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Preface

Clean energy is defined as energy obtained from renewable and zero-emission 
sources; it also refers to a range of environmentally friendly energy options derived 
from renewable, low-emission sources such as solar geothermal energy, hydropower, 
ocean power, and wind power. Unlike fossil energy sources, clean energy sources do 
not run out and constantly renew themselves. For this reason, clean energy is also 
called sustainable energy. Other natural resources such as plants and animal wastes 
and hydrogen are also among the elements from which clean energy is obtained. 
Unlike depleting fossil energy sources, clean energy is less costly. It does not harm the 
environment, contributes to the protection of nature, and is the most efficient use of 
nature. Today, countries adopt clean energy technologies and infrastructure, invest in 
renewable energy sources, and prioritize energy efficiency practices to accelerate the 
transition to an affordable, reliable, and sustainable energy system. 

Clean energy is one of the most effective ways to combat climate change. While 
clean energy can be defined as energy obtained from sources that do not pollute the 
air, produce greenhouse gas emissions, or cause any harm to nature, green energy is 
the energy obtained from natural sources. On the other hand, renewable energy is 
produced from continuously renewable and inexhaustible sources. The direct use of 
renewable energy in reducing carbon emissions is more on the agenda today. Effective 
improvements in energy efficiency, the importance of which is often overlooked, 
are also considered. Issues such as the greater inclusion of electric vehicles in the 
transportation system, the widespread use of heat pumps in residences, the inclusion 
of clean hydrogen and its derivatives in the energy system, and the use of bioenergy, 
carbon capture, and storage technologies come to the fore.

Hydrogen, one of the clean energies, has the potential to solve the growing energy 
crisis today due to its clean, renewable, high-energy density, and non-carbon fuel 
properties. Hydrogen is a synthetic fuel that can be produced from various raw mate-
rials such as water, fossil fuels, and biomass using primary energy sources. During 
the production phase, there are many alternative production technologies such as 
steam recovery, waste gas purification, electrolysis, photo processes, thermochemi-
cal processes, and radiolysis. Hydrogen has a variety of uses, including nonpolluting 
vehicles, fuel cells, home heating systems, and aircraft. Furthermore, using hydrogen 
as an energy carrier is a long-term option for reducing global carbon dioxide emis-
sions by obtaining high-value hydrocarbons through carbon dioxide hydrogenation. 
The costs of a hydrogen-based system, however, are still high. Therefore, research on 
hydrogen, which is abundant in nature, continues so that hydrogen-based systems, 
particularly for long-term energy storage, can become commercially attractive. The 
use of hydrogen energy as a complement to traditional energy sources also aids in the 
implementation of low-carbon solutions. 

This edited collection consists of two sections and nine chapters. The first section 
includes case studies for hydrogen production research. The second section presents 



research on gasification, a process in which a limited amount of oxygen, air, air-water 
vapor mixture, or enriched oxygen-containing air is introduced to carbon-containing 
materials such as coal and biomass, which is used to obtain combustible gases such as 
methane and hydrogen. 

Chapter 1 introduces the topic. Chapter 2 proposes a new photocatalyst to replace 
an organic photocatalyst for hydrogen generation from water and hydrogen sul-
fide. Chapter 3 discusses various routes to produce solar-based hydrogen, namely, 
photocatalytic, photo-electrocatalytic, and photobiological decomposition. It also 
discusses mitigation measures to prevent charge carriers from recombination during 
the photocatalyst process. Chapter 4 focuses on the use of hydrogen in aviation, the 
modifications needed to adapt an existing gas turbine to use hydrogen, and a CFD 
simulation of an existing gas turbine burning hydrogen. Chapter 5 discusses the use 
of hydrogen oxyfuel in glass and metal industries as a source of heat. The authors sug-
gest an improvement of the exhaust gas stream for energy recovery and to decrease 
emissions. Moreover, they examine safety issues in the use of hydrogen energy and 
the acceptance of the community. Chapter 6 studies the effect of hydrogen and 
carbon monoxide on aluminosilicate refractory. Chapter 7 reviews recent advances 
in supercritical water gasification of pulping black liquor for hydrogen production. 
Chapter 8 criticizes minimizing carbon dioxide emissions from coal gasification 
processes. Finally, Chapter 9 discusses how to improve sustainable hydrogen produc-
tion yield in hydrothermal gasification processes through novel metal catalysts.
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Chapter 1

Introductory Chapter: Hydrogen 
Energy
Ahmed Albahnasawi and Murat Eyvaz

1. Introduction

The purpose of this book is to provide abundant and substantial information about 
recent development in the production, storage, and application of hydrogen in the 
energy sector. Since hydrogen energy has benefits in use cases and, unlike synthetic 
carbon-based fuels, can be truly carbon neutral or even negative throughout its life 
cycle, hydrogen is emerging as a new energy vector outside of its traditional role and 
garnering more recognition globally as a viable fuel pathway. This book aims to cover 
the recent development in the use of hydrogen, storage, transportation, distribution, 
and the main difficulties and opportunities in the commercial deployment of such 
systems. It also discusses various methods for producing hydrogen using conventional 
and renewable energy sources.

2. An overview on energy demand

Because of the ongoing difficulties caused by diminishing fossil fuel supply and 
deteriorating environmental circumstances, the international community views 
sustainable development as a long-term issue. Rising energy demands, erratic fossil 
fuel prices, and significant greenhouse gas (GHG) emissions from fossil fuel-powered 
vehicles and businesses are the primary causes of this fundamental transition [1–3].

By 2030, the population of the world is expected to reach eight billion, and an 
increase in energy demand is predicted. In recent decades, renewable energy sources 
including wind, solar, hydro, and geothermal have drawn a lot of interest. These 
forms of energy do not produce liquid or gaseous fuels for transportation. Their 
applicability is constrained by their unpredictable and sporadic existence [4]. Invasive 
plants and food waste (especially tree trimmings and agricultural crop waste) are 
additionally low-cost and accessible resources for conversion to clean energy produc-
tion [5]. Food scraps [6], municipal waste residue, agrochemicals, pharmaceuticals, 
animal waste, mixed polymers, and lignocellulosic feedstocks are all readily available 
and inexpensive [7].

Human life, social culture, and economic development all depend on energy. 
Conventional fossil fuels have been exploited for over two decades, including coal, 
gasoline, and natural gas, lead to unsustainable oil use, unrestrained exploitation, and 
major pollution [8]. These non-renewable resources are therefore rapidly approach-
ing degradation and exhaustion [9]. Particularly, the rapid economic transformation 
and escalating worldwide population increase are driving up energy demand and 
escalating the energy issue [10]. Furthermore, there is enormous environmental 



Clean Energy Technologies - Hydrogen and Gasification Processes

4

contamination because of the overuse and consumption of fossil fuels. The majority 
of nations are therefore eager to create a different source of renewable energy [11].

3. Hydrogen energy

Hydrogen is an excellent choice as an energy source for heat and power, among 
many other uses, due to its many positive qualities, including its overall storage capac-
ity, efficiency, renewability, cleanliness, massive distribution, high conversion, zero 
emissions, sources, versatility, and quick recovery [12]. It is, therefore, recognized as 
the most promising and environmentally beneficial energy source of the twenty-first 
century. It is essential to industrial processes like the generation of ammonia, oil 
refinement, and water-gas switch reactions [13].

The demand for hydrogen has recently increased dramatically in industrialization’s 
classic oil upgrading industries, including hydro-desulfurization, hydrogenation, and 
ammonia processing. Due to its affordability and easy access to hydrogen, the majority 
of the liquid-compressed hydrogen gas used in industrial processing is created com-
mercially using the compression method [14]. Solar power can also be used to produce 
hydrogen from renewable sources like lignocellulosic biomass or water purification.

3.1 Hydrogen production

Numerous methods exist for obtaining hydrogen from various sources, includ-
ing electrolysis of water, biofuels, petroleum-based liquids, microbes, and biofuels 
[14]. Hydrogen production methods and classifications are briefly schematized in 
Figure 1. As seen in the Figure, classification of hydrogen according to the production 

Figure 1. 
Hydrogen production methods and hydrogen classification.
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method is made with color codes. Greenhouse gas emissions that may occur during 
the production process are also considered in color coding. For example, hydrogen 
produced through the electrolysis of water using electricity from renewable sources 
is coded green and produces near-zero greenhouse gas emissions. Hydrogen, coded in 
blue, is produced through carbon capture and storage and steam methane reforming. 
Greenhouse gas emissions from the production of blue hydrogen are characterized as 
low. Greenhouse gas emissions are high in the gray hydrogen production, produced 
through steam methane reforming using natural gas [15].

3.2 Hydrogen storage and transportation

There are various methods for storing and transporting hydrogen after its produc-
tion. The transportation process is done by compressing the hydrogen in gas form or 
converting it into liquid form in a pressurized environment and then loading it into 
tankers. However, due to the increasing need for hydrogen in the coming years, it is 
possible to transport hydrogen through existing natural gas pipelines. For storage, the 
priority is concentrated on methods that allow transportation. Methods that priori-
tize transportation for the storage of hydrogen, liquid hydrogen, gaseous hydrogen, 
metal hydride, and chemical storage. The storage methods of hydrogen are presented 
in Figure 2.

3.3 Hydrogen applications

Hydrogen is an energy storage medium, as well as an energy carrier. It has multiple 
fuels uses—hydrogen vehicles, stationary power sources, building heating, industrial 
feedstock, and industrial energy [17] (Figure 3). Thus, hydrogen is attracting the 

Figure 2. 
Hydrogen storage methods (adopted from [16]).
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keen interest of several groups from governments to companies as it offers ways to 
decarbonize a lot of sectors, especially those that have been proven to be difficult 
to reduce emissions meaningfully. Moreover, in the industry, hydrogen has had an 
increasingly important role along the production chain in the last few years [19].

4. Conclusions

Hydrogen energy technologies cannot be used in the industry due to the high 
production cost, storage difficulties, and transportation costs in today’s conditions. 
However, the fact that hydrogen can be used directly without air pollutants or green-
house gas emissions and can be produced from low-carbon energy sources are the 
main reasons for the widespread preference for hydrogen. Clean energy is used to 
limit air pollution and global warming, especially where the climate crisis has come 
to the fore in global markets. Various countries and companies see hydrogen as an 
important clean energy resource that is likely to play a role in the future of the  
energy sector.

Hydrogen: is a resource that proposes methods that can provide decarbonization 
in sectors where it is difficult to reduce emissions such as transportation, petro-
chemistry, and iron and steel. In addition, hydrogen can help improve air quality and 

Figure 3. 
Production and applications of hydrogen [18].
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increase energy security. Thanks to hydrogen, some technologies can produce, store, 
transport, and use energy in different routines. Hydrogen, which can be transported 
in liquid form by pipelines, tankers, and ships, can be converted into electricity and 
methane, used as energy for households or manufacturing sectors, or as fuel for cars, 
trucks, ships, and airplanes.

Hydrogen is increasingly forming the basis of mainstream energy debates all over 
the world. In recent years, many experts have been investigating the potential of using 
this source to produce, transport, and store hydrogen from various sources and to 
provide an emission-free final energy supply.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Organic Semiconductor for 
Hydrogen Production
Vikram Rama Uttam Pandit, Shivaji Tulsa Sandu Pandit,  
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Nurlan Bakranov, Ganesh Kavita Parshuram Jadhav  
and Omkar Sadhna Arun Malusare

Abstract

The quest of conquering balanced environment for the ultimate search of “Who 
am I” furnished to pollution and energy crises. As the viable world development is 
dependent on effective utilization of available renewable energy resources. Hydrogen 
fuel as an energy source is the future for many upcoming generations as it never pro-
duces pollutants. 6, 13 Pentacenequinone (PENQ ) is recently developed and reported 
organic photocatalyst for the generation of hydrogen from water as well as hydrogen 
sulfide. PENQ can be synthesized and characterized using different methods and 
techniques/approaches that are listed in this chapter. Green Solid state synthesis 
method of PENQ is the most promising one as it gives high yield at room temperature 
and without solvents. Structural characterization of this novel organic catalyst were 
done using powdered XRD. Cyclic voltammetry is used for the calculating the differ-
ence between valance and conduction band levels in the organic PENQ catalyst. After 
complete structural and morphological characterization, organic PENQ was explored 
for the hydrogen production from hydrogen sulfide. This photocatalytic nature was 
also being confirmed using its composites/ coupled systems (PENQ: TiO2 and PENQ: 
MoS2) using hydrogen sulfide and water.

Keywords: hydrogen, organic, photocatalysis, semiconductor

1. Introduction

Considering the utmost importance of Hydrogen (H2) gas for energy fuel source, 
scientists has made efforts to find novel ways to get inexpensive H2 production. 
Hydrogen generation is the one area of researchers are digging but the storage is 
the main issue [1]. In this context Titanium dioxide is the very first photocatalyst 
reported for the production of hydrogen by Gratzel et al. For the improvement in the 
rate of produced hydrogen there are so many effective improvements are reported 
like co-catalysts, composites, coupling of two catalyst systems. Metals sulfides and 
oxides with this type of modifications are also reported [2, 3]. In the category of metal 
sulfides some binary and ternary sulfides showed excellent result with photocatalytic 
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hydrogen generation. Moreover, graphene based semiconductor photocatalyst materi-
als are also proved best for both generation and storage. As compared to the bulk 
nanomaterial semiconductor materials are having more surface area, good optical 
absorption, tunable electronic properties, and lesser charge recombination rate [4–7].

On the other hand, the search of an organic semiconductors for the hydrogen 
generation is still in progress. Organic five ring system Pentacene (PEN) is well studied 
semiconductor material in electronic applications. PEN and its derivatives are well 
utilized in mainly flexible and advanced electronic devices. Recently, it is also showed 
some very important uses in battery based devices as well as in catalysis [8]. On the 
other side, PEN and its derivatives are not much stable in air as well as in presence of 
light [9]. So, unwanted efforts were needed to save it from both light and air. Normally, 
PEN when come in contact with atmospheric air get oxidize to produce PENQ. This 
oxidized form of PEN is lately reported as a very important organic semiconductor pho-
tocatalyst. As like PEN this oxidized form is also has five aromatic rings with Quinone 
functional group in the center ring. Interestingly, this PENQ is again reported mostly as 
a starting compound to get substituted PENQ with fascinating properties [10].

Because of two extra oxygen atoms it gets stabilized and found very effective 
stability in both air and light. Overall molecular mass, melting point and resistivity 
towards the acids and other solvents increases. PENQ is with light yellow color and 
having absorption band edge well in visible region makes it a promising candidate 
for the photocatalysis applications. Keeping in mind this PENQ was reported for 
hydrogen generation from hydrogen sulfide gas as well as for the MB dye degradation. 
After this individual report, it is also found more effective when coupled with inor-
ganic semiconductor materials like TiO2 and ZnO [10–14]. When it combined with 
other semiconducting materials it produces more hydrogen than the individual one. 
Yuan et al. very recently proved the effectiveness of this system for the generation of 
hydrogen from water. These all the modifications on PENQ catalyst is discussed in the 
present chapter.

By considering the utmost importance of hydrogen energy many attempts were 
done to produce it using different approaches. Hydrogen energy can be generat-
ing from biological, electrolytical, photocatalytical, steam reforming. Out of these 
photocatalytic method is the simplest and useful to get hydrogen from water and H2S 
gas [15–17]. In photocatalysis, photocatalyst is the main hero which alter the rate of 
hydrogen generation. Plenty of inorganic and organic materials were reported for the 
production of hydrogen using photocatalysis method.

Also, after the individual organic or inorganic catalysts reports their combina-
tions (composites/hybrid materials) were also reported with enhanced hydrogen 
production rates. Herein, PENQ and composites synthesis, characterization and 
photocatalytic activity towards hydrogen production using both water and H2S were 
discussed. Enhancement in catalytic activity with the addition of inorganic materials 
and their effects were also discussed. During the photocatalysis reactions the main 
role of organic photocatalyst material is to provide necessary charges to complete the 
reduction reactions. Herein, this main process light is used to stimulate an organic 
semiconductor material termed as a catalyst which improves the rate of the process 
[18–20]. Generally, electrons and hole are produced when light absorbed by the 
semiconductor material.

The photocatalysis mechanism for the organic and inorganic material is the 
same [21, 22]. In short light is responsible for the traveling electrons from VB to CB 
[19, 23–26]. Main advantage of organic semiconductors over inorganic semiconduc-
tor is that they have high molar absorption coefficient [20, 27].
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2. Experimental methods

2.1 Solution synthesis method of PENQ

For the solution method synthesis ortho-phthalaldehyde and cyclohexanedione 
were mixed thoroughly in an appropriate quantity of ethanol. To this mixture KOH 
is added dropwise and all the reaction mixture was refluxed till the reddish yellow 
precipitate get formed. After further purification and drying 40-45% of yield is 
recorded. In this method elevated temperature is used with organic solvents which is 
not in accordance to the green chemistry principles and not acceptable.

2.2 Solid-state method synthesis of PENQ

In a typical solid-state synthesis process, phthalaldehyde and cyclohexanedione 
were ground neatly in a clean mortar and pestle till gel like mass seen. Dropwise addi-
tion of KOH is done. During the addition, the brownish solution alters in yellow ppt. 
After the complete synthesis it was washed with water followed by acetone to remove 
unwanted products. The formation of PENQ was confirmed by NMR.

2.3 High pressure method synthesis of PENQ

Above aldehyde and ketone were mixed and heated at high pressure using a 
special autoclave type of reactor. In this method there were no need of any solvent as 
the reaction products tends to aromaticity and high stability of five membered ring 
system. As compared to above two methods this present method is found to be more 
economical and safe.

3. Results and discussion

3.1 PENQ characterization

After complete synthesis of PENQ its structural and morphological character-
ization were done using these techniques. Figure 1 depicts the XRD of crystal-line 
monoclinic PENQ. The XRD diffraction peaks at 9.80, 12.00, 15.01, 23.60 and 27.70° 
matches with (002), (011), (012), (112) & (104) reflection planes, respectively. For 
the study of optical properties of PENQ , UV-Visible & Photoluminescence spectra as 
shown in Figure 1. The band gap of PENQ found near 3 eV. Cyclic voltammetry was 
used for finding the possible band structure of PENQ semiconductor.

A FE-SEM photos in the UV image shows the plate like structure with thickness around 
60 nm. There is a stacking of uneven shaped plates and seems to be highly crystalline.

3.2 Photocatalytic hydrogen generation using PENQ

After the possible optical and morphological characterization this PENQ system 
was utilized for the generation of hydrogen.

Figure 2 depicts the rate of hydrogen production from fresh H2S gas. Highest pro-
duced hydrogen was seen 4848 μmole/h/0.1gm. Same catalyst after proper cleaning 
and drying were subjected for the same type of experiments showed the almost equal 
hydrogen generation under the same conditions.
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4. Modification on PENQ with the help of inorganic nanomaterials

After the synthesis and photocatalysis experiments, loan PENQ an organic semi-
conductor material and by considering photostability and fascinating properties of 
inorganic TiO2 an effective and novel organo-inorganic (PENQ: TiO2) nanosystems 

Figure 1. 
XRD, UV, PL and CV study of PENQ. Reproduced with copyright permission from American Chemical Society.

Figure 2. 
Photocatalytic Hydrogen generation for PENQ. Reproduced with copyright permission from American Chemical 
Society.
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is made. All the nanosystems were checked for visible light hydrogen generation 
experiments. As the stable PENQ has a band gap around 3 eV, it is selected for one of 
the composite member. In past this PENQ already synthesized using simple methods 
and it is also having a good molar absorption coefficient. In the present chapter this 
new organo-inorganic coupled photocatalyst system is prepared using solvothermal 
reaction method. Along with this characterization of these photosystems were done 
with the help of UV, PL, SEM, TEM and XRD analysis. Herein, during the individual 
synthesis of TiO2 the PENQ is introduced as 5 (PT-5), 10 (PT-10) and 17 mmol (PT-17) 
of TIP (titanium tetra-isopropoxide) reactant.

4.1 Procedure for the PENQ: TiO2 nanosystems synthesis

During the solvothermal synthesis method in a clean and dry beaker appropriate 
amount of titanium tetra-isopropoxide is stirred in methanol and minimum amount 
of hydrazine hydrate. To the another dry beaker guanidine carbonate is dissolved in 
acetic acid and added to the first beaker dropwise with continuous stirring for next 
30 min. The PENQ which is taken for all the above compositions were taken from ear-
lier reported methods. Further, all the solution is added to the Teflon coated autoclave 
reactor and kept at 145–150°C around 15-hour reaction time. Lastly, the solids were 
filtered and dried in vacuum oven. All the photocatalysts systems are well grinded in 
pestle mortar before the actual photocatalysis experiments.

4.2 Characterization of PENQ: TiO2 nanosystems

This unique and hybrid nanosystems has been characterized further for phase 
identification. Powdered X-ray diffractometry (PXRD) tells the story about phase 
and crystal structure of given materials Figure 3. Highlights the PXRD of novel 
PENQ: TiO2 photocatalyst nanosystems materials. As the concentration of TiO2 over 
the surface of PENQ increases the peak intensity is also increases. Both the peaks are 
highlighted with the help of different shapes in the figure. Diffraction peaks which 
are present at θ = 25.28, 38.01, 47.9, 54.01 and 54.89 are can be indexed for (101), 
(004), (200), (105) & (211) planes by corresponding to JCPDS card No. 21-1272 
which confirms the Anatase TiO2. Furthermore, the PXRD peaks θ =14.4, 23.3 & 27.9° 
are due to the following planes (012), (112) & (104) which matches with the mono-
clinic crystal structure phase of PENQ. The JCPDS card No.47-2123 is corresponds to 
monoclinic PENQ in previous reports.

Also, PXRD width in the peaks of inorganic material (TiO2) highlights the reduc-
tion of particle sized to nano level, these sizes are in the range from 5 to 10 nm. After 
PXRD study same powdered samples were also analyzed using SEM analysis which 
is shown in the Figure 2 (a and b). From the SEM pictures it can be clearly seen that 
these clear PENQ images are having size in the range of 60–250 nm thickness.

Further, SEM pictures of first nanocomposite system for 5 mmol showed the 
formation very tiny nanoparticles of 5 nm TiO2 on all over the flakes of organic PENQ 
sheets. On the other hand, for 10 and 17 mmol nanocomposites systems are show-
ing 6–10 nm sizes, respectively (2 e-h). All the above SEM micrographs shows the 
uniform stacking of nanoparticles on the surface of sheet like PENQ photocatalyst 
material. From these images it is observed that the comparative density of nanomate-
rials is increases as the concentration of TiO2 is increases.

After the morphological analysis using SEM study nanosystems were subjected to 
for TEM characterization and SAED pattern analysis as shown in the Figure 3. From 
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the TEM photos it is clear that the nano sized round particles of TiO2 are responsible 
for the covering of all the sheets of PENQ with 3 nm size. It is observed that at higher 
concentration of mmol the size of TiO2 is also increases from 3 to 10 nm and covers 
the sheets like surface of PENQ. Clear and prominent lattice fringes can be seen in 
high resolution TEM photos (in the Figure 3b, d and f) with 0.33 nm of inter-planer 
distance in between the planes corresponds to (101) crystal planes of inorganic nano 
TiO2. The ED (Energy Dispersive) patterns clearly shows the high intense rings which 
also increases from 5 mmol to 17 mmol. When these round particles showed the close 
connection over the surface gives idea about the effective charge migration mecha-
nism during the catalytic reactions (Figure 4).

Figure 4. 
FESEM and TEM analysis. Reproduced with copyright permission from Royal Society of Chemistry.

Figure 3. 
XRD and UV diffraction analysis. Reproduced with copyright permission from Royal Society of Chemistry.
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For optical study diffuse reflectance UV-Visible (UV-DRS) absorbance spectra 
of PENQ and TiO2 is given in Figure 3. The pure PENQ takes the absorbance edge at 
450, 451 attributed the band gap around 2.9 and 2.7 eV. Band gap of TiO2 in 10 mmol 
and 17 mmol is high because of blue shift in nano particle.

4.3 Photocatalytic study of PENQ: TiO2 nanosystem

Semiconductor photocatalysis experiments were performed by manufactured 
PENQ: TiO2 systems i.e. PT 5, 10 & 17 mmol from freshly prepared H2S gas. Figure 5 
shows the band structure and of H2S gas splitting in presence of UV light. Total hydro-
gen produced is 36,456 μmol/h/g for PT-5 nanosystem which is higher than PT-10 
and 17 catalysts. As compared to TiO2 which is the best photocatalyst, this system 
produces four times higher hydrogen. 0.25 M KOH at pH 12.5, H2S splitting follows 
the as showed mechanism, hydrosulfide HSˉ ions (1). This system absorbs the light 
and produces electron and holes (2). Here holes (h+

VB) are responsible for oxidation 
HSˉ ion in to disulfide ion (S2

2−), taking a proton from HSˉ ion (3). Reduction faiths by 
using electrons to give hydrogen (4).

 ( )− −+ ↔ +H S gas OH HS Water H O2 2  (1)

 + −+↔Semiconductor photocatalyst PENQ : TiO h VB e CB2  (2)

 − + − ++ +↔Oxidation process : 2HS h VB S 2H2
22  (3)

 + −+ ↔Reduction process : 2H 2e CB H2  (4)

There is no any hydrogen generation was observed without catalyst and without 
light experiment; this proves that the hydrogen produced is because of PENQ: TiO2 
photocatalyst.

Figure 5. 
The band structures and photocatalytic activity of PENQ: TiO2 hybrid nanosystem. Reproduced by copyright 
permission from the Royal Society of Chemistry.
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5. PENQ: MoS2 nanosystems for Hydrogen production using water

Lately, PENQ is also used for the production of hydrogen using MoS2 as a cocata-
lyst from water. This novel composite system is fully characterized using XRD, Raman 
spectroscopy, HRTEM, X-ray photoelectron spectroscopy and UV-vis. Here, the role 
of MoS2 for the enhancement of PENQ activity was demonstrated effectively towards 
the water splitting for the faith of hydrogen. Also, the role of MoS2 (cocatalyst) and 
TEOA (sacrificial agent) loading effect for the donation of electron was also demon-
strated. Precisely, MoS2 is more effective than Pt as a cocatalyst when combined on 
PENQ for water splitting.

6. Conclusions

In nutshell, the novel organic PENQ is a very suitable candidate in the race of inor-
ganic semiconductor photocatalysts. PENQ is also showed good agreement in photo-
catalytical activity towards the degradation of other complex dyes which confirms its 
activity. The nanosystems is used for the H2S splitting experiments to get hydrogen 
using UV-visible light. Highest hydrogen i.e. 36,456 μmol/h/g is seen in absence of 
cocatalyst. These results give a solid evidence that it can be used with other inorganic 
nanomaterials to produce hydrogen. It is noteworthy that other hybrid nanosystems 
with other semiconductor oxide can be synthesized with the present technique. As 
like PENQ other organic semiconductors may be useful for the construction of novel 
composite systems. Also, these systems are might have other photocatalytic applica-
tions like dye degradation, hydrogen generation and solar cell applications.
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Production of Hydrogen via Water
Splitting Using Photocatalytic and
Photoelectrocatalytic Route
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Abstract

Hydrogen has been intensively explored recently as an energy carrier to meet the
growing demand for green energy across the globe. One of the most difficult and
significant subjects in hydrogen energy technology is efficiently creating hydrogen
from water by utilizing renewable resources such as solar light. Solar-based hydrogen
production comprises several routes, namely, photocatalytic, photoelectrocatalytic, and
photobiological decomposition. An efficient photocatalyst is desired to accomplish the
above objective by utilizing the first two routes with a minimal rate of recombination of
photo-generated charge carriers. In this chapter, strategies for preventing recombina-
tion of charge carriers in photocatalysts and the development of photocatalysts have
been focused on, and its utilization in the procedure for the production of hydrogen via
photocatalytic and photoelectrocatalytic processes is described.

Keywords: hydrogen, photocatalysis, charge recombination, water splitting,
photoelectrocatalysis

1. Introduction

Rapid urbanization and global warming have been alarming to people across
worldwide in the last decade. This has led to the urgency to develop technology for
harnessing green energy from renewable energy resources. Regarding this,
researchers have been focusing on the production of hydrogen by utilizing solar
energy and abundant water resources. Photocatalytic and photoelectrochemical routes
have been widely used for the production of hydrogen by utilizing photocatalysts.
Semiconductors-based photocatalysts are essential requirements for the
photocatalytic process, and an ideal photocatalyst should have a suitable band posi-
tioning and band gap for the utilization of solar energy [1, 2]. Oxide-based and
chalcogenide-based semiconductors have been developed for the production of
hydrogen in both photocatalytic and photoelectrochemical processes [3, 4]. Swift
recombination of photoproduced charge carriers, that is, electron and hole in
photocatalyst compromise the durability as well as efficiency of utilization of solar
radiations. There are various strategies, such as loading of noble metal, enhancement
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of crystallinity, morphology variations, coupling semiconductors with others, loading
of co-catalysts based on carbonaceous materials, and formation of heterojunction, that
have been employed for the prevention of recombination of charge carriers [5, 6].

2. Fundamentals of photocatalysis

Usually, semiconductor materials are used as photocatalysts for the light-induced
redox reaction. Figure 1 illustrates the basic principles of photocatalysis. Semicon-
ductors are characterized by electron structure, namely, valence band (VB) and con-
duction band (CB). For excitation of charge carrier, when a photon (hv) having
energy similar to or higher than the band gap (Eg) of semiconductor falls on the
semiconductor, electron migrates from the VB to the conduction band, leaving holes
behind. In this excited state, either, electrons of CB and holes in the VB may recom-
bine to dissipate the energy in the form of heat [3].

3. Hydrogen production by photocatalytic water dissociation

The dissociation of water comprises two half-reactions, namely, oxidation and
reduction of water to oxygen and hydrogen, respectively. The following equations
refer to the dissociation of water into oxygen and hydrogen in alkaline media:

Cathode

2H2Oþ 2e� ! H2 þ 2OH� (1)

Anode

2OH� ! 1
2
O2 þH2Oþ 2e� (2)

Overall

H2O! 1
2
O2 þH2 ΔG ¼ 238 kJ=mol (3)

ΔG ¼ �nFE (4)

Figure 1.
The basic principle of semiconductor-based photocatalysis ref. [3].
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where n stands for the number of electrons associated with the photocatalytic
reaction, F is the faraday constant, and E is the redox potential energy of the reaction.

Thermodynamically, the change of Gibbs free energy is positive according to eq.
(3); therefore, energy is needed for the dissociation of water. In other words, dissoci-
ation of water is not a spontaneous process. The minimum energy required per
electron will be 1.13 eV from eq. (4), which is equal to the photon energy of wave-
length 1100 nm according to the eq. (5)

E ¼ 1240=λ eV (5)

A photon that has an energy of 1.23 eV or greater shall be able to dissociate water.
Solar radiation may be utilized as it has a high quantum of photons below the wave-
length of 1100 nm. It is important to note that light does not dissociate the water
because water is transparent to light. Therefore, a medium (semiconductor catalyst) is
required to induce water splitting. A semiconductor has a narrow band gap, where
electrons are generated by the utilization of photon of wavelength less than 1100 nm.
Moreover, the conduction band gap of catalysts may be preferably more negative than
the reduction potential of H2O to initiate the water-splitting reaction by an electron.
Holes at the valence band are used by the sacrificial agents present in the electrolytes.

The overall photocatalytic dissociation of water consists of mainly three steps (as
shown in Figure 2): (1) electron–hole pair’s generation by using the absorption of a
photon, (2) electron–hole separation and migration of electrons to the conduction
band, (3) reactions between surface species and electron. The first step is photon-
physical processes, the second step is the migration of charge carriers, and the third

Figure 2.
Fundamental steps associated with the photocatalytic water dissociation of water for hydrogen.
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step is the chemical process. Moreover, surface and bulk recombination of electron–
hole may also occur. The reverse reaction is also possible in water. Therefore, research
is undertaken toward (a) improvement in the harvesting of visible light by utilizing
semiconducting materials and (b) efficient charge separation tools and suppressing
electron and hole recombination. Apart from these, it is also required to make modi-
fications to the particle morphology of the photocatalyst and adopt the surface struc-
ture modification to enhance the rate of the reaction of redox couples.

4. Photoproduced charge recombination phenomenon in photocatalyst

Fast recombination of photoproduced electrons and holes diminishes
photocatalytic efficiency, as is well known. The recombination of the photoproduced
electron and holes happens in the nanosecond (1 � 10�9 second) range due to a high
Coulomb constant (8.99 � 109 N m2 C2�) [7]. As a result, preventing the recombina-
tion of photoproduced electrons and holes is a more difficult and daunting task.
Various tactics for preventing the recombination of photo-induced electron and hole
pairs have been proposed in this area, including the loading of noble metals and the
coupling of two semiconductors resulting in the creation of a heterojunction at the
interface. In general, a heterojunction is a contact between two semiconductors with
differing structures. It effectively isolates photo-induced electrons and holes in
photocatalysts, increasing photocatalytic efficiency overall.

