Similar trends were

observed for 0.3 MHz and 1.7 MHz ultrasonic transducers.

Meanwhile, the highest H2 production rate was obtained using a 2.4 MHz
ultrasonic transducer. The higher feed availability in the reactor reduced the tendency
of feed ionization, and much of the feed passed without contacting the plasma arc
zone; therefore, fewer water-methanol molecules broke down to form radicals. In
contrast, the lower feed flow rate reduced feed availability for reforming. Hence, the
feed flow rate between 3.0 LPM and 4.0 LPM was considered significant for a higher

H2 production rate at 3.5 kV input voltage and 35% methanol concentration.
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Beyond 4 LPM flow rate the hydrogen production rate start decreasing;
however, the declining curve was smoother. The reason behind this behaviour was raw
material flooding. Higher feed flow rate effects the plasma generation. At some
instances, it was observed that the plasma vortex was not developed and the electron
jump was occurring at a single point. It restricted the interaction between plasma and

atomized feed, as a result, the hydrogen production rate started reducing.
d) Optimal Parameters

Optimization aims to generate the best possible output from different
combinations of input parameters. The output could be maximizing, minimizing,
targeting, or maintaining a range of values, and the inputs are adjusted so that the
response was satisfied. Table 4.3 shows that percentage errors for hydrogen
production rate using RSM.

Table 4.3. Optimal parameters for HPR using RSM

Parameters Hydrogen Production
Transducer rate (mol/day) %age
Frequency | Feed Flow Methanol Voltage orror
(MHz) Rate concentr (kV)g Predicted Experimental
(LPM) ation (%)

0.3 4.5 35 7.86 229.2 2184 4.7

1.7 4.5 35 7.50 264.9 247.7 6.5

2.4 4.5 35 7.54 285.8 269.2 5.8

4.3.2. Hydrogen Purification and Qualitative Analysis

The purity of a compound becomes an essential criterion for its
application. Similarly, Hz applications like fuel cells for power generation demand Hz
gas input with a purity level of about 99.9% in proton exchange fuel cells. Hence,
much research has been conducted to separate Hz2 from a mixture of Hz-rich gases.
Here, a Hz purification unit that works on the principle of oxygen concentration was
used; the composition of a gaseous mixture containing gases like Hz, carbon dioxide,
nitrogen, and oxygen was determined using Agilent make gas chromatography (GC)
having thermal conductivity detector (TCD). The chromatogram showing gas

composition before purification is represented in Figure 4.7.



91

3.012 Carbon dioxidh
H 6898 Nittogen

———=F> 3.012 Carbon dioxide

Figure 4.7. Composition of the gaseous mixture

The oxygen concentrator-type hydrogen purification unit has a
compressor that compresses the gaseous mixture from the plasma reformer. The
compressed gaseous mixture was then passed through a zeolite sieve membrane with
avoid diameter just above the kinematic diameter of Hz. Thus, the hydrogen molecules
passed from the zeolite sieve membrane, leaving carbon dioxide, nitrogen, and other
gases with bigger molecular diameters than sieve voids. However, in the process, the
oxygen molecules also pass through the sieve because of their smaller molecular
diameter than sieve voids. Therefore, the raw material chamber was kept oxygen-free
by air tightening and injecting nitrogen gas from a nitrogen gas cylinder, allowing the

nitrogen gas to flow for about 5 minutes before starting the plasma reformer.

Figure 4.8. Gas composition of purified gas
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The gas composition was also measured after the gaseous mixture passed
through the hydrogen purification unit. The samples were collected in tedler bags of 1
L capacity and analyzed again in the GC-TCD. The chromatogram showing qualitative
analysis was conducted in Figure 4.8. The results showed that the uncleaned gaseous
mixture had about 32.2% hydrogen content. In contrast, the hydrogen content
observed was 99% when passed through the hydrogen purification unit. In contrast, a
small fraction of about 1% of oxygen was also present after purification. It was due to
methanol-reforming, which contains oxygen content. The oxygen molecules may be
captured using oxygen absorbers, and hydrogen gas of purity of more than 99% may

be obtained.

4.4. Response Surface Methodology
4.4.1. Empirical Design & Regression Analysis

The three process parameters involved in the optimization process are feed
flow rate (FFR), methanol concentration (MeOH), and input voltage (\VVoltage). Table
4.2 shows that a DoE was generated in CCD for three factors at three levels. A 20-run
design matrix for hydrogen production rate (HPR) was developed using three different
ultrasonic frequency transducers (0.3 MHz, 1.7 MHz and 2.4 MHz). The residual (or
percentage error) was computed using actual and predicted values received through

analysis and depicted in Table 4.4.

Experimental randomizations reduced the response variations. The
predicted values were produced through a response model for each ultrasonic
frequency transducer {Equation (4.3), Equation (4.4) and Equation (4.5)} with a 95%
confidence level. Here, the terms FFR, MeOH, and Voltage were linear; (FFR)?,
(MeOH)?, and (Voltage)?> were quadratic terms; and (FFR x MeOH), (MeOH x
Voltage) and (Voltage x FFR) were interactive terms for hydrogen production rate at

relative frequencies.
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Hydrogen Production Rate (mol/day)
Parameters
0.3 MHz 1.7 MHz 2.4 MHz
F\:]u FFR g/ﬁ Volt |Actua| Predic Resid ﬁ‘;lt Predic Resid ﬁ‘gr Predic Resid
(LP (% age I ted ual Val ted ual Val ted ual
M) ) (kV) |Value| Value e Value e Value
1 0.5 35 4 26.7| 23.6 3.10 | 34.2 32.6 161 | 391 41.0 -1.93
2 25 35 6 147.2| 1539 | -6.67 |166.8 | 1744 | -7.58 |196.3 | 1935 | 283
3 25 20 6 132.3| 1314 0.94 |148.1 | 1494 -1.31 (169.8 | 172.2 -2.38
4 25 20 6 132.3| 1314 0.94 |148.1 | 1494 -1.31 (169.8 | 172.2 -2.38
5 4.5 35 8 231.1| 230.2 0.92 |267.0 | 266.0 0.96 |282.2 | 286.5 -4.28
6 0.5 5 4 15.0| 15.2 -0.18 | 21.8 23.7 -1.94 | 31.7 29.2 2.50
7 25 5 6 109.3| 105.6 3.75 |1456 | 1341 1152 |164.6 | 160.3 431
8 25 20 6 132.3| 1314 0.94 |148.1 | 1494 -1.31 (169.8 | 172.2 -2.38
9 25 20 6 132.3| 1314 | 094 |148.1 | 1494 | -1.31 |169.8 | 172.2 | -2.38
10 | 05 35 8 28.7| 29.6 -0.92 | 351 336 1.50 | 40.2 40.0 0.23
11 2.5 20 8 140.7| 135.5 5.23 |155.3 | 150.7 4.64 |181.3 | 1725 8.85
12 0.5 20 6 226 21.7 0.87 | 27.3 24.0 3.34 | 357 315 4.15
13 25 20 4 119.5| 127.6 -8.15 | 1453 | 146.0 -0.70 |166.2 | 167.9 -1.71
14 25 20 6 132.3| 1314 0.94 |148.1| 1494 -1.31 (169.8 | 172.2 -2.38
15 4.5 5 8 139.6| 142.0 -2.36 [ 191.7 | 1943 -2.59 (2321 | 2319 0.15
16 | 05 5 8 9.9 | 127 -2.85 | 16.4 20.9 -450 | 21.9 26.8 -4.94
17 25 20 6 132.5| 1314 114 [148.1 | 1494 -1.31 (169.8 | 172.2 -2.38
18 4.5 20 6 176.8| 180.6 -3.79 2219 | 2213 0.60 |254.1 | 251.1 2.99
19 4.5 35 4 215.7| 2121 359 |257.4 | 2539 352 |278.2 | 275.0 3.16
20 4.5 5 4 134.0| 1324 166 |183.5 | 186.0 -2.48 (219.8 | 221.8 -2.01

HPR (0.3 MHz) =

0.595 FFR * MeOH + 0.753 FFR * Voltage + 0.070 MeOH * Voltage —

7.549 FFR* — 0.007 MeOH? + 0.051 Voltage?®

—10.661 + 61.049 FFR — 0.006 MeOH — 1.950 Voltage +

(4.3)

HPR (1.7 MHz) = —11.837 + 68.784 FFR — 0.937 MeOH + 2.013 Voltage +
0.492 FFR * MeOH + 0.697 FFR * Voltage + 0.032 MeOH * Voltage —

6.694 FFR* + 0.021 MeOH?* — 0.269 Voltage®

(4.4)
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HPR (2.4 MHz) = —21.500 + 81.859 FFR — 0.658 MeOH + 4.952 Voltage +
0.345 FFR * MeOH + 0.781 FFR * Voltage + 0.011 MeOH * Voltage —
7.711 FFR* + 0.021 MeOH?* — 0.499 Voltage* (4.5)

The F-values and p-values of the parameters were calculated from analysis
of variance (ANOVA) tests. The proportion between the mean square errors is defined
as the F-value. A higher F-value determined the significance of a parameter. Similarly,
the variation between the group means describes the p-value. The relevance of a
parameter was described by the p-value <0.001, respectively. Here, the ANOVA
tables were developed for each ultrasonic frequency (Table 4.5, Table 4.6 and Table
4.7), and each parameter's significance was determined for the hydrogen production
rate. Table 4.5, Table 4.6 and Table 4.7 concluded that the feed flow rate and the
methanol concentration were the most significant parameters through F-values and p-

values calculations for each ultrasonic frequency transducer.

Table 4.5. ANOVA table of 0.3 MHz ultrasonic frequency for HPR

Source SSc;Jlgr(:; df sl\élSZ?e F-value p-value

Model 76566.51 | 9 8507.39 397.76 | <0.0001 | significant
A-Feed Flow Rate 63091.25 | 1 63091.25 | 2949.84 | <0.0001

B-Methanol concentration 5837.06 | 1 5837.06 27291 < 0.0001

C-Voltage 15288 | 1 152.88 7.15 0.0233

AB 254541 | 1 254541 119.01 <0.0001

AC 7260 | 1 72.60 3.39 0.0952

BC 3570 | 1 35.70 1.67 0.2254

A2 250736 | 1 2507.36 117.23 < 0.0001

B? 7451 1 7.45 0.3481 0.5683

C? 01151 | 1 0.1151 0.0054 0.9430

Residual 213.88 | 10 21.39

Lack of Fit 21385 | 5 42,77 | 6415.40 <0.0001 | significant
Pure Error 0.0333 | 5 0.0067

Cor Total 76780.39 | 19




Table 4.6. ANOVA table of 1.7 MHz ultrasonic frequency for HPR
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Source ;:?;&2 df s'\éISZ?e F-value | p-value
Model 1.064E+05 | 9 11817.72 408.97 | <0.0001 | significant
A-Feed Flow Rate 97357.69 | 1 97357.69 | 3369.18 | < 0.0001
B-Methanol concentration 4060.23 | 1 4060.23 140.51 | <0.0001
C-Voltage 5429 | 1 54.29 1.88 0.2005
AB 174345 | 1 1743.45 60.33 <0.0001
AC 62.16 | 1 62.16 2.15 0.1732
BC 741 | 1 7.41 0.2565 0.6235
A? 197181 | 1 1971.81 68.24 | <0.0001
B2 63.96 | 1 63.96 2.21 0.1677
C? 319 | 1 3.19 0.1104 0.7465
Residual 288.97 | 10 28.90
Lack of Fit 288.97 | 5 57.79
Pure Error 0.0000 | 5 0.0000
Cor Total 1.066E+05 | 19

Table 4.7. ANOVA table of 2.4 MHz ultrasonic frequency for HPR
Source SSCl]JL:TZ:]er()EfS df S“élﬁgre F-value | p-value
Model 1.286E+05 | 9 14287.37 608.92 | <0.0001 | significant
A-Feed Flow Rate 1.205E+05 | 1 1.205E+05 | 5136.32 | <0.0001
B-Methanol concentration 275228 | 1 2752.28 117.30 | <0.0001
C-Voltage 5153 | 1 51.53 2.20 0.1692
AB 856.98 | 1 856.98 36.52 0.0001
AC 7813 | 1 78.13 3.33 0.0980
BC 0.8450 | 1 0.8450 0.0360 0.8533
A? 2616.47 | 1 2616.47 11151 | <0.0001
B2 60.87 | 1 60.87 2.59 0.1383
C? 1095 | 1 10.95 0.4667 0.5100
Residual 234.64 | 10 23.46
Lack of Fit 23464 | 5 46.93
Pure Error 0.0000 | 5 0.0000
Cor Total 1.288E+05 | 19
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Table 4.8. Regression table for hydrogen production rate

Transducer Frequency 0.3 MHz 1.7 MHz 2.4 MHz
R? 0.9972 0.9973 0.9982
Adjusted R? 0.9947 0.9949 0.9965
Predicted R2 0.9791 0.9797 0.9835
Adeq Precision 66.4889 64.4920 75.8035
Std. Dev. 4.62 5.38 4.84
Mean 115.54 137.89 158.11
CV.% 4.00 3.90 3.06

The coefficient of regression (R?) values of each ultrasonic frequency
transducer were also calculated for the hydrogen production rate. It determined the
model's adequacy and showed the competence of the outcomes with the statistically
predicted values. The values closer to unity showed better predictions for the model.
Through Table 4.8, it was concluded that the R? values of the outputs from each
ultrasonic frequency transducer were closer to 1 (unity). This showed a good
correlation developed among the experimental and predicted values for hydrogen
production rate.

