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Preface

For centuries, fossil fuels have been the driving force behind civilization, leaving an 
impact not only on our progress but also on our planet. However, as we confront the 
looming threat of climate change, we find ourselves at a juncture. We must decide 
whether to continue down the path of carbon energy or forge a new way forward that 
is illuminated by cleaner and more sustainable energy sources.

This book, Research Advances in Syngas, delves deeply into this crossroads. It explores 
syngas—a mixture produced from various sources like coal, biomass, and even 
waste—and presents an intriguing glimpse into a future where energy can be both 
powerful and environmentally responsible.

Within the pages of this book you will embark on a journey through the frontiers of 
syngas research. The opening chapter sets the stage by exploring the evolution of 
syngas production—from being a relic to potentially becoming a champion for clean 
energy.

Chapter 2 then delves into the core issue: how we can replace environmentally harmful 
energy sources with syngas derived from accessible and sustainable feedstocks. This 
exploration is crucial, as it paves the way for an energy economy that relies less on 
fuels and is more in harmony with our environment. Understanding the relationship 
between feedstock and syngas is crucial for optimizing production and minimizing 
the impact on the environment.

Chapter 3 explores the world of syngas production by focusing on developing catalysts 
that are also environmentally friendly.

Chapter 4 closely examines the factors that influence natural gas prices in the  
United States. This insightful analysis reveals how market dynamics and energy 
choices interact, providing context for navigating the landscape of syngas adoption.

Chapter 5 delves into a toolbox that explores how applying supply chain strategies can 
improve the performance of syngas networks. By optimizing logistics and streamlining 
processes we can ensure cost-effective delivery of this energy source.

Finally, Chapter 6 ventures into the cutting-edge field of carbon-hydrogen production 
through steam induced vapolysis. This revolutionary technology not only generates 
energy but also actively removes carbon dioxide from the atmosphere, offering a 
glimpse of hope for a truly sustainable future.

Research Advances in Syngas is more than a compilation of discoveries; it is a road-
map towards a cleaner and more prosperous future. Each chapter delves into the 
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complexities of syngas production and explores its economic, environmental, and 
societal implications. Whether you have experience in research, care deeply about the 
environment, or aspire to promote energy, this book welcomes you to participate in 
the discussion. Let us explore the world of syngas innovation together and shed light 
on the journey towards a more sustainable future.

Dr. Abrar Inayat
University of Sharjah,

Sharjah, United Arab Emirates

Dr. Lisandra Rocha-Meneses
Wrocław University of Environmental and Life Sciences,

Department of Applied Bioeconomy,
Waste and Biomass Valorization Group (WBVG),

Wrocław, Poland
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Chapter 1

Introductory Chapter: Synthesis 
Gas Production – History and 
Current Scenario
Abrar Inayat, Farrukh Jamil, Lisandra Rocha-Meneses  
and Tamer M.M. Abdellatief

1. Introduction

In the ever-changing landscape of energy research, syngas, also known as synthesis 
gas, stands out as a crucial linchpin in the tireless quest for sustainable and efficient 
energy solutions. This inaugural chapter not only serves as the gateway to an extensive 
exploration of the latest advancements in syngas research but also marks the inception 
of a profound investigation into its diverse applications, the challenges it presents, and 
the promising horizons it opens for the creation of a sustainable energy future.

2. The genesis of syngas

The term “syngas” encompasses a gaseous mixture primarily consisting of carbon 
monoxide (CO) and hydrogen (H2). Originating in the early nineteenth century, a 
period characterized by the burgeoning industrial revolution and an unquenchable 
thirst for innovative energy solutions, the genesis of syngas can be traced back to 
pioneering experiments in gasification processes [1]. These researchers sought to 
comprehend the transformative potential of converting carbonaceous materials into a 
gaseous mixture.