4.1 Doping of noble metals on the semiconductor surface

For the avoidance of photo-induced electron and hole recombination in semicon-
ductors, loading metal or noble metal on the surface of the semiconductors as co-
catalysts has been extensively researched. A Schottky barrier is generated at the
interface between the active metal and semiconductors because noble metal has a
larger work function than semiconductors. In the literature, the creation of the
Schottky barrier has been extensively researched [8]. When noble metals with higher
work functions (m) than semiconductors with lower work functions (s) are electri-
cally connected (Figure 3), electrons migrate from the conduction band of the semi-
conductor surface to the active metal until their Fermi levels are aligned, forming a

Figure 3.
Energy level diagram of metal surface with n-type semiconductor possessing ϕm > ϕs before and after the junction
(ref. [9]).
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space charge region at the interface between them. As a result, the noble metal will
accumulate an excessive amount of negative charge on its surface, whereas the semi-
conductor will accumulate a positive charge as a result of electron transport. Further-
more, this causes an upward band bending of semiconductors toward the surface. As a
result, the Schottky barrier is a tiny barrier that forms in the depleted region.

4.2 Coupling of semiconductors with one another

Making a composite of two or more semiconductors implanted with additional
semiconductors with appropriate band energies is another way to boost its
photocatalytic activity and stability. According to the literature, a heterojunction formed
by the conjunction of two semiconductors can be used to separate charges. Owing to the
diffusion of electrons and holes, a p–n junction with a space-charge zone may occur
when the p- and n-type semiconductors come into contact (Figure 4). As a result, a
built-in electrical potential is established, which allows electrons and holes to flow in the
opposite direction. Due to the diffusion of electrons and holes, a p–n junction with a
space-charge zonemay emerge at the interfaces. As a result, a built-in electrical potential
is produced, allowing electrons and holes to flow in the opposite direction. The
photoproduced electron–hole pairs can be promptly separated by the induced electric
field within the space charge area when the p–n heterojunction is irradiated by photons
with energy greater than or equal to the photocatalyst’s band gap. This p–n
heterojunction has several advantages: (a) efficient separation of charge; (b) swift
charge migration to the active surface; and (c) sustainable charge carrier life. All of these
characteristics impact the photocatalytic performance of the p–n heterojunction [10].

4.3 Creation of heterojunction

As we know that recombination of photoproduced charge carriers in a
photocatalytic water-splitting process can be considered a devil to hinder the produc-
tion of hydrogen at a large scale by utilizing ample solar energy. Prevention of charge
recombination is a bit challenging and overwhelming task. Regarding this, the crea-
tion of heterojunction between the semiconductors at the interfaces is considered a

Figure 4.
Schematic representation displaying the band structure and charge carrier separation in the p–n heterojunction ref. [10].
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prominent strategy for the designing of efficient photo-catalysts, which could
enhance the charge separation efficiency. Low et al. have reported five types of
heterojunction in their review literature, namely, convention type-II heterojunction,
p-n type heterojunction, surface heterojunction direct Z-scheme heterojunction, and
recently developed semiconductor-graphene heterojunctions (SC-Graphene) [9].

5. Advancements in photocatalysts in water splitting

The significant optoelectrical properties, such as electrical conductivity, band
gap, and absorption of light, are required for particulate semiconductors-based
photocatalytic water splitting. Over four decades, various particulate-based-semi-
conductor photocatalysts have been developed, namely, oxide-based
photocatalysts (TiO2, ZnO, BiVO4, SrTiO3, etc.) and chalcogenide-based-
photocatalysts (CdS, ZnS, MoS2, CdSe), and are widely used for hydrogen gener-
ation based on the photocatalytic water splitting utilizing visible light. However, it
has been reported that the fast recombination of photo-induced electrons and
holes limits the production of hydrogen at a higher scale. Shao et al. [11] have
developed carbonized MoS2/Mo2C-decorated CdS with an extraordinary quantum
efficiency (41.4% in presence of 420 nm) and reported 112 times greater activity
compared to that of the CdS. The exceptional photocatalytic performance of the
above system is assigned to the presence of the metallic character of MoS2 and
Mo2C and an appropriate Gibbs free energy (ΔG) of H2 adsorption, resulting in
increased absorption of photon, rapid separation, and migration of photo-induced
carriers, and displaying optimum activity in the HER. Guncai et al. [12] employed
the dual-band-gap strategy and prepared CdS-supported reduced graphene oxide
(RGO) nano-heterostructure and investigated that interfacial interaction between
CdS facilitates the fast transfer of electrons from the CdS to RGO. This interfacial
interaction, dependent on the transfer of charge carriers, has been proved theo-
retically as well as experimentally. Moreover, the transfer of single electron and
holes present on the surface of catalysts depends on the surface potential. Surface
potential enhances the transfer of electrons to the surface of RGO. Guoning et al.
[13] emphasized the stability of heterojunctions between CdS-Cu2 � x S and MoS2
by the migration of ion, that is, Cu, and reported that intercalation of Cu within
the MoS2 basal plane enhances the epitaxial growth of CuI@MoS2 nanosheets in a
vertical manner on the surface of 1D core–shell CdS-Cu2xS type nanorods to
generate catalytic and protective layers, enhancing catalytic activity and durability
at the same time. This design concept shows how hybridized surface layers can be
used as efficient catalytic and shielding interfaces for photocatalytic hydrogen
generation. Jing et al. [14] fabricated the few-layered MoS2/ZnCdS/ZnS at higher
temperatures and constructed the dual heterostructures, which showed a higher
rate of production of hydrogen as a result of preventing the recombination of
photoproduced electrons and holes. The well-designed structure is effective in the
separation and migration of photoproduced electron–hole pairs, leading to an
enhancement in photocatalytic H2 production activity, according to time-resolved
photoluminescence spectra. Menglong et al. [15] prepared carbon nitride (CN)-
supported red phosphorous (RP) and reported that RP tightly bound with the
carbon nitride (CN) framework. A van der Waals heterojunction has been formed
between CN and RP and promoted the rapid migration of electrons for the con-
version of H+ ions to H2 in the process of solar-driven water splitting. Van der
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Catalyst Preparation Method Light Source H2 Ref.

TiO2/MoS2/
graphene

Hydrothermal MoS2/graphene Composite
prepared. Composite and Ti(OC4H9) are
reacted hydrothermally to obtain a
catalyst

350 W Xe arc
lamp

165.3 μmol h�1 [18]

RuDTC: Pt@CdS CdS nanorods were prepared by seed
growth method on it Pt nanoparticle
growth was done. Composite of Pt@CdS
on its, Ru complex has grown as chemical
ligation

20mWcm�2 16 μmol h�1 [19]

CdS Quantum
Dots/ZnO

CdS QDs on ZnO (microflowers) by in
situ deposition using the SILAR method

225 W xenon arc
lamp

22.12 mmol/h*g [20]

NiS1.97 NiO reacts with Thioacetamide in
presence of Inter atmosphere (Ar gas)

solar simulator
100 mW/cm2

�4 μmol h�1 [21]

La2Ti2O7/CuO La2Ti2O7 and Cu(NO3)2.3H2O in a
crucible for the calcination process.

125 Wmedium
pressure Hg lamp

936.6 mmol h�1 [22]

Se Incorporation
in La5Ti2CuS5O7

La5Ti2CuS5O7 and La5Ti2CuS5O7:Se both
were prepared by the reaction in a solid
state

300 W Xe lamp �175 μmol h�1 [23]

Palladium
Sulfide (PdS)

Pd films in vacuum-sealed ampules with
sulfur powder for heating

200 W halogen
lamp

�0.55 μmol min�1 [24]

ZnIn2S4 Zn(CH3COO)2�2H2O and thioacetamide
hydrothermally give a product

FX-300 Xe lamp 100.1 μmol h�1 [25]

CdS-Cu2–x S Solvothermal or colloidal method CdS
and catalyst preparation by a cation
exchange process

300 W xenon
lamp along with
U.V. cut-off
filter

14184.8 μmol g�1 h�1

(20 h)
[13]

MoS2/g C3N4/
GO

Graphene oxide is prepared by exfoliation
MoS2 by the reported method and g-C3N4

too. Composite preparation by anion
exchange and hydrothermal.

300 W xenon arc
lamp

1.65 μmol h�1 [26]

CdS/WO3/
CdWO4

CdS prepared first and then WO3 and
CdWO4 three of them are reacting to
make tricomposite.

Xe lamp �3100 μmol h�1 [27]

La0.5 Sr0.5 Ta0.5
Ti0.5O2N

Synthesized by nitridation of oxide
resulted from a polymerizable complex
method

Xe arc lamp
(300 W)

18.2 μmol [28]

(CuGa)0.5 ZnS2 (CuGa)0.5ZnS2 synthesis by Vacuum
solid-state reaction method

Xe arc lamp
(300 W)

25.6 μmol h�1 [29]

CuGaS2/RGO-
TiO2

CuGaS2 composite on RGO-TiO2 Xe arc lamp
(300 W)

6.9 μmol h�1 [30]

Pt/CuGaS2 and
RGO-TiO2

Pt-loaded CuGaS2 composite on RGO-
TiO2

Xe arc lamp
(300 W)

19.8 μmol h�1 [30]

ZnxCd1–x Se
Coated with
[Fe(CN)6]4�

Preparation of the material is via the
solid-state method in a quartz ampoule
which is sealed

Xe arc lamp
(300 W)

0.75 μmol h�1 [31]

CdSe-DF and
CdSe-NR
(*dendritic
fractals and
nanorods)

CdSe is prepared by liquid-solid growth
mechanism in hydrothermal for the
getting different morphologies, on it,
Cu3P is incorporated.

500 W Xe-Hg
lamps

46.5 mmol/h/g
(CdSe-DF)

[32]
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walls heterojunction is one of the best types of heterojunction that could increase
the efficiency of the photocatalytic H2O splitting route. Kun et al. [16] synthesized
CdS supported on the nanosize MoS2–graphene hybrid. They reported that this
catalyst showed a significantly higher hydrogen production. They also optimized
the quantity of nanosize of MoS2–graphene hybrid and found that the highest
photoactivity was observed when 2 wt% of MoS2–graphene was used having MoS2:
graphene = 1:2 (mol:mol). The remarkable activity of the prepared photocatalyst
was ascribed to the higher rate of absorption of H+ on the unsaturated S atom at
the edge of MoS2. It is believed that the presence of graphene could separate the
photoproduced electrons and holes and thus retard the recombination of charge
carriers. Xiaohu and coworkers [17] also synthesized rGO–CdS by utilizing the
hydrothermal procedure using Cd precursor, GO, and Cd(Ac)2.2H2O as a precur-
sor in DMSO. It was sonicated and then this suspension was poured into a
stainless-steel autoclave with a Teflon lining for further solvothermal treatment at
453 K. They also prepared rGO–CdS by a precipitation process for comparison.
The composite exhibited improved photocatalytic activity toward H2 production
compared to that of the CdS, whereas the physical mixtures of rGO and CdS
failed to display a similar enhancement in efficacy. The improved activity was
assigned due to the incorporation of rGO that promoted suppression of recombi-
nation of the photoproduced carrier as an electron-transfer channel and acceptor,
as well as a support of CdS in an aqueous solution.

It is well known that heterojunctions, dual-band structure, van der Walls
heterojunction, dual heterojunction, and precipitation method could directly influ-
ence the activity. These strategies are the advancement in photocatalytic water split-
ting. The activities of various photocatalysts, preparation methods, and sources of
light are reported in Table 1.

6. Factors affecting photocatalytic water splitting

Apart from the fabrications and prevention of recombination of photoproduced
electrons and holes, various significant factors are also affecting the photoactivity of

Catalyst Preparation Method Light Source H2 Ref.

CdSe-QD/amp-
TiO2

CdO, oleic acid, and trioctylamine were
taken in three-necked flasks, degassed
under vacuum, simultaneously that Se
and trioctylphosphine (TCP) mixture
were prepared inside Ar filled glove box.
Quickly inject TCP-Se into a three-necked
flask at 3000C

AM 1.5 light
irradiation

436 μmol/g.h [33]

ZnIn2S4/MoSe2 ZnIn2S4 prepared in Autoclave. ZnIn2S4/
MoSe2 composites prepared by solution-
phase hybridization method.

300 W high-
pressure Xe arc
lamp

2228 μmol/g.h [34]

MoS2 -QDs/g-
C3N4

MoS2 quantum dots were prepared by
bath and probe sonication. MoS2-QDs/g-
C3N4 composite prepared by sonication
and after centrifugation

300 W Xe lamp 19.66 μmol h�1 [35]

Table 1.
Photocatalytic activities of various photocatalysts.
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photocatalysts such as band gap energy, light intensity, phase of the catalyst, sacrifi-
cial agents, and advancement of photoreactor design.

6.1 Band gap

The electronic configuration of semiconductors-based photocatalysts are generally
described in term of energy band and can be represented by the difference in energy
level by conduction band (CB) and valence band (VB). In general, the acceptor’s
relative potential level must be less than the semiconductor’s CB for thermodynamic
reasons. Moreover, a more negative value of the conduction band position is favorable
for the reduction of H+ ions to hydrogen gas (H2) [36].

6.2 Intensity of light

Concentration of light possessing energy higher than the activation threshold can
boost photocatalytic water-splitting efficiency. In terms of UV photon flux, there are
two systems for photocatalytic splitting. Chemical processes consume electron–hole
pairs quicker than recombination reactions in the first-order regime, which is typical
for fluxes from small-scale experiments of 25 mWcm2. The second-order regime is for
greater intensities, where the rate of recombination is normally dominating and has a
smaller effect on the reaction rate. Furthermore, the variation of reaction rate in the
water-splitting process is considered to be dependent on the wavelength that comes
after the photon absorption of the catalyst with a threshold value corresponding to the
band gap of the photocatalyst (Figure 5) [36].

6.3 Effect of temperature

Thermodynamically, the temperature did not induce the photocatalytic activity
because it cannot generate the electron and holes in catalysts. However, the effect of
temperature can be generally seen as facilitating the release of the H2 from the surface

Figure 5.
Band structure of different types of photocatalysts (ref. [36]).
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of photocatalysts, thus increasing the activity of photocatalytic water splitting. More-
over, the temperature increases the rate of reactions.

6.4 pH

It is well known that the rate of H2 production from H2O splitting is dependent on
the pH of the solution, that is, hydrogen ions concentration. The hydrogen production
is to be generated more effectively in a weak base solution rather than the stronger
base solution (pH > 10) or in acidic. Sinha et al. have optimized the pH of the solution
(8.6) for a high rate of hydrogen production in the sacrificial agent-mediated
photocatalytic reactions [37].

7. Photoelectrochemical water splitting

Photoelectrocatalyst is a material that has the capability of harvesting solar light
and chemical transformation by an electrochemical redox reaction. The first
photoelectrochemical route for studying water splitting was performed by Fujishima
and Honda using TiO2 catalyst [38, 39]. Photoelectrocatalytic water-splitting reaction
is performed in a photoelectrochemical cell. The photoactive material is the semicon-
ductor material that is used for water splitting. In a photoelectrochemical cell setup,
which is very similar to an electrochemical cell, either one or both electrodes is
photoactive material that is coated on a thin-film-conducting material like ITO/FTO,
etc. (Figure 6). The photoelectrochemical way of water splitting has an advantage
over photocatalytic water splitting, such as the facility of gaseous product separation
and external bias voltage that can operate reaction kinetics and mechanism for prod-
uct choosy. The appealing superiority of photoelectrochemical water splitting takes
place at a semiconductor surface, which can generate an electric field at a
semiconductor-liquid junction [40]. For the last three decades, the photoelectro-
chemical route is being used for the generation of hydrogen. Activities of different
photoelectrocatalysts are reported in Table 2.

Figure 6.
Schematics of photoelectrochemical cells.
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Catalyst Preparation Method Light Source H2 Ref.

n-La2Ti2O7/
p-LaCrO3

La2Ti2O7 is prepared by the calcination
process and LaCrO3 is also prepared by the
same method as above

125 W
medium
pressure Hg
lamp

267.6 μmol h�1 [41]

Pt-Au/g-C3N4 g-C3N4 is prepared by heating melamine at
5500°C. Pt-Au/gC3N4 is prepared in a
Teflon-lined stainless-steel autoclave by
putting a solution of Pt and Au salt and
gC3N4.

300 W Xe
lamp

267.6 μmol .g�1.h�1 [42]

La2Ti2O7/CuO La2Ti2O7 and Cu(NO3)2.3H2O in a crucible
for the calcination process.

125 W
medium
pressure Hg
lamp

936.6 mmol (in 4 h) [22]

Palladium Sulfide
(PdS)

Pd films in vacuum-sealed ampules with
sulfur powder for heating

200 W
halogen lamp

�0.55 μmol. Min�1 [24]

ZnIn2S4 Zn(CH3COO)2�2H2O & thioacetamide
hydrothermally give a product

FX-300 Xe
lamp

100.1 mmol. h�1 [43]

CdS-Cu2–x S Solvothermal or colloidal method CdS and
catalyst preparation by a partial cation
exchange reaction

300 W xenon
(U.V. cut-off
filter)

14184.8 μmol.
g�1.h�1 (20 h)

[13]

MoS2/g C3N4/GO Graphene oxide is prepared by exfoliation
MoS2 by the reported method and g-C3N4

too. Composite preparation by anion
exchange and hydrothermal.

300 W xenon
lamp

1.65 mmol. h�1 [44]

(CuGa)0.5ZnS2 (CuGa)0.5ZnS2 synthesis by Vacuum solid-
state reaction method

300 W Xe
lamp

25.6 μmol. h�1 [29]

ZnxCd1–xSe
Coated with
[Fe(CN)6]

4�

Preparation of the material is via the solid-
state method in a quartz ampoule which is
sealed

300 W Xe
lamp

0.75 μmol. h�1 [45]

CdSe-QD/
amp-TiO2

CdO, oleic acid, and trioctylamine were
taken in three-necked flasks, degassed
under vacuum, simultaneously that Se and
trioctylphosphine (TCP) mixture were
prepared inside Ar filled glove box. Quickly
inject TCP-Se into a three-necked flask at
3000°C

AM 1.5 light
irradiation

436 μmol/g.h [46]

ZnIn2S4/MoSe2 ZnIn2S4 preparation in Autoclave which
Teflon stainless steel. ZnIn2S4/MoSe2
composites preparation by solution-phase
hybridization method.

300 W high-
pressure Xe
arc lamp

2228 μmol/g�1.h [34]

CoSx@POP
(POP is a porous
organic polymer)

7CoSx@POP preparation involves three steps
first is POP preparation by oxidative
polymerization method second is
Co3O4@POP preparation which by heating
POP and Co(OAc)2 for 12 hr. in an oil bath
and the third step is catalyst preparation

300 W Xenon
lamp (420 nm
cut-off)

180 μmol/cm2 after
120 min

[47]

Cu2S-TiO2/TiO2 -
NP/FTO

Firstly, a layer of TiO2 grown on FTO glass
and, then Cu2S-TiO2 grows on TIO2/FTO

100 W xenon
arc-lamp

� 55 � 5 μmol/
cm2hour

[48]

Cu Doped
ZnS/ZnO

CuO/ZnO Prepared by solvothermal and
catalyst prepared by hydrothermal method

300 W Xe
lamp (cut-off
filter)

1.044 mmol g�1 h�1 [49]
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Overall, the following inference can be drawn from the results described in the
above section.

• Possibly, chalcogenide based-photocatalysts give higher activities under
irradiation of visible light due to the presence of conduction band position toward
more negative potential with respect to NHE.

• Reported results show that higher production of hydrogen is seen due to the
formation of heterojunction of multiple active catalytic systems.

• Oxide-based photocatalysts have limitation to maximize hydrogen production
due to the recombination of photoproduced charge carrier. This may be
facilitated by UV light, which comprises �4–5% of the solar spectrum.

• Results also revealed that the presence of two-dimensional (2D) co-catalysts,
such graphene, MoS2, and C3N4 with semiconductors photocatalysts, results in
higher activities.

• Nanocatalysts with precise nonmetallic doping may also be helpful to drive the
efficiency in a positive direction.

8. Conclusions

Photocatalytic and photoelectrocatalytic routes are considered as sustainable tech-
nology for the generation of green and clean hydrogen from renewable sources.
Advancements have been made in photocatalysts to prevent the recombination of
photoproduced charge carriers, that is, electron and hole. But still both the routes are
operational at Research & Development level, and a ground-breaking research is
needed in terms of the fabrication of durable and sustainable photocatalysts, devel-
opment of photoreactor. The catalyst heterostructure, size, shape, and composition
controlled the H2 production efficiency under photocatalytic conditions. The avail-
ability of photocatalysts with higher efficiency and durability is also desirable for the
said purpose. Subsequently, the dispersion of the catalysts in the aqueous medium and
their exposure to light during the photocatalysis process is important for large-scale
operations. The ability of photocatalysts to produce H2 from low-grade water, waste-
water, and sea water is envisaged to further enhance the commercial viability of the
process. Other avenues such as photoelectrocatalysis may also be explored to under-
stand the commercial viability of these routes.

Catalyst Preparation Method Light Source H2 Ref.

g-C3N4/BiVO4 Prepared by hydrothermal for BiVO4 and
thermal polycondensation of urea for g-C3N4

500 W
halogen lamp

21.4 mmol/h [50]

Mo-In2O3–

ZnIn2Se4

The catalyst prepared by Zn(NO3)2� 6H2O,
In(NO3)3�xH2O, and Na2SeO3 by
solvothermal reaction

300 W Xe
lamp

�1200 μmol/g [51]

Table 2.
Photoelectrocatalytic activities of various catalysts.
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Chapter 4

Conversion of Gas Turbine
Combustors to Operate with a
Hydrogen-Air Mixture:
Modifications and Pollutant
Emission Analysis
Rafael Domingues and Francisco Brójo

Abstract

In this work, an overview of the use of hydrogen in aviation, the modifications
needed to adapt an existent gas turbine to use hydrogen, and a CFD simulation of
an existent gas turbine burning hydrogen are performed. The CFD simulation was
done in a CFM56-3 combustor burning hydrogen and Jet A. It was intended to
evaluate the viability of conversion of existent gas turbines to hydrogen, in a
combustion point of view, by analyzing the emissions while burning it through
ICAO’s LTO cycle. The pollutant emissions (only NOx, since hydrogen combustion
produce only water vapor and NOx) were evaluated through a detailed mechanism
and the Ansys Fluent NOx model to get a better agreement with the ICAO’s values.
For this assessment, several sensibility studies were made for hydrogen burn, for
example, the analysis of the air flow with/without swirl in the primary zone and
different inlet temperature and pressure for fuel. In the end, it was concluded that
theoretically the CFM56-3 combustor can be converted to operate with hydrogen
fuel with minor changes (related to injection system). The quantity of NOx pro-
duced for each power setting when burning hydrogen is expected to be almost twice
the values for Jet A.

Keywords: CFM56-3, combustion chamber, pollutant emissions, jet fuel, hydrogen
fuel

1. Introduction

The sustainable growth of aviation is important for the future of the economic
growth, development, commerce, cultural exchange, and many other factors.
According to some experts, by 2045, international air traffic is expected to increase by
3.3 times [1]. In 2015, international aviation consumed approximately 160 megatons
(Mt) of fuel. By 2045, compared with the anticipated increase of 3.3 times growth in
international air traffic, fuel consumption is projected to increase by 2.2–3.1 times
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compared with 2015, depending on the advances in technology and the Air Traffic
Management (ATM) scenario [1].

The emissions resulting from the combustion of fossil fuels are usually considered
as the main responsible for Greenhouse Gas (GHG) emissions, which are pointed as
the primary factor that leads to global warming. For climate change, the primary
concerns are emissions of CO, CO2, NOx, and nvPM [2]. Also of concern are persistent
contrails, which lead to cirrus clouds. Generally, it is the combination of a number of
factors that determine the overall impact of the emissions on global surface tempera-
ture over a given timescale. These factors consist of quantities emitted, residence time,
radiative forcing, and the temperature response profile of a particular pollutant [2].

The CO2 emissions are of particular concern because of its exceptionally long
residence time (thousands of years). Aviation today accounts for 2–3% of global CO2

emissions. While at the global level, CO2 emissions are increasing by around 3% per
year, aviation’s emissions covered by the EU ETS have increased on average by 5%
year-on-year between 2013 and 2018. By 2040, it is expected that international avia-
tion emissions could rise by up to 150% compared with 2020. These growth forecasts
take into account the incremental technology improvements that may reduce fuel
consumption and emissions by 1–1.5% annually [3].

About the NOx emissions, they are evaluated in two possible scenarios, which are
landing and take-off (LTO) NOx emissions, which primarily affect local air quality,
and full-flight NOx emissions, which have more effect on the global climate. In 2015,
LTO NOx emissions were approximately 0.18 Mt., and by 2045, they are projected to
range from 0.44 to 0.80 Mt. depending on the technology and ATM scenario [1].
While, in 2015, the full-flight NOx emissions of international aviation were 2.50 Mt.,
by 2045, the full-flight NOx emission projection ranges from 5.53 to 8.16 Mt., which
represents a 2.2–3.3 times growth compared with 2015 [1].

To mitigate this problem, there are several possible solutions. On the one hand, the
fuel burn reductions through the upgrade of the technology employed in the actual
aircrafts such as the airframes (aerodynamics and mass) and the engines, both with the
aim of achieve higher efficiency [2]; on the other hand, the use of alternative fuels and
power sources [4, 5]. According to the ICAO 2016 trends assessment, a 100% substitution
of aviation fuel with SAF could reduce 63% of the baseline CO2 emissions from interna-
tional flights in 2050 [4]. As referred by ATAG [5], it is possible that aviation meets net-
zero CO2 emissions by 2050; however, it would take an enormous effort to make it a
reality. This would mean a rapid and massive transformation on aviation’s energy supply
through the use of SAFs, and it would require acceleration in aircraft and engine technol-
ogy development, mainly: electric-, hybrid-, and hydrogen-powered aircraft.

Within this context, the conversion of the current gas turbine engines to new
sustainable fuels can also be a solution. So, in this study, be analyzed the feasibility of
the use of hydrogen fuel as substitute of the conventional jet fuel in a CFM56–3
combustor using a CFD approach. The NOx emissions produced while completing the
ICAO’s LTO cycle burning this fuel will be assessed for the standard operating condi-
tions of the engine, as well as the influence of several operating parameters (swirl
effect, temperature, and pressure of fuel) in these emissions.

1.1 Brief historical review

To date, the largest user of hydrogen in aeronautics is the space program where it is
used as fuel for the rocket engines of launch vehicles. The first successful launch of a
space vehicle propelled by a liquid hydrogen/liquid oxygen rocket engine took place at
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Cape Kennedy on November 27, 1963. Several other rocket engine manufacturers in
the United States were involved in the development of designs using LH2; for exam-
ple, the General Electric Company, the Rocketdyne Division of North American
Aviation (now Rockwell International, Inc.), and the Aerojet General Corporation
were among the leaders. Of the designs developed by these companies, the
Rocketdyne J2 engine is an example, which has been eminently successful. It was used
in both the second and third stages of the Saturn V launch vehicle, used in the Apollo
program, which landed U.S. astronauts on the moon. In all of the launches of the
Apollo program, there has never been a failure of one of the hydrogen-fueled rocket
engines.

However, the space applications are relatively recent, if we look at history, the first
reported use of hydrogen in aeronautics was a long time ago. According to Brewer [6],
hydrogen was first employed as lifting medium when, in France, a small silk balloon
was constructed by the Roberts brothers, under the direction of physicist J.A.C.
Charles, and it was flown in Paris on August 27, 1783. This balloon rose to a height of
3000 ft. (914.4 m) and traveled a distance of 15mi (24.14 km). In that year, on
December 1, a larger hydrogen-filled model, which carried two passengers, the phys-
icist Charles and one of the Roberts brothers, was launched. This flight traveled 25mi
(40 km) from Paris in less than 2 hours.

Later in history, airships came into being as a result of man’s desire to control the
direction and speed of flight. Numerous attempts were made to achieve such control
with balloons without measurable success until 1852, when a Frenchman, Henri
Giffard, constructed an airship on which he mounted a steam engine of his own
design. Giffard flew this hydrogen-filled airship from the Hippodrome in Paris on
September 24, 1852, attained an estimated speed of 6 mph, and demonstrated the first
appreciable control of a “lighter-than-air craft.” In 1872, Paul Haenlein developed and
flew an airship powered by an internal combustion engine, which was fueled by
gaseous hydrogen that was drawn from the lifting cells of the airship envelope [6]. A
significant step leading to the use of hydrogen in commercial air transportation
occurred in 1900 when the first rigid airship designed by Count Ferdinand von
Zeppelin, the LZ-1, made a successful flight. In 1911, commercial air operations were
started by a German transportation company (DELAG), using five Zeppelin airships.
In October 1924, the Zeppelin factory at Lake Constance, in Germany, completed the
construction of the LZ-126, inflated it with hydrogen, and delivered it to the United
States by a transatlantic flight.

In 1955, a report by Silverstein and Hall of the (then) NACA-Lewis Flight Propul-
sion Laboratory was published in which the potential of liquid hydrogen as a fuel for
use in both subsonic and supersonic aircraft was explored. According to it, theoreti-
cally, the use of hydrogen fuel could significantly improve the maximum range [6]. As
a result of this study, an experimental program with a U.S. Air Force B-57 twin-engine
medium bomber was initiated to demonstrate the feasibility of burning hydrogen in a
turbojet engine at high altitude. The modified aircraft was first flown in 1956.

From 1954 to 1955, Lockheed Aircraft Corporation made a series of conceptual
design studies of hydrogen-fueled aircraft in cooperation with Pratt &Whitney Air-
craft and the Rex Division of AiResearch Corporation. In 1956, the U.S. Air Force
awarded a contract to Lockheed’s Advanced Development Projects organization to
build two prototype aircrafts (known as CL-400), which would be capable of cruising
at Mach 2.5 at 100000 ft. (30,480 m) altitude. This aircraft was to carry a two-man
crew, and the main objective was related to long-range reconnaissance missions.
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Also in 1956, at the same time the U.S. Air Force contracted with Lockheed for the
development of the CL-400 airplane, and the Pratt &Whitney Aircraft Division of
United Aircraft Corporation was awarded a contract to investigate the feasibility of
using LH2 as a fuel in aircraft engines. The work at Pratt &Whitney covered a broad
spectrum ranging from applied research efforts such as heat transfer and materials
investigations, to development testing of a J57 engine modified to operate on LH2.
It also included the design, construction, and test of a new design of engine (the
Model 304). Conversion of the J57 to operate on LH2 was accomplished in just
5 months, and the first tests were performed in the fall of 1956 [6]. The work with the
J57 showed that conventional jet engines could be readily adapted to use LH2 fuel. In
this research, after examining many possible cycles, the Hydrogen Expander cycle
(this cycle is well explained by Brewer [6]) was selected for experimental evaluation
to create the Model 304 engine. This was a unique cycle developed specifically to take
advantage of the properties of hydrogen and to meet the performance requirements of
the CL-400 airplane. The first demonstration test of a complete 304 engine was
accomplished in September 1957.

In spite of the success in developing practical solutions to the problems encoun-
tered with handling the cryogenic liquid fuel, the CL-400 aircraft was never built due
to performance and logistics limitations. So, in 1957, the program was terminated by
mutual agreement between the Air Force, Lockheed, and Pratt &Whitney. However,
the CL-400 design and development program showed that it was entirely feasible to
build a hydrogen-fueled airplane.

In the 1970s, Lockheed performed studies on different liquid hydrogen-fueled
subsonic cargo and passenger transport jets for NASA Langley Research Center. The
results are presented in the NASA-reports NASA CR-132558, NASA CR-132559, and
NASA CR-144935. The main conclusions from these and furthers studies have been
summarized by Daniel G. Brewer in [6]. The studies showed that hydrogen propulsion
is especially beneficial in terms of energy use for long-range aircraft with internal
hydrogen tanks.

In the 1980s, Tupolev developed the Tu-155 that was based on the medium-range
transport aircraft TU-154B. Moreover, the TU-155 was built and successfully tested
without any serious incidents, and it first flew burning hydrogen in one of its three
engines in April 1988. The modified engine was also able to be run with natural gas.
The TU-155 was followed by the TU-156 that could be run with natural gas or kero-
sene [7].

At the beginning of the twenty-first century, the Cryoplane Project comprised of
36 European research partners from industry, universities, and research institutions.
They contributed to this project covering aircraft configuration, systems and compo-
nents, propulsion, safety, environmental compatibility, fuel sources and infrastruc-
ture, transition. The total project time was 26 months and started in April 2000.
During this project, several conventional and unconventional overall aircraft design
studies and detailed investigations of hydrogen fuel systems and components were
performed [7, 8].

More recently, in July 2010, Boeing unveiled its hydrogen-powered Phantom Eye
UAV that uses two converted Ford Motor Company piston engines. Nowadays, gov-
ernments and companies are investing again in hydrogen’s potential. For instance, the
ENABLEH2 (ENABLing cryogEnic hydrogen-based CO2 free air transport) consor-
tium was given such a hand, almost 20 years after the European Commission’s last
attempt to ramp up LH2 research and development under the Cryoplane project. The
project’s objective is to demonstrate that switching to hydrogen is feasible and must
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complement research and development into areas such as advanced airframes, pro-
pulsion systems, and air transport operations [9]. Another example is the project
named ZEROe, announced by Airbus in September 2020, which has the ambition to
develop the world’s first zero-emission commercial aircraft. This project consists of
the development of three concept planes (powered by hydrogen combustion through
modified gas turbine engines or hybrid systems), which Airbus says that could be
ready for deployment by 2035 [10].