4.4.2. Interactive Effects of Parameter

The analysis of the interactive effects of the parameters generated a
relationship between two parameters taken together to the response value. The
relationship was developed using model equations for each response value. A 3D
surface contour graph was developed with two parameters, and a response value

described the interactive effects of the parameters considered during the analysis.

ogen Production Rate (mol/day)

Figure 4.9. 3D Surface contour curve of hydrogen production rate for 0.3 MHz transducer
frequency (a) MeOH vs FFR; (b) Voltage vs FFR; and (c) Voltage vs MeOH
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Figure 4.10. 3D Surface contour curve of hydrogen production rate for 1.7 MHz transducer
frequency (a) MeOH vs FFR; (b) Voltage vs FFR; and (c) Voltage vs MeOH

n Rate (mol/day)

Hydrogen Production Rate (mol/day)

Figure 4.11. 3D Surface contour curve of hydrogen production rate for 2.4 MHz transducer
frequency (a) MeOH vs FFR; (b) Voltage vs FFR; and (c) Voltage vs MeOH

The interactive effects of different parameters with a 0.3 MHz ultrasonic
frequency transducer for HPR are shown in Figure 4.9. In Figure 4.9 (a), the FFR and
MeOH were taken together, while in Figure 4.9 (b), the MeOH and Voltage and in
Figure 4.9 (c), the Voltage and FFR were taken together. The results showed that the
FFR of 4.5 LPM and MeOH of 35% vol. generated the highest HPR. Figure 4.9 (b)
showed the highest HPR at 4.5 LPM and all input voltages. Similarly, Figure 4.9 (c)

showed peak HPR at higher MeOH at all voltage ranges. Here, the peak HPR was
229.2 mol/day achieved with optimized parameters.

The interactive effects of different parameters on HPR using a 1.7 MHz
ultrasonic frequency transducer are shown in Figure 4.10. Figure 4.10 (a) generated
interaction between FFR and MeOH; Figure 4.10 (b) generated interaction between
MeOH and Voltage; and Figure 4.10 (c) generated interaction between Voltage and
FFR. The improvement in the HPR from the 0.3 MHz ultrasonic frequency transducer

was seen, and the peak was attained at 265.0 mol/day. Figure 4.10 (a) showed a peak
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value of HPR at FFR of 4.5 LPM and MeOH of 35% vol., whereas Figure 4.10 (b)
showed the highest value at 4.5 LPM and all voltage ranges. Similarly, the peak value
in Figure 4.10 (c) was at higher methanol concentrations and all voltage ranges.

The interactive effects of different parameters with a 2.4 MHz ultrasonic
frequency transducer for HPR were presented in Figure 4.11. In Figure 4.11 (a), the
FFR and MeOH were taken together, while in Figure 4.11 (b), the MeOH and Voltage
were brought together, whereas in Figure 4.11 (c), the Voltage and FFR were taken
together. The interactions of parameters showed the maximum HPR of 285.8 mol/day.
Figure 4.11 (a) showed a peak value at 4.5 LPM and 35 % vol. methanol concentration.
Figure 4.11 (b) showed maximum HPR at 4.5 LPM and all voltage ranges. Similarly,
Figure 4.11 (c) showed the peak value of HPR for all voltage ranges and at 35% vol.
methanol concentration. The discussion showed that the higher ultrasonic frequency
contributed to a higher hydrogen production rate. Also, the higher methanol
concentrations and feed flow rates contributed to enhanced hydrogen production rate,

which showed that hydrogen generation was mainly due to methanol conversion.

4.5. Artificial Neural Network (ANN)

Another tool used to optimize process parameters was the artificial neural
network-genetic algorithm (ANN-GA) model. An ANN-GA model is a computational
model that performs data interpretation and predictions based on the human brain and
natural evolution. The correlation coefficient (R) for the hydrogen production rate was
computed. The model's R values reached unity, showing a reliable regression model
(see Figure 4.12). The optimized value of HPR achieved was 267.0 mol/day at 4.5
LPM feed flow rate, 33.8% vol. methanol concentration, and 7.4 kV input voltage.
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Figure 4.12. Coefficient of correlation (R) for hydrogen production rate

4.6. Optimal Values (Comparative Results)

This section discussed the comparative results obtained from RSM, ANN-
GA, and experimental data. The optimal values of the parameters obtained from the
RSM and ANN-GA model were used to perform experiments, and the results from the
experimental data were computed for percentage error. The percentage errors for RSM
values were observed to lie between 4% and 7%, whereas the percentage error for the
ANN-GA model was about 2.5%. It showed that the ANN-GA model is superior in

optimization to the RSM model.
4.7. System Efficiency

The system efficiency is a very critical parameter to determine the
performance of a system. The system efficiency is defined as the ratio of output energy

to the input energy. The input energy in the system is as follows,
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Plasma reformer energy input = 26 Watts
Atomizer energy input = 4 Watts
Hydrogen purification energy input = 60 Watts
Total energy input = (26 + 4 + 60) = 90 Watts
Maximum hydrogen production = 306.2 mol/day
Energy density of hydrogen = 0.010 MJ/L at 1 bar and 20°C
Total energy production from hydrogen = 0.010 x (306.2/22.4) = 0.1367 MJ/L
Energy output in watts = 0.1367 x 277.78 = 38 Watts
Hence, the system efficiency = (38/90) x 100 = 42.2

Tsystem = 42.2%
Therefore, the system efficiency was found to be 42.2%.

4.8. Summary

The experimental analysis of hydrogen production using plasma
reforming of water-methanol mixture was performed. The study was conducted on the
influence of three operating parameters: input voltage, methanol concentration, and
feed flow rate at different ultrasonic transducer frequencies, i.e., 0.3 MHz, 1.7 MHz,
and 2.4 MHz, respectively. The various operating parameters were varied to
understand their interactive influence on hydrogen production rate. The data was
optimized using response surface methodology and an artificial neural network-

genetic algorithm. The following outcomes were observed:

e The atomization of the water-methanol mixture at 2.4 MHz ultrasonic frequency
showed maximum hydrogen production rate, followed by 1.7 MHz and 0.3 MHz
transducers.

e The hydrogen production rate rose by about 14%, with the input voltage rise from
4kVto7.5kV.
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e The maximum percentage rise of about 25% was observed at 1.7 MHz ultrasonic
frequency.

e The higher methanol concentration showed a higher HPR and reached 306.2
mol/h hydrogen production rate using a 2.4 MHz ultrasonic transducer.

e The higher feed flow rate also positively influenced the hydrogen production rate
and peaked at 3.5 LPM. Beyond 3.5 LPM, the HPR declined.

e All three ultrasonic transducers observed a similar trend for methanol
concentration and feed flow rate, where 2.4 MHz showed the highest hydrogen
production rate, followed by 1.7 MHz and 0.3 MHz, respectively.

e The hydrogen purity was observed at about 99% after using the hydrogen
purification unit.

e Higher ultrasonic frequency has positive impacts on hydrogen production rate.

e The F-values and p-values of the methanol concentration and feed flow rate
showed they were significant parameters in the plasma reforming process.

e The R? value from RSM showed good competence of the outcome with the
statistically predicted values.

e The higher methanol concentration enhanced the hydrogen production rate.

e The ANN-GA model also showed correlation coefficient values close to unity;
thus, the model was reliable.

e The experimental tests on the optimized values of RSM and ANN-GA models
showed 4-7% and about 2.5% percentage errors, demonstrating the ANN-GA
model's superiority over RSM.

e Plasma reforming with Hz purification unit has the system efficiency of 42.2%.

Therefore, the experimental analysis of plasma reforming of a water-
methanol mixture showed the potential of generating a gaseous mixture rich in
hydrogen gas. Then, the hydrogen from the gaseous mixture can be extracted from
different applications. Also, the hydrogen production was successfully optimized for
enhanced production rate. The results obtained were reliable. Further work may be
performed to up-scale the plasma reactor for commercialization, and other process

parameters may also be considered for optimization.
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CHAPTER 5

SIMULATION & OPTIMIZATION OF HYDROGEN PRODUCTION

5.1. Overview

In the last few years, the energy demand has increased at a very rapid pace.
However, the Ukraine-Russia conflict worsened the scenario for many nations,
especially Europe, and such situations may arise in the near future. Therefore, every
country has been looking for domestic and sustainable energy sources that produce no
or very few emissions to curb pollution from fossil fuels [203,204]. This way, the aim
of sustainable fuel will also be fulfilled. Hydrogen energy is one such source that has

the potential to replace most of the current fossil energy sources [205].

Hydrogen is the lightest element in the periodic table, and hydrogen
compounds are available everywhere. However, hydrogen extraction from its
compounds is challenging and requires enormous energy. Only a few technologies
have been developed and commercialized for hydrogen production. Chen et al.
performed ethanol steam reforming for hydrogen production and achieved a
theoretical 73% hydrogen yield [206]. The authors used a Ni/Al203 catalyst to trigger
the ethanol steam-reforming reaction. Similarly, Dang et al. used a Pd-promoted Ni-
Ca-Al-0 bifunctional catalyst and obtained 90% hydrogen yield from iso-octane steam
reforming [207]. Abbandanak et al. combined Cu-Zn-CeO2-ZrO2/MCM-41 catalyst
and (Li-Na-K)NO3.MgO absorbent for methanol steam reforming and obtained 99.8%
hydrogen yield [208]. In contrast, Qingli et al. produced hydrogen from glycerol at a
glycerol conversion percentage of 94.71%, respectively [209]. Therefore, different
feedstock has the potential to produce hydrogen; however, methanol and water are

very commonly used feedstock.
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Methanol and water are notable and well-known sources of hydrogen
production in various technologies. Methanol and water have more than 10%
hydrogen content, and hydrogen extraction requires comparatively less energy than
other sources. Awasthi et al. achieved a hydrogen production rate of 49 mol. Hz per
hour from methanol at 130°C [183]. Similarly, Shen et al. produced hydrogen from
methanol at near room temperature through methanol dehydrogenation [210]. In
contrast, Khouya used polymer electrolyte membrane electrolysis to produce hydrogen
from water [211]. The author obtained significant results and an overall efficiency of
20%. Palhares et al. generated hydrogen at a rate of 2 litres per unit time in a solar-
assisted alkaline water electrolyzer [97]. Any process before commercialization
requires the simulation of various components. It helps in reducing the cost and

achieving the targeted output results.

Modelling and simulation of various components of a chemical plant help
determine the impacts of the different process parameters and cost considerations.
Ishag and Dincer designed a biomass and solar energy-based model for hydrogen
production, where the overall system efficiency achieved is 29.9%, while the exergy
efficiency is 31.5%, respectively [62]. Bassyouni et al. simulated a downdraft gasifier.
The authors used date palm waste to produce syngas that contain a hydrogen content
of 56.27%, while the other gases are carbon monoxide, carbon dioxide, and methane
[63]. Sanchez et al. developed a model for an alkaline electrolysis system. The system
simulation shows a maximum overall efficiency of 58% at 5 bar and 80°C of optimum
conditions [64]. In contrast, Chehade et al. simulated and optimized natural gas steam-
reforming plants for hydrogen production [212]. The results show 77.5% less energy
consumption while optimizing the process parameters. Hence, optimizing process
parameters helped reduce the energy requirement and improve hydrogen yield.
Parameter optimization helps determine the main influencing parameters and achieve
optimal results. Liu et al. used a mixed design to optimize hydrogen yield. The authors
used a mixture of agricultural waste and obtained an optimized hydrogen yield of 21.0
mL/g [66]. In contrast, Liu et al. optimized process parameters in biohydrogen plants

and achieved a 30.0 mL/g higher hydrogen yield at optimal conditions [67].
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Bi et al. performed the parameter optimization analysis of a hydrogen
liquefaction process. The authors observed a 22.06% drop in specific energy
consumption and a 33.58% rise in the coefficient of performance [68]. Similarly, Cao
et al. optimized reaction parameters in response surface methodology (RSM) and
observed the interactive effects of parameters on ethanol reforming [69]. The results
show ethanol-to-water molar ratio as the most influencing parameter, while the
discharge power and total flow rate are comparatively lesser influencing parameters.
Methanol has very close properties to ethanol in the alcohol group; therefore, similar
parameters may be considered for the methanol-water-reforming process. Meanwhile,
studying the various research articles on alcohol-water-reforming observed that
reaction temperature, feed molar ratio, reactor pressure, and reactor type affect the

hydrogen production rate.
5.2.  Simulation Methodology

5.2.1. Simulation modelling

The simulation model is developed in Aspen Hysys for a methanol-
reforming plant (see Figure 5.1), which uses mathematical models to simulate
chemical processes in chemical plants and refineries. The high purity of methanol and
water at a 1.0 molar ratio is considered for simulation because, in simulation and from
published works, it is observed that the best methanol-to-water ratio lies between 0.5
and 1.5; therefore, the middle value is chosen. For determining the effect of the molar
ratio, the molar ratio varied from 0.3 to 4 methanol-to-water ratios. The methanol and
water are mixed in a mixer unit, and the mixture is then passed to a heat exchanger
(part of the reformer) to adjust the temperature from 100°C to 400°C. Reactor pressure
is another parameter considered for the simulation process, and its range is maintained
between 1 atm. and 7 atm. similar parameter ranges (temperature from 50°C to 500°C
and pressure from 1 atm. to 5 atm.) were also considered for glycerol steam reforming
[58].
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Figure 5.1. Schematic diagram of methanol-water reforming plant.