Sir William Grove’s foundational work in the 1830s laid the bedrock for the discov-
ery of the gasification process, a precursor to syngas production. Grove’s experiments 
in electrolysis and subsequent synthesis of hydrogen and carbon monoxide provided 
the initial insights into manipulating gases for energy applications. Progressing 
through the century, scientists such as Franz Fischer and Hans Tropsch made seminal 
contributions, refining gasification techniques and exploring catalytic processes 
integral to syngas production.

The end of the nineteenth and beginning of the twentieth centuries saw the 
inception of coal gasification plants, representing a notable achievement in the 
industrial utilization of syngas. These urban facilities were dedicated to producing 
syngas for lighting and heating purposes. The Fischer-Tropsch synthesis process 
in the 1920s further enhanced the significance of syngas, enabling the synthesis of 
liquid hydrocarbons from carbon monoxide and hydrogen. World War II heightened 
the strategic importance of syngas as a synthetic fuel source during periods of 

XIV
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petroleum scarcity. Substantial investments during this time led to advancements 
in gasification technology and the exploration of various feedstocks, including coal 
and biomass [2].

The latter part of the twentieth century witnessed a renewed focus on syngas, 
spurred by the exploration of cleaner and more sustainable energy alternatives. 
Researchers delved into innovative production methods, particularly exploring bio-
mass gasification and natural gas reforming. The introduction of advanced analytical 
tools and computational modeling broadened our understanding of syngas chemistry 
and catalysis. In the twenty-first century, the genesis of syngas expanded beyond 
traditional fossil fuels to encompass a wider range of feedstocks, including biomass, 
municipal waste, and even carbon dioxide. The ongoing pursuit of cleaner energy 
solutions has reinvigorated syngas as a crucial link between conventional and renew-
able energy sources, positioning it at the forefront of state-of-the-art research in the 
global pursuit of sustainable energy.

The evolution of syngas unfolds as a testament to human innovation and adapt-
ability, charting its course from the industrial revolution to the cutting edge of 
modern energy research. As we immerse ourselves in the complex tapestry of syngas 
development, we unveil a compelling history that showcases the transformative meta-
morphosis of an embryonic idea into a central force shaping the contemporary energy 
background. This narrative stands as a testament to the power of innovative thinking 
and the indomitable spirit that propels breakthroughs in the dynamic landscape of 
energy exploration.

3. Significance and versatility

The significance and versatility of syngas extend far beyond its chemical com-
position, positioning it as a transformative and adaptable resource in contemporary 
energy research. Derived from diverse feedstocks like biomass, natural gas, and coal, 
syngas emerges as a flexible building block with a multitude of applications, spanning 
power generation, chemical synthesis, and various industrial processes. Its unique 
capacity to be tailored for specific needs establishes syngas as a crucial bridge con-
necting traditional fossil fuels with renewable energy sources, offering a flexible and 
sustainable alternative.

In essence, syngas is not merely a byproduct of gasification processes; rather, it 
stands as a cornerstone for synthesizing a diverse array of valuable fuels and chemi-
cals. As the energy landscape evolves toward cleaner and more sustainable solutions, 
the significance of syngas continues to grow, solidifying its role as a linchpin in the 
pursuit of a resilient and environmentally conscious energy future [3].

4. Milestones and breakthroughs

Charting the trajectory of syngas research reveals a series of milestones and break-
throughs that have shaped its contemporary status. From catalytic advancements to 
reactor technologies, researchers have navigated uncharted territories to push the 
boundaries of knowledge. This section highlights key breakthroughs, showcasing 
the ingenuity that has propelled syngas into the forefront of scientific inquiry. By 
acknowledging past achievements, we gain insights into the foundations upon which 
current research is built.
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Milestones and breakthroughs in syngas production have charted a transfor-
mative course, marking key epochs in the evolution of this versatile energy source. 
The seminal work of early twentieth century scientists Franz Fischer and Hans 
Tropsch established the foundation with the development of the Fischer-Tropsch 
synthesis process, enabling the synthesis of liquid hydrocarbons from syngas. 
Subsequent breakthroughs in the mid-century saw the strategic application of 
syngas during World War II, emphasizing its importance as a synthetic fuel 
source in times of petroleum scarcity. Advancements in gasification technologies, 
particularly with the rise of coal gasification plants, contributed to syngas becom-
ing a ubiquitous fuel for lighting and heating in urban centers. In recent decades, 
breakthroughs in catalyst development, reactor design, and computational 
modeling have elevated syngas production to new heights, enabling researchers 
to optimize efficiency, reduce environmental impact, and explore innovative 
applications across various sectors. These milestones collectively underscore the 
dynamic and enduring journey of syngas, from early breakthroughs to contempo-
rary innovations, shaping its profound impact on the landscape of energy produc-
tion and utilization.