2. Basic engine principles

2.1 CFM56-3 general specifications

The CFM56-3 is a high bypass, dual-rotor (or dual-shaft), axial flow turbofan engine,
and this particular variant of CFM56-3 has a bypass ratio of 5.1:1 and a dry weight of
1966 kg [11, 12]. Its dual-shaft design consists of a fan and booster (low-pressure
compressor), high-pressure compressor, annular combustion chamber, and a high- and
low-pressure turbine section. The two shafts respectively connect the low- and high-
pressure sections using a five-bearing system (three roller, and two ball bearings) [13].

2.2 Combustor

First of all, it is important to understand the difference between the combustor and
the combustion chamber [14]. The combustor includes all of the combustion systems,
that is, the diffuser, the combustion chamber, the inner and outer casing, the spark
plugs, and the fuel injectors, whereas the combustion chamber refers to the exact
place in which combustion takes place.

The main purpose of a gas turbine combustor is to introduce heat energy into the
mass of air previously compressed (in the compressor) [15], by burning fuel in it so
that the products of combustion can be expanded to get useful work output (absorbed
by the turbines) and then, on their discharge to atmosphere, provide a propulsive jet
[16]. Due to space limitations and requirements of energy and momentum, the vol-
ume flow rate as well as rate of heat release is very high in a gas turbine combustion
chamber and the residence time of fuel is very small, of the order of a few milliseconds
[15]. In gas turbines, the combustion is a continuous process that takes place at high
pressure in a smaller space and usually at a very high temperature [16]. Thus,
continuously high combustion temperatures, large continuous flow, and high heat
energy release make the design and development of a gas turbine combustor rather
difficult [15].

A gas turbine combustor must satisfy a wide range of requirements. However, for
the aircrafts, the priorities are the reliability, the low fuel consumption, low pollutant
emissions, engine size, and weight [17].

The choice of a particular combustor type and design is determined largely by the
overall engine design and by the need to use the available space as effectively as
possible [16]. Overall, the combustors may be subdivided into three main types:
tubular or can, tubo-annular, and annular [16]. The CFM56-3 has an annular com-
bustor, and Figure 1 shows it during the digitalization process to obtain the model of
geometry used in this work.

The annular configuration is used by most modern jet engines because of its lighter
design. This type of combustor represents the ideal configuration for combustors since
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its “clean” aerodynamic layout results in compact dimensions [16]. This configuration
consists of an annular liner that is mounted concentrically inside an annular casing.
Among the advantages, the annular combustion chambers have the least pressure
drop due to larger volume per unit surface area and are more efficient than can-type
chambers. It also requires about half of the diameter of can-type chambers for the
same mass flow [15].

Its main drawback stems from the heavy buckling load on the outer liner [17].
Moreover, any change in the flow velocity profile can result in significant change in
the temperature distribution of the outlet gases, and distortion of inner annular
chamber is critical because it disrupts the flow of cooling air and also changes the
outlet temperature distribution. This is because of lower degree of curvature of the
chamber surfaces [15]. Another drawback is related to experimental tests of this type
of combustion chamber. At full-load conditions, the tests of large annular combustion
chambers supplying air at the levels of pressure, temperature, and flow rate required
are extremely difficult, and the cost is very high [17]. Nowadays, there are very few
facilities worldwide that can supply air in those conditions [18].

3. Fuels in gas turbine engines

At the current time, almost all aviation fuel (jet fuel) is extracted from the middle
distillates of crude oil (kerosene fraction), which distils between the gasoline and the
diesel fractions [18]. The Jet A and Jet A-1 grades are the most used kerosene-type
fuels worldwide in civil aviation.

As referred before, to mitigate the problem of the pollutant emissions in the future,
there seem to be two viable solutions, the use of SAFs or the use of hydrogen fuel
(through hydrogen combustion engines or fuel cells). In this work, will only be
considered the hydrogen for the combustion gas turbine engines (GTEs).

3.1 Hydrogen

The hydrogen is the simplest and most abundant of the chemical elements in the
universe. On Earth, under standard conditions (H2), its concentration is negligible.
However, in chemically combined form, it is the third most abundant element on

Figure 1.
CFM56-3 combustor photograph [14].
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Earth. Consequently, hydrogen can be considered an energy carrier, similar to elec-
tricity, since it can be produced from other compounds, mostly from hydrocarbons
and water [19]. The main reasons why hydrogen can play an increasingly significant
role in meeting the worlds energy demands and addressing environmental concerns
are that hydrogen meets three important criteria: a promising low-carbon alternative
reducing emissions of GHG, providing energy security, and the possibility of reducing
local pollutants, that is, NOx and particulates [19].

On a commercial scale, despite the several production sources, most of the hydro-
gen is currently produced through the process of steam reforming of methane (SRM)
from natural gas [19]. As part of the energy future, the various hydrogen sources can
be grouped into three types, namely fossil fuels (coal, natural gas, petroleum, oil shale,
etc.), renewable sources (biofuels, water, photovoltaic, solar, algae, etc.), and nuclear
(e.g., using thermal energy from nuclear reactions for water splitting). For hydrogen
to be part of a sustainable energy future, renewable and nuclear sources need to play a
more significant role in hydrogen production, and cost-effective carbon capture and
storage technologies need to be developed and upgraded.

3.2 Utilization of hydrogen in gas turbine engines

For the use of the hydrogen fuel in the current GTEs, in theory, the minimum
modifications needed are the change of the injection system and the implementation
of facilities to evaporate the hydrogen, which is stored in the tanks in a liquid (or
cryogenic) state. This can be accomplished by an external heat source or a heat
exchanger (HE) [20]. However, to take full advantage of the hydrogen’s distinct
thermo-transport properties (high diffusivity, low ignition energy, wide flammability
limits, and the highest laminar flame speed) that make its combustion and emission
characteristics notably different from those of hydrocarbons fuels, beyond the injec-
tion system, the combustion chamber must be also changed [19]. In Table 1, is
provided a comparison between the main properties of hydrogen and Jet A [6, 9].

When changing to hydrogen, either the combustor outlet temperature (COT) or
the net thrust could be retained [20]. Because of the considerably higher heating value
of hydrogen, the fuel flow to achieve the same COT or net thrust is reduced by almost

Properties Units H2 Jet A

Liquid density g cm�3(at 283 k) 0.071 �0.811
Melting point K 14.01 �263
Boiling point K (at 1 atm) 20.27 440–539

Heat of vaporization J g�1 (at 1 atm) 446 360

Specific heat J g�1 9.69 1.98

Lower heating value MJ kg�1 119.96 43.15

Flammability limits in air vol% 4.0–75.0 0.6–4.7

Thermal energy radiated to surrounding % 17–25 30–42

Diffusion velocity in NTP air cm s�1 ≤2.00 <0.17

Flame temperature in air K (stoichiometric) 2318 2200

Table 1.
Properties for hydrogen fuel and Jet A fuel.
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two-thirds. When the COT is preserved, the net thrust increases, resulting in a
corresponding increased specific thrust. When it is opted to retain the net thrust, this
results in a lower COT [20]. According to Boggia and Jackson [21], the performance
improvements could be explained by two fundamental changes when using hydrogen:
reduced mass flow and changed composition of the gases expanding through the
turbine(s). While the latter improves the performance, the former deteriorates the
performance. Reduced mass flow through the turbine lowers the thrust output for two
reasons. First, decreasing the fuel flow implies that the exhaust mass flow decreases
accordingly; hence, without any variation in gas composition, the thrust output
decreases. In second, a reduced mass flow through the turbine will result in a higher
total temperature drop and, thereby, also a higher total pressure drop across the
turbine in order to deliver the same amount of power to the compressor. Because of
the lower total temperature and pressure at the turbine exit, both the pressure thrust
(thrust due to different pressure at engine inlet and exit) and momentum thrust
decrease (the effect of decreased core nozzle velocity).

However, the loss in thrust due to reduced mass flow is offset by the increased
thrust owing to changed properties of the combustion products [21]. With the use of
hydrogen, the combustion products contain no CO2 and a larger portion of H2O,
which has a higher Cp value than CO2. Having investigated a simple turbojet engine,
Boggia and Jackson [21] concluded that the Cp value has increased by �4% in the hot
section of the engine when changing to hydrogen fuel. Increased Cp value through the
turbine will similarly, but in the opposite direction as reduced mass flow, affect the
performance. For a fixed power output, it will cause smaller total temperature and
pressure drops across the turbine. Provided that the core nozzle is not choked, a larger
nozzle expansion ratio will result in a larger exhaust velocity, which, in turn, will
increase the momentum thrust. In total, the positive effect of increased Cp value
outweighs the effect of reduced mass flow and, hence, results in an increased net
thrust when switching to hydrogen and retaining the COT [20].

It should be pointed out that the energy consumption to attain a certain COT is
highly dependent on the fuel-injection temperature and the location of the heat
exchanger (HE) used to evaporate the liquid hydrogen. By heating the fuel more, it is
possible to achieve performance benefits. The effects on engine performance are quite
small, but still there are some desired features that could be exploited [20].

If the COT is kept the same, the turbine entry temperature (TET) is also about the
same, thus requiring the same cooling technology [21]. On the other hand, the option
of lowering the COT to preserve the net thrust will lead to a decrease in TET. So, this
will require less advanced cooling technology as well as having a favorable effect on
turbine blade life. Moreover, designing for a lower maximum cycle temperature will
help to suppress the NOx emissions.

3.3 Mechanisms of pollutant formation

The concentration level of pollutants in gas turbine exhaust can be related directly
to several factors that control the emissions in conventional combustors. These factors
may be considered in terms of primary-zone temperature, equivalence ratio, degree of
homogeneity of the primary-zone combustion process, residence time in the primary
zone, liner-wall quenching characteristics, and fuel spray characteristics [17]. These
factors vary from one combustor to another and, for any given combustor, with
changes in operating conditions [17].
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For the conventional fuels, such as hydrocarbons (in this case Jet A) or even the
SAFs, the pollutant emissions of most concern are CO, CO2, UHC, NOx, and PM
(or smoke). From the environmental standpoint, hydrogen is nearly a clean fuel once
it produces only NOx (considering that water vapor is not a major pollutant) [19]. So,
in this work, only the NOx emissions will be presented.

About the NOx (NO plus NO2 emissions), in conventional gas turbine combustors,
there are four main mechanisms that are responsible for the NOx formation: thermal
NO, nitrous oxide (N2O) mechanism, prompt NO, and fuel NO. The last one is
usually of less importance for normal fuels (there is no fuel-bond nitrogen) [17]. In
the case of hydrogen burn, we must still consider the NO formation through
intermediate NO2 [19].

For hydrocarbon fuels, the two main mechanisms that are responsible for the
formation of NOx are thermal NO and prompt NO, while for hydrogen flames the two
main mechanisms associated with NOx formation are the thermal NO and NO for-
mation through intermediate NO2. So, in this subsection only these three mechanisms
will be referred. For more information about the others, there are a good review of
them in Lefebre et Ballal and Kenneth Kuo [17, 22].

The thermal NO is produced by the oxidation of atmospheric nitrogen (N2) in
high-temperature regions of the flame and in the post-flame gases [22]. This endo-
thermic process is controlled largely by flame temperature, and it proceeds at a
significant rate only at temperatures above around 1850 K (it requires the breaking of
the tight N2 bond) [17, 19, 22]. For the typical conditions encountered in conventional
gas turbine combustors (high temperatures for only a few milliseconds), NO increases
linearly with residence time, but does not attain its equilibrium value. The extended
Zeldovich mechanism is utilized by the most of the proposed reaction schemes for
thermal NO. The principal reactions of this mechanism are represented in Eqs. (1)–
(4) [17, 19]:

O2⇋2O (1)

N2 þ O⇋NOþN (2)

Nþ O2⇋NOþO (3)

NþOH⇋NOþH (4)

The prompt NO can be formed in a significant quantity in some combustion
environments such as in low-temperature, fuel-rich conditions and when residence
times are short. These conditions can be created in gas turbines [18].

In hydrocarbon flames, prompt NO occurs in the earliest stage of combustion and
its formation is associated with the reaction of molecular N2 with radicals, such as C,
CH, and CH2, which are fragments derived from fuel, through a complex series of
reactions and many possible intermediate species. Some of these reactions are
represented in Eqs. (5)–(9):

CHþN2⇌HCNþN (5)

Nþ O2⇌NOþO (6)

HCNþOH⇌CNþH2O (7)

CNþN2⇌NOþ CO (8)

CH2 þN2⇋HCNþNH (9)
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For hydrocarbon flames, the major contribution is from CH and CH2 species, as
shown in Eqs. (5) and (9). The products of these reactions could lead to formation of
amines and cyano compounds that subsequently can react with species such as N, O,
or OH to form NO by reactions like those occurring in oxidation of fuel nitrogen or
oxidation of other nitrogen species. At present, the prompt NO contribution to total
NOx from stationary combustors is small. However, as NOx emissions are reduced to
very low levels by employing new strategies that tend to reduce the flame temperature
(such as burner design or geometry modification), the relative importance of the
prompt NO can be expected to increase [18].

For hydrogen flames, the second mechanism that is relevant for the NOx emissions
corresponds to the NO formation through intermediate NO2. This mechanism may be
represented by the Eqs. (10) and (11) [19]:

NOþHO2 ! NO2 þ OH (10)

NO2 þH! NOþ OH (11)

3.4 Influence of temperature/pressure in NOx formation with hydrogen fuel

Owing to its high adiabatic flame temperature, hydrogen combustion produces sig-
nificant NOx. Therefore, by increasing the strain rate (as), which is pressure-dependent,
the flame temperature can be lowered and NOx emissions are reduced. So, the pressure
can be also a controlling parameter for NOx formation with hydrogen flames.

This way, the thermal NO mechanism is dominant at low pressures, whereas NO
formation via intermediate NO2 becomes important at moderate pressures once in
that condition, the flame temperature decreases for a given strain rate, as, due to
enhanced recombination by the reaction [19]:

HþO2þM! HO2þM (12)

Consequently, the maximum NO formation decreases for moderate pressures [22].
At higher pressures, the net effect of reactions (10) and (11) is to H + HO2! 2OH,

through which radicals H, OH, and O are produced [19]. This enhances the formation
of thermal NO. Some studies refer that under specific conditions, the formation of NO
can be dominant over NO2.

Still considering the influence of pressure, but now for hydrocarbon fuels, the N2O
and prompt mechanisms dominate at low temperature and are independent of pressure,
whereas the higher NOx levels associated with higher combustion temperature are
primarily due to thermal NO, which exhibits a square-root dependence on pressure [22].

3.5 Chemical kinetic mechanisms

Chemical kinetics is a capital point when modeling a combustion problem. In this
case, the fuel combustion kinetics is extremely important in order to develop a model
that allows a good emission prediction from the engine. Without proper kinetics all the
attempts will go in vain. The development of detailed chemical kinetic models is
extremely challenging once typical fuels (such as gasoline, diesel, and jet fuels) derived
from different sources can be composed of hundreds to thousands of compounds.
Therefore, detailed kinetic models for such fuels cannot contain all the compounds due
to the limitation of current computational resources [23]. For that reason, a simplified
mixture called surrogate mixture must be defined and used to develop a kinetic model.
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For the emission predictions, the kinetic model development can be even more diffi-
cult once the NOx chemistry must be developed together with fuel chemistry making
realistic chemistry getting even more complicated. In this section, will be introduced
the Jet A and hydrogen combustion kinetic models applied in this study.

3.5.1 Jet A kinetic mechanisms

Although kinetic models of jet fuel are still underdeveloped, significant progress
has been made in this area in the recent decades. Jet fuels are kerosene-type cut of
petroleum containing C-10–C-18 hydrocarbons, including alkanes, cycloalkanes, and
aromatic compounds. The literature reviews show that there are several kinetic
models available for jet fuel combustion and some of these models are listed (and
briefly descripted) by Mostafa [23].

However, only few of them are suitable to satisfy our current needs. Based on our
objective to predict aircraft engine emission (specifically NOx) using CFD simulation,
we need at first a jet fuel kinetic mechanism that allows to simulate the combustion
process and, then, one that fairly predicts NOx formation in this combustion chamber.
As CFD with kinetic models is computationally highly expensive, the number of
species in the kinetic scheme needs to be limited. For that reason, after evaluating the
kinetic models available, it was opted by the option presented by Kundu et al. [24].

Kundu et al. [24] proposed a simplified kinetic mechanism with NOx chemistry
based on 17 species and 26-step reaction for Jet A (17 steps for Jet A reaction and nine
steps for the sub-mechanism for NOx prediction). This mechanism has been devel-
oped specifically to predict NOx formation during combustion of aviation kerosene.
However, the mechanism does not cover the entire range of pollutant species, once to
limit the number of species, the mechanism does not include NO2. Despite the limita-
tion of this kinetic model, it was used in this work. This was not the best option, but
among the available ones was the least bad.

3.5.2 Hydrogen kinetic mechanisms

The hydrogen oxidation chemistry represents the most fundamental and impor-
tant building block in the hierarchy of hydrocarbon chemistry. Consequently, its
chemistry has been extensively investigated, and a large number of detailed mecha-
nisms (that can be found in the literature), including H2/O2 kinetics, have been
developed and validated using different combustion configurations [19, 25]. Some of
these mechanisms have been optimized for the combustion of pure hydrogen, but
most of them are dedicated to the combustion of hydrocarbons including sub-
mechanisms for H2/O2 chemistry. However, the accuracy of the H2/O2 subset is also
essential for the overall performance of a hydrocarbon mechanism [19].

To choose the kinetic model more adjusted for this case, some reviews available in
the literature [25, 26] were analyzed. For instance, Ströhl et al. [25] made an evalua-
tion of detailed reaction mechanisms for hydrogen combustion under gas turbine
conditions. That study shows that the mechanisms of Li et al. or Ó Conaire accurately
represent H2/O2 kinetics under gas turbine conditions. However, it suggests that the Li
et al. mechanism is best suited for the prediction of H2/O2 chemistry since it includes
more up-to-date data for the range of interest [25]. Also, the Li et al. mechanism has
been found to provide the best match with measurements over a wide range of
equivalence ratio and pressure, using various targets, including shock tube ignition
delay and laminar flame speed data [26].
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So, it was concluded that the Li et al. mechanism should perform better than the
others, and for that reason it will be used in this work. For the NOx prediction (of
hydrogen burn), was used the NOx sub-mechanism based on the study by the
Glarborg group that is available in the database of ANSYS Fluent 2020R2 together
with the mechanism of Li et al.

4. Materials and methods

4.1 Geometry

For this study, was used a CAD design of the CFM56–3 combustor made in the
study [14], based on the CFM56-3 combustor of Figure 1. Due to the existent sym-
metry in the CFM56-3 combustor and in order to decrease the simulation time and
effectively represent the four fuel injectors (in the 20) that supply a richer mixture, it
will be used only a quarter section of the combustor for simulation purposes; that is,
there will be one fuel injector for every five injectors present in each quarter section of
the model combustor that supplies an even richer mixture. In this study, the rich fuel
injector is the middle one (element 24 of the Figure 2b). All the details present in the
combustor geometry are represented in Figure 2, including the combustor walls,
dome, dilution holes, fuel injectors, and primary/secondary swirlers.

Figure 2.
Views of the CAD combustor model section used in the simulations: (a) outside view; (b) top view; (c) side view;
and (d) inner view.
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4.2 Modifications in the original geometry

As told by Oliveira [14], there were some parts of the combustor such as the
swirlers that the exact geometry was not achieved. Furthermore, after analyzing some
documentation of the CFM56-3 engine, photos of the combustor and doing the pre-
liminary simulations, there were found some problems related with the fuel injectors
position, the shape of the exit of the secondary swirlers, and the connection of this
exits with the cooling walls of the dome. All of these problems were affecting the
results. For that reason, some changes have been attempted to try to correct these
small problems. All the changes in the model were performed in CATIA V5 R20. In
Figure 3 are presented two cut-view images of the first swirler, in which the first
shows the original CAD model received and the second the final CAD model with the
modifications made during this work.

During the early phases of the work, it was concluded that even so, the simulation
time for the quarter section would be very large. So, to test new sets of modifications
needed in the geometry, mesh, or the used models, a geometry where only one
injector was represented was developed. Thereby, some sets of modifications could be
excluded without spending the total time of the simulation in the quarter section.

4.3 Mesh generation

In this work, several meshing software (HELYX-OS, SnappyHexMesh, Simscale
and Fluent Meshing) were tried in order to get the best mesh possible with the
computational resources available (mainly the quantity of RAM). Due to the com-
plexity of the geometry, the only software that provided a good quality mesh was the
Fluent Meshing after using the set of tips provided by ANSYS in [27] about the best
practices for gas turbine combustion meshing. This way, it was possible to create a
good enough mesh for the simulation, where all the features of the geometry were
correctly represented with the available computational resources.

After analyzing several meshes, the independency test was performed using three
meshes, with coarse, medium, and fine refinement, having 11,830.638 cells,
16.318.327 cells, and 22.602.875 cells, respectively. The data collected relative to
numerical/experimental data for Jet A fuel (no experimental data relative to H2 com-
bustion in this GTE was available) were presented by Ribeiro [28] and ICAO [12], and

Figure 3.
Cut view of the models: (a) original model and (b) modified model.
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these documents contain the exit temperature of the combustion chamber (only for
the operating condition of 100%) and the NOx emissions of the engine, respectively.
For that reason, the parameters used to analyze the independency of the mesh were:

• The average static temperature of the combustion chamber in the outlet;

• The average static temperature and velocity in a defined plane (cut-view of the
first swirler), once the NOx emissions depend mainly of the temperature and
residence time inside the combustion chamber.

All the independency tests were performed for the operating condition of 100%,
since it is the only operating condition where the outlet temperature of the chamber is
known. The maximum difference occurred for the average static temperature in the
plane of the cut view of the swirler, and it was in the order of 2.16% between the
values of the coarse and the intermediate meshes; however, between the values of the
intermediate and the fine meshes, the difference was only 0.1%. The difference
between the values of the average static temperatures for the outlet was nearly 0%
between the coarse and the intermediate meshes as well as between the intermediate
and the fine meshes. For the velocity magnitude, in the cut-view plane, the difference
between the values was approximately 0.71%, between the values of the coarse and
intermediate meshes, and 0.49%, between the values of the intermediate and the fine
meshes.

4.4 Numeric simulation

The software used to perform this study was ANSYS Fluent 2020R2 [29]. Double-
precision option was enabled, once a small error in this case can influence largely the
results of the models. For the setup, the energy model was enabled. This model must
be activated as this regards the energy related to the temperature change within the
combustion process or heat transfer. For the viscous model, as was utilized a step-by-
step solution, the first step was made with the realizable k-? and then was used the
RSM in the other steps. For the radiation model, the P1 radiation model was chosen to
simulate the heat transfer by radiation. This model was chosen for this study because
it is accurate enough and reduces the computational cost in relation to the other
models. Concerning the species, two models were used. At first to calculate an initial
guess, the non-premixed combustion and species transport with one equation were
used, for Jet A and hydrogen fuel simulations, respectively. And then, after obtaining
a first initial solution converged (or almost converged), the detailed mechanisms
referred before (Kundu et al. for Jet A and Li et al. for hydrogen) were imported, and
the simulations were resumed until obtaining completely converged solutions. In this
case, the used Turbulence-Chemistry Interaction was Eddy-Dissipation and the
Chemistry Solver was the Relax to Chemical Equilibrium.

To evaluate the NOx emissions, two approaches were followed. The first one was
to use the sub-mechanisms provided in the detailed mechanisms. These sub-
mechanisms presented before can cause some problems once; for instance, the sub-
mechanism for NOx produced by Jet A does not include the NO2 species, which
clearly will affect the results. The second approach was to use the NOx model pro-
vided in ANSYS Fluent. This model must be enabled to ANSYS Fluent display infor-
mation regarding NOx formation during the solution calculation, or it can be
calculated in post-processing (the approach chosen in this work). In the end, an
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assessment must be made to reveal which approach is in better agreement with the
ICAO’s database values (for the Jet A), to be used in the work.

The boundary conditions were defined through an iterative process that has three
phases. In the first one, through an iterative process (simulation and result analysis)
and the available data present by Ribeiro [28] regarding the conditions of each stage of
the GTE (mainly air mass flow, fuel flow, operating pressure, and oxidizer tempera-
ture) for 100% power, it was possible to determine the percentage of the air flow that
enters the combustion chamber through the swirlers and all the boundary conditions
for 100% power.

In phase 2, also through an iterative process (simulation and result analysis), the
available data presented by Ribeiro [28] regarding the operating conditions obtained
in the test-bed charts presented (mainly the operating pressure and oxidizer temper-
ature), the values of the ICAO’s database [12], and the percentage of the air flow that
enter the combustion chamber through the swirlers calculated in phase 1, it was
possible to define the boundary conditions for 7% power. Finally, after definition the
boundary conditions for the conditions of 7% and 100% power, the values of the
operating pressure, oxidizer (air) temperature, overall AFR, and primary zone AFR
for the other operating conditions were calculated through a linear regression. This
allowed the obtention of the boundary conditions for the 30 and 85% power condi-
tions.

Knowing the overall AFR and fuel flow for each condition, it was possible to
determine the total air mass flow and then through the primary zone AFR, it is
possible to calculate the air mass flow that enters the combustion chamber through the
swirlers and the air mass flow that enters through the other entries (mixers and
dilution holes). Once these steps were concluded, the boundary conditions for the air
mass flow inlets were defined for each power condition of the LTO cycle.

5. Results and discussion

In this section, the results of the simulations are presented. It should be noted that
all the results presented are only for one-fourth of the CFM56-3 combustor.

5.1 Combustor exit temperature

The first set of results was obtained during the process of estimation of the
boundary conditions where the outlet average static temperatures to the simulations
with Jet A fuel were calculated, as shown in Figure 4. Those are important values once
we need them, first to compare with the reference temperature of 1649.94 K obtained
by Ribeiro [28] to the condition of 100% power, and then to get reference values for
the outlet temperature to allow the calculation of the mass flow of hydrogen fuel for
each power condition.

The quantity of fuel for the simulations with hydrogen was calculated through the
mass of Jet A fuel for each power condition and the ratio between the lower heating
values, LHV, of the fuels, as shown in Eqs. (13) and (14).

_mHydrogen fuel ¼ _mJetA fuel � LHVJet�A
LHVHydrogen

(13)

_mHydrogen fuel ¼ _mJetA fuel � 0, 3597 (14)
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Since the LHV changes from author to author, this ratio was calculated and then
adjusted for the condition of 7% power in order to get the same value for the outlet
average static temperature for the simulations with the Jet A and hydrogen fuel.

Figure 4 shows the most relevant outlet average static temperatures obtained in
this work. The values for the sensibility tests are not represented here.

Through Figure 4 it is possible to conclude that the values of outlet temperature
obtained through the simulations with the input data from ICAO and GasTurb values
(blue line and yellow x, respectively) are quite similar to the reference value for the
full power condition (to Jet A).

Through the same figure, but now considering the simulations with hydrogen, it is
possible to conclude that:

• The values of outlet temperature for 7% and 30% power are similar to Jet A,
which indicates that the ratios between the amount of hydrogen fuel and Jet A
must be correct;

• For the conditions of 85% and 100% power, the lower outlet temperature for
hydrogen fuel indicates that the quantity of hydrogen should be higher.

In this study, it was opted to fix only one value for the ratio, but as we can see, the
best approach seems to be to calculate the specific ratio between the fuels to get the
same exact outlet temperatures for each power condition.

5.2 NOx emissions

In the emission analysis, it is possible to study the emissions of all the pollutants,
mainly CO, CO2, UHC, and NOx. However, since in this work the only objective
related to the pollutants is to compare the pollutant emissions between the Jet A fuel
and hydrogen fuel, the only emissions analyzed were the NOx, once H2O is not
assumed as a pollutant.

Some of the results presented in this section were obtained through the emission
index, EI. This value can be obtained using Eq. (13):

EI g=kg½ � ¼ Emission flow rate kg=s½ � � 1000
Inlet _mfuel kg=s½ � (15)

Figure 4.
Combustor outlet average static temperature throughout ICAO’s LTO cycle, while burning Jet A and Hydrogen
fuel; and the reference values for 100% throttle.
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In Eq. (13), the emission flow rate was obtained by reporting the Flow rate of the
desired pollutant in the outlet plane in Ansys Fluent, and this value is given in kg/s.
The values used for the _mfuel (obtained from ICAO [12]) at the inlets are given in kg/s.
The results are presented in the form g[Emissions]/kg[fuel], which allows the com-
parison with the ICAO’s reference data.

In the first analysis (reference standard), regarding Jet A fuel simulations, the
emission index is used since the quantity of fuel burned is the same for each operating
condition, and it can be easily interpreted by the reader. However, in the comparison
between the pollutant emissions of Jet A fuel and hydrogen fuel, as the quantities of
fuel are very different (the mass flow of hydrogen is almost a third of the mass flow of
Jet A), the use of the EI may give a wrong perception of the emissions difference to the
reader. So, to simplify the analysis, it was opted for the use of the flow rate of NOx, in
grams per second, for a fourth of the chamber.

5.2.1 Control simulation and emission comparison between Jet A and hydrogen fuel

The results for the control simulations are presented in Figure 5a, which shows the
EI(NOx) in the outlet of the quarter of the combustion chamber for the Jet A fuel.

As expected, and previously referred, for both approaches, the NOx emissions are
lower at low power settings and attain maximum values at the highest power condi-
tion, where the temperatures are higher.

Considering Figure 5a, it is possible to conclude that:

• The NOx sub-mechanism clearly overpredicts the NOx quantity, in relation to
the reference values (ICAO’s database);

• Regarding to the NOx model available in ANSYS Fluent, for the lower power
conditions (7 and 30% power), the model can predict values for the NOx

Figure 5.
Results for the NOx emissions for one-fourth of the combustion chamber throughout ICAO’s LTO cycle: (a) EI
results of NOx for the combustion of Jet A obtained through the use of two approaches, NOx sub-Mechanism and
Ansys NOx model; and (b) comparison of the flow rates of NOx for the combustion of Jet A and Hydrogen fuel
obtained through the use of two approaches, NOx sub-Mechanism and Ansys NOx model.
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quantity close to the ones of ICAO’s database; however, for the higher power
conditions (85% and 100% power), this model also overpredicts the NOx
emissions, in relation to the reference values (ICAO’s database), approximately
2.4 times more for 85% power and 2.9 times more for 100% power.

• The NOx model from ANSYS Fluent can predict the NOx emissions better than
the other approach, and these values will be used in the next step.

In a second phase, with the same boundary conditions (air mass flow rate, tem-
perature, and pressure) for each operating condition, the simulations were repeated,
but now for the hydrogen fuel. Figure 5b shows the comparison between the reference
values (from ICAO and from the better model of the previous phase for Jet A fuel) and
the NOx emission analysis made through two different approaches for hydrogen fuel,
the NOx sub-mechanism, and the NOx model from ANSYS Fluent. As referred before,
those analyses were made in terms flow rate, with the units of grams per second.

Looking at Figure 5b, considering the models used for NOx forecast, it is possible
to take two principal conclusions:

• The forecasts made by the ANSYS NOx model provide higher values than those
made with the NOx sub-mechanism for all the operating conditions; however,
the error between these values is relatively small (up to 10%).

• Comparing the quantity of NOx produced by the hydrogen fuel with Jet A, for
the lower power conditions, the quantities of NOx emitted are nearly the double
of the values of the Jet A (for both ICAO’s database and for the prediction with
the model) and for the higher operating conditions, the quantity of NOx emitted
continues to be nearly the double of the predicted NOx emissions for the Jet A
fuel simulations with the NOx model and the emissions are predicted to be nearly
four to five times higher than the reference data from ICAO.

5.2.2 Sensibility tests

In this work, several sensibility tests were carried out, namely the presence of the
swirl effect on the swirler’s inlets and the influence of the fuel injection pressure and
temperature. In this work, the initial value of fuel temperature (used in the study) for
the Jet A and the hydrogen fuel was 298.15 K, once this is the fuel temperature used by
the software Gasturb. The results of these tests are presented in Figure 6.

As the represented values are similar, they are also presented in Table 2.
About the influence of the swirl effect, whose results for the NOx emissions are

presented in Figure 6a, if one considers the same forecast approach (only the values
of ANSYS model or the values of the sub-mechanism), it is possible to conclude that
for this specific case the presence of this phenomenon helps to reduce slightly the
quantity of NOx emissions for the high power conditions, while for lower power
conditions the NOx values are closer.

To analyze the influence of the inlet fuel temperature, the sensibility tests were
made with the hydrogen fuel at 600 K, and the results for the NOx emissions are
presented in Figure 6b. From this figure, it is possible to conclude that:

• For the simulations with the hydrogen temperature of 600 K, the error between
the two approaches used to forecast the NOx is considerable for the higher power
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conditions (85 and 100% power); that is, if we look to the values obtained, the
predicted emissions for the NOx model of Ansys are almost twice the value
predicted with the NOx sub-mechanism.

• For both approaches, in the lower power conditions (7 and 30% power), the
quantity of NOx emitted is higher for the fuel temperature of 600 K than for the
reference temperature (298.15 K).

• For the higher power conditions (85 and 100% power), the approaches showed
different behavior. For the sub-mechanism, the NOx emissions are lower for the
fuel temperature of 600 K and for the NOx model of Ansys, the emissions keep
higher than for the reference temperature (298.15 K).

About the injection pressure tests, the modification of this value did not make any
changes to the results. For that reason, the results are not presented once they do not
allow to analyze the influence of this parameter.