The parameter ranges are taken from previously published work [206].

Table 5.1 describes the various parameters and their range in the simulation process.

Table 5.1. Simulating parameters and their values

Parameter Unit  Values

Temperature °C 100, 150, 200, 250, 300, 350, 400

Reactor pressure atm. 1,2,3,4,56,7

Methanol-to-Water 0.3,0.4,05,06,0.7,0.8,09,1.0,1.1,1.2,1.3,1.4,
(M-to-W) molar ratio " 15,16,2.0,25,3.0,35,4.0

5.2.2. Reactor Type

Aspen Hysys is used in the analysis process modelling and integrating
design tools. It performs the steady-state and flexible modelling of the distillation
column [213]. It also provides easy-to-use, quick, and effective models for defined
processes [214]. The comprehensive library includes a distillation column, process
reactors, heat transfer components, controllers, and logical operations. The various
components used are described in Figure 5.1. The catalyst considered in the study is
nickel-supported alumina (Ni/Al203), which was used by researchers for the reforming
[82]. The surface area, pore volume, and average pore size of the Ni/Al203 catalysts
are in the range of 111-218 m?/g, 0.129-0.205 cm®/g, and 3.2-6.0 nm [215].
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Basic reactions involved in methanol-reforming are represented in
Equation (5.1) where methanol decomposes by steam into CO2 and Hz2 molecules,
Equation (5.2) where direct decomposition of methanol results in CO and H:
molecules, and Equation (5.3) is the water gas shift reaction; here, water molecule

decomposes by CO into CO2 and Hz, respectively.

CH30H + H20 < CO2 + 3H2 (5.1)
CH30H < CO + 2H> (5.2)
CO + H20 < CO2+ H2 (5.3)

Considering the above reactions, the reactor type considered for the
simulation process is an equilibrium reactor. It is used for equilibrium reactor sets that
reach chemical and physical equilibrium. Here, the sensitivity of the operation is
defined by the input parameters. The design parameters Reactor_1 are represented in
Table 5.2, and similar parameters are considered for Reactor_2, respectively.

The following assumptions are made while performing the process analysis.
1) The whole system works in steady-state and steady-flow conditions.
2) Methanol used is 99.99% pure.

3) Methanol and water are fed at constant temperature and pressure.

4) Free carbon formation is not considered in the simulation.

5) Fluid flow is turbulent.

6) Streams are adiabatic in nature.

7) The flow rate is constant.

8) In the system, gases behave like ideal gases.

9) Methanol-water mixture remains constant throughout the simulation.

10) Hydrogen coming out is at a constant temperature (40°C).



Table 5.2. Design parameters of the reactor
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Reactor Parameters Units Values
Diameter meter 0.7620
Total Length meter 3.048
L/D Ratio - 4
Material Type - SS316
Mass Density kg/m? 8027
Chemical Eng. Index - 252.5
Maximum Allowable Vapour Velocity m/s 1.25

5.2.3.  Thermodynamic Model
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Figure 5.2. Simulation model for methanol-water reforming.

Simulation and modelling depend upon the thermodynamic fluid package
selected. Different fluid packages are available in the Aspen Hysys simulator, such as
Peng-Robinson, Soave Redlich Kwong, NRTL, PRSV, etc [63]. In the current study,
the Peng-Robinson fluid package is selected, and the simulation diagram is shown in
Figure 5.2. The mathematical equation developed in the Peng-Robinson model is

presented in Equation (5.4),

p=—2 _ - (5.4)

T (c+Vm)-b  (Vm+¢) (Vs + c+b) + b(Vyy + ¢ —b)

Where P is the gas pressure, R is the gas constant, T is the temperature, Vm is the molar

volume, and a, d, and ¢ are constants.
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5.2.4. Response Surface Methodology

Mathematical models and statistical optimization are performed in RSM
[216]. In an experimental design, RSM generates empirical models to determine the
correlation between the input variables and output responses. It validates and
optimizes the parameters comparatively faster than the Taguchi method. The analysis
is performed in several runs to determine the best possible outcome. This study uses
RSM’s central composite design (CCD) to investigate the influence of the reaction
temperature, reactor pressure, and methanol-to-water molar ratios on hydrogen
selectivity and feed conversion percentage. The CCD performs consecutive runs and
determines the suitability of data for lack of fit. The design performs 20 runs with RT,

RP, and M-to-W molar ratio at three levels from -o to +a, as shown in Table 5.3.

Table 5.3. Operating parameters for the RSM model

Levels
Parameter Unit
-0, 0 +a
Reaction temperature °C 200 300 400
Reactor pressure atm. 1 3 5
Methanol-to-Water molar ratio - 05 1 15

The design consists of 6-central points, 6-axial points, and 8-factorial

points and uses the quadratic Equation (5.5) for analysis.

Y =ag+ ay(A) + ay(B) + a3(C) + as(AB) + as(BC) + ag(CA) + a,(A%) +
ag(B?) + ag(C?) + ay, (5.5)

Where Y is the response variable; A, B, and C are process parameters; oo IS intercept;
o1, o2, and a3 are linear coefficients; a4, as, and as are interaction coefficients; a7, as,
and a9 are second-order coefficients; and ouo IS associated error. Parameter
normalization is required in the regression analysis since various parameters are

available at different values or ranges.
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5.2.5. Hydrogen Selectivity and Feed Conversion Percentage

The mole fraction of hydrogen {Equation (5.6)} and methanol {Equation
(5.7} were used to determine the system’s hydrogen selectivity and methanol
conversion percentage. Here, xy, and xyeoy are the mole fraction of hydrogen and
methanol, Wy, is the hydrogen production rate in mol/h, Wy, is the methanol flow

rate in mol/h, and W,,.,;Wtotal is the total feed flow rate in mol/h.

WH2
Xy, = —2= 5.6
H, Wtotal ( )
XMeOH = Trocon (5.7)
Wtotal

The methanol conversion percentage and hydrogen selectivity are calculated via
Equation (5.8) and Equation (5.9).

WmMeoH,, = WMeOH 5yt

Conversion percentageyeony = x 100 (5.8)

WnMeoH;,

Wi,

Selectivityy,(%age) = X 100 (5.9)

3(WmeoH;,, = WMeOH yyyt)
where Wyeon,, and Wyeon,,, are methanol feed rates into the reactor in mol/h and

unreacted methanol flow rate out of the system in mol/h.
5.3. Results and Discussions

5.3.1. Process Modelling and Validation

The developed Aspen Hysys model is validated against the four different
experimental setups under similar conditions, and the feedstock selected is methanol.
The aim is to verify the replication of the developed model at different process

parameters and conditions. Following are the case studies:

e Case 1: Lee and Kim used a tubular quartz reactor with annular-shaped electrodes
for methanol conversion into hydrogen through electric discharge, in which
CuO/ZnO/Al20s was used as a catalyst [18]. Results showed about 57.6%
methanol conversion at about 220°C. Likewise, the Aspen Hysys model
simulation achieved a closer 59.3% methanol conversion result at 220°C. This

shows a variation of 2.95% compared to the experimental results.
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e Case 2: Wang and Wang performed catalytic methanol-reforming, where
CuO/ZnO/Al203 catalyst was filled in the micro-reactor designed for hydrogen
production [198]. An 87.1% methanol conversion was obtained at about 270°C
inlet temperature. However, the Aspen Hysys model with similar experimental
conditions and parameters achieved a methanol conversion of 89%. It shows a
2.18% deviation from the experimental results.

e Case 3: Kim et al. performed methanol-reforming in a prototype reactor filled
with CuO/ZnO/Al20s catalyst [217]. Methanol conversion was calculated at
different temperatures, and the highest (96%) methanol conversion was obtained
at 290°C. When similar experimental conditions are created in the Aspen Hysys
model, the methanol conversion shows a 1.25% reduction from the experimental
results. In contrast, the highest methanol conversion obtained was 94.8% in
simulation as against 96% in experimental results at 290°C.

e Case4: Liuetal. used 1Pt/3In203/CeO: catalyst for Hz production from methanol
in a process called methanol steam reforming [218]. Experimentally, a very high
methanol conversion of 98.7% was achieved at 325°C. When the experimental
conditions are put into the Aspen Hysys model, a similar methanol conversion of

98.2% is obtained, which is just 0.51% lower than the experimental results.

Therefore, it concludes that the Aspen Hysys model has minimal
variations (below 5%) from the experimental results, as observed in Cases 1, 2, 3, and
4. Hence, the developed model is applicable for methanol reforming and determining
the effects of various process parameters in the methanol conversion and hydrogen
production process with percentage differences (as shown in Table 5.4).

Table 5.4. Case study-based validation from earlier published data for methanol feedstock

Experimental  Simulated

Operating Catalyst Type Methanol Methanol Difference
Temperature . . (%)
Conversion  Conversion
Case 1 220°C CuO/ZnO/Al,03 57.6% 59.3% +2.95
Case 2 270°C CuO/ZnO/Al,03 87.1% 89.0% +2.18
Case 3 290°C CuO/ZnO/Al;03 96.0% 94.8% -1.25

Case 4 325°C 1Pt/3In,05/Ce0> 98.7% 98.2% -0.51




5.3.2. Effects of Process Parameters

a)  Reaction Temperature
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Figure 5.3 depicts the variation of components’ mole fraction versus

temperature curves, while Figure 5.4 describes the methanol and water conversion rate

into hydrogen at elevated temperatures. The methanol-reforming is performed at

atmospheric pressure and a methanol-to-water ratio of 1.0, respectively.
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A significant rise in hydrogen mole fraction is observed with the increase
in reaction temperature from 100°C to 400°C (as shown in Figure 5.3). In contrast, the
methanol mole fraction reduces uniformly. The water mole fraction curve is almost
flat. This is due to the higher methanol conversion rate than water, as represented in
Figure 5.4. It also shows a sharp increase in hydrogen selectivity with the rise in the
reaction temperature. At 400°C, the hydrogen selectivity and mole fraction obtained
are 67.28% and 0.64, respectively. A similar surge in hydrogen mole fraction and the
feed conversion rate was observed in the findings of Zaccara et al. and Pashchenko,

where the higher temperature gives a higher hydrogen mole fraction [219,220].
b)  Reactor Pressure

The reactor pressure plays a crucial role in the reaction pathway. The
impact of reactor pressure on the mole fraction of various components is presented in
Figure 5.5. At the same time, the variation in hydrogen selectivity, methanol, and
water conversion rate is shown in Figure 5.6. The methanol-reforming is performed at

400°C, and a methanol-to-water ratio of 1.2 is chosen for simulation.
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64

[22]
w
1

—A— Hydrogen Selectivity

—e— Methanol
—u— Water

- 0.91
- 0.90

113

S ° L 0.89 @
> \. | %
= — 5 L 0.88 =
g 62 4 ‘A \.\ | o
8 ® o087 %
o I ©
Derd o A F0.86 £
p I S
o \ \ -0.85 &
o A . o
S . e B
T 60 T~ \A [ 0.84 §
T T ~. [ 03
59 - .\.\A L 082
s |
T T T T T T T T 081
1 3 4 5 6 7

Pressure (atm)

Figure 5.6. Hydrogen selectivity and feed conversion rate curves versus reactor pressure

The curves in Figure 5.5 show a drastic reduction in hydrogen and water
mole fractions, whereas the methanol mole fraction rises when the reactor pressure
goes from 1 atm. to 7 atm. The variation indicates that methanol contributes more than
water to produce hydrogen. Similarly, in Figure 5.6, a decline is observed in hydrogen
selectivity from 63.13% to 59.07% when reactor pressure is raised from 1 atm. to 7
atm. This decline can also be observed in methanol and water conversion rates, as both
curves show a fall with a pressure rise. Similar results were followed by Hakandai et
al., where a higher reactor pressure sharply reduces the hydrogen mole fraction in the
syngas [221].

c)  Alcohol-to-Water Molar Ratio

The molar ratio is another factor that is very important in increasing the
concentrations of desired products. An optimum molar ratio generates the best results
desirable in a reaction. In contrast, a higher or lower product concentration can shift
the reaction pathway, thus, reducing the concentration of the desired product. Figure
5.7 and Figure 5.8 present the influence of the molar ratio (methanol-to-water ratio,
from 0.3 to 4.0) on the mole fraction of products, hydrogen selectivity, and feed
conversion rates. The reactor pressure and temperature maintained for the simulation

process are 1 atm. and 400°C, respectively.
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Figure 5.8. Hydrogen selectivity and feed conversion rate curves versus methanol-to-water

molar ratio

From Figure 5.7 and Figure 5.8, it was observed that a methanol-to-water

(M-to-W) molar ratio between 0.5 and 1.5 favours Hz production at a much higher

rate. The hydrogen mole fraction initially increases from 0.47 (at 0.3 M-to-W) to 0.574
(at 0.9 M-to-W) and then reduces to 0.42 at 4.0 M-to-W molar ratio. The methanol

conversion rate showed a sharp decline, and a relative reduction was observed in Hz
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selectivity. The water conversion rate rises in this case because the water concentration
reduces with the increase in the M-to-W molar ratio. The behaviour of reduction in Hz
production due to molar ratio was also observed by Unlu and Hilmioglu, where a

higher molar ratio significantly reduced Hz production [58].
5.3.3. Parameter Optimization
a) Empirical Design & Regression Analysis

During the simulation process, three process parameters, namely, reaction
temperature (RT), reactor pressure (RP), and methanol-to-water (M-to-W) molar ratio,
are considered for optimized hydrogen production. A CCD is employed with three
factors at three levels, as depicted in Table 5.3. A 20-run design matrix is generated
with all parameters and their levels with two responses, that is, hydrogen selectivity
and feed conversion percentage, that was successfully performed. The results obtained
from the analysis, simulation model, and matrix design (predicted values) are

represented in Table 5.5.