5. Challenges in syngas research

While the potential benefits of syngas are extensive, researchers are confronted 
with equally massive challenges. This multifaceted landscape involves a complex 
interplay of technical, economic, and environmental considerations, with feedstock 
variability, gasification efficiency, and the pursuit of optimal catalysts standing out 
as significant hurdles. This section meticulously dissects these challenges, offering a 
nuanced exploration of the factors shaping the current state of syngas research while 
also delving into the opportunities they present for innovation and the breakthroughs 
required to surmount them.

The terrain of syngas research is marked by challenges that demand both ingenu-
ity and resilience from researchers, encompassing technical intricacies, economic 
considerations, and environmental concerns that collectively define the trajectory of 
contemporary investigations into syngas applications. A central hurdle emerges in 
dealing with the diverse and variable feedstocks derived from biomass, natural gas, 
or coal. These factors introduce a multifaceted set of variables that influence both the 
efficiency of gasification and the quality of the produced syngas. Overcoming the 
challenge of ensuring uniformity and dependability across a range of diverse feed-
stocks proves to be a significant obstacle, demanding the implementation of advanced 
technologies and adaptive strategies. The efficiency of gasification poses a crucial 
challenge in syngas research, with the ongoing objective of optimizing processes to 
convert feedstocks into syngas while minimizing energy loss.

Researchers engage with the complexities of reactor design, temperature control, 
and catalyst development, striving to attain elevated efficiency levels and dimin-
ish environmental footprints. The search for ideal catalysts stands out as another 
substantial challenge in syngas research. Catalysts hold a crucial role in improving 
reaction rates and selectivity during syngas production; however, the intricate puzzle 
lies in identifying catalysts that are both economically viable and environmentally 
sustainable [4]. To address this complexity, researchers delve into the exploration of 
novel materials and formulations, aiming to strike a delicate balance between effi-
ciency, cost-effectiveness, and minimizing environmental impact.
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Considerations related to economics carry significant weight, necessitating the 
development of scalable and economically viable methods for syngas production. The 
challenges of managing both capital and operational costs, along with the integra-
tion of syngas into existing industrial processes, call for strategic solutions to ensure 
economic feasibility [5].

Simultaneously, environmental sustainability is of paramount concern, given 
the cleaner alternative that syngas presents. Despite this, the environmental 
impact of production processes demands meticulous attention. In response, 
researchers are actively engaged in the development of environmentally friendly 
gasification methods and the exploration of carbon capture and utilization 
techniques.

In the dynamic field of syngas research, these challenges act as catalysts for 
fostering innovation and exploration. Each obstacle becomes an opportunity for 
researchers to expand the frontiers of knowledge, devising solutions that not 
only address immediate challenges but also contribute to the development of a 
sustainable and resilient energy future. The collective efforts of the scientific 
community in navigating these challenges play a pivotal role in shaping the 
transformative potential of syngas within the broader landscape of global energy 
sustainability.
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Chapter 2

Development of Syngas Using
Feedstock for the Replacement of
Expensive Energy Resources
Saba Mahboob, Kalsoom Tahir, Sikander Ali, Iram Liaqat
and Nauman Aftab

Abstract

Due to the increasing demand for petroleum use as fuel, there has been a focus on
the production of fuel that has a huge possibility for long-term energy sustainability.
Synthetic gas (Syngas) is generated by means of a thermochemical technique known
as gasification, which converts carbonaceous feedstocks (biomass, crude oil residuum,
municipal waste, petroleum, and coal) to syngas. It contains carbon monoxide and
hydrogen as the key elements of inflammable gas. It is widely used for gas lighting in
coal gasification method before availability of electric lighting, gas turbine fuel, raw
material for liquid fuels and the synthetic natural gas, and anode gas of solid oxide fuel
cells. It is synthesized either through the gasification of plant-based biomass or pyrol-
ysis of waste. This chapter will focus on the information, which has been rounded up
over the last decades on syngas properties, sources, and production at a competitive
advantage, as well as application and future technological advancement.