Figure 6.
Flow rates of NOx emissions for the sensibility tests for one fourth of the combustion chamber throughout ICAO’s
LTO cycle burning hydrogen: (a) analysis of the influence of swirl effect through the use of two approaches, NOx
sub-mechanism and Ansys NOx model; and (b) analysis of the influence of the hydrogen fuel temperature through
the use of two approaches, NOx sub-mechanism and Ansys NOx model.

Op. Cond. Standard Reference Without swirl Fuel 600 K

Sub-
Mechanism

Ansys
model

Sub-
Mechanism

Ansys
model

Sub-
Mechanism

Ansys
model

100 17.70 19.58 18.30 20.91 16.97 32.70

85 11.97 12.75 12.98 13.40 11.51 19.49

30 1.44 1.30 1.61 1.22 2.26 2.38

7 0.22 0.17 0.24 0.16 0.51 0.32

Table 2.
NOx flow rates in [g/s] obtained for hydrogen fuel (as in Figure 6).
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6. Conclusion

In this work, an overview of the use of hydrogen in aviation, the modifications
needed to adapt an existent gas turbine to use hydrogen, and a CFD simulation of the
CFM56-3 combustor burning hydrogen is provided. During this work, it was demon-
strated theoretically that the CFM56-3 can work with hydrogen fuel with minor
changes (related only to the injection system).

Regarding the results, starting with the control simulation (reference standard),
there are several possible reasons that can be pointed out for the differences between
the simulations and the ICAO’s database values. For instance, the fact that the fuel was
considered in the gaseous state when injected into the combustion chamber simulates
“perfect” atomization, increasing the combustion efficiency and creating a higher
temperature inside the combustion chamber. Other reason can be the fact that the
chosen mechanism/sub-mechanism does not represent the combustion of the Jet A
fuel or the NOx production in the best way. The choice of the radiation model can also
influence this result, once the radiation representation is more important in the
hydrocarbon fuel burn than in the hydrogen fuel burn. Other possible reason could be
the chemical model used. However, due to the limited computational resources, it was
not possible to use more complex models.

Regarding the other results, comparing the NOx emissions obtained for the
simulations (for both Jet A and hydrogen), it was shown that for this geometry of
combustor and injector, the quantity of NOx produced when burning hydrogen is
almost twice of the NOx emissions for Jet A. Once we are using the same swirlers
and injector geometry (single hole) for both fuels, these results are in agreement with
the results of C. J. Marek et al. [30], who concluded in their job that using similar
injection geometries, the minimum NOx levels for hydrogen fuel were twice than for
Jet A fuel.

Finally, regarding the sensibility tests (changing the swirl effect, fuel injection
pressure, and temperature), only the changes in swirl effect and the fuel temperature
produced relevant changes in the results. The fact that the changes in fuel injection
pressure did not produce major changes in the NOx emission results could be
explained as the fact that for these tests, the geometry of the injectors was always
considered the same (the area of the inlets did not change), and the fuel mass flow
rate was the same for each power condition. For that reason, the pressure changes will
not affect the behavior of the fuel jet that much. In practice, in gas turbine engines,
the pressure is usually used to control the quantity of fuel injected.

Through the results obtained for the tests with the swirl effect, it was demon-
strated that without the swirl effect, the NOx emissions increased. After analyzing the
recirculation zone (position and form), it was concluded that without the swirl effect,
the quality of the recirculation zone was reduced and the temperature across the
combustion chamber was slightly increased (also increasing the emissions). So, the
presence of the swirl effect helps to stabilize the recirculation zone, reducing the
presence of hot spots in the flame.

About the influence of the fuel temperature, it was expected that an exponential
raise in this value could affect largely the temperature in the outlet of the chamber,
increasing the efficiency. However, that did not happen, and not only the outlet
temperature changed just a small percentage (1–2%) for the double of the initial fuel
temperature, but also cause malfunctions across the chamber, with greater evidence in
the higher power conditions, where the analysis of the flame shows a great deteriora-
tion of the recirculation zone and the presence of a phenomenon that seems to be the
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occurrence of autoignition or flashback inside the swirlers. These malfunctions were
associated with the velocity of hydrogen fuel flow, which has almost doubled when
the temperature was raised. The most credible reason for this phenomenon consists of
the density reduction of the hydrogen fuel due to that change in temperature.
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Chapter 5

Hydrogen Oxyfuel Combustion for
Energy-Intensive Industries
Esin Iplik, Martin Adendorff and David Muren

Abstract

Hydrogen has been seen as a decarbonization enabler for the last few decades,
and in the last couple of years, there have been many investments in its production
through renewables and use in different industrial applications. It is often researched
for energy storage, and combustion is an excellent alternative to recover the energy
stored in hydrogen. It might be the most viable alternative, especially when it comes
to energy-intensive metal and glass production processes. The utilization of hydrogen
as a fuel in these processes would reduce greenhouse gas emissions significantly,
considering their share in total emissions. Since these industries already benefit from
oxyfuel combustion with traditional fuels for fuel savings, part of the infrastructure
already exists for hydrogen oxyfuel combustion. Fuel change is expected to require
some minor adjustments other than simply changing the oxidizer; however, each
industry has specific points to consider. This chapter investigates metal and glass
production processes based on their needs and challenges in using hydrogen oxyfuel
combustion for heating. Additionally, possible exhaust gas stream improvements
are suggested to recover energy and reduce emissions. Finally, safety aspects of
hydrogen and oxygen use are discussed together with the community acceptance of
hydrogen use.

Keywords: hydrogen, oxyfuel combustion, hydrogen combustion, decarbonization,
energy-intensive

1. Introduction

Increasing renewable energy penetration in the electricity grid brought the
discussion of power-to-x. Energy storage concepts are necessary for efficient energy
utilization and also for grid stability, especially for uncontrollable and intermittent
solar and wind energy [1]. Most of the power-to-x methods use electrolyzers as a core
energy converter and suggest hydrogen usage within Haber–Bosch, methanation,
Fischer–Tropsch, or other processes [2]. These strategies are classified as power-to-
chemicals, power-to-liquid, power-to-heat, and power-to-power, based on their end
use. At first, power-to-gas was a general term to describe the energy stored as a gas,
excluding the end use. However, due to the different routes suggested, the use of
power-to-x was expanded to include them all. Web of Science (www.webofknowl-
edge.com) search for “power-to-x” gives 279 results, and over 50% of them are from
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Germany. A search for “power-to-gas” results in 1736 scientific publications, and
again Germany is the major contributor with 377 of the listed results. Finally, the
“power-to-heat” search gives 471 results, and the yearly distribution of the articles
with the given search terms is given in Figure 1. There is an increasing interest in heat
demand and using stored renewable energy for heat. While part of the research is
about district heating or residential heating, industrial heat demand is also
investigated.

As of 2022, the European Clean Hydrogen Alliance has over 750 projects in its
pipeline, 172 of these projects have an end use of hydrogen in industry. The main
themes are the use of hydrogen for industrial heating, steel manufacturing, feedstock
for ammonia, and synthetic fuels. Since these are application projects rather than
research and are usually driven by industry, they show commitment, a level of matu-
rity of relevant technologies, and investment possibilities (www.ech2a.eu).

Power-to-heat is an integral part of the discussion for industry because heat
demand is roughly 70% of the total industrial energy demand in Europe [3]. While the
wood industry needs 60% of the process heat around 80–100°C, ferrous and
nonferrous metal processes require almost the same amount of their process heat over
1000°C [4]. Industrial heating with hydrogen can be achieved via fuel cells followed
by electric heating or hydrogen combustion. Direct electrical heating should always be
considered when it is technologically and economically feasible. However, since there
are some technical challenges with high temperatures, heat generation by combustion
is relevant for several industrial applications. While electrification and
decarbonization of electricity production would decrease emissions significantly,
hydrogen combustion can fill the gap in high-temperature heat demand. In 2019,
around 38% of the heat demand in Europe was supplied by natural gas and other
gasses in Europe, followed by 30% renewables and over 20% by solid fossil fuels [5].

The core of power-to-x and green hydrogen production relies on electrolyzers using
renewable energy. There are three major types of water electrolyzers. The installed
capacity and number of publications of each method are given in Table 1. The alkaline
electrolyzer is the most mature and established technology. The installed capacity was
176 MW in 2020, and it still finds research ground. There were 576 articles published in
2020 about this technology; over 50% of the articles were from China. Proton exchange
membrane (PEM) electrolyzers have an 89 MW installed capacity, and with its short

Figure 1.
Number of articles found on Web of Science for power-to-gas, power-to-x, and power-to-heat concepts.
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response time, PEM electrolysis is well suited to renewable energy storage. China and
Germany were at the top of the list of countries contributing to the 268 articles on this
technology. Solid-oxide electrolyzers are high-temperature systems and are considered
to be advantageous for integration into high-temperature industries. With 142 publi-
cations, still high investment costs, short life cycles, and only around 1 MW of installed
capacity, this technology is not considered to be commercially viable yet. Further
details and technological advances can be found in recent review papers about alkaline
[8], PEM [9], and solid-oxide [10] electrolyzers.

Oxygen is also produced with water electrolysis; however, the focus has been on
the hydrogen side up to now, and oxygen is not captured. Industrial oxygen is pro-
duced from the air via air separation technologies that consume electricity and then
used in wastewater treatment, combustion, and other applications. Oxygen-enriched
combustion and oxyfuel combustion are not new concepts for some industries.
Oxyfuel combustion is preferred for fuel saving or capacity increasing. Fuel saving up
to 50% is possible depending on the flue gas temperature. Eliminating the nitrogen
from the oxidizing mixture decreases the flue gas volume significantly, decreasing the
flue gas’s heat loss. While hydrogen is not a cheap fuel, its oxyfuel combustion is an
excellent way to reduce costs.

An illustration for airfuel combustion and oxyfuel combustion for hydrogen is
shown in Figure 2. While airfuel can melt roughly 3 ton/h aluminum burning 1200
Nm3/h hydrogen with air, oxyfuel can achieve this production rate with 780 Nm3=h
hydrogen. It can also be used to increase capacity, and in that case, the fuel flow rate is
kept constant at 1200 Nm3/h to melt aluminum at 6 ton/h rate. Of course, converting
from airfuel to oxyfuel requires investment, and there is also the continuous cost of
oxygen, but usually, a new furnace installation costs more to increase the capacity.

This chapter explains hydrogen oxyfuel combustion, its chemistry, possible appli-
cations, and safe handling. For the applications, steel, aluminum, and glass industries
are selected. The reason is the high-temperature requirements of the processes and
their emissions. The traditional fuel choices of these processes vary between natural
gas, different crude oil-based fuels, and LPG depending on the country and the
facility. The steel industry has one of the highest greenhouse gas emissions, which
accounts for around 7% of the global emissions [11]. Aluminum production accounts
for roughly 1% of the global emissions, and aluminum has a higher energy consump-
tion per kg product than steel [12]. Compared with metals, glass has a lower emission
contribution [13]; however, considering the even higher process temperatures, a
limited possibility for complete electrification (based on currently available technol-
ogy), and to protect the optical properties of the product, a limited possibility to use
solid biomass [14], hydrogen oxyfuel combustion could make a difference for this
industry.

Electrolysis method Installed capacity (MW) [6] Number of publicationsa

Alkaline electrolysis 176 576

PEM electrolysis 89 268

Solid-oxide electrolysis 1 142
aReconciled from [7].

Table 1.
Major water electrolysis routes, their installed capacity, and the number of publications in 2020.
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2. Hydrogen oxyfuel combustion chemistry

Combustion of hydrogen with pure oxygen is a single reaction, given in Eq. (1),
and the product is water.

H2 þ 1
2
O2 ! H2O (1)

Hydrogen oxyfuel combustion has other reactions if the furnace is not air tight.
While in a laboratory, tightness is highly likely to be achieved, under practically all
industrial conditions, air in-leakage into a furnace is the norm, and only the amount
and location of the in-leakage can be controlled, based on the furnace pressure and
process parameters. Energy efficiency and combustion efficiency are of course
directly affected by these leaks.

Hydrogen combustion has the adiabatic flame temperature of 2377 K with air, and
3072 K with oxygen under stoichiometric conditions and atmospheric pressure [15]. The
enthalpy of combustion is �241.8 kJ/mol H2 [16]. If the furnace is air tight, without
nitrogen or carbon present in the gas mixture, NOx and CO2 emissions are of course zero.
When the furnace leaks, undesired side reactions generate NOx, which is produced only
via the thermal route (Zeldovich mechanism, given in Eq. (2), (3), and (4)) since the fuel
does not contain nitrogen compounds. These undesired reactions can be significantly
reduced by lowering the peak flame temperature, as a high temperature is required for
oxygen and nitrogen dissociation reactions. Additionally, lower nitrogen partial pressure
(less air drawn into the furnace) and lower oxygen partial pressure (no excess oxygen)
limit these reactions. Further information on Zeldovich reactions can be found in [17].

Figure 2.
Comparison of airfuel and oxyfuel combustion for aluminum melting. Note: These values are rough estimates
and can vary between furnaces. No air preheating is considered. (a) Hydrogen airfuel combustion. (λ = 1.1),
(b) Hydrogen oxyfuel combustion with lower fuel needs. (λ = 1.03), (c) Hydrogen oxyfuel combustion with higher
capacity. (λ = 1.03).
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N2 þ O! NOþN (2)

Nþ O2 ! NOþO (3)

NþOH! NOþH (4)

Industrial furnaces are typically operated with a slight positive pressure (in the
range of a few mm of water column) to minimize air ingress. In this case, the amount
of nitrogen in the furnace can be reduced to a great extent, and NOx emissions can be
minimized. Specific furnace designs as well as frequent charging operations on some
types of furnaces and the associated air ingress, however, can make NOx control very
challenging. The problems associated with these leaks are not limited to the emissions,
as the combustion efficiency and furnace temperature also suffer, requiring increased
energy input to maintain operating conditions, while the product quality may suffer
as well.

Along with oxyfuel combustion, O2-enhanced combustion (sometimes referred to
as oxygen enrichment) is sometimes discussed in the literature [18]. Besides the
potential for increased NOx generation, it brings with it certain operational draw-
backs, especially if the enrichment level and power load changes are required during
operation. These processes must be sized for airfuel combustion, which has the
highest flue gas flow rate. As the O2 enrichment level increases, the flue gas flow rate
decreases significantly, and this fact limits the lowest possible power level, while still
maintaining a suitable furnace pressure. Complete oxyfuel combustion offers a
simpler control of the process conditions if the flue gas system is appropriately
redesigned.

Maintaining the furnace pressure is vital to prevent leakage, and it is directly
dependent on the flue gas flow rate. The difference between natural gas oxyfuel and
hydrogen oxyfuel in terms of flue gas volumes is insignificant when compared with
the difference between airfuel and oxyfuel. If the flue gas duct is sized based upon
natural gas oxyfuel combustion, maintaining the furnace pressure of hydrogen
oxyfuel operation would be no concern. Of course, there are some process-specific
requirements, and the following two sections discuss two metal processes and glass
production for hydrogen oxyfuel combustion.

3. Metal production processes

3.1 Steel production

Steel production is based on ore (primary) or scrap (secondary) processing. The
primary production starts with a blast furnace producing pig iron, followed by a basic
oxygen furnace that produces steel by oxidizing the excess carbon and other
undesired elements. A blast furnace uses coke for the reduction of iron oxides. There
are also direct reduction applications with natural gas and hydrogen, but the blast
furnace route dominates the primary steel production. Secondary production is car-
ried out in electric arc furnaces (EAFs) that are charged with scrap material. Both of
the routes have high-temperature requirements.

The iron and steel industry has higher greenhouse gas emissions than other industrial
processes. China has the highest steel production from ore, which is roughly 66% of the
world's total. EU-28 countries, Japan, and South Korea follow China in primary produc-
tion [19]. Secondary production is a quarter of total steel production [20], and the
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leading region is North America, followed by EU-28 countries and India. Both routes
can utilize hydrogen oxyfuel combustion in auxiliary and downstream processes, that is,
for ladle preheating and reheating furnaces. In fact, secondary production already uses
natural gas oxyfuel combustion. However, the world’s total hydrogen production
capacity is not enough to decarbonize the entire industry. In total, only 4% of the global
hydrogen production relies on water electrolysis [21] and the rest is produced through
fossil fuel-based routes, such as steam methane reforming. All leading steel-producing
countries have green hydrogen policies and investment plans; however, usually, these
plans include the transport and mobility sector instead of the industrial applications.
Noteworthy green hydrogen integration in steel production projects takes place in
Sweden and Germany, namely, Hybrit [22], H2 Green Steel [23], and Salcos [24].

For both primary and secondary productions, oxyfuel combustion to supply high-
temperature heat demand is discussed in the literature. Although the secondary produc-
tion is based on EAFs, oxyfuel burners are frequently included to shorten the cycle time
and to reduce electricity consumption [25]. For primary steel production, there is blast
furnace retrofitting suggestions in the literature with hydrogen injection [26] and coke
oven gas recirculation (contains over 50% H2 and 30% methane) [27], next to a more
fundamental direct reduced iron route [28]. While the first one suggests using lower
amounts of carbon compounds and instead includes hydrogen in the mix, the latter
eliminates these substances and suggests using only the hydrogen itself for reduction.
The reduction reactions of CO and H2 are given below, and the H2 reactions are faster.

3Fe2O3 þH2 ! 2Fe3O4 þH2O (5)

Fe3O4 þH2 ! 3FeOþH2O (6)

FeOþH2 ! FeþH2O (7)

3Fe2O3 þ CO! 2Fe3O4 þ CO2 (8)

Fe3O4 þ CO! 3FeOþ CO2 (9)

FeOþ CO! Feþ CO2 (10)

The investment impact would be higher in the primary production plants, consid-
ering their significantly higher capacity and much higher emissions. The alternative
blast furnace design is expected to decrease the emissions as lower amounts of carbon
compounds would be required, and the DRI route eliminates the emissions.

An important point to consider is product quality as changing the process gases,
and the resultant different flue gas mixture might cause some undesirable side reac-
tions. For steel production, hydrogen embrittlement is a nonnegligible concern when
atomic hydrogen is present. If, however, the burner design and the furnace control are
well performed, unburned hydrogen would not exist as a precursor for this problem.
Another concern is the scale layer and its morphology. In hot rolling mills, a scale layer
is formed on the steel, and then, it is removed by a descaler. If the morphology of the
scale changes due to a change in the production, the descaler might cause defects on
the surface. Tests at different temperatures and atmospheres show a slight difference
in the scale thickness between natural gas and hydrogen combustion [29]. The same
work shows no decarburization in hydrogen oxyfuel combustion conditions, which is
promising. This, on the other hand, needs further investigation for high carbon steel
as the information does not specify the samples’ content. A full-scale trial run with
hydrogen oxyfuel combustion for steel reheating showed no change in the scale
formation next to other quality indicators [30].
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3.2 Aluminum production

Primary aluminum production starts with bauxite, and alumina is extracted by the
Bayer process and purified by the Hall–Heroult process afterward. The very high
energy requirement of the primary production route further increases the importance
of secondary production, which requires around 94% less energy per kg of aluminum
[31]. In 2020, worldwide, aluminum had an over 30% recycle rate, which increases
every year [32]. However, high-quality aluminum production requires more energy if
produced via the secondary route [33]. Both routes have high-temperature require-
ments. China is the leading country of primary aluminum production with over 50%
[34]. India, Russia, and North America are other important producers [35]. While
China and Russia mainly rely on primary production, North America has a higher
secondary production capacity [36]. In Europe, Germany, the United Kingdom, and
Italy are the important secondary producers [37].

Oxyfuel combustion is used in aluminum melting and remelting processes and can
reduce dross formation in primary and secondary production processes. There are
very specific concerns related to hydrogen oxyfuel combustion due to the change in
the furnace atmosphere. H2 is very soluble in molten aluminum, and it might cause
pinholes, passages, and blisters if remains dissolved when the molten aluminum
solidifies [31]. This, of course, can be avoided by burner design and proper process
operation. It should also be considered that the only source of H2 dissolution is not the
fuel. A water dissociation reaction occurs at the liquid aluminum surface and gener-
ates atomic hydrogen [38] and alumina, according to Eq. (11).

2Alþ 3H2O! Al2O3 þ 6Hþ (11)

Water is of course present at a very high partial pressure in the combustion gases of
hydrogen oxyfuel combustion; therefore, further research and trial runs are essential to
determine the effect and the importance of this reaction. However, dissolved H2 is
efficiently removed by the degassing process before casting [39]. Another concern is
increased dross formation due to the previously given water dissociation and higher
oxygen partial pressure in the furnace atmosphere, causing the reaction given in Eq. (12).

4Alþ 3O2 ! 2Al2O3 (12)

CO2 is known to decrease dross losses, and combined trials of hydrogen oxyfuel
combustion and inert gas injection can be used to compare against a reference natural
gas combustion scenario. Hydrogen as a reduction agent was also suggested to recover
iron and aluminum from the by-product of the Bayer process, bauxite residue, and it
was found successful in lab trials [40]. It is important to note that for emission-free
aluminum production, the use of hydrogen for heating and decarbonization of the
electricity used for the electrolysis should be complemented by carbon-free anodes
instead of graphite for Hall–Heroult process since this electrolytic method contributes
to the emissions significantly.

4. Glass production process

Glass production is energy-intensive in the melting and fining steps, with furnace
temperatures of up to 1600°C. The melting process is primarily carried out in
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regenerative furnaces with a very small number using recuperative furnaces; both rely
on heat recovery since there is significant waste heat in the hot flue gases. In some
geographies, these furnaces have been replaced by full oxyfuel furnaces, usually either
due to very strict environmental legislation or very high fuel prices. For specialty glasses,
oxyfuel furnaces are not uncommon, and for small capacities, electric furnaces can be
used; an electric furnace, however, has a shorter lifetime [13]. The glass production is
mainly local since product transportation poses a high risk of loss. Recycling rates are
high, especially for container glass in developed countries (78% in EU28 and 32%
world). Unlike the metal industry, recycling and primary production are carried out in
the same furnace. Emissions are different based on the production location, and
currently, in Europe and North America natural gas is the fuel of choice. Over 60% of
glass production emissions are due to combustion [41]. The rest of the CO2 is formed
in calcination reactions of soda ash and limestone given in Eq. (13) and (14).

Na2CO3 ! Na2Oþ CO2 (13)

CaCO3 ! CaOþ CO2 (14)

A recent review on the decarbonization of the glass industry focuses on higher
recycling rates and changing the fuel [42]. Due to the above reactions, glass produc-
tion would still emit CO2 with hydrogen oxyfuel combustion. However, the flue gas is
expected to be more suitable for carbon capture methods with fewer soot particles and
higher CO2 concentrations after condensation of the water content.

There are particular product and furnace design concerns resulting from hydrogen
oxyfuel combustion in glass melting. Foaming and, therefore, limited heat transfer is a
primary concern. This also happens in existing operations and is solved by decreasing
the air ratio to form CO that breaks down the foam. The high water vapor concentra-
tion of the furnace atmosphere is believed to exacerbate the issue. Another concern is
a reduced furnace lifetime due to refractory damage caused or accelerated by the
higher water vapor content.

There are a number of projects focusing on the use of hydrogen oxyfuel combus-
tion for the glass industry investigating if these issues will occur and how they can be
mitigated. There are projects in Germany and the U.K. testing hydrogen and enriched
natural gas for glass melting that are HyGlass [43], Kopernikus [44], and HyNet [45].
By the end of 2021, HyGlass was finalized, and the trials had demonstrated the success
of hydrogen airfuel combustion. The heat distribution was found homogenous with
hydrogen combustion [46]. From the economic point of view, hydrogen is an expen-
sive fuel for airfuel combustion. On an industrial scale, hydrogen oxyfuel combustion
is expected to play a significant role, most likely in combination with electrical heating
in the so-called hybrid furnaces, and the glass industry requires dedicated projects to
ensure compatibility.

5. Economizer and latent heat utilization

Heat recovery is a crucial part of the aforementioned industries. Due to the high
temperatures required for the process chemistry, the flue gases also have high
temperatures. Current practices usually show partial waste heat recovery for basic
oxygen, electric arc, and glass furnaces. Annual energy loss to flue gas in high-
temperature applications is relatively high. Blast furnaces and electric arc furnaces
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have over 10% heat loss with the flue gas; this value is over 25% for glass melting
furnaces and finally over 65% for aluminum melting furnaces [47]. Decreasing the
amount of flue gas with hydrogen oxyfuel combustion will partly solve this problem,
and the rest of the energy can be recovered using different systems. Waste heat
recovery systems have certain restrictions due to materials, capital costs, and
maintenance issues.

Heat pipes can be used for over 1000°C flue gas temperatures [48]. These systems
utilize phase transition and are often used in solar collectors to keep the temperature
difference low [49]. Tests in a highly corrosive environment show that with a suitable
material selection, a long lifetime can be expected, and maintenance needs can be kept
minimal [50].

Below 500°C, condensing economizers can recover the heat. As the name suggests,
latent heat of the flue gas stream is also utilized in a condensing economizer. Usually
installed by the district heat producers to increase the total efficiency [51, 52], con-
densing economizers are also discussed for the flue gas heat recovery. However, the
heat recovered would be useful only for low-temperature heat demand. The risk of
corrosion and deposition has research focused on coatings [53, 54]. One advantage
of hydrogen oxyfuel combustion here is the complete elimination of sulfur gases,
which reduces the risk of corrosion since sulfidation is one of the main corrosion
mechanisms.

Additionally, the high water vapor content of the flue gas would provide a higher
latent heat recovery. The lower volume and the higher water vapor ratio of the flue
gas raise questions about condensation in the flue gas duct, but this can be used to cut
energy losses with careful planning. A cleaner flue gas stream makes it easier to plan
heat recovery systems and their maintenance.

6. Safety aspects and community engagement

Like all combustible gases, hydrogen has several important safety requirements.
Due to a few prominent accidents in the past (Hindenburg and Challenger), it has a
reputation for being very dangerous. Years after these accidents, thorough investiga-
tions have determined that hydrogen was not the reason behind them. When
compared with many other conventional fuels, hydrogen has its benefits. Unlike
gasoline or diesel, hydrogen is nontoxic and neither does it contaminate the environ-
ment. A leak in a confined space would decrease the O2 concentration, resulting in an
asphyxiation hazard. As it is lighter than air an outdoor leak is highly unlikely to create
an explosive mixture; instead, it will disperse upward and escape in the atmosphere
or, if ignited, it would burn until the hydrogen source has been removed. A hydrogen
flame has low radiation due to its lack of carbon-containing combustion products, for
example, soot. This fact decreases the risk of secondary fires but also makes it harder
to detect a hydrogen flame as it is almost invisible when burning in the air in bright
outdoor conditions [55], which necessitates fast detection of a leak in a confined space.
The difference between a natural gas and hydrogen oxyfuel flame can be seen in
Figure 3.

This broad flammability range makes a hydrogen flame very stable, and it is
difficult to provoke a hydrogen flame to lift off of a burner. Its very low ignition
energy also poses a risk, while at the same time simplifying the ignition of a hydrogen-
fired burner. Anti-static clothes and tools should always be used when working with
hydrogen or hydrogen-containing piping or equipment. In addition, all equipment
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must be correctly grounded, and all vents and chimneys protected by a lightning
conductor. As mentioned previously, hydrogen is a very light gas; therefore, adequate
ventilation would decrease the risks. If adequate ventilation is always present, then
small-to-moderate hydrogen leaks cannot accumulate. Additionally, hydrogen
requires a high oxygen concentration to create a detonative mixture (18–59% [56]);
therefore, even in a confined space, it is more likely to burn than to detonate.

Due to its very small molecular size, it can diffuse rapidly through some porous
materials or systems that are considered gas tight with other gases. As a result,
threaded connections and fittings should be avoided, or kept to an absolute minimum,
while welded joints should be prioritized. Valves and flanges are susceptible to leaks
and therefore require specialized sealing elements, for example, tongue and groove
flanges. Ensure that all gaskets, seals, and lubricants are hydrogen compatible as
hydrocarbons are cracked over time and purged out of the material. Some materials,
such as cast iron, cannot be used for hydrogen piping elements since it loses ductility
over time with diffusing hydrogen [57]. Copper and copper /tin- /zinc-based alloys
should not be used for hydrogen service.

Although hydrogen is being discussed more often than ever due to environmental
concerns, industrial applications have used hydrogen for many decades. Ammonia
production is an excellent example of high-volume hydrogen usage showing that it is
possible to use this gas without any problems if the appropriate safety requirements
are complied with.

The safe handling of oxygen is frequently overlooked since it occurs naturally, and
it is essential for our survival. High purity oxygen has very strict safety requirements,
and accidents can result in very serious injuries and deaths. While oxygen is not
flammable, many compounds that are practically inert in air, burn readily in oxygen.
Even stainless steel can burn at high oxygen concentrations and pressures. The flam-
mability range of hydrogen in oxygen is from 4–94% [58]. Breathing pure oxygen can
cause dizziness, vision loss, and loss of consciousness. Oxygen saturation of clothing is
a severe fire hazard since almost all clothing materials ignite readily and burn vigor-
ously when saturated. All piping, components, and instruments in an oxygen system

Figure 3.
Natural gas (upper) and hydrogen (lower) oxyfuel flames with the same burner power.
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must be free of all hydrocarbons (e.g., oil and grease, to name some), organic con-
tamination, dirt, moisture, and particles. Valves and rotating instruments have special
requirements to eliminate potential ignition sources. Valves should always be opened
very slowly to prevent ignition due to particle impingement or adiabatic compression.
Magnesium and titanium alloys should be avoided for the oxygen-containing compo-
nents and piping. Oxygen is slightly heavier than air and can therefore accumulate in
pits, cellars, and underground rooms.

Since both hydrogen and oxygen are stored under pressure, the appropriate per-
sonal protective equipment (PPE) should always be used when working with them.
Flame retardant and anti-static clothing, safety glasses, safety shoes, and portable gas
analyzers are typically the minimum protective equipment used in industrial applica-
tions where hydrogen and/or oxygen are present. Atmospheric monitoring equipment
should be positioned according to gas specifications and possible leak locations and
should be calibrated and maintained regularly. If cylinders are used for the gas supply,
these should be clearly marked, well secured, and correctly stored.

It is worth noting that using these gases together does not pose a significantly
higher risk than other oxidizer fuel combinations. Hydrogen and oxygen do have a
much broader combustion range and a mixture will ignite very easily, hydrogen has
other features that make it “less dangerous” than other fuels; for example, LPG being
significantly heavier than air will readily accumulate in underground rooms, cellars,
sewers, and pits. Each gas has its own specific requirements for storage, transporta-
tion, and use and these must be fully complied with at all times. These requirements
might differ, which does not mean that one is more dangerous than the other.
Although most of it is not green, hydrogen is produced on an industrial scale,
transported by trailers, rail, or pipelines, and has been safely used in many different
industrial applications for decades. Oxygen is produced by air separation units and
used in industry, hospitals, and homes for life support. Knowing and understanding
the risks is the first step toward safety, and this should not cause anxiety but instead
should bring confidence.

7. Conclusions

In the last decades, research efforts focused on hydrogen as an environmentally
friendly energy carrier, which brought with it the discussion of its conversion back to
energy. While hydrogen is used in fuel cells to generate electricity, its combustion
provides thermal energy. Since green hydrogen is not a cheap fuel, hydrogen oxyfuel
combustion can be used to reduce fuel consumption and the energy loss to the flue
gases. The potential of three high-temperature industries is discussed for hydrogen
oxyfuel combustion applications. The change in the furnace atmosphere and the
possible product interactions are presented based on the literature. In this aspect, only
a limited number of lab-scale experiments are documented for the aluminum and
glass industries. Pilot-scale trials have the potential to show the full effect on products,
energy gain, and environmental advancements. The iron and steel industry is demon-
strating a dedicated effort toward carbon-free production methods. Certainly, their
experience in handling hydrogen on a large scale will have an effect on the other
industries. Thanks to the change in flue gas stream, possible gains are suggested to
decrease emissions and increase heat recovery. These, however, require conceptual
design and feasibility analysis. Finally, safety precautions for hydrogen and oxygen
use are stated to run hydrogen oxyfuel combustion with the lowest risk possible.
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Chapter 6

Refractories for Ammonia
Production in Fertilizer Unit
Indra Nath Chakraborty

Abstract

Apart from being used as a fuel, natural gas is used extensively for production of
ammonia-based fertilizers. During the process of ammonia production natural gas is
steam reformed for the production of Hydrogen and the same is converted into
Ammonia, by Haber’s process, using nitrogen from air. Refractories are required for
reformer lining since they are operated at high temperatures as well as in corrosive
gas, primarily Carbon Monoxide and Hydrogen, environment. The refractories
selected for reformer, thus, should resist the reformer operating temperature as well
as the aforementioned gases. Owing to the presence of steam in the working environ-
ment magnesia and lime-based basic refractories cannot be used owing to their
hydration tendency and thus, aluminosilicate refractories are the only choice. The
effect of H2 and CO on aluminosilicate refractory is the primary focus of this paper.
The main concerns are the reduction of siliceous components of the refractory by
hydrogen and carbon deposition due to Carbon monoxide decomposition by
Boudouard reaction. The effect of these gases on aluminosilicate refractories have
been reviewed and based on the outcome suitable refractories have been
recommended for ammonia production.