Table 5.5. Matrix design of 20-runs

Parameters Hydrogen Selectivity (%0) Feed Conversion (%)
M-to-
Run | RT | RP W | Actual | Predicted Residual Actual | Predicted Residual
(°C) | (atm.) | molar | Value Value Value Value
ratio

1 200 1 0.5 73.97 73.60 0.3675 81.95 81.56 0.0039

2 200 1 15 83.63 84.21 -0.5889 | 81.64 81.09 0.0055

3 200 3 1.0 80.55 80.09 0.4531 85.91 87.82 -0.0191

4 200 5 0.5 74.97 75.23 -0.2536 | 81.88 81.45 0.0043

5 200 5 15 86.10 86.08 0.0220 81.38 80.84 0.0055

6 400 1 0.5 80.07 80.21 -0.1398 | 83.18 83.73 -0.0055

7 400 1 15 85.49 85.35 0.1358 93.43 93.86 -0.0043

8 400 3 1.0 82.88 82.86 0.0181 97.26 95.34 0.0192

9 400 5 0.5 80.09 79.62 0.4711 83.17 83.72 -0.0055
10 | 400 5 15 84.51 84.99 -0.4852 | 93.32 93.71 -0.0039
11 | 300 1 1.0 79.51 79.29 0.2254 | 91.55 91.51 0.0004
12 | 300 5 1.0 80.17 79.92 0.2458 91.34 91.38 -0.0003
13 | 300 3 0.5 76.07 76.51 -0.4452 | 82.78 82.49 0.0028
14 | 300 3 15 85.43 84.51 0.9163 86.98 87.25 -0.0028
15 | 300 3 1.0 80.06 80.22 -0.1570 | 91.45 91.45 -0.0000
16 | 300 3 1.0 80.06 80.22 -0.1570 | 91.45 91.45 -0.0000
17 | 300 3 1.0 80.06 80.22 -0.1570 | 91.45 91.45 -0.0000
18 | 300 3 1.0 80.06 80.22 -0.1570 | 91.45 91.45 -0.0000
19 | 300 3 1.0 80.06 80.22 -0.1570 | 91.45 91.45 -0.0000
20 | 300 3 1.0 80.06 80.22 -0.1570 | 91.45 91.45 -0.0000
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The randomization in the experimental runs helps reduce the possibility of
response variations. Thus, a response model {Equation (5.10) and Equation (5.11)} is
formed with a 95% confidence level to generate the predicted values in the design
matrix that represents RT, RP, and M-to-W as linear terms; RT?, RP?, and (M-to-W)?
as quadratic terms; and RT x RP, RP x M-to-W, and M-to-W x RT as interactive terms

whereas Y1 as hydrogen selectivity and Y2 as feed conversion percentage.

Y, = +68.222 — 0.026(RT) + 1.85(RP) + 13.665(M — to — W) — 0.003(RT *
RP) — 0.027(RT * M — to — W) + 0.059(M — to — W * RT) + 0.00013(RT)? —
0.153(RP)? + 1.184(M — to — W)? (5.10)

Y, = +0.663 — 0.00024(RT) — 0.00024(RP) + 0.416(M — to — W) +
1.283¢79(RT * RP) + 0.00053(RT * M — to — W) — 0.00036(M — to — W x
RT) + 1.305¢~%7(RT)2 — 0.00002(RP)? — 0.263(M — to — W)? (5.11)

Analysis of variance (ANOVA) tests the model significance by calculating
the F-values and p-values of the parameters’ regression coefficient. F-value is defined
as the ratio between the mean squares between values to the mean squares error. The
higher F-value indicates the significance of the variable. In contrast, the p-value
determines the difference between the group’s means to be statistically significant.
The p-values of <0.0001 signify the relevance of the response values. Here, ANOVA
tables (Table 5.6 and Table 5.7) are generated for hydrogen selectivity and feed
conversion percentage to test the significance of the process parameters. In Table 5.6
and Table 5.7, the F-values of 89.17 and 55.21 and the p-values of <0.0001 signify the
relevance of both hydrogen selectivity and feed conversion percentage models. In
contrast, the RT and M-to-W molar ratios have p-values <0.0001 in both models,

rendering them significant parameters in the models.



Table 5.6. ANOVA table for hydrogen selectivity.
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Source Sum of of | M | Evaige p-value

Squares Square
Model 20421 | 9 22.69 89.17 | <0.0001 | significant
A-Reaction Temperature 1912 | 1 19.12 75.13 | <0.0001
B-Reactor Pressure 100 | 1 1.00 3.95 0.0750
C-Methanol-to-Water molar ratio 15982 | 1 159.82 628.08 | < 0.0001
AB 247 | 1 2.47 9.70 0.0110
AC 1499 | 1 14.99 58.90 | <0.0001
BC 0.0274 | 1 | 0.0274 0.1078 0.7495
A2 438 | 1 4.38 17.20 0.0020
B2 103 ] 1 1.03 4.04 0.0722
c? 0.2408 | 1 | 0.2408 0.9462 0.3536
Residual 2.54 |1 10 | 0.2545
Lack of Fit 254 | 5 | 0.5089
Pure Error 0.0000 | 5 0.0000
Cor Total 206.76 | 19

Table 5.7. ANOVA table for feed conversion percentage.
Sum of Mean F-
Source df p-value
Squares Square value

Model 0.0466 | 9 0.0052 55.21 | <0.0001 | significant
A-Reaction Temperature 00141 | 1 0.0141 | 150.76 | <0.0001
B-Reactor Pressure 4.273E-06 | 1| 4.273E-06 | 0.0456 0.8353
C-Methanol-to-Water molar 0.0057 | 1 0.0057 60.36 | <0.0001
ratio
AB 5.266E-07 | 1 | 5.266E-07 | 0.0056 0.9418
AC 0.0056 | 1 0.0056 59.96 | <0.0001
BC 1.016E-06 | 1| 1.016E-06 | 0.0108 0.9192
A2 4.680E-06 | 1| 4.680E-06 | 0.0499 0.8277
B2 1.744E-08 | 1| 1.744E-08 | 0.0002 0.9894
C? 00119 ] 1 0.0119 | 126.93 | <0.0001
Residual 0.0009 | 10 0.0001
Lack of Fit 0.0009 | 5 0.0002
Pure Error 0.0000 | 5 0.0000
Cor Total 0.0475 | 19

The adequacy of the models is also determined using R? values from Table

5.8 and Table 5.9. R? measures how well the outcomes are predicted by the statistical

model. The model makes better predictions if the R? is closer or equal to 1 (unity).

Table 5.8 shows an R? value of 0.9877 for hydrogen selectivity, whereas Table 5.9

shows an R? value of 0.9803 for feed conversion percentage. Since, in both the models

(model generated for hydrogen selectivity and model generated for feed conversion

percentage), the R? values approach close to unity, this states that a better correlation

is generated between the experimental (simulated) and predicted values.




Predicted

Table 5.8. Regression table for hydrogen selectivity.

R2 0.9877 Std. Dev. | 0.5044
Adjusted R? 0.9766 Mean 80.69
Predicted R? 0.8560 CV.% 0.6252
Adeq Precision 34.9823

Table 5.9. Regression table for feed conversion percentage.

R? 0.9803 Std. Dev. | 0.0097
Adjusted R? 0.9625 Mean 0.8822
Predicted R? 0.8468 CV.% 1.10
Adeq Precision 21.1839
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Figure 5.9. Predicted versus actual graph for hydrogen selectivity.
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Figure 5.10. Predicted versus actual graph for feed conversion percentage.

The lack of fit for both models is determined using Figure 5.9 for HS and
Figure 5.10 for FCP. The inclined solid line represents the perfect fit line, while
scattered square points describe the predicted values. The points in both graphs are
closer to the adequate association between the projected model and simulated values,

validating the adequacy of the model.
b) Interactive Effects of Parameters

The model equations generated during regression analysis are helpful in
determining the interactive effects of various parameters (or inputs) on the response
(or output). A 3D surface contour plot is generated with two parameters
simultaneously on two axes, while the third axis represents the response. Similarly,
the different surface contour plots are developed with both the responses (HS and

FCP).
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The interactive effects between RT and RP on responses (a) hydrogen
selectivity and (b) feed conversion percentage are described in Figure 5.11. It was
observed that the RP has the minimum effect in raising HS and FCP as described by
flatter curves on the RP axis. In contrast, the RT is crucial in increasing FCP, while
HS also increases beyond 350°C. However, the range of HS remains between 74%
and 86%, whereas the FCP reaches above 97% at 390°C from about 81% at 200°C
reaction temperature. Similar results were obtained by Zhang et al., where a

temperature rise enhances hydrogen selectivity and methanol conversion rate [28].

Hydrogen Selectivity (%)
Feed conversion rate

Hydrogen Selectivity (%)
Feed conversion raie

Figure 5.12. M-to-W molar ratio versus RT surface contour curves for a) HS and b) FCP.
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In Figure 5.12, the interaction of RT and M-to-W on a) hydrogen
selectivity and b) feed conversion percentage is represented in surface contour plots.
Here, the values of both M-to-W and RT influence hydrogen production. A higher M-
to-W molar ratio favours the hydrogen selectivity, and RT raise also shows positive
effects; however, the maximum HS of 86% is achieved at 200°C and 1.5 M-to-W
molar ratio. In contrast, the FCP increases with the increase in RT, but the maximum
value of 97.3% is achieved between 0.9 and 1.35 M-to-W molar ratio. Beyond the 1.35
M-to-W molar ratio, the FCP reduction is observed. The reason is the excess methanol
concentration that fails to decompose into hydrogen molecules and other smaller
compounds. Cao et al. found similar results where a higher ethanol molar ratio in feed
resulted in higher hydrogen conversion [69]. Similarly, Giwa and Giwa observed

higher hydrogen production at higher reaction temperatures [222].

Figure 5.13 shows the surface contour plot showing the interactive effect
of M-to-W molar ratio and RP on a) hydrogen selectivity and b) feed conversion
percentage. As already discussed, the rise in the M-to-W molar ratio positively affects
both HS and FCP. Therefore, similar results are obtained for HS, whereas the FCP is
maximum between 0.9 and 1.35 M-to-W molar ratio. Also, the trends of RP are
identical to the previous discussion since RP has significantly less influence in HS and

FCP. In contrast, a slight rise is observed near about 2.5 atm. of reactor pressure.

Hydrogen Selectivity (%)
Feed conversion rate

Figure 5.13. M-to-W molar ratio versus RP surface contour curves for a) HS and b) FCP
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C) Optimal Parameters

Optimization aims to define the best possible inputs that will satisfy the
targets. The desirability describes the closeness of optimal values to the highest and
lowest values of the inputs. Here, the input variables like RT, RP, and M-to-W molar
ratio are optimized to achieve the targets, that is, the highest hydrogen selectivity and
feed conversion percentage. A ramp function graph of desirability is generated in
Figure 5.14, while a bar graph showing desirability for the responses is presented in
Figure 5.15.

. R T R L

200 400 1 5

AReaction Temperature = 328 B:Reactor Pressure = 2.59895

&
| | M
05 15 73.9659 86.0982
C:Methanol-to-Water molar ratio = 1.34243 Hydrogen Selectivity = 84.8141
Desirability = 0.898
Solutien 1 out of 50
0.813848 0972637

Feed conversion rate = 0.957153

Figure 5.14. Ramp desirability function graph for HS and FCP.

Desirability
A:Reaction Temperature 1
B:Reactor Pressure 1
C:Methanol-to-Water molar ratio 1
Hydrogen Selectivity 0.894511
Feed conversion rate 0.90p129
Combined 0.898312

0.000 0.250 0500 0750 1000

Solution 1 out of 56

Figure 5.15. Desirability bar graph for process parameters, HS, FC, and combined HS-FCP.
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The best results obtained through the ramp function graph include RT
328°C, RP 2.6 atm., and M-to-W molar ratio of 1.34 at a desirability value of 0.898.
However, the optimized hydrogen selectivity and feed conversion percentage obtained
at optimal values are 84.81% and 95.71%, respectively. In contrast, the bar graph
represents the total desirability function of both the responses and ranges between 0

and 1, where 1 is considered satisfactory.

Table 5.10. Stream table for optimal parameters of RSM model (RT 328°C, RP 2.6 atm. and
M-to-W ratio 1.34).