Keywords: synthetic gas, gasification, pyrolysis, thermochemical process,
petroleum product, sustainable energy source

1. Introduction

Syngas is also known as the “synthesis gas” and producer gas that could be syn-
thesized from many kinds of resources, which consist of carbon. Energy resources
such as biomass, coal, plastics, municipal waste, and other comparable materials.
Synthesis gas consists of a mixture of H2, CO, and CO2 that could be utilized as a
potential intermediate in the transformation of biomass into fuel. Raw syngas also
carries mostly notable amounts of CO2 and H2O. It is also a short name used for a
gasification product, mainly from waste biomass. All of the chemicals and goods that
the petrochemical sector today produces are constructed from syngas. Possibly, deci-
sive and the demanding applications of the synthesis gas as precursor for the liquid
fuel.

Biomass is a CO2 neutral option for energy production, and the potential for the
conversion of biomass into energy is expanding quickly [1]. According to Maniatis,
energy from biomass based on short rotation forestry (SRF) and other energy crops
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performed valuable contribution toward achieving the objectives of the Kyoto agree-
ment in reducing the greenhouse gas emissions and the problems related to climate
change [2]. Furthermore, many biomass technologies are present for conversion of
biomass to energy. These technologies can change raw biomass into a variety of
gaseous, liquid, or solid materials that can then be used for the generation of energy.

This conversion can be performed in three ways: thermochemical (break down of
biomass at high temperature), biochemical (break down of biomass in the presence of
microorganism or enzymatic processes), and chemical (oils from biomass can be
chemically converted into a liquid fuel) [3]. Over the last few years, there have been
many developments in the science and technology of thermochemical biomass con-
versions. Incineration, gasification, and pyrolysis conversion are among the
established and best available thermochemical technologies [2, 3]. These thermal
processes provide sustainable energy sources that are efficient, environmentally
acceptable, and cost-effective. Gasification is the thermochemical conversion of a
solid biomass to a gaseous fuel through heating in the presence of gasification agent
(i.e., air, oxygen, steam, hydrogen, CO2, or mixtures of these gases).

It is the technological technique, which could convert carbonaceous raw materials
such as biomass, coal, and waste in fuel gas that also called as syngas. Syngas got its
name from its usage as in-between in synthesis of the SNG (synthetic natural gas).
Primarily, the syngas is utilized in synthesis of other chemicals and fuels such as
methanol and diesel fuel at higher pressures [4]. Generally, syngas might indicate
combination of (i) nitrogen/hydrogen (N2/H2), which is utilized to produce ammonia,
(ii) carbon monoxide and hydrogen for the production of synthetic hydrocarbons in
the gas-to-liquids plants along with methanol and ethanol in the petrochemicals [5], or
(iii) carbon dioxide and hydrogen (CO2/H2) to produce hydrogen [6, 7].

Synthesis gas is the significant component of chemical processing industries, and
the hydrogen has been a major part of the syngas. The composition of the syngas has
highly dependent on the raw material and manufacturing technique but can be
thought of as mixture of 30–50% carbon monoxide (CO), 25–30% hydrogen (H), 5–
15% carbon dioxide (CO2), and 0–5% methane (CH4). Syngas produces diesel fuel by
the Fischer-Tropsch technique. This method turns combination of hydrogen and
carbon monoxide into liquid hydrocarbons by series of reactions. These chemical
reactions could occur in existence of metal catalysts at the temperatures, ranging from
150°C to 300°C (302°F–572°F).