Keywords: ammonia, fertilizer, steam reform, natural gas Haber’s process, hydrogen,
carbon monoxide, steam, Boudouard reaction, aluminosilicate refractories

1. Introduction

Ammonia is one of the major raw materials for fertilizer industries. It is used for
the production of nitro compounds, urea, ammonium sulfate, ammonium phosphate
etc. The best and cheapest available source of nitrogen, for ammonia production, is
air. Whereas hydrogen, required for ammonia production, is produced from various
feedstocks but currently it is derived mostly from fossil fuels. Natural gas, Naphtha,
Fuel oil, coal is used for the production of hydrogen. Natural gas is the most preferred
option since it is the cheapest in terms of relative investment as well as relative
specific energy requirements for ammonia production.

Any industrial process involving high temperature requires refractory. Since the
production of Ammonia from natural gas, Ammonia-based fertilizer as well as its
derivative involves high temperature, their production, thus, also requires refractory.
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The literal meaning of refractory is “Stubborn.” In the context of industrial processes,
refractories connote the materials which are not markedly affected by their environ-
ment. In other words, refractories retain their original features as well as characteris-
tics in aggressive industrial process conditions. During their usage, refractories are
exposed to:

• Chemical attack, that is, interaction with the liquid as well as gases

• Abrading action

• Periodical heating and cooling cycle leading to mechanical stress, and/or

• Continuous high temperature, etc.

Against this backdrop the selected refractories, for any industrial process, should
ensure that they do not undergo chemical degradation and also can withstand abrasive
actions and mechanical as well as thermal stresses of the environment. In this context
it also is prudent to mention that no refractory is everlasting. The primary objective is
to select a refractory, for any industrial process, such that the impact of the afore-
mentioned industrial process conditions is minimal and the refractory life is maxi-
mized. Performance of the refractory is one of the major determinants of the
economic efficiency of virtually all industrial processes.

In this context it should also be mentioned that all the aforementioned refractory
wearing parameters are not important or significant for all the industrial processes
and as a consequence all the refractory properties are not relevant for a given process
environment. For the requisite or best performance, the refractory wear contributors,
for a given industrial process, need to be identified and refractories should be selected
such that it can withstand the identified critical wear parameters. The relevant
refractory properties, which would counter the critical wear contributors, need to be
optimized. Identification of critical wear parameters, hence, is one of the most
important steps for maximization of refractory life at the lowest cost. Apart from the
refractory properties, operating parameters of the industrial units also play a key role
in determining the refractory performance.

In this paper a brief production process of Ammonia, from natural gas, would be
presented (Figure 1) and the emphasis would be on the refractory selection process
for the ammonia production unit. The primary focus of this discussion would be to
understand the operating condition at each step of ammonia production. Once the
operating conditions are identified, rationale behind recommending refractories for
the various units of the ammonia production process would be discussed. Needless
to mention, the primary objective of this paper is to correlate the operating
conditions with refractory properties, not the impact of process parameters on
efficiency of Hydrogen and thus, ammonia production. For improving the process
efficiency catalysts are used at all stages of hydrogen production as depicted in
Figure 1. Catalysts and their impact on the Hydrogen / Ammonia production
process is also not part of this paper. It is evident from the flow diagram (Figure 1)
that at different stages of the process, part of the hydrogen yield is used as reactant.
Prior to venturing into the hydrogen production process, basic information on refrac-
tory material would be shared and this would set the backdrop of the rationale
behind the refractory recommendations for hydrogen/Ammonia production from
natural gas.
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1.1 Refractory

Chemically, refractories can be classified as Acidic, Basic and Neutral. The chosen
refractory should be compatible with the chemical environment of the process equip-
ment. For example, in case the environment of a process equipment, during opera-
tion, is chemically basic, a basic refractory needs to be selected for its lining. Based on
the shape, refractory can be classified as shaped, which colloquially is known as
bricks, and monolithic refractories. Unlike bricks, monolithics do not come with any
specific shape. Shaping of the monolithic materials is done during installation as per
the contour of the process equipment. A large number of refractory products fall in
the monolithics category. Castable, which is akin to concrete with different material
bases and cement, constitutes the largest volume of monolithics. Apart from castables
there are numerous monolithic materials, which are installed mechanically, that is,
their usage enhances the refractory installation rate, and thus, assists in reduction of
process equipment downtime.

Monolithic refractories, in general, have the following advantages over shaped
ones.

• Monolithic refractories do not require shaping or firing, and thus, can be
produced in a very short notice

• Any shape can be given to monolithics during their installation, i. e. high shaping
flexibility

Figure 1.
Process diagram for ammonia production.
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• Since no firing is involved for monolithic production, energy requirement for
their production, hence, is lower

• Since the installation of monolithics can be mechanized, their installation rate is
significantly faster

• Mechanized installation of monolithics eliminates human error

• With the developments on the material front, monolithic refractories virtually
have the same chemistry as bricks. This implies monolithics can be used in all
industrial applications with the same operational efficiency as well as
performance of bricks

Morphological features of refractories are schematically illustrated in Figure 2. All
classes of refractories consist of granular material of various sizes, which are termed as
aggregates and they are bonded together by very small sized material, which is desig-
nated as matrix. Refractories can be conceptualized as the matrix being the continuous
phase, where the aggregates are embedded. In majority of the cases, aggregate and
matrix chemistry are very different from each other. This makes refractories a het-
erogeneous material and thus, more complex. Apart from aggregate and matrix, pores
are an inherent constituent of the refractories. Refractory porosity and its size distri-
bution can be varied by controlling the proportion of aggregate of different sizes used
in the refractory formulation.

Figure 3 illustrates different kinds of pores present in the refractories. Channel
pores are the ones which are open from both the ends, though the connecting path
may be tortuous. Open pores are the ones which are open from one end but closed
from the other. Closed pore, as the name suggests, is closed from all around, i. e. it is
not accessible by any gas or liquid in contact with the refractory.

Pore concentration as well as its size distribution in the refractories virtually
governs its mechanical as well as thermal properties. For example, channel pores are
the only ones which contribute to gas permeation. As the combined concentration of
channel and open pores grows higher, the vulnerability of the refractories to chemical
attack increases. Total concentration of all 3 types of pores determine the thermal
conductivity as well as the strength. Pore concentration of refractories also determines
their abrasion resistance, elasticity etc.

Figure 2.
A schematic representation of refractory showing the heterogeneity of the product.
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Selected refractories for any industrial application should conform to the requisite
pore structure, its concentration as well as size. For example, for low thermal con-
ductivity, pore concentration of the refractories should be high. On the contrary, for
high strength, good resistance to abrasion as well as chemical attack, the refractory
porosity should be low. So, not only the chemical compatibility of the refractories with
the operating environment ensures the desired performance but its morphological
features also play a significant role.

It is, thus, prudent that against the backdrop of the operating conditions of each of
the units for Ammonia production, refractory recommendation is made. In the next
section, hence, the Ammonia production process as well as the influence of the
process parameters on the process efficiency would be discussed in brief. This will set
the tone as well as backdrop of refractory selection for the fertilizer industry, partic-
ularly for ammonia production units.

2. Natural gas conversion into ammonia

No dearth of information is available in the literature for commercial ammonia
production by Haber - Bosch process [1–14]. Among fossil fuels, Natural gas is the
most preferred option for Hydrogen generation for Ammonia production. It is well
known that the major constituent of Natural Gas is Methane. Apart from Methane,
natural gas also contains hydrocarbons of higher molecular weight. Higher hydrocar-
bons are usually converted into methane by hydrocracking (Eq. 1) prior to further
processing.

CnHm þ 4n�mð Þ=2f gH2 ¼ nCH4 (1)

The hydrocracking reactions are endothermic. The reactions are carried out at
(65–140 bar) and (400–800°C), in the presence of hydrogen.

The subsequent step for hydrogen generation is Sulfur removal from natural gas.
Sulfur bearing compounds in natural gas need to be removed since it deactivates the
catalysts used in the Ammonia production process. Sulfur, which is present in the
natural gas as Thiol – Sulfur (RSH), is removed by catalytic hydrogenation and in the
process hydrogen sulfide is generated (Eq. 2).

H2 þ RSH⇄RHþH2S gasð Þ (2)

Figure 3.
Schematic representation of types of pores in a refractory.
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Hydrodesulfurization reaction occurs at 300 to 400°C and 30 to 130 bar absolute
pressure. H2S generated by this process is passed through beds of zinc oxide yielding
zinc sulfide (Eq. 3).

H2Sþ ZnO⇄ZnSþH2O (3)

Desulphurized methane is treated with high-temperature steam (700–1000°C) at
3–25 bar pressure, in the presence of a Nickel catalyst in Primary Reformer. The
following reactions (Eqs. 4 and 5) occur during interaction of Methane with steam.

CH4 þH2O⇄COþ 3H2 ΔH ¼ þ206:1 kJ=mol (4)

CH4 þ 2H2O⇄CO2 þ 4H2 ΔH ¼ þ165:0 kJ=mol (5)

All the reforming reactions are endothermic. The primary objective of the steam
reforming process is to maximize Hydrogen yield. CO and CO2 are the byproducts of
the steam reforming process. Apart from the steam reforming reactions, Dry
Reforming andWater Gas Shift (WGS) reactions (Eqs. 6 and 7) also occur by virtue of
interactions between the steam reforming reaction products, viz. CO and CO2, steam
and Methane.

CH4 þ CO2⇄2COþ 2H2 ΔH ¼ 247:3 kJ=mol (6)

COþH2O⇄CO2 þH2 ΔH ¼ �41:15 kJ=mol (7)

WGS is called so since by virtue of this reaction the ratio of Water Gas
constituents, viz. CO, and H2, are altered. In this specific case, the reaction is carried
out in such a way that the reaction proceeds in favor of Hydrogen generation. The
yield of Primary reformers typically contains 60% Hydrogen. All the reactions in
Primary Reformer are reversible in nature. Owing to this reason pressure,
temperature, and ratio of the reactants determine the extent of Hydrogen generation.
Figures 4 and 5 illustrate the impact of Steam - Methane ratio, temperature, and
pressure on the reforming process. The observations are in the expected line of the
reversible reactions and thus, the conversion of natural gas into CO and H2 increases
with:

Figure 4.
Effect of pressure on the steam reforming process in primary reformer for the operating temperature of
800°C [6].
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• Increase in temperature

• Increase in steam to methane ratio, and

• Decrease in pressure

In this context it is prudent to mention that Nickel catalyst, which is used for steam
reforming reaction, also activates Boudouard reaction (Eq. 8) [6]. Since this reaction
is reversible in nature, higher pressure favors the reaction to proceed to the right, that
is, higher pressure favors CO decomposition.

2CO⇄Cþ CO2 (8)

By virtue of this reaction Carbon deposition tendency is fairly severe. This reaction
has a significant impact on the life of refractories as well as its performance, which
would be discussed in the refractory selection section.

The yield of theprimary reformer, that is, Hydrogen (H2), unreacted CH4,
unreacted water (steam), CO, CO2, Nitrogen, Argon, etc. are fed in the secondary
reformer, via Transfer Line, for further processing to increase the Hydrogen yield.
Air, apart from the yield of the Primary reformer, is a feed for the secondary reformer.
The primary objective of the Secondary reformer is to complete Steam Reforming as
well as WGS reactions to produce further quantities of Hydrogen and adjust the
hydrogen and nitrogen ratio for Ammonia production.

Apart from the continuation of steam reforming, dry reforming, and WGS reac-
tions (Reactions 4–7), the following reactions also take place in Secondary Reformers.

2CH4 þ O2 ¼ 2COþ 4H2 (9)

2CH4 þ 3O2 ¼ 2COþ 4H2O (10)

CH4 þ 2O2 ¼ CO2 þ 2H2O (11)

In addition to these reactions combustion of Hydrogen as well as Carbon Monoxide
also occurs. The exothermic reactions raise the temperature of gases in the secondary
reformer to �1000°C and the conversion to hydrogen achieved is of the order of 99%
and the rest is a mix of CO, CO2, CH4, and water in chemical equilibrium.

Figure 5.
Effect of temperature on the steam reforming process in primary reformer for operating pressure of 30 Bar [6].
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The yield of the secondary reformer is further treated in the WGS reactor to
increase the Hydrogen concentration (Eq. 7). Owing to the exothermic nature of the
WGS reaction, lower temperature favors the formation of Hydrogen (Figure 6). The
yield of secondary reformers is processed in 2 stages, viz. High-temperature WGS
reactor at 300–450°C and Low - temperature WGS reactor at 200–250°C.

All oxygen-containing substances, including water, are poisons for the ammonia
synthesis catalyst and thus, need to be removed. The gas mix from the WGS reactor,
hence, is further processed, for removal of CO and CO2 by Pressure Swing Adsorption
(PSA) or Cryogenic Distillation (CD). After the bulk removal of CO by WGS reaction
and CO2 removal by PSA or CD, the typical synthesis gas still contains 0.2–0.5 vol %
CO and 0.005–0.2 vol % CO2.

Methanation (Eqs. 12 and 13) is the simplest method to reduce the concentrations
of the carbon oxides well below 10 ppm and is widely used in ammonia production
units. There are two main purposes for methanation, viz. to purify synthesis gas,
i. e. remove traces of carbon oxides, and to manufacture methane. CO and CO2

methanation is carried out in the temperature range of 200–600°C and 350–450°C,
respectively.

COþ 3H2⇄CH4 þH2O (12)

CO2 þ 4H2⇄CH4 þ 2H2O (13)

The hydrogen - nitrogen mix, obtained after methanation, is used for Ammonia
production by the Haber - Bosch process.

3. Refractories of ammonia production

It is apparent from the previous section that the environment of all the units for
ammonia production contains steam, since it is one of the reactants used in ammonia
production. MgO or CaO based, that is, basic, refractories, thus, would be unsuitable
since they are prone to hydration. The hydration of both CaO and MgO yields
hydroxides. The formation of these oxides is accompanied by large volume expansion.
As a result, the soundness of the basic refractories in the ammonia production unit
would be destroyed and thus, are unsuitable.

Figure 6.
Effect of temperature on water gas shift (WGS) reaction equilibrium [9].
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Against this backdrop, it can be concluded that chemically only aluminosilicate
refractories would be suitable. Aluminosilicate refractories, as the name suggests,
are based on Alumina (Al2O3) and Silica (SiO2). One compound, viz. Mullite
(3Al2O3.2SiO2), which contains 72% Al2O3, is the only thermally stable binary phase in
the aluminosilicate system. With the increase of alumina content of aluminosilicate
refractories, their refractoriness, i. e. temperature withstanding capability, increases.
Apart from alumina and silica, aluminosilicate refractories also contain certain impu-
rities, which are inherently present in the natural aluminosilicate raw materials used
for their production. Primary impurities in aluminosilicate refractories are iron oxide,
titanium dioxide, alkali, and alkaline earth oxides and these minor constituents play a
significant role in deciding the ultimate refractory performance in any given environ-
ment and hence, the impact of these impurities also should be evaluated.

3.1 Impact of hydrogen on aluminosilicate refractories

The effect of Hydrogen gas on fused silica and a wide range of aluminosilicate
refractories has been studied in depth [15–20]. The primary effect is reduction of silica
by hydrogen gas as per Eq. 14 [16].

SiO2 sð Þ þH2 gð Þ !Higher Temperature

 
Lower Temperature

SiO gð Þ þH2O gð Þ (14)

The gaseous products generated by virtue of reaction 14 are carried off by the
process stream. Downstream, when the temperature is conducive for solidification of
SiO, it condenses and gets deposited as SiO2 and Si mix causing heat-exchanger
fouling and product contamination. Figure 7 illustrates the effect of time as well as
temperature on the reduction of fused silica by Hydrogen gas. As expected, with the
increase in duration of fused silica and hydrogen interaction the loss of silica increases.
The effect is similar when the interaction temperature increases.

The effect of time and temperature in the hydrogen environment on aluminosili-
cate refractories of different silica concentration follow the similar trend. Figure 8

Figure 7.
Effect of time and temperature on fused silica reduction [15].
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illustrates that for a given level of silica in aluminosilicate refractories, increase of
temperature causes higher loss of silica. It is also seen that for a given temperature,
silica loss increases with the increase of silica concentration in aluminosilicate
refractories.

Figure 9 illustrates the effect of time on the silica loss of aluminosilicate refrac-
tories with different silica content. As contemplated, the increase of refractory -
hydrogen interaction duration causes greater silica loss. It also is in the expected line
that for a given refractory - hydrogen interaction duration, silica loss increases with its
silica concentration. But it is observed that upto 10% silica concentration in the
refractory, the silica loss by SiO2 reduction is marginal.

Figure 10 reports the impact of pressure as well as silica concentration of refrac-
tories in the hydrogen environment at 2400°F. Loss of silica, for all levels of pressure,
increases with increase of silica concentration. It is fairly evident from the results that
for a given silica concentration, the silica loss decreases with the increase of hydrogen
gas pressure. In other words, higher operating pressure would protect the siliceous
part of aluminosilicate refractories from the Hydrogen present in reformers. The
operating pressure of primary as well as secondary reformers is >30 bar and thus,
the silica loss from the aluminosilicate refractories is expected to be low.

Figure 8.
Effect of temperature on reduction of refractories with different silica content after reduction for 33 hrs in 100% H2
atmosphere [16].

Figure 9.
Effect of time on reduction of refractories with different silica content for reduction by hydrogen at 2600°F in 100%
H2 atmosphere [17].
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3.2 Impact of carbon monoxide on aluminosilicate refractories

The effect of Carbon Monoxide (CO) on the refractories is attributed to its
decomposition as per the reverse Boudouard/Bell reaction (Eq. 8) [21–28]. In the
context of refractories, it can be stated that CO gas diffuses into open as well as
channel pores. By virtue of the reverse Boudouard reaction, carbon is deposited in the
pores. Deposited carbon grows and generates stress within the refractories. When the
stress exceeds the strength of the refractories, cracks form and the refractories get
damaged. In the worst possible scenario, the refractory is destroyed. Figure 11 illus-
trates the stability of CO as a function of temperature. With the increase in tempera-
ture, the stability of CO increases. It is apparent from the figure that destruction of
refractories, by deposition of carbon, will not occur when the temperature exceeds
1100°C and at <500°C, though CO decomposition is thermodynamically possible, the
reaction kinetics is slow and hence, CO decomposition rate is low. Refractories, thus,
are vulnerable to destruction by CO in the 500–700°C range.

Metallic iron is a known catalyst for CO decomposition [27, 28]. The CO decom-
position process proceeds by reduction of iron oxides by CO, to metallic iron. The iron

Figure 10.
Effect of hydrogen pressure on reduction of refractories with different silica content. These data are for 2400°F and
hydrogen flow of 4.6 liters/minute [17].

Figure 11.
CO - CO2 equilibrium as per FACTSage software [21].
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subsequently is carburized into Fe - carbide, which decomposes into Fe according
to Eq. 15.

Fe3C ¼ 3Feþ C (15)

The Fe, formed via Iron Carbide decomposition, has high surface activity and
hence, enhances the CO decomposition rate. The catalytic activity is believed to
proceed via the formation of Iron Carbide (Fe3C).

3.3 Impact of simultaneous presence of hydrogen and CO on aluminosilicate
refractories

Apart from reverse Boudouard reaction, reverse water gas reaction also contributes
to carbon deposition in refractories as per Eq. 16. This reaction, however, can proceed
only below 680°C [29]. Beyond this temperature Carbon monoxide and Hydrogen are
stable phases and hence, carbon deposition within the refractory is not expected. This
prediction, however, is based on the assumption of standard states, i. e. the activity of
the reactants and the products are 1. In real situations the reactant as well as product
activities would be less than 1, which means there would be certain deviations in the
temperature predicted above.

COþH2⇄CþH2O (16)

Simultaneous presence of H2 and CO, which is the case for the reformers, enhances
the CO decomposition rate when the temperature exceeds 577°C [23]. The presence of
H2, in the CO environment, not only alters the carbon deposition rate but also deter-
mines the temperature at which the maximum carbon deposition occurs. For example,
for 0.8% and 19.9% H2, maximum Carbon deposition occurs at 530 and 630°C,
respectively. At lower temperature, however, the effect of hydrogen is marginal [28].
It, thus, is a precondition that refractories for the CO environment should be low in
their iron oxide content.

3.4 Impact of steam on aluminosilicate refractories

Steam, in general, appears to be inter towards the oxide refractory materials.
Steam, however, interacts with silica as per the Eq. 17, which is reversible in nature.
It is evident from this equation that SiO2 in the presence of steam is converted into
Si(OH)4.

SiO2 sð Þ þ 2H2O gð Þ⇄Si OHð Þ4 gð Þ (17)

Figure 12 illustrates the effect of temperature as well as time, on the weight loss of
cristobalite, at 0.84-atmosphere steam pressure. The magnitude of silica loss, via Si
(OH)4 formation, increases with the increase of temperature up to 1350°C. Beyond
1350°C, however, the rate, as well as the magnitude of silica loss, reduces. This
observation has been attributed to the reversal of Eq. 17. The opinion related to the
temperature impact on Si(OH)4 formation in aluminosilicate refractories, however,
appears to be different from that for pure silica. It is also believed that at <980°C
steam reacts with siliceous components of aluminosilicate refractories and yields Si
(OH)4. At >1000°C, however, the same reactants primarily yield SiO19.
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Figure 13 illustrates the impact of steam pressure on cristobalite weight loss by
virtue of Eq. 17. It is obvious from the figure that with the increase of pressure, the
silica loss increases. The silica loss is related to pressure by Eq. 18 [17].

Weight Loss,% ¼ 2:02 x 10�3 P1:34 (18)

The index of pressure in Eq. 18 is >1 but <2. Indices of 1 and 2 indicate the reaction
is controlled by transportation through the boundary layer and reaction at the inter-
face, respectively. The mechanism of Si(OH)4 formation, by virtue of Silica - steam
interaction (Eq. 17), thus, is not very clearly defined.

Figure 14 illustrates the impact of steam, on the weight loss of silica in alumino-
silicate refractories, in the hydrogen environment. As has been observed earlier, the
weight loss increases with the increase in silica content of the refractories. When
steam is present in the environment, along with hydrogen, the rate of silica reduction
is reduced significantly. Additionally, silica loss shows only marginal dependence on
the silica content of the refractory, when steam is present in the hydrogen

Figure 12.
Effect of steam temperature on the loss of silica by 0.84-atmosphere pressure [17].

Figure 13.
Effect of steam pressure on the volatilization of - 325 mesh 24 gm Cristabolite in 2 hours at 900°C. the steam flow
rate was maintained at 2.73 cm/second [17].
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environment. In short, the impact of hydrogen on silica reduction is reduced signifi-
cantly when steam and hydrogen are present simultaneously. This implies that the
presence of steam in the working environment, which will be the case in both the
reformers, would protect the aluminosilicate refractories better by reducing the
reductant effect of hydrogen.

3.5 Impact of simultaneous presence of hydrogen and steam on aluminosilicate
refractories

Figure 15 illustrates the impact of the simultaneous presence of Hydrogen and
steam on silica loss of various aluminosilicate refractories. It is evident from the figure
that the silica loss in the hydrogen atmosphere comes to a rest, for the aluminosilicate
refractories, in the presence of steam. In other words, the reduction of silica by
hydrogen ceases when Hydrogen and steam are present simultaneously. The corollary
of the same is the adverse impact of steam, on aluminosilicate refractories, is annulled
by the presence of hydrogen.

Figure 14.
Effect of steam on reduction of refractories with different silica content in a hydrogen atmosphere
at 2400°F [18].

Figure 15.
Impact of steam on the reduction of aluminosilicate refractories at 2500°F by hydrogen [18].
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3.6 Impact of gaseous environment on the refractory characteristics

Reduction of the siliceous component, by hydrogen, increases the refractory
porosity and increased porosity adversely affects the refractory strength [15]
Figure 16 illustrates the impact of silica loss on the strength of 52% alumina bricks. As
expected, the increase in silica loss leads to a greater loss of strength. A loss of 10%
silica causes approximately 50% strength reduction.

As has been seen in the earlier section, the reduction of silica by hydrogen is
inhibited by the presence of steam. The reduction of refractory strength, hence, is
lesser in the presence of steam, compared to when Hydrogen is present by itself
(Figure 17). It is evident from the illustration that the reduction of strength for an
aluminosilicate brick is lower by approximately 20% when the hydrogen environment
contains steam. In fact, during ammonia production steam is always present in the
operating environment of all the units. The impact of hydrogen, as a reductant thus, is
expected to be lower in all the units of the ammonia production process.

Figure 18 illustrates the impact of alumina as well as iron content of the refrac-
tories in the CO environment. It is evident that CO by itself gets decomposed into
C and CO2 as per the reverse Boudouard (Bell) reaction (Eq. 8). This is reflected by

Figure 16.
Effect of silica loss on strength of refractories. The reduction was carried out in the hydrogen atmosphere [16].

Figure 17.
Impact of 25 mm steam on strength reduction of 85% alumina brick in a hydrogen atmosphere at 2500°F [16].
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the reduction of the strength of Fe - free 45 as well as 90% alumina containing
refractories with an increase in interaction time with CO. It also is obvious from
Figure 15 that Fe acts as a catalyst for the decomposition of CO. In the presence as
well as the absence of iron in the refractories, the strength reduction rate of 50%
alumina refractory is faster, compared to the one containing 90% alumina [22]. 50%
Alumina refractory is destroyed approximately 5 times faster than 90% alumina
products. Lower alumina refractories, thus, are more vulnerable to disintegration due
to CO decomposition.

Literature reports enhancement of CO disintegration in the presence of steam [26].
Figure 19 illustrates that the strength of White Tabular Alumina (WTA) based
castable reduces in CO - Steam atmosphere. On the other hand, it is observed that the
presence of Nitrogen, in the CO environment, enhances the strength of WTA-based
castable, that is, the trend is reversed when Nitrogen is replaced by steam. Nitrogen is
an inert gas and by itself, it does not react with aluminosilicate refractories. But when
it is present together with CO gas, it alters the interaction process with the refractories
and enhances its strength. In fact, Nitrogen is present in the operating environment in

Figure 18.
Impact of 1 Bar carbon monoxide atmosphere on strength for refractories with different alumina and iron
content [21].

Figure 19.
Effect of CO - steam on the strength of WTA based Castable at 32 bar pressure [26].
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secondary reformers and downstream. The adverse effect of steam on castable
strength, in the CO environment of the ammonia production unit, is nullified to some
extent owing to the simultaneous presence of nitrogen.

3.7 Ammonia plant operating condition

The operating conditions of ammonia production units can be summed up as
follows:

• The gases present in the working environment of all the units are Hydrogen, CO,
CO2, Steam, Nitrogen, and Methane.

• Hydrogen concentration increases downstream, whereas the same for CO, CO2,
steam, and CH4 decreases.

• Typical operating temperature and pressure of primary reformer is 980°C and
35 bar, respectively.

• Whereas the same for secondary reformers is 1350°C and 35 bar, respectively.
Such high temperature in secondary reformers is observed only around the
combustion region. The temperature of the other sections of secondary reformer
typically is 1100°C

• Operating temperature and pressure of Transfer Line, which allows the passage
of primary reformer yield to secondary reformer, are in the vicinity of those in
the reformers

• The high temperature shift converter operates at 480°C, whereas the operating
temperature of low temperature shift converter is 230°C

• Methanator usually operates at <350°C

• The typical operating temperature of ammonia production unit, thus, does not
exceed 1100°C, except around the burner in secondary reformer, where the
temperature is �1350°C

• Operating temperature of each unit in the Ammonia production plant is
different. The operating temperature of a given unit, however, does not
fluctuate. Additionally, the operation is continuous. These 2 aspects imply that no
temperature fluctuation occurs in a given unit of ammonia production plant, that
is, there is no thermal shock on the refractories.

• Processing units contain only gases, that is, they contain no solid or liquid. The
abrasion experienced by the refractories, thus, is minimal. Abrasion, hence, is not
a major issue for the refractories in ammonia production units.

• Except for the dome section of the secondary reformer, which supports the
catalyst carriers, there is no direct load on the refractories in any of the units
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3.8 Refractories for ammonia production unit

As per conventional wisdom, the ammonia production unit operating temperature
is not a matter of concern since it is moderate and does not exceed 1350°C. Consider-
ing only the operating temperature, hence, it can be stated that even the lowest grade
of aluminosilicate refractories, except for the secondary reformer dome, would suf-
fice. Only the strength of the refractories should be high enough to withstand the
operating pressure. But is this the case when we consider the gaseous environment in
ammonia production units?

The discussion in the previous sections revealed that even the “inert” gases, like
nitrogen and steam, influence the refractory properties and hence, performance. It
also is evident that it is not only the high temperature that damages the refractories.
Rather for certain working environments, for example, destruction of refractories by
CO, low, rather than high, temperature causes greater damage to refractories. It is not
only operating temperature, but the impact of the gaseous environment also needs to
be considered for refractory selection.

The gases from the working environment can permeate through channels as
well as open pores (Figure 3) to the interior section of the refractories. In the specific
case of reformers, where the operating pressure is of the order of 35 bar, gas
permeation is a very likely possibility. Additionally, refractories have finite thermal
conductivities, i. e. the temperature along with the thickness of refractory lining
decreases.

The silica reduction rate, by hydrogen, increases with the increase of temperature
and becomes significant when the temperature exceeds 1100°C (Figure 7). This
implies that silica reduction by hydrogen is expected to occur on the refractory hot
face, not in the interior part. Refractory destruction by CO, on the other hand, will not
occur on the refractory hot face since the reformer operating temperature is >1000°C.
But at a certain distance from the hot face, along with the thickness of the refractory,
where the temperature is in the 500 to 700°C range, the extent of CO decomposition
and as a consequence refractory destruction would be high.

In short, the refractories remain vulnerable to destruction by CO even if the
operating temperature of the unit is >1000°C. In the context of ammonia production
units, thus, refractories are at risk of destruction by CO and the destruction process
may commence at the interior part of the refractory, where the temperature is con-
ducive for CO decomposition.

During the interaction of aluminosilicate refractories with hydrogen, silica is pref-
erentially attacked and this leaves a porous alumina network [15]. Both Hydrogen, as
well as CO, permeate through the residual porous alumina structure and thus, silica
reduction by hydrogen as well as CO attack continue in the interior part of the
refractory. The SEM analysis of the used refractories from an ammonia plant transfer
line shows that the loss of silica occurs from the aggregate and not the matrix [19].
This observation contradicts the conventional belief that the matrix, being a finer part
of the refractory formulation, has higher reactivity and thus, is more vulnerable to
chemical attack.

Since primary as well as secondary reformers and transfer lines operate at high
pressure, at �35 bar, it is prudent to see the impact of pressure on Hydrogen and CO
attack of refractories. An increase in pressure reduces the rate of silica reduction by
hydrogen (Figure 10). Higher operating pressure, thus, is favorable for the preven-
tion of refractory degradation by silica reduction. Le chatelier principle, on the con-
trary, predicts that an increase of pressure would enhance the decomposition rate of
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CO into carbon (Eq. 8). Such contradicting situations make the refractory selection for
ammonia plants more convoluted.

Based on the discussion of the previous section it is obvious that the combined
effect of Steam - Nitrogen - CO and H2 on the aluminosilicate refractory is fairly
contradicting as well as complex since:

• Refractory degradation, in the CO environment, is enhanced in the presence of
steam or hydrogen and also when they are present simultaneously. Steam on the
other hand inhibits the reductant effect of hydrogen.

• Simultaneous presence of CO and Nitrogen, however, reverses the refractory
degradation process enhanced by steam. Both steam, as well as nitrogen, are
present in the secondary reformer environment

• Silica reduction, by hydrogen, increases with the increase of temperature. On the
contrary, CO gas does not decompose into CO2 and C beyond �1000°C since it is
thermodynamically stable at this temperature.

• Increase in operating pressure reduces the reductant effect of Hydrogen.
Whereas an increase in pressure increases the decomposition rate of CO

• Steam, if present by itself, causes silica loss by the way of Si(OH)4 formation up
to �1350°C. Beyond this temperature, however, Si(OH)4 formation is suppressed
and loss of silica is prevented. Up to 1350°C silica loss increases with the increase
of steam pressure.

• In the presence of Hydrogen, the adverse effect of steam, on aluminosilicate
refractories, is suppressed.

Apart from the opposing conditions of refractory-gaseous environment interac-
tions, marginal volatilization of silica from the refractory may poison the catalysts
downstream. Refractories, hence, are selected so that even the slightest silica reduc-
tion in the process is mitigated. This is the reason why the lowest possible iron oxide as
well as silica-containing refractories, are selected for primary as well as secondary
reformers. This is because, in the absence of iron, the CO decomposition rate is
reduced, whereas the reductant effect of hydrogen is prevented by the absence of
silica in the refractories. Needless to mention that such high purity raw materials are
not available in nature and thus, the refractories for primary and secondary reformers
should be based on synthetic raw materials like WTA or White Fused Alumina
(WFA), which are low in both iron oxide as well as silica.