Unit Feed H2 CO2 Unreacted Feed
Molecular Weight | --- 26.08 2.016 44.01 29.80
Vapor Fraction 1 1 1 0.4186
Temperature °C 328 40 135.7 70
Pressure atm. 1 1 1 1
Mole Flow kg-mole/h 120 161.2 49.47 21.06
Mass Flow kg/h 3130 324.9 2177 627.5
Volume Flow m3/h 3.699 4.651 2.638 0.7806
Molar Enthalpy kJ/kg-mole -200400 426.6 -389400 -175000
Mass Enthalpy kJ/kg -7685 211.6 -8848 -5873
Enthalpy Flow kd/h -24050000 | 68750 | -19260000 -3685000
Molar Entropy kJ/kg-mole-°C 188.3 124.4 185.0 156.3
Mass Entropy kJ/kg-°C 7.218 61.71 4.204 5.313
Molar Density kg-mole/m? 0.0473 | 0.0389 0.0299 0.0359
Mass Density kg/m? 1.233 | 0.0784 1.314 1.069

Table 5.11. Composition table for optimal parameters of RSM model.

Components Feed Syngas Unreacted Feed
Methanol 0.5750 0.1243 0.6241
Carbon monoxide 0.0000 0.0301 0.3033
Hydrogen 0.0000 0.4885 0.0000
Water 0.4250 0.0229 0.0762

Carbon dioxide 0.0000 0.3342 0.0000
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The stream table describes the thermodynamic properties of a stream
going in and out of the system, taking the complete simulation as a system; the stream
table is presented in Table 5.10. The thermodynamic properties of feed input,
hydrogen and carbon dioxide output, and unreacted feed are measured. In contrast, the
composition of feed, syngas, and unreacted feed is depicted in Table 5.11. The optimal
conditions from the RSM model (RT 328°C, RP 2.6 atm., and M-to-W ratio 1.34) are
used to generate the stream and the component composition table. An HS and FCP
obtained from the optimal conditions when run on the simulation model are 82.67%
and 92.51%. It shows 2.5% and 3.34% errors for HS and FCP, which are within

acceptable limits.
5.3.4. Comparative Results

Hydrogen purity is essential for its applications. A comparison with earlier
published work gives an insight into the improvements in the results of the present
work. However, few simulation and modelling articles based on methanol-water
reforming using the Aspen Hysys simulator are available. Hence, the experimental
outcomes are considered for comparison in Table 5.12. It was observed that
optimization helped in enhancing hydrogen selectivity and feed conversion percentage
significantly. Therefore, the study provides a good understanding of influencing

parameters and their optimization in methanol-water reformer reactors.

Table 5.12. Comparative table for HS and FCP (from methanol feedstock)

Model/ Reactor Temperature | Haselectivity Feed Reference
(°C) (%) conversion (%0)
Simulation Model 328 82.67 92.51 This work”
RSM Model 328 84.81 95.71 This work”
DBD plasma reactor - 51.5 65.5 [69]
Fixed bed microreactor 350 99 72 [28]
Packed bed 300 91 58 [223]
Fixed bed 280 70.9 35 [224]
U-Shaped microreactor 200 72 68 [225]
Fixed bed 275 65 85 [226]
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5.4. Summary

A methanol-water reforming reactor simulation model is developed for

hydrogen generation using the Aspen Hysys simulator, and the Peng—Robinson

thermodynamic model, suitable for the reforming process, is used in the model. A

design of experiment (DoE) is generated to optimize parameters for hydrogen

selectivity and feed conversion percentage. The data from the simulation results are

used to create DoE, and optimal values of influencing parameters are determined. The

parameters considered in the simulation and optimization process include reaction

temperature (200°C to 400°C), reactor pressure (1-5 atm.), and methanol-to-water

molar ratio (0.5-1.5), while the target values (or response variables) are hydrogen

selectivity (HS) and feed conversion percentage (FCP). The following findings are

reported in the study:

A drastic increase in hydrogen mole fraction from 0.54 to 0.64 is observed with
a temperature rise from 100°C to 400°C, showing an 18.5% rise in hydrogen
mole fraction.

Similarly, a sharp rise in hydrogen selectivity is obtained with the temperature
rise. At the same time, the methanol conversion rate is more than the water
conversion rate, which shows more influence of methanol than water in
hydrogen production.

The hydrogen selectivity curve also showed the importance of the M-to-W
molar ratio. The higher molar ratio results in a lower methanol conversion rate
and, thus, a reduction in hydrogen selectivity is observed.

The simulation shows the HS values in the 74% and 86% range, while the FCP
values range from 81.4% to 97.3%.

R? values of HS and FCP are 0.9877 and 0.9803, which show a better
correspondence between the simulated and predicted values.

The M-to-W molar ratio is the most significant parameter for hydrogen
production, and the range from 0.9 to 1.35 shows the highest hydrogen

production potential.
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e  Reactor pressure has the least significance and only a slight increase in HS is
observed near about 2.5 atm. reactor pressure.

e  Reaction temperature shows intermediate significance, while it was observed
that the higher temperature has more potential to generate hydrogen.

e  Anoptimized HS and FCP of 84.81% and 95.71% were obtained at 328°C RT,
2.6 atm. RP, and 1.34 M-to-W molar ratio.

e  The optimal parameters were run in the simulation model, and errors of 2.5%

and 3.34% for HS and FCP were obtained, which are within acceptable limits.

Therefore, the response (or target) values are successfully optimized for
methanol-water reforming in the simulation model. The optimal values of parameters

may be used to generate maximum Hz selectivity in the commercialized plants.
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CHAPTER 6

PERFORMANCE OF PEM FUEL CELL

6.1. Overview

Burning fossil fuels was the root cause of air pollution that degraded the
environment and human health. According to a few studies, the average age of the
urban population in developing countries has reduced by up to 10 years in the last few
decades due to severe air pollution that adversely affected living cells. To minimize
pollution generated from fossil fuels, new and reliable alternative energy sources are
being practiced [227]. Hydrogen energy is one such alternative that fulfills the present
energy requirement and generates no harmful emissions after burning. The fuel cells
were employed to generate electricity from hydrogen and oxygen reactions in a
controlled system. Many fuel cells are available, while the proton exchange membrane
(PEM) fuel cell is widely employed for electricity production and comes in different

power capacities [228].

The PEM fuel cell comprises two graphite electrodes coated with platinum
(Pt) catalyst, a catalyst layer, a gas diffusion layer, and terminal plates assembled with
channel plates for hydrogen and oxygen flow [229]. The pure hydrogen (about
99.995% pure) enters the anode side, and Oz (from the air or separate oxygen cylinder)
enters the cathode side. The oxidation of hydrogen occurs at the anode that splits it
into hydrogen ions and electrons [9]. In contrast, the reduction reaction occurs at the
cathode. The Oz reacts with hydrogen ions to form H20 molecules [176]. An external
path (or circuit) was connected for electron transfer generated during hydrogen
oxidation. Kulikovsky developed a PEM fuel cell model to investigate the cell
impedance at variable airflow velocities in the cathode channel [175]. The oxygen
transport in the channel through higher air flow velocity showed lower resistivity. In
contrast, a relatively equal airflow velocity and cell potential showed total resistivity

compensation in the fuel cell model.
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Water produced humidified the membrane and improved the electron
transfer, enhancing the cell efficiency. In contrast, the over-flooding of the catalyst
layer (CL) would result in pores blockage that hinders the electron movement,
reducing the cell efficiency. Al-Anazi et al. investigated the performance of a PEM
fuel cell in winter and summer conditions in Saudi Arabia using an Ansys model. A
significant variation was observed in cell performance during winter and summer
environments. About 12% lesser efficiency was calculated in the winter compared to
the summer due to the hot and humid conditions resulting in fast reaction kinetics and
membrane hydration [165]. Furthermore, the humidification during the peak summer
interval showed a 40% output enhancement. Houreh et al. investigated the effects of
different humidifier configurations at different PEM fuel cell operating conditions.
The counter-flow humidifier showed a superior heat and water transfer rate than other
humidifiers [177]. In contrast, the cross-flow humidifier has a better heat transfer rate
than the parallel-flow humidifier. In contrast, the reverse goes for the water transfer
rate (i.e., the parallel-flow humidifier has a better water transfer rate than the cross-
flow humidifier). However, the wet side inlet temperature significantly influenced the

humidifiers' performance.

During dead-end mode operation, Shateri and Torabi examined the proton
exchange membrane fuel cell performance with liquid water accumulation at the anode
[171]. A large volume of liquid water accumulated at the cathode due to the dead-end
operation. The accumulated moisture covers the catalyst, increasing charge transfer
resistance. Thus, the liquid water accumulation reduces the cell performance;
therefore, regular purging becomes significant in the cell operation. In contrast, Tang
et al. discussed the temperature sensitivity of a PEM fuel cell to improve the durability
and performance of the fuel cell stack. Results showed that rising the temperature
paces up the electrochemical reaction rate; thus, a significant rise in the performance
was observed [160]. In contrast, the higher temperatures have inverse impacts on the
water content that dropped the cell's power output. Therefore, an optimal temperature

must be mentioned to retain hydration in normal fuel cell operations.
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The whole process was influenced by various operating parameters like
hydrogen flow rate, hydrogen pressure, moisture content, etc. Thus, the fuel cell study
at varying parameters became essential. Kumar and Subramanian determined the
effects of various parameters on the performance of a PEM fuel cell. Oxygen-enriched
air (up to 45%) showed a 9% and 33% improvement in voltage efficiency and power
output due to more oxygen reduction reactions [159]. Whereas beyond 45% oxygen
enrichment, the performance declined due to increased stack temperature. In contrast,
a 50°C optimal temperature performed better between 40°C and 60°C. However, the
hydrogen pressure showed the most minor significance in the cell performance. Eslami
et al. studied the effects of various operating parameters on the PEM fuel cell
performance. The parameters studied include relative humidity, temperature, pressure,
and stoichiometry [162]. Results showed a 1-2% improvement in stack performance
for both relative humidity (from 50% to 100%) and stoichiometry of the cathode (from
1.02 to 1.60). Hydration of membranes and enhanced water and fuel management are
behind the performance improvement. Similarly, a 4-6% improvement was observed
for the temperature (from 50°C to 80°C) and reactants outlet pressure (between 0.5

and 2.0 bar), respectively.

Mubin et al. investigated the performance of a PEM fuel cell at varying
temperatures and pressure. The cell performed better at higher temperatures and gas
pressure [180]. In contrast, the problem of fuel cell malfunctioning could occur when
the temperature and pressure reach beyond a particular limit. In the current work, a 1
kW PEM fuel cell was tested for its performance at varying hydrogen flow rates and
gas pressure. A hydrogen production and purification unit was introduced to supply
hydrogen to the PEM fuel cell at a 99.995% purity level. The unit had a lower
hydrogen flow rate than the rated value. Hence, the experiment also determined the
net effect on fuel cell power and efficiency at a lower hydrogen flow rate. In contrast,
the range of gas pressure was considered a little higher to find the effects of low
hydrogen flow rate at higher gas pressures. It will help reduce hydrogen wastage

during fuel cell operation for longer-term electricity production.
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6.2. Materials and Method

A fuel cell is an electrochemical device that converts chemical energy into
electrical energy. It comprises components such as two electrodes (cathode and
anode), terminal plates, gas diffusion layer (GDL), MEA consisting of solid polymer
electrolyte, porous anode and cathode with Pt catalyst, current collectors, and
supporters. Hydrogen and oxygen pass through the hydrogen flow channel and oxygen
flow channel. The chemical reactions occur at the catalyst surface, and the hydrogen
molecule splits into hydrogen ions and free electrons. The MEA lets hydrogen ions
pass over it. The electrons require an external circuit to react on the positive cell side.
Therefore, a voltage was generated across the two terminals that may be used to run
electrical appliances after AC/DC conversion. Figure 6.1 represents the PEM fuel cell

along with different components.

AC/DC Load Unit

Rhy

o
[=]
17
!
=

Figure 6.1. PEM fuel cell

6.2.1. Experimental setup

A proton exchange membrane (PEM) fuel cell containing 48 cells and a
rated power of 1000 W was used. The peak power was attained at about 28.8 V
potential difference and 35 A current. It was a self-humidified and air-cooled
(integrated cooling fan) system. The controller weight was about 400 g, while the stack
weight (with fan and casing) was about 4000 g. The stack efficiency was measured at

about 40% at a 28.8 V potential difference. The cell was fitted with an auto-shutdown
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controller at a voltage below 24 V, current 42 A, and stack temperature above 65°C

for safety purposes. The fuel cell generated maximum power output at 13 LPM

hydrogen flow rate (HFR). Other specifications are represented in Table 6.1.