Syngas is a fundamental intermediate product all over the chemical industry. Each
year, almost 6 EJ of syngas is synthesized throughout the world, which is nearly 2% of the
main energy consumption of the world. The global syngas market is dominated by the
ammonia industry (largely from the fossil fuels e.g., natural gas, coal, oil, and residues)
[7]. There are various applications of syngas such as the synthesis of the hydrogen for
usage in the refineries, such as processing of the hydrogen, gas-turbine fuel, anode gas of
the solid oxide fuel cells, the raw material for synthetic natural gas (SNG), and methanol
synthesis and liquid fuels. Frequently, these applications need progressions for cleaning
synthesis gas to remove impurities that arise from the coal, which comprise sulfur
compounds, mercury, hydrogen halides, alkali metals, and trace elements [8].

2. Numerous feedstocks as energy source

For eras, coal had been used as prime feedstock for the gasification process then
due to the current concern regarding its usage as fossil fuels, and subsequent
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environmental contaminants, there is interchange to other feedstocks except the coal
[9]. In the gasification process, carbonous feedstocks, which would be unused and
cast-off, for example, waste biomass can be used as energy sources to produce syngas.
Several feedstocks, for example, biomass, other carbonaceous wastes, and crude oil
residues could be utilized to their maximum potential [10].

The gasification process could take different feedstocks, but the reactor that used
in the gasification process must be chosen on the base of behavior and feedstock
properties in the process. When various feedstocks (carbonaceous or hydrocar-
bonaceous) have been employed in gasification than product (such as syngas) has
possibly been more suitable as the energy resource as compared to other feedstocks.
Syngas production has been more effective energy source than the direct combustion
of feedstock because the syngas can be combusted on the high temperature, utilized in
fuel cell, use to produced methanol, used as hydrogen source, and converted into
range of the synthesis liquid fuels that are fit to use for diesel engines, gasoline
engines, or for the production of wax [11] (Figure 1).

2.1 Natural gas

Searching for the alternate energy resources to substitute the petroleum fuels, the
natural gas is engrossed attention of numerous scientists and huge quantity of the
methane comprised in the natural gas is contemplated as the contribution in the
production of high-valued products, for example, synthesis gas and the great purified
hydrogen. Although synthesis gas could be generated from feedstock diversity, for
example, petroleum, coke, coal, natural gas, and biomass, but lowest- cost routes to
produce syngas have been based on the natural gas [12].

Natural gas demand as energy source has been increased gradually. Due to lack of
hetero atoms and high H:C ratio make the natural gas as key feedstock for the syn-
thesis fuel, which could swap these which have been characteristically petroleum-
derived products. Additionally, novel arenas of gas and oil comprise 8–18% of associ-
ated CO2, and in approximately precise field, allied gas comprises of high CO2 (such as
79%). In this situation, process such as tri-reforming syndicates two problematic gases

Figure 1.
Different feedstock as energy sources.
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of greenhouse (CO2 or CH4) to produce synthetic gas for mixture of the cleaned liquid
fuel and valued chemicals [13].

Assuming the up-to-date level of the consumption of the natural gas for the world
has been upheld, standby should be adequate to last for 64 years. Though, in assess-
ment of the natural gas permanency, influences, for example, upsurge in the annual
consumption, finding of novel reservoir, the improvements in the discovery technol-
ogies, and the use of the hydrates of natural gas have not been involved. So, the
outcome of gas discovery in fitted a slate formation that is balanced over annual
consumption due to the discoveries of major fields of natural gas the world’s natural
gas reserves are generally in an upward trend [14].

2.2 Coal

Chemically, coal is the hydrogen lacking hydrocarbon having an atomic H:C ratio
close to 0.8, for example, compared to hydrocarbon derivatives of crude oil, which
have an atomic H:C ratio almost equivalent to the 2, and the methane, which has
atomic H:C ratio equivalent to the 4. Thus, any process that has been utilized to
change the coal into alternate fuel should add hydrogen in natural coal to make coke
and ionic product of hydrogen [15].