Refractories, based on synthetic raw materials like WTA or WFA, are typically
recommended only for locations where the operating temperature exceeds 1650°C.
Primary and secondary reformers are examples, where although the operating tem-
perature is low, still synthetic raw material-based refractories are recommended due
to the gas composition in their operating environment as well as the possibility of
catalyst poisoning. In other units of ammonia making plant, that is, other than pri-
mary and secondary reformers, the conditions are not as severe due to the operating
temperature being lower than 500°C, which is the temperature of CO decomposition
initiation, and hence, lower alumina aluminosilicate refractories with lesser purity
would suffice.
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4. Brick or monolithic for ammonia plant

Owing to the progress made on the material development front, there is no signif-
icant difference between brick and monolithic chemistry. The gap between brick and
monolithic has been bridged primarily by reducing the flux concentration in mono-
lithic formulations. For example, the fluxing component in castable and majority of
aluminosilicate gunning formulations is CaO originating from the cement. With the
progress in materials technology, aluminosilicate castables and gunning materials can
be produced without any cement, that is, without CaO. And thus, in the majority of
industrial applications, refractory bricks can be replaced by monolithic.

The aforementioned progress in materials technology can be exploited and mono-
lithic, instead of bricks, based on WTA, can be used in ammonia plants. The primary
advantage of monolithic, that is, mechanized installation, thus, can be capitalized for
the refractory lining of ammonia plants. The fallout of mechanized installation of
monolithic is the requirement of skilled bricklayers is eliminated and simultaneously,
the refractory installation rate also is enhanced. Monolithics, depending on its type,
the installation rate is 2.5 to 10 times higher than those for the bricks. The substitution
of bricks by monolithics, with similar chemistry, would reduce the inventory cost,
delivery time, dependence on human skill, and above all the installation time. All
these factors put together would reduce the plant downtime when a brick is replaced
by monolithic.

Figure 20 illustrates the installation rates of various classes of monolithics and
their characteristics. Castables and gunning materials typically have 1.5 and 8% CaO,
respectively. Apart from the high concentration of CaO, the strength characteristic of
the gunning formulations is not very favorable. But the time required for gunning
material installation is significantly lower than that for the castable. New generation
gunning formulations, which also are known as wet gunning or shotcreting, have
strength characteristics as well as CaO concentration similar to that of castable. On the
contrary, the time required for shotcrete installation is comparable to that for gunning
material. An additional advantage of shotcrete material is extremely low rebound loss,
that is, lower dust generation during installation compared to that of gunning mate-
rial. This makes shotcrete significantly more user as well as environment-friendly

Figure 20.
Features and installation aspects of castable, gunning, and Shotcreting materials.

100

Clean Energy Technologies - Hydrogen and Gasification Processes



compared to gunning material. In short, shotcrete materials have the advantages of
both castable as well as gunning materials, that is, faster installation like gunning
material and installed material property as well as chemistry similar to that of castable.

In short, low iron - low silica-alumina based bricks and monolithics are
recommended for primary as well as secondary reformers. Lower alumina products
with lesser purity would suffice for the rest of the ammonia plant.

5. Conclusion

Going by conventional perception 45% alumina refractories would suffice for the
fertilizer industry since the operating temperature does not exceed 1350°C. This,
however, is not the case owing to the simultaneous presence of CO, H2, CO2, Steam,
and N2 in the environment of ammonia production units. Generally, steam and N2 are
treated as inert gases in regard to their interaction with refractory materials. But steam
reduces the reduction rate of SiO2 of Aluminosilicate refractories by Hydrogen gas.
Steam, on the other hand, enhances the decomposition of CO as per the Boudouard
reaction. The favorable effect of steam for silica loss by its reduction, hence, can not
be exploited owing to the simultaneous presence of CO and Hydrogen in the ammonia
production unit environment. The aluminosilicate refractories recommended for
ammonia production units, mainly for primary and secondary reformers, should,
thus, be low in iron oxide as well as silica content so that the adverse impact of both
Hydrogen and CO is minimized. Such formulation can be either in the form of bricks
or monolithic. Refractories with such stringent chemistry requirements can only be
met by those based on synthetic raw materials like WTA or WFA.

The fertilizer industry is one good example that epitomizes that the alumina
content of aluminosilicate refractories is not decided only by the operating tempera-
ture. Owing to the simultaneous presence of Hydrogen, CO, N2, and steam in the
operating environment, there is no option but to use aluminosilicate refractories with
a low concentration of iron oxide as well as Silica through the operating temperature
of the reformers barely exceeds 1100°C. Based on this analysis it is evident that
operating temperature is not the only determinant of refractory quality for an indus-
trial process but the gaseous environment of the unit also plays a significant role in the
refractory selection process.

Currently, the reduction of greenhouse gas emissions is a major focus of all indus-
trial processes. To achieve this goal, replacement of fossil fuels by hydrogen for iron
production as well as other industrial processes are being targeted. The analyses
presented in this paper also will provide direction for refractory selection for the
industrial processes where hydrogen is being used or hydrogen is a yield, e.g.
Gasification.
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Chapter 7

Recent Advances in Supercritical 
Water Gasification of Pulping Black 
Liquor for Hydrogen Production
Changqing Cao, Lihui Yu, Wenhao Li, Lanjun Liu  
and Peigao Duan

Abstract

Black liquor is the wastewater produced from paper-making-pulping industry, 
which has great threats to the environment and human health. Its pollution handling 
and resourcing attracted much attention, but conventional method showed several 
drawbacks, including low energy efficiency, emission of secondary pollutants, and 
safety and operating issues. Supercritical water gasification (SCWG) is a promising 
method for organic wastes, especially for those with high moisture content, so it has 
been widely investigated. A previous study showed that SCWG of pulping wastewater 
can realize pollution elimination and hydrogen production simultaneously. In this 
chapter, the recent development of this technology in past decade will be reviewed, 
including the gasification performance, the influence of the main operating param-
eter, the catalysts used in this process, the synergetic effect in co-gasification with 
other energy sources, and the evaluation of integrated system of SCWG of black 
liquor with pulping process. These progresses have been made will boost the indus-
trial utilization of SCWG of black liquor in pulping industry.

Keywords: black liquor, supercritical water gasification, hydrogen, catalysts, 
co-gasification

1. Introduction

Hydrogen is a clean energy carrier and favorable in relieving pollution, which 
gained much attention. Hydrogen production from biomass and organic wastes has 
great potential for sustainable development. Black liquor is the wastewater from 
the paper-making pulp industry and mainly contains inorganic pulping chemicals 
(NaOH and Na2CO3), organic components (lignin, hemicellulose, and their deriva-
tives), and water [1]. It has the properties of high alkalinity, high chemical oxygen 
demand (COD) content, offensive odor, dark caramel color, and high moisture, so it 
will bring great threat to the environment and human health if not treated properly. 
Approximately 170 million tons of black liquor solids are generated annually [2]. 
Traditionally, black liquor is treated by combustion or conventional gasification  
[3, 4]. Both methods require an energy-intensive evaporation process, which leads to 
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the waste of energy and production of secondary pollutants, such as NOx, SO2, and 
fine particles. Alternatively, the electrochemical treatment of black liquor is a clean 
method, but it requires high consumption of valuable electric power [5]. Therefore, 
more efficient and cleaner technology is desired as an alternative for handling black 
liquor.

Supercritical water gasification (SCWG) is a promising technology that can 
convert biomass and wastewater into hydrogen-rich gas. Relying on its unique 
physicochemical properties, SCW provides an excellent reaction environment for 
the gasification of biomass and organic wastes. Compared with traditional handling 
methods of black liquor, this technology has several advantages. For example, it 
reduces the energy dissipation of evaporation and allows wastewater with high mois-
ture as feedstock, the alkali present in the black liquor can be served as a catalyst, no 
pollutants are generated, and the products are easy to separate and purify. Therefore, 
it has attracted the attention of many researchers and much progress has been made 
in this decade, and many studies have been published on this topic.

In this chapter, recent advances in SCWG of black liquor in recent decades will be 
reviewed. First, the effect of operating parameters, including temperature, concen-
tration, and wall material, is discussed. In addition, the recovery of alkali salts in 
black liquor is introduced. Second, the catalysts used in this process and synergetic 
effect in its co-gasification with coal, biomass, and plastics are presented. Third, the 
poly-generation system of SCWG of black liquor is evaluated.

2. Gasification performance of black liquor

2.1 Influence of reaction temperature

Temperature is a key parameter affecting the gas product composition and 
gasification efficiency in SCWG of black liquor. From the thermodynamic aspects, 
high temperatures tend to increase gasification efficiency and hydrogen production, 
while methane dominates the gas products at lower temperatures [6]. We per-
formed thermodynamic analysis of SCWG of black liquor at different temperatures 
(300–800°C) with a pressure of 25 MPa and found that the temperature can greatly 
affect the gas composition [7]. CH4 and CO2 were the main components at low 
reaction temperatures, but their content decreased with increasing temperature. The 
fraction of H2 increased with temperature, which was above 50% at temperatures 
over 650°C, and the maximum equilibrium H2 fraction of 61.34% was obtained at 
800°C. Gasification efficiency higher than 100% was attributed to the participa-
tion of water, which was also increased with temperature. The decrease in HHV 
(higher heating value) of the gas product with increasing temperature was because 
the fraction of H2 (HHV = 12.75 MJ/Nm3) increased, while the fraction of CH4 
(HHV = 39.82 MJ/Nm3) decreased.

The experimental study also showed that temperature is a critical factor on the 
gas composition and yield. Boucard et al. [8] studied the gasification of 10 wt% 
black liquor at different temperatures (350–450°C, 25 MPa, and 60 min) and found 
the C content in the gas phase increased from less than 1% at 350°C to more than 
25% at 450°C. The H2 yield increased from 2 mol/kg under subcritical conditions 
to 10–40 mol/kg under supercritical conditions. Previously, we studied SCWG of 
9.5 wt% wheat straw black liquor at 400–600°C and 5 kg/h in a continuous flow 
system [9]. When the temperature was increased from 400°C to 600°C, the gas yield 
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nearly doubled, and gasification efficiency and H2 yield increased from 28.05% and 
6.82 mol/kg to 67.89% and 11.26 mol/kg, respectively. The COD concentration and pH 
decreased from 95,000 mg/L and 11.3 in the raw black liquor to 2160 mg/L and 7.0–7.8 
at 600°C, respectively. In addition, the color also changed from dark caramel to clear 
as pure water (Figure 1). SCWG of black liquor at higher temperatures (600–750°C) 
was investigated in a batch reactor [7]. The H2 fraction increased from 55% to nearly 
70% as the temperature increased from 600°C to 750°C. And the maximum carbon 
gasification efficiency of 94.10% was obtained at 750°C and 30 min.

2.2 Influence of black liquor concentration

The concentration of weak black liquor produced from pulping varied in the 
range of 10–20 wt% [10], which can influence the gasification performance. Figure 2 
showed the influence of black liquor concentration on the equilibrium composition, 
yield, and HHV of the gas product. The effect of concentration on gas composition 
was almost opposite to temperature. Increasing the concentration greatly decreased 
the H2 fraction but increased the fraction of carbonaceous gas (CO2, CH4, and CO), so 
increasing the concentration increased the heating value of the gas product.

In the experiments with both continuous systems and batch reactors, high H2 yields 
and fractions were obtained from gasification of diluted black liquor. The gas yield 

Figure 1. 
The color changes of black liquor after SCWG in a tubular reactor at different temperatures 
(concentration = 9.5 wt%; pressure = 25 MPa) [9].

Figure 2. 
Equilibrium gas composition (A) and GE and HHV of the gas product (B) of wheat straw black liquor with 
change of concentration (pressure = 25 MPa; concentration = 9.5 wt %) [7].
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almost doubled when the concentration decreased from 9.5 wt% to 3 wt% at 550°C 
[7, 11]. Casademont et al. also found that the gas yield and H2 yield increased more 
than fourfold as the black liquor concentration decreased from 2.43 wt% to 0.81 wt% 
in SCWG at 600°C [12]. At higher concentrations, reducing the concentration from 
20 wt% to 10 wt% increased hydrogen in black liquor converted to H2 from 7.5 to 9.8% 
at 650°C [1]. Moreover, the H2 yield obtained by gasification of low-concentration black 
liquor (below 3 wt%) can reach over 24 mol/kg, while the gas products from gasification 
of above 10 wt% black liquor were mainly composed of C1–C4 hydrocarbons [1, 9, 12]. 
Therefore, high concentration black liquor is more difficult to gasify. However, a lower 
concentration of black liquor will improve the system scale and energy loss, so a proper 
concentration needs to be selected through further detailed investigation.

2.3 Influence of reactor wall material

In SCWG, water will fill the entire space of the reactor and Ni was an effective 
catalyst in SCWG [13], so the material of the reactor wall can also affect the gasifica-
tion performance. Casademont et al. [12] obtained different gasification efficiencies 
of black liquor in SCWG from the literatures [7, 9], and they attributed the difference 
mainly to the different reactor materials. They proposed that the reactor made of 
Inconel 625 was more favorable to gasification than other material. De Blasio et al. 
[14] investigated SCWG of black liquor in stainless steel 316 and Inconel 625 reactors. 
It was found that the carbon gasification efficiency obtained was similar in these two 
reactors, while the hydrogen gasification efficiency obtained in Inconel 625 was much 
higher than that of the stainless steel 316 reactor at both 600 and 700°C. Hydrogen 
production with the Inconel 625 reactor was also much higher than that with stainless 
steel 316 reactor at 600°C. Inconel 625 was slightly better than stainless steel 316 in 
hydrogen production at 500°C and close to each other at 700°C. Besides, the hot gas 
efficiency obtained with Inconel 625 reactor was higher than that with stainless steel 
316 at 600–700°C, and the maximum value exceeded 80% at 700°C. In a word, the 
treatment of black liquor in the Inconel 625 reactor can increase hydrogen produc-
tion and inhibit the formation of tar and char. Özdenkçi et al. [15] investigated the 
technoeconomic feasibility of SCWG of black liquor in Inconel 625 and stainless steel 
316 reactors. It showed that Inconel 625 outperformed stainless steel 316 in terms of 
energy production, hydrogen production, resistance to pulping chemical losses, and 
changes in energy prices.

2.4 Influence of alkali in black liquor

The role of alkali contained in black liquor in the gasification process was investi-
gated by comparing the effect of black liquor and lignin as additives on SCWG of coal 
[16]. It was found that the fraction of CO decreased significantly, while the content 
of H2 and CO2 increased when the additive was changed from lignin to black liquor. It 
was probably because the alkali in black liquor promoted the water-gas shift reaction. 
The total gas yield of coal with black liquor (12.07 mol/kg) was higher than that of 
coal with lignin (6.90 mol/kg). Hawangchu et al. [17] investigated the effect of inher-
ited alkali on product distribution by comparing the gasification performance of soda 
black liquor, kraft black liquor, and lignin compound in SCW. Hydrogen from soda 
black liquor was always higher than that of lignin, confirming the promotion of alkali 
on the water-gas shift reaction. They proposed that both the dissolution of organic 
substances and inhibition of coke production by alkalis promoted gas production. 
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In addition, Rönnlund et al. [18] studied the effect of the addition of alkalis (KOH, 
K2CO3, NaOH) and black liquor on SCWG of paper sludge. Similarly, the addition of 
black liquor improved the hydrogen production and gasification efficiency of paper 
sludge gasification. Furthermore, the promotion extent of black liquor on gasification 
was similar to that of alkali salts.

3. Recovery of alkali in SCWG of black liquor

Alkali salts are another main component of black liquor, including cooking 
chemicals (NaOH and Na2S), as well as derived salts such as Na2CO3, Na2SO4, and 
Na2SO4 [19]. The organic components in black liquor can be converted in SCWG into 
gas products, while the inorganic salts still reside in the reactor. Thus, the salts can be 
recovered and reused in the pulping process as cooking chemicals to reduce the pulp 
cost. In conventional treatment, the recovery of alkali can be realized by burning the 
organic components in black liquor [20]. Depending on the unique physicochemical 
properties of SCW, the alkali can also be recovered during SCWG. The literature 
showed that the dielectric constant of water decreases sharply with increasing 
temperature around the critical point [21], which reduces the solubility of inorganic 
substances and enables the recovery of alkali salts.

Alkali was the main cooking chemical (NaOH), so the recovery of Na+ salts in 
SCWG of black liquor was investigated [22, 23]. We studied the distribution of alkali 
during SCWG in a fluidized-bed reactor using glucose as the model compound and 
attempted to recover the alkali salts [22]. For the extremely low solubility, the Na+ 
salts were mainly precipitated in SCW and distributed in the reactor during gasifica-
tion, which were not carried out of the reactor by the fluid in the form of ions [22]. 
While the fluid temperature in the reactor was reduced close to the critical point after 
the gasification, the alkali was dissolved in the water and flowed out as the reaction 
effluent. As a result, the Na+ content and pH value of the effluent changed dramati-
cally with the temperature in the cooling process of the reactor (Figure 3). The Na+ 
content of the effluent was 10–30 mg/L when the temperature was higher than 360°C, 
and it increased sharply when the temperature dropped to 355°C and reached a maxi-
mum value of 1815 mg/L at 335°C. With flushing of the reactor for a certain time, the 
Na+ content dropped to 86 mg/L. Cooling fluid in the range of 360–200°C achieved 

Figure 3. 
The Na+ content of effluent varies with the temperature of the fluid [22].



Clean Energy Technologies - Hydrogen and Gasification Processes

112

a Na+ recovery of 81.07%, and the losses may be attributed to salt entrainment. Based 
on this result, we proposed an alkali recovery method during SCWG of black liquor, 
in which the alkalis can be recovered by cooling the reactor after operating for a 
certain time. And for the fluidized-bed reactor, the velocity of the fluid was impor-
tant to constrain the alkali solids in the reactor and reduce the alkali salt entrainment 
and losses. Besides NaOH, the inorganic components of the effluent also contained 
Na2CO3 and NaHCO3 generated by the reaction of NaOH with CO2. Regeneration from 
Na2CO3/NaHCO3 to NaOH can be achieved by a conventional method (causticization 
reaction) with CaO [22]. Some methods can be used to improve the recovery of NaOH 
in SCWG of black liquor. Fedyaeva et al. [23] studied SCWG of Na2CO3-free black 
liquor and calculated the mole ratio of 2NaOH/Na2CO3. The ratio could reach 4 mol% 
without water flow. The amount of produced Na2CO3 can be controlled by pumping 
SCW through the reactor to carry out CO2 and reduce the residence time of SCW. The 
ratio can reach 14–18% at 710–750°C and 30 MPa. It is a simple and effective method 
to achieve highly economic recovery of alkali salts without the addition of chemicals.

4. Catalysts used in SCWG of black liquor

To improve the gasification efficiency and lower the reaction temperature, the 
addition of catalysts can be considered. Catalysts for SCWG can be classified into 
alkali salts, metals, and metal oxides [24]. They have different advantages in SCWG of 
biomass due to their different catalytic properties. In particular, alkali salts are effec-
tive catalysts for SCWG of biomass [25]. However, some catalysts, including alkali 
salts, may be inapplicable in SCWG of black liquor due to its unique composition and 
properties (Table 1).

4.1 Alkali

Alkalis are widely used for enhancing hydrogen production in SCWG due to their 
strong promotion of the water-gas shift reaction and C–C bond cleavage [24, 26, 27]. 
With NaOH, the fraction of H2 can reach over 50%, and the H2 volume increased to 
80% in SCWG of glucose [27]. Compared with noncatalytic gasification, the H2 yield 
from SCWG of sugarcane bagasse can be increased to over 10 times with the cataly-
sis of five alkali salts [28]. The highest H2 yield of 75.6 mol/kg was obtained under 
the catalysis of KOH at 800°C. Comparatively, the catalytic effect of alkali salts on 
SCWG of black liquor is weaker. Casademont et al. [12] studied SCWG of black liquor 
(0.81 wt%, pH = 11.12) in a continuous tubular reactor with NaOH as the catalyst. 

Advantages Disadvantages

Alkali Homogeneous, strong promotion on water-gas shift 
reaction and C∙C bond cleavage

Hard to recycle and regenerate, weak 
catalytic effect

Metal High catalytic activity, strong selectivity, thermal 
stability

Expensive, deactivation, hard to 
regenerate

Metal 
oxide

Stable, low-cost, recyclable and regenerate, unlimited 
loading

Less active, hydrogen consumption

Table 1. 
Comparison of different types of catalysts in SCWG of black liquor.
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The gasification efficiency slightly improved from 36.5% to 37.0% with the addition 
of 0.6 wt% NaOH, but the H2 yield decreased from 24.58 to 23.34 mol/kg at 600°C. 
Moreover, when the NaOH loading increased to 1.2 wt%, the H2 yield decreased to 
22.27 mol/kg, while the gasification efficiency increased slightly to 44.3%. When the 
temperature was raised to 700°C, the H2 yield increased to a maximum of 38.68 mol/
kg with 0.9 wt% NaOH from 33.62 mol/kg without catalyst. They attributed the weak 
effect of alkali to the abundant alkali contained in black liquor, which made the addi-
tion of alkali ineffective. Guo et al. [29] also studied the effect of NaOH on SCWG of 
glycerol in a continuous reactor and found that the gasification efficiency increased 
slightly with over 0.1 wt% alkali. They proposed that excess alkali will not dissolve in 
SCW to improve the catalytic effect but will accelerate plugging due to salt deposi-
tion. In addition, the absorption of CO2 by OH− increased the chemicals consumption 
or regeneration time from Na2CO3 to NaOH. The addition of potassium will lower the 
melting point of salts and cause operating and safety problems [30]. Therefore, alkali 
was not a suitable catalyst for SCWG of black liquor for the high content of alkalis in 
itself.

4.2 Metals

Some metals, such as Pb, Pt, Rh, Ni, and Ru, are effective catalysts in SCWG of 
biomass and organic wastes [31, 32]. However, they were prone to be deactivated 
with the presence of sulfur for poisoning. Peng et al. [33] studied the performance of 
Ru/C catalyst in SCWG of sulfur-containing (0.53 wt%) microalgal and found that 
the BET surface of the bottom catalyst decreased from 1254 m2/g to 56 m2/g after 
55 h. The activity of the catalyst was severely reduced. The other notable change was 
that the amount of S contained in the catalyst significantly increased from 151 mg/
kg to 1156 mg/kg. They proposed that sulfur poisoning was the main cause of catalyst 
deactivation. Osada et al. [34, 35] investigated SCWG of lignin catalyzed by Ru, Rh, 
Pt, and Pd in the presence of sulfur and found deactivation of the catalysts due to 
sulfur poisoning. It was found that sulfur will combine with Ru and chemically adsorb 
on the catalyst surface, which will decrease the active sites and reduce the gas yield. 
Black liquor obtained from Kraft pulping contains a high fraction of NaOH and Na2S 
[1, 23, 36], which will deactivate the metal catalyst and increase the operating cost.

Appropriate supports can improve the stability of metal catalysts in harsh envi-
ronments and increase the dispersion of active components, such as using oxides, 
zeolites, and carbons as the support [37]. However, the supports may be unstable in 
SCW. For example, γ-Al2O3 was converted to α-Al2O3 in a hydrothermal environment, 
and zeolites undergo structural collapse in SCW [38, 39]. The phase transformation 
and structural collapse of the support can reduce catalytic activity.

4.3 Metal oxides

Compared with alkali and metal catalysts, metal oxides show unique advantages 
and can be used in SCWG of black liquor. Metal oxides are easier to recover than alkali 
salts, and they are more stable and lower-cost than metals. It allows metal oxides to 
be stored and transported for a long time. Unlike metal catalysts, metal oxides can 
act as sulfur fixers and exhibit excellent activity [33, 40]. Ates et al. [41] studied the 
role of ZnO and MoO3 in SCWG of model feed (dibenzothiophene-hexadecane). 
The conversion and sulfur removal of dibenzothiophene greatly increased with the 
metal oxides. The catalysts used consisted of metal oxides and sulfided metal oxides. 
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Moreover, sulfur-fixing metal oxide can be regenerated by a facile calcination treat-
ment, whereas metal catalysts cannot [42].

Some metal oxide exhibit high catalytic activity in SCWG of biomass. Park et al. 
[43] studied RuO2-catalyzed SCWG of organic components and achieved nearly 
complete gasification of organic compounds. They proposed that the redox cycle 
between RuIV and RuII was the mechanism of the catalytic impact. Especially, some 
transition metal oxides can catalyze water-gas shift reaction to improve hydrogen 
production. The gasification efficiency of glucose and cellulose under the catalysis 
of ZrO2 was found to be approximately twice that obtained under noncatalytic 
condition [44]. Seif et al. [45] used Co3O4, CuO, and MnO2 to catalyze SCWG of 
industrial wastewaters for hydrogen production in a batch reactor. The catalysts 
increased the hydrogen yield by promoting water-gas shift reaction. The largest 
improvement in H2 yield was from 0.46 mol/kg without catalyst to 1.25 mol/kg 
with 40 wt% Co3O4 catalyst at 350°C. The order for increasing hydrogen production 
was Co3O4 > CuO > MnO2. In our previous study, 12 transition metal oxides were 
screened for SCWG (600°C, 25 MPa, and 10 min) of 10 wt% glucose for hydrogen 
production in quartz capillary reactors [46]. Most of the metal oxides improved 
gasification efficiency. The highest carbon gasification efficiency of 87.11% was 
obtained by Cr2O3 compared with that without catalyst (68.27%). The highest H2/CO 
ratio up to 19.61 and 14.55 was obtained with the promotion of CuO and MnO2 on 
water-gas shift reaction.

The application of metal oxide catalysts in SCWG of black liquor has also been 
studied. Boucard et al. [8] used nano-CeO2 to enhance the conversion of 10 wt% 
black liquor in subcritical (350°C and 25 MPa) and supercritical (450°C and 25 MPa) 
water in a batch reactor. The composition of the gas product was H2, CO, CO2, and 
light hydrocarbons. The catalyst improved gasification efficiency and hydrogen 
production. The H2 yield increased from 322 to 345 μmol under supercritical condi-
tions. CeO2 promoted the splitting of SCW into hydrogen and oxygen, where the 
hydrogens combined with each other to produce H2, and complete oxidation could 
be achieved with oxygen. Then, the degradation of black liquor was promoted, and 
the color changed from dark brown to yellow and was almost transparent. Under 
subcritical condition, the H2 yield increased by 10 times with the catalyst but was 
lower than that under supercritical condition. The catalyst promoted water splitting 
with lower efficiency under this condition, so a low H2 yield and partial oxidation 
were achieved [8].

In our previous study [11], hydrogen production by SCWG of 12.6 wt% black 
liquor with 14 common metal oxides (ZnO, TiO2, SnO2, V2O5, WO3, MoO3, Fe3O4, 
Fe2O3, MnO2, Cr2O3, CeO2, CuO, ZrO2, and Co2O3) was studied at 600°C. The 
gasification efficiency of black liquor was 77.7% without catalyst, and the gasifica-
tion efficiency was increased to over 100% with over half of these catalysts. As the 
gasification efficiency was defined as the ratio of the mass of the gas product to the 
mass of black liquor solids, it indicated that the presence of these catalysts promoted 
the involving of water in the reaction, which contributed more in hydrogen produc-
tion. The gasification efficiency obtained with WO3, Co2O3, and V2O5 was 111.84%, 
111.82%, and 110.06%, respectively. All the catalysts improved the carbon gasifica-
tion efficiency, among which WO3, Co2O3, and V2O5 exhibited the highest activity, and 
the carbon gasification efficiency increased from 50.85% without catalyst to 71.05%, 
70.92%, and 67.98%, respectively. Most metal oxides also increased hydrogen produc-
tion by promoting the water-gas shift reaction. The presence of SnO2, ZnO, and Co2O3 
increased the H2 fraction from 30.76% to 56.79%, 54.9%, and 54.8%, respectively. 
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The highest H2 yields of 21.67 mol/kg and 21.03 mol/kg were obtained with Co2O3 
and ZnO, respectively. From the characterization of the metal oxides before and after 
being used in SCWG, the authors proposed that catalysts may provide oxygen for 
reactions and promote degradation of black liquor (Figure 4). The high activity of 
V2O5 in improving gasification efficiency may be due to its highest oxygen content, 
which also led to the highest CO2 production. The activity of Fe2O3 was higher than 
that of Fe3O4, and the yield of CO2 was higher. TiO2, as the catalyst with the oxygen 
content second to V2O5, also increased the CO2 fraction. The effect of catalyst loading 
on gasification was also investigated. Increasing the amount of catalyst from 0 wt% to 
180 wt%, the gasification efficiency continued to increase without an upper limit. It 
seems to be a unique advantage of metal oxides compared with alkali salts and metal 
catalysts [47–49]. The maximum carbon gasification efficiency (80.11%) and gasifica-
tion efficiency (149.90%) increased by nearly 1.6 times and two times, respectively. 
Sufficient metal oxides reduced the H2 fraction and increased the CO2 fraction. This 
may be related to the catalytic mechanism of metal oxides in SCW. Metal oxides can 
supply oxygen species for reactions and enhance the degradation of black liquor. 
Excessive oxygen may consume hydrogen and reduce H2 production. Residual low-
valence metal oxides or metals still have catalytic activity, which can promote water-
gas shift reaction to improve gasification and H2 production.

The synergistic and complementary catalysis brought by bimetallic oxides is 
remarkable [50, 51]. It can also play a well catalytic role in SCWG of biomass. Mastuli 
et al. [52] studied SCWG of oil palm frond biomass with the catalysis of NiO, CuO, 
and ZnO supported on MgO and found that the catalysts increased gas yield from 

Figure 4. 
Catalytic mechanism of metal oxides in SCWG of black liquor [11].
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55.4 mol/L with MgO to 72.7, 81.1, and 118.1 mol/L under the addition of NiO/MgO, 
CuO/MgO, and ZnO/MgO, respectively. The H2 yield was improved from 35.4 mol/L 
without catalyst to a maximum of 118.1 mol/L under the promotion of ZnO/MgO. 
They proposed that Zn-based catalyst was more effective than Ni- and Cu-based 
catalysts in promoting water-gas shift reaction. The catalytic effect of bimetallic 
oxides on lignin, one of the organic components of black liquor, was also studied. We 
used CeO2-ZrO2 as catalyst in SCWG of lignin and cellulose at 500°C and 600°C [53]. 
The gasification efficiency of lignin increased from 57.71% to 70.43% with catalyst 
at 600°C and the highest H2 yield increased to 20.39 mol/kg. The catalytic effect 
of CeO2-ZrO2 at a lower temperature was more significant. This may be because at 
lower temperatures, the gasification intermediate products were mainly distributed 
in the liquid, which can be fully contacted with the catalyst. In SCWG of cellulose, 
the catalyst also increased gasification efficiency and hydrogen yield. The H2 yield 
increased nearly 2.6 times from 3.29 mol/kg without catalyst to 8.5 mol/kg at 500°C 
and increased to 19.39 mol/kg at 600°C. Similarly, the catalysis of CuO-ZnO and 
Fe2O3-Cr2O3 in SCWG of lignin and cellulose was investigated [54]. In SCWG of lignin 
by CuO-ZnO, the highest gasification efficiency of 96.24% and the highest H2 yield 
of 29.62 mol/kg was obtained at 600°C. The order of catalysts in enhancing hydrogen 
production from SCWG of lignin is CuO-ZnO > Fe2O3-Cr2O3 > CeO2-ZrO2. In the 
gasification of cellulose, the catalytic effect of Fe2O3-Cr2O3 on H2 yield was more 
significant than that of CuO-ZnO, reaching a maximum of 18.74 mol/kg.

5. Co-gasification of black liquor with other energy substances

SCWG is a promising technology to convert black liquor into hydrogen-rich gas, 
but our previous study [55, 56] showed that the energy produced from SCWG of 
black liquor cannot fully meet the requirement of the pulp mill. To produce more 
energy and realize the energy self-sufficiency of the pulp mill, supplementary 
energy resources can be mixed and co-gasified with black liquor. Co-gasification 
also has a series of advantages, such as reducing the reaction conditions by syner-
gistic effects, improving the gasification efficiency (GE) of black liquor and other 
energy substances, increasing the hydrogen content, and reducing the cost of 
hydrogen production. In response to this situation, we studied the co-gasification 
of black liquor with different energy substances including coal, biomass, and waste 
plastics (Figure 5) and studied the interaction between two different materials in 
co-gasification.

5.1 Co-gasification with coal

Coal is an important energy source with huge reserves in China, with approxi-
mately 162.29 billion tons accounting for approximately 13% of the world’s total 
reserves [57]. Coal can be used as a stable supplementary energy source for pulp mills, 
and clean and efficient conversion of coal can be realized in SCWG at the same time 
[58, 59]. Inherent alkali in black liquor is an efficient catalyst in SCWG of the organics 
that can suppress the formation of tar and coke and increase hydrogen production, so 
co-gasification of black liquor and coal can utilize the inherent alkali in black liquor to 
enhance coal gasification.

Co-gasification of coal and black liquor in SCW was studied by thermodynamic 
analysis and experiments [16]. Thermodynamic analysis showed that the mixing 
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of coal with black liquor can enhance H2 production in the equilibrium state. The 
experiments performed in a fluidized-bed reactor at 550°C and 25 MPa showed that 
the presence of coal and the ratio of coal/black liquor influenced the gasification 
(Figure 6). With increasing black liquor fraction, the H2 fraction and GE increased, 
while the CO fraction decreased. When the black liquor fraction was increased from 
0 to 50 wt%, GE increased from 15% to above 60%; the H2 fraction increased from 34 
to 45%; and the CO fraction decreased from 20% to below 1%. We proposed that the 
improvement in the GE of coal with the addition of black liquor was due to the alkali 
and lignin contained in black liquor. The alkali in black liquor not only catalyzed the 
decomposition of coal but also accelerated the water-gas shift reaction [59], so the 
gasification efficiency and hydrogen product were improved with increasing black 
liquor fraction. On the other hand, the lignin in black liquor may also promote coal 
gasification during SCWG. Lignin will decompose before coal due to unique compo-
nents and molecular structure, so the generated phenolic compounds from lignin will 
facilitate the extraction of organics and decomposition of coal [60].