Table 6.1. Specifications of PEM fuel cell

Parameter Unit Range
Proton Exchange Membrane

Fuel cell Type

(PEM)
Number of cells 48
Rated power Watt 1000
Peak Performance - 288V @35A
H> Supply valve voltage Volt 12
Purging valve voltage Volt 12
Blower voltage Volt 12
Input gases Hydrogen and Oxygen (from air)
External temperature range Degree Celsius 5to 30
Gas pressure range (at Peak) Bar 0.451t0 0.55
Hydrogen purity (dry) Percentage 99.995
Humidification method Self-humidified
Cooling Air-cooled
Stack weight (with fan & casing) Gram 4000 (£100)
Controller weight Gram 400 (£30)

Fuel cell dimensions
Flow rate (at max. output)

Start-up time

Stack efficiency

Shut down voltage (low)
Shut down current (high)
Shut down temperature (high)

Centimetres
Litre per
minute
Second
Percentage
Volt
Ampere

Degree Celsius

233x26.8x123

13

<30
40
24
42
65
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The hydrogen purity requirement for fuel cells was more than 99.995%
level. Oxygen gas was taken from the atmosphere (air), and hydrogen supply had two
options (either from a Grade-I hydrogen cylinder supplied by ‘Sigma Gases and
Services’ or a hydrogen-producing and purifying unit developed within the
laboratory). The HFR was measured using a ‘FLOWSTAR’ make (Model: FSA 100)
rotameter while the hydrogen pressure was regulated using a ‘JEL’ make (Model:
AR2000-02) pressure regulator. The voltage and current were measured at different
operating parameters varying resistance through ‘STEAD’ make rheostat. Figure 6.2

depicts the experimental setup of the fuel cell.

Cylinder Hydrogen
Pressure Flow
Meter Pressure
/ Meter Rotameter Fuel Cell
%j ' Qutputs
g Valve 3
Valve 1 P ® \vi
B JAY
Plvalve 2  Fuel Cell
Pressure
Hydrogen .
Production
and
Purification
Unit PEM Fuel Cell
1-5LPM
(Flow rate) Purge
0.1-0.9 bar &=
(Water and Extra
Hydrogen)
Hydrogen
Cylinder
150 bar

Figure 6.2. Diagram of PEM fuel cell connected with hydrogen production and purification

unit
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6.2.2. Procedure

A fuel cell is an electrochemical device that generates electricity till it
receives the fuel. Hence, the continuous fuel supply must be ensured throughout the
experimentation. Initially, the hydrogen cylinder valve (Valve 1) was opened, and any
leakage was tested using a hydrogen leak detection device. Once no hydrogen leakage
was detected, the hydrogen pressure was adjusted at about 1.5 bar pressure. Another
pressure regulator was attached before the fuel cell, which finally regulates the gas
pressure entering the fuel cell. Here, the pressure is maintained between 0.1 and 1.0
bar, depending on the requirement. Before connecting the external hydrogen gas
supply, the fuel cell stabilized after running for 10 minutes through hydrogen from the
cylinder. Once the readings from the fuel cell were under acceptable limits, the Valve
1 may be closed and hydrogen production and purification unit may be started with
opening Valve 2. The hydrogen gas coming out from the hydrogen production and
purification unis may be used for the experimentation at varying hydrogen gas
pressure and hydrogen flow rate (HFR).

A hydrogen flow meter was attached to ensure the HFR was at acceptable
limits; however, the maximum hydrogen flow rate from the hydrogen production and
purification unit was 5 LPM. Therefore, the experiments were conducted between 1
LPM and 5 LPM range. Similarly, the gas pressure range was maintained between 0.4
and 0.9 bar, as depicted in Table 6.2. The hydrogen pressure range was chosen as the
fuel cell had 0.4 bar, the lowest operating pressure, and the hydrogen production and

purification unit generated a maximum hydrogen pressure of 0.9 bar, respectively.

Table 6.2. Operating parameters for PEM fuel cell performance

Parameters Units Experimental values Rated peak values
Litre per minute
Hydrogen flow rate 1,2,3,4,5 13
(LPM)

Gas pressure bar 0.4,0.5,0.6,0.7,0.8,0.9 0.45
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After adjusting the required gas pressure and HFR, the Hz entered the fuel
cell through the anode, and the oxygen was taken from the atmosphere (air) and
entered through the cathode. There were separate air channels for hydrogen and
oxygen within the fuel cell stack that transported hydrogen to the anode catalyst layer
and oxygen to the cathode catalyst layer. At the anode, the H2 gas splits into hydrogen

ions and free electrons as Equation (6.1),
H, —» 2H* + 2e~ (6.1)

The hydrogen ions cross the separating polymer membrane while the
electrons stay at the anode side. Whereas at the cathode, the hydrogen ions reacted
with oxygen molecules, and water was generated as Equation (6.2),

2H* + 2¢” + 1/,0, > H,0 (6.2)
Therefore, the overall reaction became as Equation (6.3),
H,+ 1/,0, - H,0 (6.3)

The external circuit was connected to the positive and negative terminals
of the fuel cell output. The electrons travel through the external circuit, creating a
potential difference across both terminals. The potential difference induced was
calculated using Equation (6.4), where ‘E’ denoted the output voltage, ‘E,” denoted
the standard voltage, ‘R’ denoted Universal gas constant, ‘T’ denoted temperature, ‘n’
denoted the number of moles, ‘f’ denoted Faraday’s constant, ‘p’ denoted pressure

and subscripts ‘H,0, H,, 0, denoted water, hydrogen, and oxygen, respectively,

e b Zfee

Moisture produced in the fuel cell humidified the membrane and improved
the electron transfer, enhancing cell efficiency. The over-flooding of the catalyst layer
(CL) would result in pores blockage that hinders the electron movement, reducing the
cell efficiency. Hence, a purging valve was installed to ensure the regular escape of
extra Hz and water from the fuel cell stack. The output from the fuel cell was connected

to AC/DC loads to determine the cell performance at variable operating parameters.
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After the experimentation, the fuel cell was again run on hydrogen from a
hydrogen cylinder for 10 minutes. A reference reading was also taken at rated input

parameters to compare the output with the experimental results.
6.2.3. Mathematical relations

The operating parameters for the fuel cell performance were analyzed
using various empirical relationships in the open literature. The potential difference
generated at the two terminals of the fuel cell was measured to determine the electrical

work (Wg) in watts, as given in Equation (6.5),
Wy =EXQ (6.5)

Where ‘E” represents the potential difference in volt and ‘Q’ represents the charge in
coulomb. Here, the electrons carried the charge (Q), where the change (Q) is measured

using Equation (6.6),
Q =nXF (6.6)

Where ‘n’ denotes the number of moles of electrons and ‘F’ denotes the Faraday’s
constant in coulomb per mole. Gibbs free energy of an electrochemical reaction gives
the reversible voltage for the process. Using the values of n and F, the Gibbs free

energy was calculated as Equation (6.7),
AG = —nFE, (6.7)
The overall reaction was given by Equation (6.8),
H,+ 1/,0, = H,0 (6.8)

As per standard conditions, the liquid water molecules had -237 kJ/mol of
Gibbs free energy (AG). Hence, rearranging Equation (6.7) and from Equation (6.8),
the reversible voltage (E,) was given by Equation (6.9),

AGo

E, =
0 nF

(6.9)

Where ‘AG’ represented the Gibbs free energy at standard conditions.
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The fuel cell efficiency (n) was the ratio of useful work extracted from the

system to the total amount of energy supplied to the system, as Equation (6.10),

useful work

n = (6.10)

amount of total energy

When the work extracted was from a chemical reaction, the amount of

total energy becomes the change of enthalpy (AH), as Equation (6.11),

Where Hp and Hg denoted the enthalpies of the products and reactants. Hence, the fuel

cell efficiency (n) after rearrangement was given as Equation (6.12),

useful work

m= change of enthalpy (6.12)

6.3. Results and discussion

The results and discussions section analyzed the results obtained through
various experiments. The input process parameters were varied, and the results were
obtained at each input. The input parameters involved were hydrogen flow rate (HFR)
and gas pressure to determine the PEM fuel cell performance. In contrast, the output
results were the output current and voltage used to determine output power and fuel
cell stack efficiency through various mathematical relationships. Thus, the cell

performance was determined by varying hydrogen flow rate and gas pressure.
6.3.1.  Effects of hydrogen flow rate (HFR)

The HFR is an essential parameter in determining cell performance. A fuel
cell generates electricity till it receives the fuel (or hydrogen). The HFR described the
amount of fuel available for the chemical reaction in the fuel cell. Here, the impacts
of HFR on the output current and voltage were evaluated, and then the variation in
output power against voltage at different hydrogen flow rates was studied. For
reference, the output at 13 LPM (rated value) hydrogen flow rate that generated the
maximum rated output was also measured. It will help compare the variation caused

in the output when the fuel cell performs at lower hydrogen flow rates.
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Figure 6.3. 1-V characteristic at the variable hydrogen flow rates

Figure 6.3 presents the variation of the output current (in Ampere) for
variable voltage (in Voltages). The HFR from the hydrogen production and
purification unit was observed to be between 1 LPM and 5 LPM. The gas pressure was
maintained at 0.45 (rated value) per the manufacturer's specifications. The rise in the
output current was observed as the voltage increased from 24 V and attained the peak
value at about 28 V. After 28 V, the output current again declined. A similar trend was

observed for each HFR.

In contrast, when the HFR was increased from 1 LPM to 5 LPM, the output
curves had more inclination and approached the rated maximum output at 13 LPM
(maximum rated hydrogen flow rate). Hence, a reduction of about 29% in output
current was observed for 5 LPM against 13 LPM. At the same time, the input
(hydrogen flow rate) showed a significant reduction of about 61% from 13 LPM to 5

LPM. Similar differences were also observed at other hydrogen flow rates.
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Figure 6.4. P-V characteristic at the variable hydrogen flow rates

Figure 6.4 illustrates the correlation between the output power (in watts)
and voltage (in volts). Similar to Figure 6.3, the HFR varied between 1 LPM and 5
LPM, while the gas pressure was maintained at 0.45 bar per the specifications. With
the reduction of about 60-61% hydrogen flow rate, about 29% reduction was observed
in output power at peak value. It indicated that a slight compromise in output power
would save a significant amount of hydrogen. It will reduce the hydrogen wastage
during purging. The peak output power was 980 W at 13 LPM, whereas the peak
output power at 1 LPM, 2 LPM, 3 LPM, 4 LPM, and 5 LPM were 333 W, 498.8 W,
546 W, 627 W, and 694.4 W, respectively.

6.3.2.  Effects of hydrogen pressure

Another essential operating parameter observed during experimentation
was gas pressure. The fuel cell required an optimized input gas pressure to function at
its peak or rated potential. The fuel pressurization affects the moisture management
within the fuel cell. The moisture improves the cell output, but flooding of electrodes
results in a sudden drop in output. The gas pressure significantly influences the

diffusivity of the gas diffusion layer. Therefore, the gas flow channels were designed
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to smoothen hydrogen and oxygen flow to the catalytic electrode plates. Here, the
reference gas pressure of 0.45 bar was taken as mentioned by the manufacturer. The
testing was performed by varying the gas pressure generated by the hydrogen
production and purification unit to understand the range of gas pressure required to

run a fuel cell while enhancing the output with the least wastage of hydrogen fuel.
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Figure 6.5. I-V characteristics at different gas pressures

Figure 6.5 shows the output current variation (in Ampere) for the voltage
(in Voltage). The gas pressure range was maintained between 0.4 bar and 0.9 bar. The
lower limit (0.4 bar) was the minimum gas pressure required to run the fuel cell,
whereas the upper limit (0.9 bar) was the maximum gas pressure attained by the
hydrogen production and purification unit. The results showed that the higher gas
pressure beyond 0.5 bar reduced the output current. The maximum current output was
achieved at the rated gas pressure of 0.45 bar, whereas an 8% and 14% decline was
observed for 0.5 bar and 0.4 bar gas pressures against the rated gas pressure value. In
contrast, the further rise in the gas pressure reduced the output current of the cell. A
10% addition or reduction in the gas pressure from the rated value slightly reduced

fuel cell output. Beyond that, the reduction showed a significant drop in output.
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Figure 6.6 illustrates the correlation between output power (in watts) and
voltage (in volts). The gas pressure was changed from 0.4 bar to 0.9 bar, and the
variation in the output power was recorded. The reference gas pressure of 0.45 bar was
considered for comparison. A 100% rise in gas pressure from 0.45 bar to 0.9 bar was
observed to have a 50% reduction (from 982.8 W to 487.2 W) in the output power,
which is a very significant variation. The output power for 0.4 bar, 0.5 bar, 0.6 bar,
0.7 bar, and 0.8 bar was 845.6 W, 901.6 W, 792.4 W, 736.4 W, and 652.4 W at 28 V.
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Figure 6.6. P-V characteristics at different gas pressures

6.3.3. Variation in Fuel Cell Stack Efficiency

The fuel cell efficiency is the ratio of useful electrical energy generated to
the amount of Hz input in terms of energy. Hence, the efficiency can be enhanced by
improving the output or reducing the input for the same input/output. The generalized
efficiency equation was represented in Equation 6.10, whereas the efficiency in the
form of fuel enthalpy was represented in Equation 6.12. The fuel cell stack efficiency
depends on various parameters, including the type of fuel cell, operating parameters,
moisture, temperature, etc. In the current work, the cell efficiency was determined by
varying the two operating parameters (HFR and gas pressure). The lower HFR was
considered depending on the Hz production and purification unit. In contrast, gas

pressures as high as 0.9 bar were tested to compensate for the loss due to the low HFR.
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Figure 6.7. Variation of fuel cell stack efficiency at variable hydrogen flow rate

Figure 6.7 explains the deviation in fuel cell stack efficiency (in
percentage) for the voltage (in volts) at variable HFR. The HFR ranged between 1
LPM and 5 LPM as generated by the hydrogen production and purification unit;
however, a 13 LPM of HFR was also considered for reference at the peak output per
manufacturer specifications. The results showed a rise in the fuel cell stack efficiency
with a surge in the fuel cell potential difference, which reached the maximum at about
28 V. Beyond 28 V, the efficiency declined and reached a minimum (nearly zero) at
about 39.5 V. In contrast, the higher fuel cell stack efficiency was observed at higher
HFR. The HFR had a crucial role in determining the dominance of oxygen partial
pressure over hydrogen. The higher HFR represented more Hz molecule intake,
resulting in better chemical reactions within the fuel cell. More H2 molecules increased

H2 wastage and produced more water that cause electrode flooding if not removed.