Various coal types in the organic sedimentary rock, which has been formed from
the preservation and accumulation of the plant materials, generally in the marsh
environment [7, 8]. It is flammable rock, and laterally with natural gas and oil it has
made one of three significant fossil fuels for production of the electrical energy and
affords about 40% of the electrical energy production on global basis. It has been
studied widely for the conversion into liquid and gaseous along with hydrocarbon
feedstocks. Due to his comparative profusion and the constant fuel prices on the
market, coal is an important objective for the synthetic adaptation in other forms of
fuel, for example, synfuels. It can be gasified along with the additional fuels
containing oil, biomass, scrap tires, and the municipal wastes [7, 9, 16–18]. Coal
gasification as power-generation technology has been gaining popularity because of
global accessibility of coal raw material, in addition to positive environmental issues
related to that technology over the other combustion technologies.

Hence, the gasification process provides a versatile and cleanest method to change
energy in hydrogen, electrical energy, and other sources of power that contained in
coal. Turning of coal in syngas has not been a new idea; actually, the coal gasification
method times following prior to World War II. The gasification could process effec-
tively those entire residues and the wastes which have been formed in the processing
planted to the improved production of the inflated valued products by the advance-
ment of their crude feedstock [14].

2.3 Biomass

Biomass is the renewable source, which has been established significant consider-
ation due to the conservational contemplations and growing energy demands world-
wide [19, 20]. Biomass has been generated through a process called photosynthesis,
which includes chemical reactions that occur on the Earth among green plants and
sunlight in chemical energy form. For instance,

6CO2 þ 12H2O ! 6CH2Oþ 6O2 þH2O (1)
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There are several forms of the biomass, which could be utilized and replace deprived
of irrevocably reducing assets, and usage of the biomass would endure to raise in standing
as substitute for sources of fossil fuel and the feedstocks for variety of the products
[16, 18, 19]. Up to 35% of the energy needs of emerging nations are met by biomass,
which is also equivalent to 13% of the global energy demand. Biomass has been broadly
obtainable in the amounts that are adequate to meet world energy demand [21, 22].

Gasification of the biomass resources is the most attractive method to produce a
gas that is highly rich in hydrogen. Production of syngas from the biomass has been
the most suitable solution for the energy disaster. Depletion of fossil fuel energy in the
developing countries can be overcome by utilizing biomass as energy source, for
example, ample biomass has been obtainable in the developing countries, and it also
renewable [21, 23]. Gasification signifies as effective and the environment friendly
technique to produce syngas as biofuel from diverse biomass resources [24] and
generate second biofuel generation, for example, hydrogen, ethanol, and methanol
[25]. Gasification could be definite as partial biomass combustion, and it can extract
till 60–90% of the energy that deposited in biomass [26]. Worldwide, biomass energy
is generally integrated in power production system such as the United States com-
menced incomplete and complete conversion of the traditional power stations to the
biomass [27].

2.4 Waste

Focus on the modern management of waste has been considering shift to the
production of energy, although handling sustainably of waste. Subsequently, the
treatment of waste by gasification has gradually attained waste burning with numer-
ous aids, comprising instantaneous waste management and the production of energy,
although dropping landfill volume and dislocating conservative fossil fuels. Just 3% of
the entire solid waste has been utilized to produce energy; there is significant capabil-
ity to utilize the residual waste for the recovery of energy [28].

Gasification of the waste feedstocks is not different to gasification of biomass
because they are also hydrocarbons that are used to produce synthesis gas. Waste
gasification has been favored over the burning as it provided synthesis gas product,
which could be utilized in several applications as contrasting to the hot gases of
incineration. Waste gasification provides the even quality synthesis gas from mixed
and multifaceted residual waste. It is the solitary option, which could provide multi-
modal products, for example, heat, cooling, power, liquid, and gaseous fuels in addi-
tion to chemicals [29].