We also investigated the co-gasification performance of coal and black liquor 
at high temperatures (600–750°C) [61]. The variation in the temperature greatly 
changed the gasification efficiency. The CE and GE increased from 36.88% and less 

Figure 5. 
Schematic diagram of co-gasification of black liquor and other energy substances.

Figure 6. 
Experimental results of SCWG of coal-black liquor mixtures with different black liquor fractions: (a) gas 
fractions; (b) GE (T = 550°C; P = 25 MPa; total concentration = 10 wt%) [16].
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than 80% to 79.46% and over 180%, respectively. The highest CE (79.46%) was 
obtained for the co-gasification reaction of coal with black liquor with a mixing ratio 
of 50:50 at 750°C. With increasing temperature, the PAHs can be further decom-
posed, thereby improving CE and GE. In addition to increasing temperature, the use 
of fluidized-bed reactors and catalysts can also improve GE at lower temperatures. 
Therefore, higher gasification efficiency can be obtained with the combination of the 
proper reaction conditions, catalyst, and advanced reactor.

5.2 Co-gasification with biomass

As biomass is the raw material for pulp production, which is readily avail-
able in pulp mills and is also inexpensive and renewable. Therefore, biomass was 
considered as an available supplementary energy source to co-gasify with black 
liquor to provide more energy. As wheat straw is an important pulping raw mate-
rial in China, we studied the co-gasification of black liquor with wheat straw in a 
batch reactor at 500–750°C with different mixing ratios [62]. The addition of black 
liquor and the change in the mixing ratio significantly influenced the gasification 
performance. As the black liquor fraction increased from 25 wt% to 100 wt%, both 
the H2 yield and CO2 yield decreased by approximately 7 mol/kg. The CE and GE of 
co-gasification were higher than the theoretical value calculated from the separate 
gasification of black liquor and wheat straw, indicating that a synergistic effect 
existed in co-gasification. The synergistic effect was probably because the inher-
ent alkali in black liquor had a catalytic effect on wheat straw, and the presence of 
wheat straw can utilize the alkalis to the maximum extent. When the mixing ratio 
was 50:50, the highest CE and GE of close to 90% and 140% were obtained, respec-
tively, indicating that it is the optimal mixing ratio for co-gasification under this 
reaction condition.

Comparatively, the synergistic effect of black liquor with wheat straw [62] was 
smaller than that of black liquor with coal [16, 61]. At a mixing ratio of 50:50, the GE 
and H2 yields of co-gasification of black liquor and wheat straw were approximately 
30% and 20% higher than those in co-gasification of black liquor and coal. The 
difference was mainly attributed to the different compositions and properties of the 
organic matter. Compared with coal, wheat straw was more similar to black liquor 
because it was the source of black liquor. The larger difference between black liquor 
and coal may lead to the generation of different reaction intermediates and environ-
ments, which is more beneficial for the interaction of their gasification and synergis-
tic effect.

5.3 Co-gasification with waste plastics

Besides, the municipal solid wastes (MSW) generated from nearby communi-
ties were also a good option for the energy supplement. In MSW, plastic waste is 
an important component, and its treatment is one of the important issues [63]. 
Co-gasification of plastic wastes and black liquor not only improves the energy 
production from SCWG of black liquor but also achieves efficient and clean conver-
sion of waste plastics into hydrogen-rich gas. Hence, we studied the co-gasification of 
different plastic wastes (PE, PC, PP, ABS) and alkali lignin, which is the main compo-
nent of black liquor.

The co-gasification of alkali lignin with various plastics (PE, PC, PP, and ABS) in 
SCW was investigated in a batch reactor [64]. The gasification efficiencies of the four 
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plastics were different due to their different degrees of polymerization and chemi-
cal structures, and the order of magnitude was PE > PC > PP > ABS. In the separate 
gasification, the CE and GE (58.59% and 109.90%) of alkali lignin were higher than 
those of polyethylene (53.27% and 91.38%), but both were lower than the values 
obtained in the co-gasification. It indicated that there was a synergistic effect in co-
gasification of alkali lignin with polyethylene. This was also supposed to be related 
to their different chemical structures and properties of different organic substances 
(Figure 7). During co-gasification, alkali lignin can promote the depolymeriza-
tion of polyethylene into different fragments, and the generated intermediates will 
further be decomposed into large amounts of CH4, C2H4, and C2H6. Alkali lignin can 
also catalyze steam reforming of these gaseous products to H2 and CO2. In addition, 
polyethylene had a higher H/C ratio than lignin, which can provide more hydrogen 
radicals and inhibit the cross-linking and repolymerization of aromatic compounds 
during lignin decomposition. Therefore, co-gasification of alkali lignin with polyeth-
ylene can not only inhibit the formation of char, but also promote the gasification of 
each other.

6. System analysis on SCWG of black liquor

Compared with conventional treatment methods, the hot and compressed prod-
ucts from SCWG of black liquor include combustible gases such as H2, CH4, and CO 
and contain considerable chemical energy and sensible heat, which was necessary 
to be recovered to improve the energy efficiency. On the other hand, pulping is a 
complex process involving multiple steps, including raw material preparation, pulp-
ing, bleaching, chemical recovery, and pulp drying, which consume various types of 
energy, including power, medium-pressure (MP) and low-pressure (LP) steam [55]. 
Therefore, it is necessary to integrate SCWG of black liquor and the pulping process 
to make full use of the energy and improve the energy efficiency, which can also 
provide a reference for process designing for its industrialization.

Figure 7. 
Interaction mechanism of alkali lignin and PE in supercritical water gasification [64].
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An integrated system of SCWG of black liquor coupling with pulping process to 
mainly produce hydrogen as well as electric power and steam for the pulping plant 
was proposed in our previous study (Figure 8) [55]. The high-temperature and high-
pressure gas products were used to produce power and steam through steam turbines 
and heat exchangers. Hydrogen was purified through PSA, and the residual gas and 
supplementary natural gas were burned to provide heat for SCWG reaction. In this 
study, a pulp mill with a daily output of 1000 ADt (Air Dry ton) pulp was selected 
as a reference, and the main data about the energy consumption were collected from 
the literatures [65, 66]. The reaction temperature and pressure of SCWG were set at 
700°C and 25 MPa, respectively. From this integration system, 37,126 Nm3/h high-
purity hydrogen, 53,053 kg/h MP steam, and 72,446 kg/h LP steam can be produced. 
The generated MP and LP steam could fully meet the requirements of the pulping 
process, and some excess heating could also be exported to the nearby community. 
However, some electric power needs to be imported to fulfill the requirements of 
the plant. The difference between using air and oxygen as oxidants in the burner of 
natural gas and exhaust gas products was evaluated and found that using air was 
more energy-efficient, but the introduction of nitrogen would generate pollutants 
(NOx), and the tail gas needs to be treated. The comprehensive energy consumption 
of pulp production from the pulping process coupling with SCWG of black liquor was 
calculated. For 1 ADt pulp produced, 221.48 kgce energy can be produced by using 
air as oxidant, and 288.01 kgce energy was consumed when using oxygen as oxidant. 
These values were much lower than the energy consumption level of China for pulp 
production in 2015 (approximately 370 kgce/ADt) [67].

An advantage of SCWG over conventional treatment is that black liquor can be 
gasified directly without energy-intensive evaporation. However, concentrating black 
liquor to a certain extent can reduce the system scale and related heating loss. To bal-
ance the evaporation energy consumption and heating loss reduction, the necessity 
of black liquor evaporation was evaluated based on energy and exergy analysis of the 
above system (Figure 8). This evaluation used the steam and power generated from 
SCWG of black liquor for evaporation to improve the energy efficiency. In differ-
ent pulping processes, the concentration of weak black liquor varied in the range of 

Figure 8. 
Conceptual diagram of SCWG of black liquor coupled with evaporation. The green dot dash line and blue dashed 
lines represent the heat and power flow between the units, respectively [55].
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10–20 wt% for different pulping processes [10]. And the influence of this concentra-
tion on the system efficiency was studied firstly [56]. With weak black liquor con-
centration increasing from 10 wt% to 20 wt%, the energy efficiency decreased, and 
the exergy efficiency increased. When coupled with black liquor evaporation and the 
concentration was increased from 15 wt% to 40 wt%, the energy efficiency decreased 
due to energy consumption of evaporation, and the exergy efficiency first increased 
and then decreased. The maximum exergy efficiency of 41.95% was obtained when 
the black liquor concentration was 21.82 wt% (optimal concentration). For the black 
liquor with different initial concentrations, the influence of evaporation was also 
different. The dilute black liquor needed to evaporate more water to reach the optimal 
concentration, and the efficiency improvement caused by evaporation was greater. 
The effect number of the multieffect evaporators was also studied, and it was found 
that the optimal concentration increased from 19.93 wt% to 23.13 wt% when the 
effect number increased from 4 to 7.

Some scientists noticed the high energy loss in hydrogen separation by PSA and 
used the syngas chemical looping (SCL) coupled with SCWG of black liquor to 
improve the energy efficiency. Taking advantage of the SCL to produce H2 and CO2, 
it can not only produce hydrogen and power but also avoid additional CO2 separa-
tion processes. Ajiwibowo et al. [68] designed a system composed of SCWG of black 
liquor, SCL, and power generation process to produce hydrogen and power (Figure 9). 
SCL was used to reduce the syngas product by Fe2O3. The generated steam and CO2 
were used to produce power by steam turbine, and the generated Fe and FeO were 
oxidized by steam to generate hydrogen and Fe3O4. The steam and hydrogen flows 
were also used to produce power by steam turbine, and high-purity hydrogen could 
be separated after cooling. Then Fe3O4 reacted with oxygen in a furnace to regenerate 
Fe2O3, which released heat for SCWG reaction. The effects of temperature (375, 500, 
and 600°C) on gasification products and system efficiency were studied. The highest 
energy efficiency of 73% was obtained at 600°C. At higher temperature, the concen-
tration of hydrogen was lower, while the concentrations of CO, C2H6, and CH4 were 
higher. Darmawan et al. [69] further discussed this system. The maximum efficiency 
was 82%, which was higher than that of traditional gasification system (69.1%), and 
the CO2 capture of the system was 75%. In addition, the influence of pressure in 

Figure 9. 
Schematic diagram of SCWG of BL, chemical looping, and power generation [68].
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SCL was also studied. When the pressure increased from 2.5 MPa to 3.5 MPa, there 
is no significant change in energy efficiency, but the consumed power in pump and 
compressor increased and the net power generation was decreased.

To evaluate the impact of SCWG of black liquor on pulping process in terms of 
raw material recovery, energy utilization, and economic benefits, Magdeldin et al. 
[70] designed an integrated process of SCWG and Nordic pulp mills. In this study, 
the process of combining SCWG with recovery boiler was proposed, and the influ-
ence of SCWG product on the performance of the recovery boiler was studied. The 
energy efficiency of SCWG system reached 83% and 80% at 450°C and 600°C, 
respectively, which was basically consistent with above studies [55, 56]. The gas 
products were used as the alternative fuel of heavy fuel oil in causticizing plant, and 
the surplus was sold to the public society. They also studied the impact of integrating 
SCWG system on the capacity of pulping plant and found that the pulping capacity 
can be increased by 75% on the premise of meeting the power and steam demand of 
the pulping plant. If it is considered to purchase power from outside and separate 
75–77% of the black liquor into the SCWG system, the pulping capacity can be 
tripled. The economic benefits of the integrated gasification system were calculated. 
Compared with the reference Nordic pulp mill, the lowest selling price per 1ADt pulp 
can be reduced by 22%.

To explore the technoeconomic feasibility of SCWG of black liquor in sulfate pulp 
mills, Özdenkçi et al. [15] evaluated different integrated schemes using different 
reactor materials for hydrogen, heat, and power generation. Compared with stainless 
steel, the use of Inconel reactor was found to be able to obtain better economic benefits 
and reduce the cost of hydrogen production. Subsequently, Özdenkçi et al. [71] studied 
the effects of different process conditions. The main process conditions included: 
stainless steel and Inconel reactor, temperature (600–750°C), short (133–162 s) and 
long (300 s) residence time. It showed that using Inconel reactor helped achieve the 
highest cold gas efficiency (87.8%) and hydrogen yield (24.92 mol/kg) at 750°C with 
a long residence time (300 s). Through the technical and economic evaluation, it was 
concluded that the longer residence time at 700°C and the shorter residence time at 
750°C could be used as alternative conditions.

7. Conclusions

SCWG is an innovative and potential treatment method for black liquor from 
pulping processes. Several researchers have studied this topic, and many progresses 
had been made, such as:

1. SCWG is a promising handling method for black liquor, where both hydro-
gen production and pollution handling can be realized simultaneously. After 
treatment at 600°C, the COD concentration decreased from 95,000 mg/L to 
2160 mg/L. The increase in temperature enhanced gasification, and the highest 
carbon gasification efficiency of 94.10% and hydrogen fraction of nearly 70% 
were achieved at 750°C. The inherent alkali, prolongation of reaction time, dilut-
ing the black liquor, and the use of Inconel-625 reactor favored gasification.

2. Metal oxide was a better choice to be used as catalyst for SCWG of black liquor 
than alkali and metal catalysts due to the alkali and sulfur content of black liquor. 
With the catalysis of metal oxide, the oxygen species can promote black liquor 



123

Recent Advances in Supercritical Water Gasification of Pulping Black Liquor for Hydrogen...
DOI: http://dx.doi.org/10.5772/intechopen.105566

degradation, and the reduced metal can also serve as the catalyst. The combina-
tion of different metal oxides, such as CuO-ZnO, CeO2-ZrO2, and Fe2O3-Cr2O3, 
can further improve catalyst activity.

3. Some accessible energy sources, including coal, biomass, and plastics, can be 
co-gasified with black liquor to produce more energy for pulp mill to realize the 
energy self-sufficiency. The synergistic effect was found in their co-gasification 
because the alkali in black liquor can promote the gasification of other substanc-
es, and the addition of other substances can take more fully use of the abundant 
alkali in black liquor.

4. The utilization of hot-compressed products of SCWG of black liquor is the main 
optimization direction of the integrated system. At present, the main utilization 
methods in the system analysis include: PSA separation of hydrogen, production 
of hydrogen and power by chemical looping, as alternative fuel in causticizing 
plants. Considering the difficulties in the storage and transportation of hydrogen 
and the energy consumption in the separation process, CHP is a more practical 
utilization method that should be further analyzed and optimized.

Though great progress has been made in SCWG of black liquor, several challenges 
still need to be handled before its industrial utilization. For example, reactor corro-
sion can be affected by the operating parameters, reactor materials, and properties 
of the feedstock. The alkali salts in black liquor were found to be able to aggravate 
the reactor corrosion. In addition, reactor plugging was another challenge to be 
overcome for continuous running of the system. Both the char generated for incom-
plete gasification and alkali salt precipitation in SCW can result in reactor plugging. 
Furthermore, though the distribution of the alkali salts in SCWG was revealed, the 
development of the proper method and equipment for the alkali recovery was still 
needed to improve the economic efficiency of this technology.
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Chapter 8

Minimising CO2 Emissions
from Coal Gasification
Shaakirah Cassim and Shehzaad Kauchali

Abstract

Traditional coal-to-liquid processes use gasification with excess steam to obtain
hydrogen-rich syngas for downstream manufacturing of methanol or Fischer-Tropsch
liquids. Such processes are shown to produce very large amounts of CO2 directly by
the Water-Gas-Shift (WGS) reaction or, indirectly, by combustion in raising steam. It
is shown how any coal gasifier can operate under auto-thermal conditions with
methane as source of hydrogen instead of steam. This co-gasification system produces
syngas for a poly-generation facility while minimising the formation of process CO2. It
is shown that minimal steam is required for the process and a limit on the maximum
amount of H2:CO can be obtained. Co-gasification of coal is shown to have a major
advantage in that a separate WGS reactor is not required, less CO2 is formed and
methane is reformed non-catalytically within the gasification unit. Furthermore,
regions of thermally balanced operations were identified that enabled a targeting
approach for the design of co-gasification systems. The method will guide gasification
practitioners to incorporate fossil fuels and renewable-H2 into coal-to-liquids pro-
cesses that require syngas with H2:CO ratio of 2. An important result shows that low-
grade coals can be co-gasified with methane to obtain CO2-free syngas ideal for power
generation.

Keywords: CHO-diagram, coal-to-liquid, CO2, Co-gasification, renewable hydrogen

1. Introduction

A major concern with coal-to-liquids (CTL) producing facilities is the unprece-
dented amount of carbon dioxide they produce. Efforts to capture and sequester this
unwanted green-house gas in geological formations and, or, for enhanced oil recovery
activities are encouraging albeit at a penalty cost to overall plant efficiencies and
economics. For energy security in geographically stranded economies, coal and meth-
ane (either from unconventional sources such as coal-bed methane or shale gas) will
play an integral role in future energy developments and what remains is the planning
and execution of such activities with an environmentally conscience philosophy until
carbon-free economies are the mainstay. Williams [1] suggested that a key enabling
strategy leading to attractive energy-costs, without further technological develop-
ments, is “polygeneration” defined as co-production from synthesis gas of at least
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electricity and one or more clean synthetic fuels such as Fischer-Tropsch (FT) liquids,
methanol and dimethyl ether (DME). The advantage of polygeneration is to aid a wide
range of energy needs with extremely low levels of emissions, often higher efficiencies
and lower cost [1].

A key step of polygeneration facilities, using coal, is the production of syngas,
comprising mainly of hydrogen, carbon monoxide, carbon dioxide, methane and
steam. For these types of facilities to coexist, where the target is “clean” gas enriched
with hydrogen and carbon monoxide only, a gasifier that operates as “partial com-
bustion” of coal is required. For power generation this syngas is then fed towards an
integrated combined cycle electricity power block comprising of a gas turbine and
steam turbine system as in an integrated gasification combined cycle (IGCC) process.
However, for liquid-fuels production such as for methanol or FT as shown by Battaerd
& Evans [2], the syngas is corrected for its H2:CO ratio using an additional
equilibrium-limited water-gas-shift (WGS) reactor and with excess steam to drive the
reaction towards an increase in H2-content. There are thus two main, undesirable,
effects of the addition of the WGS reactor: firstly, the WGS reaction itself creates CO2

and, secondly, large amounts of steam is needed for favourable equilibrium
necessitating some of the original coal (or tail gases) to be combusted leading to
further creation of process CO2 emitted to the atmosphere. This phenomenon is
also noted in some CTL processes where traditional fixed-bed counter current
operations achieve simultaneous gasification of coal (with excess steam) and
the correction of the H2:CO ratio in a single piece of equipment [2]. An important
strategy, in limiting the amount of CO2 produced in coal-gasification processes, is
thus to avoid the phenomenon of the WGS reaction by restricting the amount of
steam used.

Another strategy to correct the H2:CO ratio as used by FT processes, described in
the works of Probstein & Hicks [3], is the mixing of hydrogen-rich syngas recycled
from the autothermal steam reforming of tail gases comprising primarily of methane.
However, this is generally acceptable practice if the initial syngas product from the
gasification process has a high methane content and the FT catalyst itself produces a
significant amount of methane by-product. It is an opinion that the highly inefficient
autothermal steam reforming process requires a large amount of excess steam for
equilibrium and also produces a large amount of CO2 due to the WGS reaction
(occurring simultaneously with gasification) and indirectly from combustion in rais-
ing the steam.

Steam reforming of methane is the predominant method for the production of
syngas at industrial scale. Cao et al. [4] note that natural gas based syngas are capital
intensive due to expensive catalysts used and often are associated with higher energy
consumption. There is thus a drive for the development of alternative technology for
cost-effective production of syngas gas using geographically abundant and cheap
feedstock such as coal. It is noted that there are challenges in decreasing capital
investment and operational cost of coal based syngas process with flexible H2/CO
ratios [4]. Firstly, coal gasification leads to low H2:CO ratios and secondly the process
economics is strongly affected by the coal reactivity as this determines the carbon
conversion and gas yields. Furthermore Wu &Wang [5] identified that methane
could be an ideal source for H2, for syngas conversion requiring high H2, and that coal-
bed gas is a good methane source for co-gasification purposes. Lastly, a co-gasification
experiment in a fluidized bed was performed to study the effects of adjusting the
methane amount on the H2/CO ratio. Wu &Wang [5] performed similar experiments
with bituminous coal and anthracite to demonstrate the combined coal gasification
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and methane reforming process in a single reactor. One of the objectives in the works
of Wu &Wang [5] was to elucidate the catalytic effect of the unreacted coal char and
ash on the partial oxidation or steam reforming of natural gas in the fluidized bed
operating at 1000°C. Syngas comprising of H2:CO ratio of 1 was achieved with signif-
icant amounts of CO2 in the product. Song & Guo [6] suggest a co-gasification
experiment in a moving-bed configuration using a modified large-volume blast fur-
nace with lime-containing liquid-flux for absorption of sulphur compounds. They
noted that the theoretical H2/CO ratio could vary between 0.4 (coal gasification) and 2
(partial oxidation of methane) within their system. It was experimentally observed
that the H2:CO ratio was dependent on the O2/CH4 ratio in the feed. For O2/CH4 ratio
in the feed below 1, the H2/CO in the product syngas is greater than 1 with over 90%
gas being H2 and CO. Ouyang et al. [7] validate the need to achieve endothermic and
exothermic reactions in a single reactor stating the advantages of the co-gasification of
coal with methane as follows: low production cost of syngas, adjustable H2/CO ratio in
range 1–2, high steam and methane conversion, energy savings and flexibility in using
various carbon containing feedstock.

The work by Kauchali [8] presents an interesting theoretical basis for the analysis
of coal gasification process using bond equivalent diagrams developed by Battaerd &
Evans [2] for elemental carbon. Here, it was shown that theoretical gasification
thermally-balanced regions could be obtained purely by analysis of the basic
stoichiometry of the coal-oxidants system. The results in [8] showed that real coal
gasification systems operated in, or close to the regions, predicted theoretically, and that
the method proved to be an indispensable tool in understanding underground coal
gasification processes.

The co-gasification of coal with methane developed above, in principle, to produce
syngas with a high H2:CO ratios rely on the fact that the partial combustion of coal is
highly exothermic driving the endothermic steam reforming of methane in an
autothermal and balanced manner. Unfortunately, this is only true for high grade coal
with high calorific values (CV in MJ/kg). In this paper it will be shown, for a typical
South African coals with low CV (bituminous and sub-bituminous), that certain
critical co-feed conditions (amounts of CH4 and coal) are required to be met, to
achieve a CO2-free syngas, that can be used in a polygeneration facility irrespective of
the gasifier type and flow configurations. In addition, the minimum H2:CO ratio
achievable for the thermally balanced co-gasification of SA coal will be determined –

this limit will ultimately determine the minimum amount of renewable hydrogen
needed for supplementation of the syngas for liquids production. Fundamentally, the
need for steam in the gasification process, as a source of hydrogen, is obviated and the
endothermic partial oxidation of coal is a practical way for temperature control on the
limit of flame temperature in the combustion zone.

2. Analysis of coal-methane Co-gasification

A systematic method of obtaining the stoichiometric reactions and thermally bal-
anced region for the gasification of a South African coal from Bosjesspruit mine is
studied. A carbon-hydrogen-oxygen (CHO) ternary or bond equivalent diagram is
used for this type of analysis. A material balance, thermodynamic equilibrium as well
as insight on the product composition of the gasification process can be accomplished
with the ternary diagram. The feed and product highways are used to determine the
stoichiometric reactions, indicated by the intersections, for the gasification process.
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Thereafter, the thermal nature of the reactions (endothermic or exothermic) can be
used to determine the thermally balanced region of operation as done in other previ-
ous studies.

2.1 Ternary bond equivalent diagram

The composition of coal, indicated by coal composition charts, can be represented
by three atomic species, namely, carbon (C), hydrogen (H) and oxygen (O). Hence, a
ternary (CHO) graphical illustration can be used to represent the gasification reac-
tions [2]. The ternary diagram is also referred to as a bond equivalent (BE) phase
diagram. The diagram comprises of an equilateral triangular grid with lines parallel
to the three sides drawn within the triangle and C, H and O on each vertex
(see Figure 1). The vertex thus represents the pure component i.e., 100% C, H or O.
The edges of the triangle represent a binary mixture of the atomic species. For exam-
ple, a point alone the C-H edge will represent a species composed of C and H only
(without any O). Furthermore, any point within the triangle will represent a mixture
of the three atomic species with different compositions [9].

The bonding capacity of the constituent elements is used to denote the species. For
a species CxHyOz, the bond equivalent compositions can be calculated using bonding
capacity of each element and normalised accordingly.

2.2 Feed and product highways

The feed and product components and highways are plotted in Figure 2. Methane
(CH4) is represented by the point between 100% C and 100% H such that C and H
have combined to achieve their normal valencies. The point midway between 100% H
and 100% O represents water (H2O) and the point midway between 100% C and

Figure 1.
Representation of a CHO ternary diagram [9].
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100% O represents carbon dioxide (CO2) [2]. In this manner, using the BE composi-
tion calculations, the components are plotted. The Ultimate Analysis of the
Bosjesspruit coal determines its molecular formula to be CH0.75O0.16 [8]. From the
Proximate Analysis % [8]: moisture is 3.9, Ash is 32.8, Volatile Matter is 21.6 and Fixed
Carbon is 52.2. The calorific value of the coal, as received, is 18.88 MJ/kg rendering it a
low quality sub-bituminous coal.

The following calculations are used for the BE composition of the coal:

C ¼ 4 4ð Þ
4 4ð Þ þ 1 0:75ð Þ þ 2 0:16ð Þ ¼ 0:79 (1)

H ¼ 1 0:75ð Þ
4 4ð Þ þ 1 0:75ð Þ þ 2 0:16ð Þ ¼ 0:15 (2)

O ¼ 2 0:16ð Þ
4 4ð Þ þ 1 0:75ð Þ þ 2 0:16ð Þ ¼ 0:06 (3)

Additionally, the feed and product components are joined by the lines referred to
as the feed and product highways. For example, the feed highways are the lines
connecting coal to oxygen and methane to oxygen. The product highways are
connected from H2 to CO/CO2 and H2O to CO/CO2 points.

2.3 Representation of important reactions for Co-gasification

The intersections between these highways represent the important gasification
reaction points (stoichiometric reactions) as summarised in Table 1. The triangular
points, in Figure 2, indicate the exothermic reactions (r1 to r6) and the circled points
are the two endothermic reactions (r7 & r8).

Figure 2.
Feed and product highways for co-gasification of Bosjesspruit coal with methane.
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The region bound by the stoichiometric reactions (r1-r8) shaded in light grey,
referred to as the stoichiometric or gasification region, represents an important mass
balance constraint for any gasification process that uses coal, methane and oxygen as
feed. It is in this stoichiometric region that all solid carbon will convert to gas and all
methane will reform to gas comprising H2, CO, CO2 and H2O only. Operating out of
this region (dark grey regions), by changing feed stoichiometry, will lead to excess
amounts of feed not converting in the gasification process and hence be an inefficient
conversion process and undesirable.

2.4 Thermally balanced reactions and region

The thermal nature of the reactions (endothermic or exothermic) indicated by the
intersections can be used to determine the thermally balanced region (TBR) of oper-
ation. The TBR limits the gasification region such that there is no nett heat added or
released to the gasifier; the endo- and exothermic reactions are paired thereby
resulting in thermally balanced points with a heat of reaction of zero (kJ/mol). To
develop a boundary around all the thermally balanced reactions, the extreme reac-
tions, which are said to be linearly independent, are used. Operating within the
thermally balanced region is desirable as it increases the thermal efficiency of the
plant, eases operation and makes provision for economic savings. Generally, real and
practical gasifiers will operate slightly away from the TBR on the “hot” side of the
balance in order to use this excess heat to pre-heat the feed and or offset heat losses in
the gasifier as explained by [2].

To determine the thermally balanced region of operation, the exothermic reactions
(r1 to r6) are balanced with the endothermic reactions r7 and then r8. This results in
the 12 reactions in Table 2. For example, r1 is balanced with r7 as follows:

r1 þ r7 ¼ 10:68
35:50

� �
CH4 þ 10:68

35:50

� �
0:5O2 ! 10:68

35:50

� �
COþ 10:68

35:50

� �
2H2 (4)

þCH0:75O0:16 þ 0:61O2 ! COþ 0:375H2O

¼ CH0:75O0:16 þ 0:7579O2 þ 0:3007CH4 ! 1:3007COþ 0:375H2Oþ 0:6014H2

∴ The heat of reaction for r1 þ r7 ¼ 10:68
35:50

� � �35:50ð Þ þ 10:68 ¼ 0 kJ=mol:

No. Reaction Heat of reaction (kJ/mol)

r1 CH4 þ 0:5O2 ! COþ 2H2 �35.50 (exothermic)

r2 CH4 þ O2 ! CO2 þ 2H2 �318.70 (exothermic)

r3 CH4 þ 1:5O2 ! COþ 2H2O �519.10 (exothermic)

r4 CH4 þ 2O2 ! CO2 þ 2H2O �802.30 (exothermic)

r5 CH0:75O0:16 þ 1:12O2 ! CO2 þ 0:375H2O �272.53 (exothermic)

r6 CH0:75O0:16 þ 0:92O2 ! CO2 þ 0:375H2 �181.85 (exothermic)

r7 CH0:75O0:16 þ 0:61O2 ! COþ 0:375H2O 10.68 (endothermic)

r8 CH0:75O0:16 þ 0:42O2 ! COþ 0:375H2 101.35 (endothermic)

Table 1.
Balanced stoichiometric reactions for Bosjesspruit coal with the addition of methane.
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The BE compositions for the thermally balanced equations are calculated and
represented graphically by the black region in Figure 3. The enclosed area represented
by the 5 reactions shows the thermally balanced region of operation – all thermally
balanced reaction operate in this area. The area of operation to the right of the region
represents exothermic reactions where the gasification syngas product comes out
“hotter” than the feed. Also, the area to the left of the region represents endothermic
reactions where products come out “colder” than the feed temperature.

Table 2 summarises the 5 thermally balanced reactions in bold (C,E,G,H,L) that
form the extreme boundary points and any other thermally balanced reaction (A,B,D,

No. Reaction

A CH0:75O0:16 þ 0:7579O2 þ 0:3007CH4 ! 1:3007COþ 0:375H2Oþ 0:6014H2

B CH0:75O0:16 þ 0:641O2 þ 0:0335CH4 ! 0:0335CO2 þ COþ 0:375H2Oþ 0:067H2

C CH0:75O0:16 þ 0:6383O2 þ 0:0206CH4 ! 1:0206COþ 0:4161H2O

D CH0:75O0:16 þ 0:6341O2 þ 0:0133CH4 ! 0:0133CO2 þ COþ 0:4016H2O

E CH0:75O0:16 þ 0:6263O2 ! 0:0377CO2 þ 0:9623COþ 0:375H2O

F CH0:75O0:16 þ 0:6248O2 ! 0:0554CO2 þ 0:9446COþ 0:3542H2Oþ 0:0208H2

G CH0:75O0:16 þ 1:8475O2 þ 2:8549CH4 ! 3:8549COþ 6:0849H2

H CH0:75O0:16 þ 0:738O2 þ 0:318CH4 ! 0:318CO2 þ COþ 1:011H2

I CH0:75O0:16 þ 0:7129O2 þ 0:1952CH4 ! 1:1952COþ 0:3905H2Oþ 0:375H2

J CH0:75O0:16 þ 0:6726O2 þ 0:1263CH4 ! 0:1263CO2 þ COþ 0:2526H2Oþ 0:375H2

K CH0:75O0:16 þ 0:6064O2 ! 0:2711CO2 þ 0:7289COþ 0:1017H2Oþ 0:2733H2

L CH0:75O0:16 þ 0:5989O2 ! 0:3579CO2 þ 0:6421COþ 0:375H2

Table 2.
Thermally balanced reactions for Bosjesspruit coal with the addition of methane.

Figure 3.
Thermally balanced region for gasification of Bosjesspruit coal with methane.
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F,I,J,K) can be obtained by linear combinations of these 5 reactions. The MATLAB(C)

CONVHULL function was used to determine the extreme thermally balanced points.

3. Implications of thermally balanced regions

A systematic method of obtaining the stoichiometric reactions and thermally bal-
anced region was developed above from which some very important results are noted.
Firstly, the co-gasification of coal and methane is theoretically possible to produce
syngas comprising H2, CO, CO2 and H2O at varying compositions. Secondly, these
results are consistent and independent of the type of gasifier chosen: fixed bed,
fluidized bed or entrained flow, allowing to assess a number of gasification types
within a single diagram.

Hence, this allows for the targeted approach to designing co-gasification based
systems for either IGCC processes or gas to liquids processes and are discussed below.