Figure 6.8 shows the relationship between fuel cell stack efficiency (in
percentage) and fuel cell potential difference (in volts) at various gas pressures. The
gas pressure was changed from 0.4 bar to 0.9 bar, and 0.45 bar was taken as the
reference (or rated) gas pressure per the manufacturer's specifications. The results
showed a 10% decline from the rated gas pressure (0.45 bar) and a 15% reduction in
the fuel cell stack efficiency at 5 LPM. In contrast, a 10% addition in the rated gas

pressure had a 10% reduction in the cell efficiency at 5 LPM.
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Figure 6.8. Variation of fuel cell stack efficiency at different pressures

6.4. Summary

The performance of a 1 kW capacity PEM fuel cell was studied. The
operating parameters, such as hydrogen flow rate (HFR) and gas pressure, were
considered to investigate the output from the fuel cell. A hydrogen production and
purification unit was connected, and the tests were conducted from higher to lower
hydrogen flow rate and gas pressure limits. In contrast, the readings at the rated peak
operating parameters were also measured for reference. During experimentation, the
hydrogen flow rate ranged between 1 LPM and 5 LPM, whereas 13 LPM was the rated
peak hydrogen flow rate. Similarly, the gas pressures were between 0.4 bar and 0.9
bar with a raise of 0.1 bar, whereas 0.45 bar was the rated gas pressure per

manufacturer specifications. The following findings were observed:

e The rated peak values of the operating parameters gave the maximum output
during experimentation.
e  The hydrogen flow rate of 5 LPM showed a 29% decline in output, whereas

the hydrogen flow rate reduction was about 61%. Thus, reducing the hydrogen
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flow rate would save a considerable amount of hydrogen with comparatively
less effect on the output.

e The gas pressure showed an 8% and 14% decline for 10% increased and
decreased input gas pressure. Whereas beyond 0.5 bar gas pressure, the output
drop was significant.

e  The fuel cell stack efficiency declined at a lower HFR because of the fewer Hz
molecules for chemical reactions.

e Similarly, the fuel cell stack efficiency declined by 10% and 15%, with a 10%

addition and 10% reduction in rated gas pressure.

Therefore, the lower hydrogen flow rate and higher gas pressure
negatively impacted the fuel cell output. However, the drop in the output is
comparatively less than the reduction in input. The study will help augment the cell
performance and lessen the hydrogen wastage due to extra hydrogen molecules at a

higher hydrogen flow rate.
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CHAPTER 7

CONCLUSIONS AND FUTURE SCOPE

7.1. Conclusions

The following are the findings from the current research work:

Experimental findings:

e  The influencing parameters in plasma reactors are feed flow rate, reactor
temperature, and feed molar ratio.

e The atomization of the water-methanol mixture at 2.4 MHz ultrasonic
frequency showed maximum hydrogen production rate, followed by 1.7 MHz
and 0.3 MHz transducers.

e  The hydrogen production rate rose by about 14%, with the input voltage rise
from 4 kV to 7.5 kV.

e The maximum percentage rise of about 25% was observed at 1.7 MHz
ultrasonic frequency.

e  The higher methanol concentration showed a higher hydrogen production rate
and reached 306.2 mol/day hydrogen production rate using a 2.4 MHz
ultrasonic transducer.

e  The higher feed flow rate also positively influenced the hydrogen production
rate and peaked at 3.5 LPM. Beyond 3.5 LPM, the HPR declined.

e All three ultrasonic transducers observed a similar trend for methanol
concentration and feed flow rate, where 2.4 MHz showed the highest hydrogen
production rate, followed by 1.7 MHz and 0.3 MHz, respectively.

e  The hydrogen purity was observed at about 99% after using the hydrogen
purification unit.

o The plasma reforming with hydrogen purification unit has the system
efficiency of 42.2%.
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Simulation findings:

e Assharp rise in H2 selectivity was obtained with the temperature rise. At the
same time, the methanol conversion rate is more than the water conversion
rate, which shows more influence of methanol than water in hydrogen
production.

e A rise in reactor pressure adversely affects hydrogen concentration,
represented by lower H2 mole fraction and selectivity at higher pressures.

e  The higher molar ratio resulted in a lower methanol conversion rate and, thus,
a reduction in hydrogen selectivity was observed.

e  The simulation showed the HS values in the 74% and 86% range, while the
FCP values range from 81.4%to 97.3%.

e R? values of HS and FCP are 0.9877 and 0.9803, which showed a better
correspondence between the simulated and predicted values.

e  M-to-W molar ratio is the most significant parameter for hydrogen production,
and the range from 0.9 to 1.35 shows the highest Hz production potential.

e  Reaction temperature showed intermediate significance, while it was observed
that the higher temperature has more potential to generate hydrogen.

e  An optimized HS and FCP of 84.81% and 95.71% were obtained at 328 °C
RT, 2.6 atm. RP, and 1.34 M-to-W molar ratio.

PEM Fuel Cell Performance:

e  The reduction in hydrogen flow rate would save a considerable amount of
hydrogen with comparatively less effect on the output.

e  The gas pressure showed an 8% and 14% decline for 10% increased and
decreased input gas pressure. Whereas beyond 0.5 bar gas pressure, the output
drop was significant.

e  The fuel cell stack efficiency also declined at a lower HFR because of the lower
number of H2 molecules that exist for chemical reactions.

e  Similarly, the fuel cell stack efficiency declined by 10% and 15% with a 10%

addition and 10% reduction in rated gas pressure.
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7.2. Future scope

e  Other parameters that can also be considered for simulation are reactor length
and diameter, type of feed, and higher feed flow rate.

e A better optimization tool may be applied to find better optimal results.

e A bigger Plasma reformer may be designed for high-capacity Hydrogen
Production.

e  Higher ultrasonic frequency waves may be used for finer atomization of feed.

e  Higher alcohols, methane gas, and other feedstocks may be used to generate
hydrogen.

e  The hydrogen generated in the experiment is about 99% purity level; therefore,
it may be considered for fuel in fuel cells after further purification to >99.9%
purity for power generation and other industrial applications.

e LCA analysis of Plasma Reforming for Hydrogen Production may be
performed using software like SimaPro, OpenLCA to assess the environmental

impacts.
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HIGHLIGHTS

e Hydrogen production via the methane reforming pathway is discussed.
e Ethanol decomposes into intermediate species that further splits into eH radical
e Various plasma reforming reactors for H, production are discussed.

¢ Influencing parameters in plasma reforming are identified.
e Various process parameters affecting H, production are reviewed.
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ABSTRACT

Hydrogen is an energy carrier with a very high energy density (>119 MJ/kg). Pure hydrogen
is barely available; thus, it requires extraction from its compounds. Steam reforming and
water electrolysis are commercially viable technologies for hydrogen production from
water, alcohols, methane, and other hydrocarbons; however, both processes are energy-
intensive. Current study aims at understanding the methane and ethanol-water mixture
pathway to generate hydrogen molecules. The various intermediate species (like CHy,
CH,0, CH3CHO) are generated before decomposing methane/ethanol into hydrogen radi-
cals, which later combine to form hydrogen molecules. The study further discusses the
various operating parameters involved in plasma reforming reactors. All the reactors work
on the same principle, generating plasma to excite electrons for collision. The dielectric
barrier discharge reactor can be operated with or without a catalyst; however, feed flow
rate and discharge power are the most influencing parameters. In a pulsed plasma reactor,
feed flow rate, electrode velocity, and gap are the main factors that can raise methane
conversion (40—60%). While the gliding arc plasma reactor can generate up to 50%
hydrogen yield at optimized values of oxygen/carbon ratio and residence time, the
hydrogen yield in the microwave plasma reactor is affected by flow rate and feed con-
centration. Therefore, all the reactors have the potential to generate hydrogen at lower
energy demand.
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Abstract

Biodiesel is a biofuel produced from vegetable oils and animal fats. The study describes the solar-assisted biodiesel pro-
duction from linseed oil and the parameter optimization using Taguchi’s L, orthogonal approach and response surface
methodology (RSM). A solar paraboloid dish of collector area 6.1 m* and concentration ratio approx. 200 is used for the
transesterification process. Yearly and daily solar radiation data shows that May—June has more extended solar radiation
availability during the daytime and are favorable months for experimentation. Results show that Taguchi’s approach gives a
maximum biodiesel yield of 89.14%, while the RSM model offers a slightly higher 91.9% yield. However, the RSM analy-
sis predicted 91.1% (maximum biodiesel yield) at molar ratio (MR) 8.92:1, reaction time (RT) 108.97 min, and catalyst
concentration (CC) 0.61 wt%, respectively. ANOVA analysis found that the MR has the highest percentage contribution of
75.67%, followed by CC (15.9%) and RT (5.69%). Biodiesel composition is determined using gas chromatography and FTIR
analysis, and the various other fuel properties are measured as per ASTM testing methods. The study successfully confirms
the use of solar heating for the transesterification process.

Keywords Biodiesel - Linseed Oil - Taguchi’s method - Solar paraboloid dish - Response surface methodology

Abbreviations uv Ultraviolet

ANOVA  Analysis of variance wt% Weight percentage

ASTM American Society for Testing and Materials

CcC Catalyst concentration

CCD Central composite design 1 Introduction

Ccv Calorific value

FAME Fatty acid methyl ester Energy is essential for every nation to develop infrastructure,

FID Flame ionization detector industries, transportation, and other basic needs. The energy

FFA Free fatty acid is mainly extracted from fossil fuels like crude oil and coal.

FTIR Fourier transform infrared The extensive crude oil usage has become a significant eco-

GC Gas chromatography nomic problem for countries with lower crude oil reserves

KOH Potassium hydroxide [1, 2], leading to higher demand for crude oil internationally.

LSME Linseed methyl ester This situation has resulted in higher crude oil prices, thus

IC Internal combustion creating an imbalance in the World’s economy; however, it

MR Molar ratio showed no impact on the demand side, which is breaking

min Minutes records year by year. The crude oil burning also adds toxic

RT Reaction time gases to the air leading to increased annual death rates due to

RSM Response surface methodology air pollution. These are some reasons behind restricting and

S/N Signal-to-noise minimizing crude oil usage [3, 4]. Therefore, other compat-

ible alternatives for crude oil have been explored for many

5 Neeraj Budhraja years; and biodiesel is one such alternative [4—6].
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between vegetable oil and alcohol in the presence of a cata-
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Optimizing Methanol Reforming Parameters for Enhanced
Hydrogen Selectivity in an Aspen Hysys Simulator using

Response Surface Methodology

Neeraj Budhraja,* Amit Pal, and Radhey Shyam Mishra

Hydrogen is the prominent fuel for a nation’s industrial and infrastructural

development. Hydrogen fuel fulfills the energy requirement and reduces envi-
ronmental pollution concerns. Hence, every country is looking for efficient and
greener hydrogen production technologies. Herein, a simulation model of a

methanol-water (as feed) reformer is developed, and the effects of reaction

temperature (RT), reactor pressure (RP), and methanol-to-water (M-to-W) ratio
are investigated. In contrast, the optimal conditions for hydrogen selectivity (HS)
and feed conversion percentage (FCP) are determined using response surface
methodology. Results show a significant effect of the M-to-W molar ratio in the
range of 0.9 and 1.35, whereas higher RT has a good affinity for higher HS and
FCP. The regression analysis shows R, values of 0.9877 and 0.9803 for HC

and FCP, which are close to unity. Hence, both experimental (and simulated) and
predicted values have better correspondence with each other. In contrast, the
optimal HS and FCP of 84.81% and 95.71% are observed at 328 °C RT, 2.6 atm.
RP, and 1.34 M-to-W molar ratio, respectively. Therefore, the present simulation
and optimization provide results that may help to enhance the hydrogen pro-

enormous energy. Only a few technologies
have been developed and commercialized
for hydrogen production. Chen et al.™*! per-
formed ethanol steam reforming for hydro-
gen production and achieved a theoretical
73% hydrogen yield. The authors used
Ni/AL,O3 catalyst to trigger the ethanol
steam-reforming reaction. Similarly, Dang
et al.” used a Pd-promoted Ni-Ca—Al-O
bifunctional catalyst and obtained 90%
hydrogen yield from iso-octane steam
reforming. Abbandanak et al.l®) combined
Cu—Zn—Ce0,~Zr0,/MCM-41 catalyst and
(Li-Na-K) NO3.MgO absorbent for metha-
nol steam reforming and obtained 99.8%
hydrogen yield. In contrast, Qingli et al.”’
produced hydrogen from glycerol at a glyc-
erol conversion percentage of 94.71%,
respectively. Therefore, different feedstocks

duction percentage in commercialized plants.

1. Introduction

In the last few years, the energy demand has increased at a very
rapid pace. However, the Ukraine-Russia conflict worsened the
scenario for many nations, especially Europe, and such situations
may arise in the near future. Therefore, every country has been
looking for domestic and sustainable energy sources that pro-
duce no or very few emissions to curb pollution from fossil
fuels."? This way, the aim of sustainable fuel will also be ful-
filled. Hydrogen energy is one such source that has the potential
to replace most of the current fossil energy sources.”’)
Hydrogen is the lightest element in the periodic table, and
hydrogen compounds are available everywhere. However, hydro-
gen extraction from its compounds is challenging and requires
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have the potential to produce hydrogen;
however, methanol and water are very com-
monly used feedstock.

Methanol and water are notable and
well-known sources of hydrogen produc-
tion in various technologies. Methanol and water have more than
10% hydrogen content, and hydrogen extraction requires com-
paratively less energy than other sources. Awasthi et al.’®
achieved a hydrogen production rate of 49 mol. H, per hour from
methanol at 130 °C. Similarly, Shen et al.”®! produced hydrogen
from methanol at near room temperature through methanol
dehydrogenation. In contrast, Khouya!'” used polymer electro-
lyte membrane electrolysis to produce hydrogen from water.
The author obtained significant results and an overall efficiency
of 20%. Palhares et al.l'! generated hydrogen at a rate of 2 liters
per unit time in a solar-assisted alkaline water electrolyzer. Any
process before commercialization requires the simulation of var-
ious components. It helps in reducing the cost and achieving the
targeted output results.

Modeling and simulation of various components of a chemical
plant help determine the impacts of the different process param-
eters and cost considerations . Ishaq and Dincer!"* designed a
biomass and solar energy-based model for hydrogen production,
where the overall system efficiency achieved is 29.9%, while the
exergy efficiency is 31.5%, respectively. Bassyouni et al.'* sim-
ulated a downdraft gasifier. The authors used date palm waste to
produce syngas that contains a hydrogen content of 56.27%,
while the other gases are carbon monoxide, carbon dioxide,
and methane. Sanchez et al."*! developed a model for an alkaline

© 2023 Wiley-VCH GmbH
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Simulation and optimization for biohydrogen production potential of
various organic waste via anaerobic digestion
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ARTICLE INFO ABSTRACT

Keywords:

Cow dung

Banana stem

Waste paper pulps
Biohydrogen production
Anaerobic digestion

A simulation model was developed for biohydrogen production from organic feeds such as cow dung (CD),
banana stem (BS), and waste paper pulps (WPP). Data from the model was used to generate a design of
experiment (DoE) that analysed the data and optimizes the input parameters for optimized biohydrogen yield.
Three input parameters taken for optimization were pretreatment temperature (PTT), hydraulic retention time
(HRT), and feed-to-water (F/W) ratio. Results showed the optimal sequence of influencing parameters is PTT >

HRT > F/W ratio. The optimal value of PTT was 75 °C for all feeds. In contrast, the HRT and F/W ratios were
13.1 days and 0.5 ratio for CD, 16.6 days and 1.5 ratio for BS, and 11.7 days and 1.4 ratio for WPP. At the same
time, the optimal biohydrogen yield was 24.59 % (CD), 25.27 % (BS), and 24.21 % (WPP). Therefore, the current
simulation and optimization had convincing results in optimizing commercial plants’ biohydrogen production.

1. Introduction

Waste disposal has become a tragic problem in developed and
developing nations. As the number and volume of urban cities have been
increasing rapidly, waste generation is setting new records every day.
Scientists and environmentalists have shown that waste is valuable
when appropriately utilized [1]. However, the proper utilization has
many challenges. The inorganic waste can be reused, recycled, or
recovered for secondary products. The lack of awareness made the
process very difficult. Similarly, organic waste can generate various
biofuels, whether biogas, bioethanol, or biohydrogen [2]. Hydrogen is
an energy source that has exceptional properties of the highest energy
density by weight and no harmful emissions with burning [3]. There-
fore, biohydrogen can solve many problems like waste disposal, energy
demand, and cleaner and sustainable development.

All these biofuels were generated through an anaerobic fermentation
process, where anaerobic microbes digest organic feeds and break down
higher hydrocarbon compounds into smaller hydrocarbons like
methane, ethanol, etc. it has been found that several organic feeds were
suitable for producing biofuels [4]. However, each feed has different
chemical constituents; thus, the quantity and quality of biofuels may
vary. Liu et al. assessed the crop straw’s potential to produce hydrogen in
China [5]. The authors found an approximate 4.54 x 108 tonne available
crop residue within China that could produce 1.31 x 10! m® bio-
hydrogen and reduce about 2.42 x 10® tonne COa.¢q greenhouse gas

E-mail address: neeraj_budhraja@yahoo.com.

https://doi.org/10.1016/j.fuel.2023.130563

emissions annually. Foglia et al. showed the potential of various waste
organic feeds to produce biohydrogen at a feasible energy demand [6].
Similarly, Xing et al. studied the feasibility of dairy manure such as cow
dung for biohydrogen production. The result showed a decent yield of
38.6 % hydrogen content with acid pretreatment to maintain feed at
about 5.0 pH [7].

The environment inside the digester is a very crucial parameter for
the survival of anaerobic microbes [8,9]. A slight environmental change
will kill the microbes, and the whole plant will stop producing desirable
biofuel. The anaerobic microbes include hydrogen-producing and
hydrogen-consuming (or methanogenic) microbes. Depending upon the
desirable end products, favorable conditions are created for microbe
culture. Bansal et al. investigated the effects of pretreatment tempera-
tures between 50°C and 100°C for biohydrogen production. The authors
found that a linear rise in biohydrogen production was observed from
21 % biohydrogen yield at 50°C to 48 % biohydrogen yield at 80°C,
which is about a 130 % rise (from biohydrogen yield at 50°C) [10].
Similarly, Kotsopoulos et al. noted a hydrogen yield of 3.65 cm®/g-vol-
atile solid when the pig slurry is treated under 70°C temperature in a
Continuous Stirred Tank Reactor (CSTR) [11].

The substantial organic waste requires large size anaerobic digesters
for their disposal. Due to the size and capital cost of construction, the
plant design becomes essential before the installation process [12,13].
Few tools/software/simulators are available to create plant working
models. With the help of these models, the simulation is performed to
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Modeling and analysis for enhanced hydrogen production in
process simulation of methanol reforming
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ABSTRACT ARTICLE HISTORY
Hydrogen has emerged as the most suitable fuel for a nation’s greener and Received 31 May 2023
sustainable development. In contrast, the feedstock and hydrogen produc- Revised 15 August 2023

tion methods remain a concern for environmental pollution. This study uses Accepted 15 September 2023
methanol as the feedstock for hydrogen production via a low-temperature KEYWORDS
methanol-reforming process. A simulation model was developed in Aspen Reforming; hydrogen;
Hysys, where an equilibrium reactor is used in the reforming process, and methanol conversion; Aspen
examined the effects of parameters like temperature, pressure, and hysys; Peng-robinson
Methanol-to-Water (M-to-W) molar ratio. Hydrogen mole fraction and selec-

tivity increase by roughly 18.5% and 10.5% when the reaction temperature

increases from 100°C to 400°C. At the same time, the methanol conversion

rate reaches 95% at 400°C. Reactor pressure shows inverse effects where

pressure rises from 1 atm. to 7 atm. that reduces hydrogen mole fraction and

selectivity by about 10% and 6%, and a similar reduction of 5% is noticed in

the methanol conversion rate. M-to-W molar ratio plays a crucial role in the

reaction pathway and the M-to-W ratio between 0.5 and 1.5 at 400°C and 1

atm. reactor pressure showed the highest hydrogen mole fraction (>0.57)

and a maximum methanol conversion rate (>90%). Therefore, the present

simulation model successfully determines the impacts of various parameters

to help design a commercial plant for large-scale hydrogen production via

the reforming process.

Introduction

The global energy demand is rising with the development of the human race. After technological
advancement and environmental concerns, new and renewable energy sources have been developed
(Qureshi et al. 2022). But each renewable energy source has its disadvantages- solar energy is dynamic
in nature and available during sunshine hours, wind energy is reccommended for seashore areas where
sufficient wind speed is available, hydropower affects flora and fauna of the region, and biomass
energy requires large land masses for cultivation and storage. The transportation of energy to the place
of utilization during demand time is also a big challenge for most renewable energy sources (Garcia
et al. 2021). Therefore, a lot of work has been performed in the last few years to develop an energy
source that can overcome these drawbacks without causing damage to the environment. And
Hydrogen is one such alternative.

Hydrogen is an energy carrier that can store energy and be transported to any place and time when
demanded (Budhraja, Pal, and Mishra 2023b). In contrast, greener hydrogen production is still
a challenge to meet the demand of industries. Therefore, the need is met using conventional methods
and fossil fuels to generate hydrogen, contributing to about 98% of the total hydrogen production
worldwide (Ranjekar and Yadav 2021). Fossil fuels like coal, oil, and natural gas, and conventional
methods like steam reforming, partial oxidation, and auto-thermal reforming directly or indirectly add

CONTACT Neeraj Budhraja @ neeraj_budhraja@yahoo.com @ Department of Mechanical Engineering, Delhi Technological
University, Delhi 110042, India
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Simulation and Optimization of
Biohydrogen Production from Biomass Feed

via Anaerobic Digestion

Biomass energy is a renewable energy source that is carbon-neutral, versatile, and
can never go extinct. In the current study, a simulation model of an anaerobic
digester with parameters such as pretreatment temperature (PTT), hydraulic
retention time (HRT), and feed-to-water (F/W) ratio was developed and a design
of experiment was created. The results showed that the higher hemicellulose con-
tent in sugarcane bagasse (SB) gave a decent H, yield (13-23 %). The significance
sequence was PTT > F/W > HRT. The optimal values were HRT of 15-16 d; F/W
of 1.5 (SB), 1.26 [rice straw (RS)], and 0.5 [sawdust (SD)]; and PTT of 63.3 (SB),
68.8 (RS), and 75°C (SD). The optimal H, yield was 19.80 (SB), 20.94 (RS), and
21.41 % (SD). Therefore, the present simulation and optimization showed con-
crete results to raise H, yield.

Keywords: Hydrogen production, Response surface methodology, Rice straw, Sawdust,

Sugarcane bagasse
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1 Introduction

India, as an agrarian country, faces a very big problem of agri-
cultural waste disposal. Every year, farmers are forced to burn
the waste generated from their crops. This reduces soil fertility
and produces air pollution that leads to respiratory diseases
and even lung cancer. To tackle this problem, scientists and
researchers have come up with the idea of converting agricul-
tural waste to energy, and this is termed biomass energy [1].
Nowadays, biomass energy is a hot topic for scientists and
researchers. The abundant availability and carbon-neutral
nature are the main advantages of biomass energy. Other ad-
vantages include waste disposal, an add-on to farmers’ income,
versatility, and never going extinct [2]. Hence, energy from bio-
mass will reduce pressure on fossil fuels-based energy. Several
techniques have been developed to get maximum benefits from
biomass. Among them, a few popular techniques are direct
combustion to generate heat, pyrolysis for degradation into
single-carbon molecules and generating producer gas, conver-
sion to biodiesel as an alternative to conventional diesel, and
anaerobic fermentation to produce biogas and bioethanol [3].
Bloch et al. discussed the various biohydrogen production
methods and reactor designs, and found anaerobic digestion to
be a harmless and greatly beneficial biohydrogen-producing
method [4]. Escherichia coli is very useful in biohydrogen pro-
duction. Poladyan et al. used brewery waste and E. coli to
generate biohydrogen via anaerobic fermentation, and achieved
a hydrogen yield of about 0.75mmol-H,/L with a Pt redox
electrode [5]. Similarly, Mirzoyan et al. utilized mixed carbon
sources consisting of glucose, glycerol, and formic acid in an
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E. coli batch fermentation. The results showed the highest
hydrogen yield of 8.8 mmol-H,/L at about pH 7.5. Therefore, a
decent biohydrogen potential was observed from different
compositions of carbon sources in E. coli batch fermentation
[6].

Biohydrogen is hydrogen produced from the biological activ-
ities of microbes (anaerobic bacteria). During the anaerobic
fermentation process, both hydrogen-producing and hydro-
gen-consuming microbes are present. However, their activities
mainly depend on the conditions available during the fermen-
tation process [7]. The biohydrogen production process is simi-
lar to the biogas production process. The only difference lies in
the feed pretreatment to mitigate the activity of hydrogen-con-
suming microbes, which further raises biohydrogen yield [8].
Kamaraj et al. studied various food and biomass wastes to
generate biohydrogen and concluded that food wastes have
excellent potential for biohydrogen production, while biomass
with a few pretreatment methods can also generate a decent
amount of biohydrogen [9]. The pretreatment methods include
thermal pretreatment, physical pretreatment, chemical pre-
treatment, and biological pretreatment. All these pretreatments
are performed before the feed is fed to the anaerobic digester
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