3.1 Endothermicity of partial oxidation of Bosjesspruit coal

The reactions representing partial combustion of Bosjesspruit coal r7 and r8
(where syngas produced has significant calorific value) are naturally endothermic.
This has a major implication to IGCC where only oxygen is used to obtain syngas with
high heating value (HHV). Generally, for IGCC and power applications as seen for
good quality coals (northern hemisphere), the partial oxidation leads to syngas rich in
H2 and CO only (no/little CO2) which is desirable as it represents a clean (no CO2) gas
with high HHV. However, for Bosjesspruit coal, it is not sensible to obtain a H2-CO
only gas as that reaction is endothermic (r8). To obtain the onset of exothermic
reactions the addition of oxygen will be required as shown in thermally balanced
reaction r8, after which further oxygen will lead to more exothermicity (for higher
gasification temperatures) of the system. However, this also means that a lower HHV
value gas is obtained which not ideal for IGCC operation – this implies that South
African coals of low quality will not be used for IGCC purposes if only oxygen is used.
From the analysis in Section 2.4 above it is concluded that the Bosjesspruit coal (low
quality) can only be used in IGCC application if methane is available and needs to
operate between the thermally balanced reaction G and the partial oxidation of meth-
ane (r1) (Figure 3). This operation also lies on the H2-CO line that connects point G
and r1which produces clean syngas (no CO2), is exothermic and high HHV suitable
for IGCC operations, regardless of gasifier type.

3.2 Equilibrium considerations & excess steam addition

The thermally balanced reactions (C,E,G,H,L) on the edges of the balanced region
(Figure 3) are targets for a co-gasification process and are obtained by the precise
ratios of coal, methane and oxygen in the feed as well as at high operating temperature
(>1700 K) and pressures (>20 bar). However, to obtain these precise outcomes also
requires the consideration of thermodynamic equilibrium affecting the distribution of
the products in the syngas. It was determined that this can be circumvented by the
addition and removal of steam in the system as shown by the following example for
thermally balanced reaction H chosen arbitrarily:

CH0:75O0:16þ 0:738O2þ 0:318CH4þ 1:17H2O! 0:318CO2þCOþ 1:011H2þ 1:17H2O (5)
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At equilibrium (without) steam addition the product distribution would have been
1.22CO, 0.79H2, 0.096CO2, 0.22H2O (1700 K & 50 bar)– the addition of steam (1.17)
and the subsequent condensation of the same amount leads to the reactions as written
by H. It is in this context that excess steam is implied for this work.

4. Application to coal-to-liquids

A sensible polygeneration facility, as described earlier [1] where both power gen-
eration and liquid fuels/chemicals are made, requires that the co-gasification process
produce a syngas that is typically rich in H2 and CO only. A portion of this syngas
would be directed to an IGCC unit for power generation and the rest to a gas-to-
liquids process. This was shown above that possible operational regions would be on
the line connecting thermally balanced point G and the exothermic partial oxidation
of methane (r1) – refer to Figure 3. Along this line of operation, the gasification
reactions are inherently exothermic and it is preferred to operate closer to point G as
the reactions are not highly exothermic (for temperature control in the gasifier) and
less CH4 (more coal) is used overall. However, this also means the syngas composition
does not have a high H2-content for the downstream gas-to-liquids conversion. This
section covers some of the strategies employed to obtain a syngas feed composition
suitable for methanol production as given by Higman & van der Burgt [10] as an
example and the details are provided in Table 3 below. It is noted that this syngas
requires the presence of up to 3.5% CO2 for the catalyst to operate optimally. While
traditional methods would deploy an additional Water-Gas-Shift reactor to correct the
H2:CO ratio, in this work it is not implemented due to the additional equipment cost,
raising of additional steam and the CO2 byproduct created directly by the WGS
reaction and indirectly by raising steam.

The thermally balanced point at G represents the maximum H2 that can be pro-
duced from the co-gasification process where the syngas product temperature equals
the feed temperature. Generally, a real gasification process will operate just off of this
point and into the “hot” exothermic side [2]. The methanol feed, point S, is shown in
the ternary diagram, Figure 4. The task for the designer is to obtain this feed point
starting from point G and requires either the addition of excess hydrogen and or the
removal of CO2 to obtain the final methanol feed composition. Several scenarios are
provided and discussed where the choice of additional equipment for WGS was
avoided.

4.1 Excess hydrogen from electrolysis

To achieve the methanol feed point (see Figure 4) from point G, the addition of H2

and CO2 is necessary. Microsoft Excel’s solver tool is used to calculate the amount of

Component mol %

CO2 3.50

CO 27.59

H2 67.24

Table 3.
Methanol synthesis feed composition [2].
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H2 and CO2 required to achieve the correct H2:CO ratio and CO2 composition.
The target co-gasification reaction (including additional steam for equilibrium con-
sideration – See Section 3.2) is thus determined to be:

CH0:75O0:16 þ 1:4285O2 þ 1:7118CH4 þ 1:6543H2O
! 2:4065COþ 3:7986H2 þ 0:3053CO2 þ 1:6543H2O

(6)

This output is represented by point P on Figure 4 and represents the syngas
operating point from the exit of the co-gasification process. The final methanol feed
is obtained by the addition of excess H2 (such that H2:CO = 2.44 as required in
Table 3) obtained from a CO2-free source such as solar-electrolysis of water. The
choice of CO2-free H2 introduces the possibility of including renewable resources, to
minimise additional CO2 production, into existing fossil fuel based facilities and in
this particular case indicates the minimum amount of renewable H2 needed for a
co-gasification process to exist. For this Bosjesspruit coal the amount of H2 needed,
to obtain the final methanol feed from point P, represents the minimum amount of
renewable H2 needed for co-gasification with methane. Point P may also be
implemented for IGCC application as it has a relatively high HHV and is lowest CO2

in the syngas.

4.2 Obtaining methanol feed by removal of CO2 from Co-gasification process

Another possibility of obtaining the methanol feed from point G, excluding water
electrolysis, is by operating the co-gasification process such that some CO2 is allowed
to be formed allowing the H2:CO to correct itself internally (no external WGS reac-
tor). This is represented by the point Q on Figure 4. From this point, after cleaning
the syngas for contaminants (Sulphur, particulates etc) some CO2 (1.05) is removed to

Figure 4.
Target co-gasification points (P, Q) and methanol feed (S).
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obtain the final methanol feed composition as required. The balanced reaction from
the co-gasification process (including additional steam for equilibrium) is thus:

CH0:75O0:16 þ 2:5265O2 þ 2:8549CH4 þ 12H2O

! 2:4967COþ 6:0848H2 þ 1:3582CO2 þ 12H2O
(7)

4.3 Methanol from traditional gasification of Bosjesspruit coal

The analysis for traditional gasification of Bosjesspruit with steam and oxygen has
been done elsewhere [8] and the important thermally balanced reactions are provided
in Table 4 below:

Reaction M and N are used as basis to determine the gasification operation point
that is exothermic and lies on the line that connects the final methanol feed and CO2

point. This is required as the final step requires the removal of CO2. Figure 4 shows
the line M-N as well as the gasification point R for the coal only system. The Gibbs
Free reactor was used on Aspen Plus at 1700 K and 50 bar to determine the equilib-
rium reaction (amount of H2O needed for equilibrium). The resulting overall reaction,
represented by R (including excess steam for equilibrium), is as follows:

CH0:75O0:16 þ 0:665O2 þ 0:2528H2Oþ 6:1H2O
! 0:2576COþ 0:6278H2 þ 0:7424CO2 þ 6:1H2O

(8)

5. Comparison of processes for poly-generation operation

The three methods to produce syngas for the poly-generation system was
described where the H2:CO ratio required for methanol production was obtained
either by co-gasification of coal and methane then adding H2 from electrolysis using
renewable energy (4.1), or from co-gasification with CO2 removal (4.2) or from the
traditional steam-oxygen gasification (4.3) of the same Bosjesspruit coal from a South
African mine.

The process reactions are summarised below normalised (per mol of CO) in the
syngas produced:

Co-gasification with H2 addition from Electrolysis

0:4156CH0:75O0:16 þ 0:5936O2 þ 0:7112CH4 þ 0:6875H2O
! COþ 2:4371H2 þ 0:1269CO2 þ 0:6875H2O

(9)

Co-gasification with CO2 removal:

0:4005CH0:75O0:16 þ 1:0119O2 þ 1:1435CH4 þ 4:806H2O
! COþ 2:4371H2 þ 0:5441CO2 þ 4:806H2O

(10)

No. Reaction

M CH0:75O0:16 þ 0:599O2 ! 0:642COþ 0:375H2 þ 0:358CO2

N CH0:75O0:16 þ 0:544O2 þ 0:752H2O! CO2 þ 1:127H2

Table 4.
Thermally balanced reactions for traditional Bosjesspruit gasification [8].
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Traditional CTL:

3:8819CH0:75O0:16 þ 2:5815O2 þ 0:9814H2Oþ 23:68H2O
! COþ 2:437H2 þ 2:8819CO2 þ 23:68H2O

(11)

Table 5 compares the various processes (per mol of CO) against the amount of
excess steam required for equilibrium and the excess CO2 produced.

As seen in Table 5, the best case scenario which requires minimal steam and does
not produce excess CO2 is from the co-gasification of coal with methane with the
addition of H2 from renewable-electrolysis. It is noted that the small amount of CO2 in
the methanol feed (or gasification product) is a requirement for optimal catalyst
performance and requires the co-gasification process to operate away from the pre-
ferred H2-CO line where equilibrium is favoured. Hence all operations in the ternary
diagram that operate away from the H2-CO line will invariably require excess steam
and hence produce excess CO2 – albeit without a separate WGS reactor.

The traditional CTL process is by far the worst in performance as it produces the
most CO2 and requires the most excess steam. When comparing the two non-
electrolysis (for high H2) processes it is evident that the co-gasification of coal with
methane is also superior to the traditional CTL process. Here, the excess steam
required for co-gasification process is about 5 times less and up to 7 times less CO2 is
emitted than the traditional CTL process. This is an important result for re-looking at
the way traditional CTL is done in South Africa and other developing countries
intending to use low grade coal for power generation and or liquids fuel/chemicals
production.

6. Conclusions

The co-gasification of coal and methane has been studied from a fundamental
understanding of basic mass and energy balances for the purposes of producing
syngas for polygeneration facilities where power and liquid fuels are required. Here a
South African coal from Bosjesspruit mine is studied in various process routes, namely
co-gasification with methane with H2 addition from water electrolysis using renew-
able energy, co-gasification with CO2 removal and the traditional gasification of coal
using steam and oxygen. An important result showed that the poor quality of the
Bosjesspruit coal requires the co-feeding of methane in the gasification and
polygeneration process to produce a syngas rich in H2-CO ready for IGCC purposes or

Process Excess
Steam/
CO

Multiple
Factor Steam/

CO

Excess
CO2/CO

Multiple
Factor CO2/

CO

Comment

Co-gasification with
H2 from electrolysis

0.69 1 — no excess CO2 but
requires electrolysis

Co-gasification with
CO2 removal

4.81 7 0.42 1 requires CO2 removal
– no WGS reactor

Traditional CTL
(simultaneous WGS)

23.68 34 2.76 7 requires CO2 removal
– no WGS reactor

Table 5.
H2O required and CO2 produced (per Mol of CO) for various processes.
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further treated for liquid fuels/chemicals production. This coal would otherwise be
only used for liquid fuels production resulting in high CO2 emissions and with large
requirements for water in the process.

Moreover, a technique of graphical analysis for co-gasification of coal with meth-
ane was presented forming the basis for decision making in poly-generation facilities.
This allows for the quick screening of coal types as well as strategies required to design
co-gasification processes. Lastly, this analysis is independent of the gasification reac-
tor type allowing designers to narrow the options required for their purposes.
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Chapter 9

Improving Hydrogen Production 
Yield in Hydrothermal Gasification 
Processes through Novel Metal 
Catalysts
Sibel Irmak

Abstract

Catalysts are the most effective and economically feasible way to increase yield of 
the product(s) in various production processes. The catalysts prepared with innova-
tive approaches could have novel catalytic properties such as increased number of 
active sites, highly selective to the target product, resistance to deactivation, and 
extended lifetime. The catalysts with these unique properties could provide sig-
nificant economic benefits for the production of hydrogen which is currently very 
expensive. Gasification in hydrothermal conditions has considerable advantages over 
existing high energy-consuming conversion technologies. Hydrothermal conversion 
processes take place at mild conditions and wet feed materials such as biomass can be 
used with no need of drying. However, the absence of practical catalysts in hydrother-
mal conditions is a main challenge that impedes application of these technologies in 
large scales. This book chapter focused on the metal catalysts which can be used for 
hydrothermal gasification processes for high-yielding hydrogen gas production from 
biomass compounds. The effects of different type of carbon supports, incorporation 
of heteroatom(s) into catalyst support, different shell structure design, etc., were 
discussed for hydrogen production in hydrothermal gasification processes.

Keywords: hydrogen, hydrothermal, gasification, biomass, metal catalysts

1. Introduction

Catalysts are the most effective and economically feasible way to increase yield of 
the product(s) in various production processes. The catalysts prepared with innova-
tive approaches could have novel catalytic properties such as increased number of 
active sites, highly selective to the target product, resistance to deactivation, and 
extended lifetime. The precious metal-based catalysts with these properties could 
provide significant economic benefits for the production of hydrogen which is 
currently expensive. The hydrothermal gasification technologies (sub- and supercriti-
cal water gasification and aqueous-phase reforming) have considerable economic, 
environmental, and technical advantages over other energy-extensive conversion 
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technologies [1]. These processes are compatible with water-soluble feedstocks such 
as biomass and gasification reactions that take place at lower temperatures. However, 
the absence of practical catalysts in hydrothermal conditions is a main challenge that 
impedes upscaling of these technologies for hydrogen gas production. Increasing 
demand, limited supply, and undesirable byproducts due to current methods indicate 
the need for the development of innovative, economically feasible, highly active, 
and stable catalysts for hydrothermal conversion of biomass-derived compounds to 
hydrogen in higher yield and richer composition.

2.  Catalysts for hydrogen gas production by hydrothermal gasification 
processes

Raney nickel and platinum-based catalysts are common catalysts that have been 
used for hydrogen gas production in various processes including hydrothermal 
gasification methods [2, 3]. Despite Raney nickel catalysts exhibit better activity than 
precious metals, the use of these catalysts in hydrothermal gasification processes is 
not the best because of the following reasons: (a) Raney nickel deactivates easily in 
hydrothermal conditions. The studies showed that oxidation of Raney-Ni surface 
caused the deactivation. The nickel metal particle size in Raney-Ni catalysts became 
larger, and surface area was significantly decreased during deactivation. To prevent 
oxidation and deactivation of Raney nickel catalysts, the gasification environment 
should be reductive as possible to keep Raney-Ni in metallic form and extend its activ-
ity [4, 5]. (b) Raney nickel catalysts contain significant amounts of hydrogen gas. 
Because of this, these catalysts can easily ignite when exposed to oxygen. To prevent 
ignition, Raney nickel catalysts are kept under nonreactive inert environments and 
stored in water or in a suitable organic solvent such as cyclohexane, ethanol, and 
dioxane [4]. (c) Nickel is not stable under high carbon-containing reaction environ-
ments [5]. Therefore, it is hard to keep nickel in its metallic form under organic-rich 
hydrothermal conditions.

On the other hand, precious metals also show high activities in the reformation of 
oxygenated hydrocarbons. Since these metals are expensive, they are widely used in 
the supported form on activated carbon, alumina, titanium dioxide, silica, etc., for 
recycling [2]. Dispersion of small metal particles on the support with high specific 
surface area is considered more advantageous. The decrease in the particle size of 
metals on the support could enhance metal-support interaction and increase the 
activity of the catalyst for hydrogen production [6]. Large metal particles could cause 
more severe carbon formation and deposition on the catalyst surface [7].

3. Supported metal catalysts

Dispersion of metals on the support, resistance of metal particles to sintering, and 
the accessibility of active sites to reactants are highly affected by physical and chemi-
cal properties of the catalyst support [8]. Numerous studies showed that catalyst 
support could significantly affect the catalytic performance of metal catalysts in 
the various reactions including hydrothermal processes [9, 10]. The catalyst sup-
port provides a physical surface for the dispersion of metal particles and affects the 
catalytic activity [11]. The catalytic activities of the catalysts can be increased by the 
selection of a novel supportive material for better catalytic action (more active sites) 
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and excellent mechanical strength and high surface area. The supportive materials 
can be chemically modified to increase surface area and porosity and create specific 
functional groups on the surface.

3.1  Carbon materials as supportive materials for supported precious metal 
catalysts

Carbon materials have been recognized as the most active supports for aqueous-
phase reforming of biomass-derived compounds for hydrogen-rich gas production 
[2]. The interaction between active metal component and support plays an important 
role in the catalytic reactions. Therefore, catalytic properties of supported catalysts 
depend on the combination of the type of metal and supportive material. The 
catalytic activity of these catalysts for hydrogen production has been significantly 
improved with recent research activities; however, they are still not good as Raney 
nickel catalysts. The activity of the supported precious metal catalysts reduce because 
of aggregation or poisoning of metal particles in reaction environment or coke 
deposition on active surfaces of the catalysts [12]. Leaching of the metal particles 
from support is another problem that causes decay of catalyst activity. Increasing the 
catalytic activity and stability of the catalysts is a challenge for high-yielding hydro-
gen gas production.

The porous structure and surface chemistry of activated carbon as a support mate-
rial highly affect the activity of the catalyst. Porous carbon materials are of interest 
in many applications due to their high surface area and physicochemical properties. 
Those carbon materials can be categorized according to their pore sizes as micropo-
rous (pore size <2 nm), mesoporous (2 nm < pore size <50 nm), and/or macroporous 
(pore size >50 nm) [13]. Mesoporous carbons have large surface areas and are rich in 
oxygen-containing functional groups in the surfaces. They can enhance the affinity 
between the substrate molecules and the catalyst through abundant functional groups 
and large uniform pores. Those materials may offer great advantages over other car-
bon materials owing to their well-controlled pore structures in the mesopores, which 
might be favorable to the transportation of large molecules such as polysaccharides 
released from cellulose and hemicellulose structures in the biomass.

The oxygen-containing functional groups on the surface of carbons significantly 
influenced their performance in catalytic reactions [14]. Many different activating 
agents such as strong or weak acids and bases or oxidants (H2SO4, H3PO4, HNO3, 
CH3COOH, NH3, KOH, H2O2, O3, etc.) can be used in this process to introduce 
oxygen-containing functional groups on the carbon surface [15, 16]. The abundant 
oxygen groups in the supports facilitate the access of oxygenated biomass components 
to the surface of the catalyst; the open pore structure permits the molecules (solubi-
lized biomass components) to effectively diffuse to the active sites and reacts with 
metal catalyst particles.

Hierarchical porous carbons (HPCs): HPCs are carbon structures with macropores 
and interconnected meso- and micropores. Porous carbons with large specific surface 
area and pore volume provide multiple sites for interfacial reaction, molecule reten-
tion, and catalytic activity. However, surface area itself is not sufficient for exhibiting 
exceptional performance because narrow and internal pores may not provide access 
for some reactants to react.

HPCs structured with micro-, meso-, and macropores can provide multi-active 
sites in the catalytic conversion processes and better accessibility for the feeds that are 
composed of different molecular weight organic compounds such as lignocellulosic 
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biomass hydrolysates. The mass transport of different sized biomass compounds can 
be easily facilitated by the macropores and micro−/mesopores that provide access 
to the metal catalysts deposited in HPC. Currently, HPC preparation methods are 
expensive and complex. Synthesis of HPCs by utilization of abundant and widely 
available waste materials can provide opportunity to develop such materials in a sus-
tainable way for many applications including hydrogen production. Direct carboniza-
tion of biomass or any solid organic wastes for the synthesis of HPCs is not applicable 
because of heterogeneity and uncontrollability in morphology and pore structure of 
the resulted carbon products. It is almost impossible to produce same carbon materi-
als continuously from direct carbonization of nonuniform solid precursors.

Hierarchical structures with uniform and controllable pore sizes can be prepared 
by carbonization of different precursors using various templates. Low-density 
HPCs are prepared from various carbon nanomaterials such as graphene, and the 
resulted HPCs are aerogel-type carbon materials with moderate surface areas and 
different sized micro−/mesopore structures [17]. Unfortunately, all these and other 
existing methods have various drawbacks such as using nonrenewable precursors or 
templates, long synthesis period (e.g., solvent exchange and supercritical drying in 
the case of aerogels), involving multiple steps that make the process more costly and 
time-consuming, etc. [18].

Carbon aerogels are another class of hierarchical porous carbon materials with 
remarkable physicochemical properties, including low density, large surface area, 
highly porous structure, and good chemical stability. They can be prepared in dif-
ferent forms (monoliths, beads, powders, or thin films). Different types of carbon 
aerogels with unique characteristics are suitable for different applications, and some 
carbon aerogels can exhibit promising catalytic performance in various reactions 
because of their well-developed and controlled porous structure and high specific 
surface area.

The most common carbon aerogels are prepared by sol–gel polymerization of res-
orcinol and formaldehyde mixtures followed with supercritical drying and carboniza-
tion that were first prepared by Pekala [19]. In addition to resorcinol-formaldehyde, 
various monomers can be used to prepare these materials, including melamine-form-
aldehyde, phenol-formaldehyde, cresol-formaldehyde, phenol-furfural, and some 
polymers such as polystyrenes and polyurethanes [20–23].

A wide spectrum of different carbon aerogel materials with unique properties can 
be prepared depending on synthesis and processing conditions. Synthesis conditions 
of organic aerogel (e.g., resorcinol/formaldehyde ratio, catalysts, and pH), curing and 
drying methods, and carbonization conditions determine surface area, pore volume, 
and pore size distribution of final carbon aerogel [24].

Supercritical carbon dioxide and freeze-drying are preferable methods to dry 
the organic gel while retaining skeletal pore structure during drying stage. During 
carbonization, dried aerogel is heated under inert atmosphere to obtain carbon-rich 
structure by removing oxygen and hydrogen functionalities.

Different metal-doped carbon aerogels have been developed including W-, Ru-, 
Co-, Ni-, Pd-, and Pt-carbon aerogels for various catalytic reaction, and these cata-
lysts can show good activity in hydrogen production processes as well (Figure 1).

Graphene-nanostructured carbon materials: Graphene has unique physicochemi-
cal properties such as great stability, high surface area, electron mobility, thermal 
conductivity, and mechanical strength. Graphene is an excellent catalyst support for 
metal-supported type of catalysts because of its great stability and chemical inertness 
that are important parameters for increasing lifetime of the catalysts. Graphene has a 
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high theoretical surface area (approximately 2600 m2 g−1). However, large extent of 
van der Waals interactions between surfaces lead to graphene sheets to stack on top of 
each other. Surface area between graphene layers becomes inaccessible depending on 
the degree of stacking that changes its catalytic activity.

Reactivity of the graphene support can be increased by different approaches. 
Chemical doping is important approach to tailor the property of graphene that 
can change its surface reactivity and increase its performance as catalyst support. 
Introduction heteroatoms, such as nitrogen, boron, phosphorus, or sulfur atoms, into 
the carbon lattice of graphene by chemical doping can change the electronic proper-
ties of graphene [25].

Carbon nanotubes (CNTs) are cylindrical molecules that consist of rolled-up 
typical graphene sheets (Figure 2). Different CNTs (different rolling up direction of 
graphene layers or single-walled and multi-walled carbon nanotubes) determine the 
mechanical, electrical, and structural properties of the nanotubes that affect their 
catalytic activities. Metal particles supported on CNT can poorly be affected from 
carbon monoxide poisoning than traditional catalyst systems [26], and for this reason 
CNTs are good candidates to be used as catalyst supports.

A reported study showed that Pt on a single-walled carbon nanotubes catalyst 
were better catalysts in terms of hydrogen production activity and selectivity than Pt 
on a multi-walled carbon nanotube for hydrothermal gasification of biomass hydro-
lysates. Since the biomass hydrolysates tested were composed of large carbohydrate 
molecules (consisting of two carbohydrate fractions with 69,800 and 25,400 Da), 
these compounds were unable to enter narrow graphene sheets of multi-walled 
carbon nanotubes to react with Pt metals deposited inside the graphene layers. On the 
other hand, when the simplest biomass model compound, glucose, was used as feed 

Figure 1. 
Resorcinol-formaldehyde aerogel and its carbonized form (carbon aerogel).

Figure 2. 
Chemical structures of graphene, single-walled, and multi-walled carbon nanotubes.
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solution, same catalytic activity was observed for both catalysts [27]. These results 
indicated that the catalytic activity of graphene-based carbon materials is strongly 
dependent on how the graphene sheet is shaped. Different shaped graphene-based 
structures with new properties could be promising supportive materials for Pt deposi-
tion, and resulting reforming catalysts could exhibit unique properties for hydrogen 
production (e.g., more active sites and suitable gaps between graphene sheets for the 
entrance of biomass molecules). The controlled graphene structure permits the small 
biomass molecules (oligo- and monosaccharides) to effectively diffuse the active sites 
and react with Pt particles to produce hydrogen gas.

Different graphene nanostructures can be prepared by growing graphene on 
presynthesized nanostructured metal templates by chemical vapor deposition and 
then etching away the metal to get a free-standing graphene nanostructure with novel 
properties to be used as catalyst support in hydrothermal gasification processes [28].

3.2 Heteroatoms-doped carbons as catalyst supports for hydrogen production

The introduction of heteroatom into carbon structure can change the physico-
chemical and electronic properties of the carbon material and enhance the catalytic 
functions [29]. Nitrogen atoms can create high positive charge distribution in the 
nearby C atoms due to its high electron withdrawing ability. Atomic sizes of nitro-
gen and carbon atoms are similar, and five available valence electrons in nitrogen 
can lead to the formation of valence bonds with C atoms and covalent bonding 
between N and C network of carbon results in more stable structure. Dual or mul-
tiple heteroatoms (B, N, P, S, F, etc.)-doped carbon catalysts enhance the activity of 
the catalysts [30, 31].

HPCs with heteroatom (e.g., nitrogen and sulfur)-doped carbon network are 
important carbon-based functional materials and have attracted great attentions 
because of their excellent properties [32]. Incorporation of nitrogen into the carbon 
improved the stability of precious metal particles by reducing sintering and leaching 
of the metals in aqueous-phase furfural hydrogenation reaction [33]. The studies 
showed that dual or multiple elements-doped carbon catalysts exhibited synergistic 
effects with enhanced activity in oxygen reduction reaction compared with mono 
heteroatom-doped carbon catalysts [31, 34], and similar effect can be expected for 
hydrothermal gasification reactions of biomass-derived carbons.

3.3  Increasing activity of the catalysts based on metals deposited on carbon 
supports

Carbon-supported precious metal (e.g., platinum) catalysts are active catalysts for 
hydrothermal conversion of biomass-derived compounds to hydrogen [2]. For better 
hydrogen production yield, Pt particles deposited on the support should be nano-
sized, uniform, and well dispersed that highly depend on the type of support, deposi-
tion method for metals including solvents and other active chemicals used during 
deposition process, type of metal precursors, reduction method for metal precursors, 
drying and calcination treatments, etc.

Catalysts can be deactivated during gasification process due to strong adsorption 
of feed impurities, aggregation or poisoning of metal particles in reaction medium, 
or coke deposition on active surfaces of the catalysts [12]. These drawbacks can be 
partially eliminated or lowered by integrating non-precious metals in precious metals 
containing catalyst system. Catalytic activity of supported Pt catalyst considerably 
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improved when some certain metals deposited on the support along with Pt. It 
was reported that the activity of Pt catalysts could be improved by the addition 
of transition metals that have C-C bond breaking ability (Co, Ni, Fe, Sn, etc.) to a 
supported Pt catalyst. For instance, the addition of Fe to Pt at a 1:1 Pt:Fe atomic ratio 
significantly increased hydrogen production yield and selectivity [35]. Addition of 
a non-expensive metal in precious catalysts can reduce oxidation of precious metal 
particles by diluting them with non-expensive metals, reduce metal sintering, and 
favor water-gas shift reaction [36].

Catalytic activity of alumina nanofibers supported Pt catalyst considerably 
improved when Ni was deposited on the support along with Pt [9]. Kunkes et al. 
reported that addition of Re to Pt on carbon catalyst enhanced the Pt dispersion and 
favored water-gas shift reaction [37]. Pt-Co and Pt-Ni catalysts have been reported 
to be highly active catalysts with high hydrogen selectivity and low coking tendency 
[7, 38]. Co-deposition of Sn with Pt on to Al2O3 support caused dilution of Pt par-
ticles with Sn particles that improved activity and selectivity of the catalyst [39].

A recent study showed that performance of Pt-only catalyst could be considerably 
enhanced by replacing some of Pt particles with different non-expensive metals for 
hydrothermal conversion of biomass compounds to hydrogen-rich gas mixture. As 
can be seen in Figure 3, the gas mixture produced from hydrothermal gasification 
of glucose was composed of hydrogen, carbon monoxide, and carbon dioxide. As 
expected, monometallic Pt catalyst resulted in the highest conversion with highest 
hydrogen yield as this metal is known to be best catalyst for hydrogen production. 
Incorporating W and Ni metals to Pt-only catalyst showed promising activity despite 
replacing half amount of Pt with Ni and W metals [4].

4. Core-shell-type catalysts alternative to supported metal catalysts

Metal core-carbon shell catalysts have exhibited a great potential for various 
applications, and fabrication of these types of catalysts for specifically hydrogen 
gas production can be promising. Metal particles are encapsulated in hollow porous 
carbon shell or heteroatom-doped hollow porous carbon (shell) (Figure 4).

Figure 3. 
Comparison of activity of the catalysts prepared with different metals and combination of these metals with Pt 
for hydrothermal conversion of glucose to hydrogen-rich gas mixture [4].
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Metal nanoparticles that are made of various combinations of precious metal 
(e.g., Pt) and/or inexpensive metals (Ni, Sn, Co, and W) in different compositions 
(e.g., mono and bimetallic) can be used as core materials. It is possible to improve 
the catalytic activity in this core-shell approach due to increased surface area and 
the closed interfacial interaction between the core and the shell. Reactants/products 
can transfer through penetrable shell structure. The shell prevents sintering of the 
metal nanoparticles in the core. Because of heterogeneous nature, the catalysts can 
be reused in the process after collecting from aqueous reaction medium by simple 
separation methods (centrifugation, filtration, etc.).

The encapsulation of metal nanoparticles in a penetrable shell catalyst has recently 
become a new strategy in the catalyst design area. The encapsulation of precious 
metal nanoparticles in a stable protective shell can enhance the activity and extent 
lifetime of the catalyst by maintaining and protecting the size and shape of the 
precious metal nanoparticles. This core-shell-type catalyst exhibits high stability, 
catalytic activity, and selectivity in various reactions [40, 41]. For an example, Pt 
nanoparticles-mesoporous silica core-shell catalyst was reported to have excellent 
stability for alkene hydrogenation [42].

In the core-shell type of catalysts, the metal nanoparticles are embedded in a 
protective matrix with channels, which can avoid aggregation or sintering of the 
metal nanoparticles in the core even at high temperatures and enables transfer of 
reactants/products through the channels [41]. The metal nanoparticles in the core are 
mainly responsible for the catalytic activity for a specific reaction. The channels in 

Figure 4. 
Core-shell-structured catalysts.
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the shell give access to organic compounds to react with metal particles in the core. 
This protects metal particles from unwanted reactions in the reaction medium. Ikeda 
et al. developed such a catalyst design for platinum catalyst for hydrogenation of 
nitrobenzene in liquid phase [43]. The core-shell catalyst showed very high activity 
and exhibited almost same activity even after reused. Various porous materials have 
been used as shell materials to develop such catalysts for a wide range of applications 
(e.g., mesoporous silica, mesoporous carbon, metal oxides, titanium dioxide, and 
polymers) [44, 45].

Hollow porous carbon materials have unique properties, such as low density, 
controllable morphologies, available cavities, high surface areas, tunable porosity, 
and good chemical stabilities. The encapsulation of metal nanoparticles in a such 
selectively penetrable shell, hollow porous carbon, can result in novel catalysts for 
hydrothermal conversion technologies. Hollow porous materials not only have pores 
in their shell but also contain a hollow core and have higher porosity. Porous carbon 
shell with hollow structure can enhance the overall activity of the catalysts by increas-
ing the accessibility of the reactants to the active phase. These nanostructures have 
emerged as an important class of carbon materials in many fields including energy, 
catalysis, and nanomedicine.

5. Conclusions and future trends

Lack of economically feasible, highly active, and stable catalysts for hydrothermal 
conversion of biomass-derived compounds to hydrogen is a main challenge that 
impedes application of these technologies for large-scale hydrogen gas produc-
tion systems. Choice of appropriate inexpensive metals with right combination of 
precious metal(s) could reduce catalyst cost and improve the catalytic activity of 
precious metal-based catalysts. However, the stability of these catalysts in an aqueous 
processing environment is an important issue that needs to be studied in detail.

Since protection of metal catalyst is a big challenge in hydrothermal condition in 
which organic-rich solutions/materials are used as feeds, the metal core-carbon shell 
catalysts could also be a solution. Hollow porous carbon materials can be synthesized 
in desirable morphologies, sizes, compositions, and pore structures depending 
on templating strategies used in the preparation steps. The physicochemical and 
electronic properties of the hollow porous carbon materials can be changed by the 
introduction of a heteroatom such as nitrogen into carbon shell that enhance the 
activity and stability of the catalyst.

Graphene-based carbons with controlled graphene nanostructures could show 
unique properties as catalyst support for metal particles and effectively diffuse the 
biomass compounds to the active sites and leave agglomeration byproducts and large-
sized contaminants in the solution.
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