3. Production of syngas

3.1 Gasification of biomass

Biomass gasification has one of the attractive approaches to produce gas that are
highly rich of hydrogen. It converted carbonous biomass to gases such as hydrogen,
carbon monoxide, and carbon dioxide [30]. This method could be attained through a
chemical reaction of the feed at 700°C, with the inadequate volume of stream and
oxygen. In gasification of biomass, feed has been treated with some portion of com-
bustion to maintain the high gasification reaction temperature. In this process,
engendered mixture of the gas has been considered as synthetic gas and producer gas
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used as fuel [31]. The power produced in gasification of biomass and generating gas
combustion could be considered as the renewable resource of energy.

The reactions of biomass gasification have been taken place in gasifier that could
be concise as indicated below [23, 32, 33]:

Partially oxidation:

Cþ 1=2 O2 $ CO ΔH ¼ �268 kJ=mol: (2)

Complete oxidation:

Cþ O2 $ CO2 ΔH ¼ �406 kJ=mol (3)

Water-gas phase reaction:

CþH2O $ COþH2 ΔH ¼ 118 kJ=mol (4)

Boudouard reaction:

Cþ CO2 $ 2CO ΔH ¼ 170:7 kJ=mol (5)

Heat requires for the water gas stage and the Boudouard reactions have been
performed through partial and complete oxidation reactions, and the complete oxida-
tion reaction provides about 60% of heat necessities in gasification [23].

The biomass gasification has been the probable resource to produce biofuels and
energy, especially chemical energy. The gasifier converts renewable energy resources
of biomass to the syngas in the gasification process. Produced syngas has been utilized
to function of the internal combustion engine. Syngas could be utilized to generate
heat energy and electricity through co-generation system. Almost, biomass energy
resources are requiring drying first. Later, dry materials have been required for the
process of devolatilization [34].

There are following advantages of biomass gasification: (1) Produces a more prac-
tical, readily controllable kind of cleaner fuel for the production of thermal energy, as
well as electricity, and offers a way to cut back on or dip away with traditional fossil
fuels. (2) Gasification enables biomass to be used as a fuel for a variety of power
generation technologies, including gas turbines, fuel cells, and reciprocating engines.
(3) It is possible to gasify a wide range of biomass materials, many of which would be
challenging to burn otherwise. (4) Gasification has the ability to lower emissions of
greenhouse gases and other pollutants per unit of energy produced [30].

3.2 Gasification of waste

Gasification of waste has been chosen over the incineration because it provides
different syngas product that utilized in numerous forms while contrasting to the hot
gases of combustion. It provides the even quality synthetic gas from the varied and
composite waste residues. The gasification of waste is lone option that could offer
multimodal products, for example, cooling, heat, power, liquid, and gaseous fuels
along with chemicals [29].

It comprises four different phases, which are following such as feedstock drying,
pyrolysis, oxidation, and the reduction [35].
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3.2.1 Drying

Waste feedstocks having variable moisture level have been dry in the drying
process beyond 100°C. In that stage, chemical reactions do not take place, the phase
alter among liquid to water and the vapor that is core cause of energy requirements in
the drying procedure.

3.2.2 Pyrolysis

In pyrolysis, feedstock decomposition starts in the lack of the oxidant on
high temperature, and the vapors have been free from dried feedstock by
primary reactions. Proportion of vapors and the produced char are predisposed
through the conditions of process, for example, temperature and heating rate.
In addition, product distribution has been affected by the composition and size of
feedstock [36].

3.2.3 Oxidation

On high temperature and in the environment that is partially oxidized, the hetero-
geneous reactions occur among CO, oxidant, and water vapor of feedstock. Oxidation
reaction has influenced through chemically feedstock composition, oxidant types
(such as oxygen, CO2, air, or steam,), and the operating conditions. Generally, oxida-
tion phase is an exothermic phase, and heat energy releases as a result of it for energy
independence to endure heating requirements of the process.

3.2.4 Reduction

It is an endothermic phase through which the high-temperature chemical reaction
takes place in oxygen absence. Several reactions among products of oxidation and the
char occur to produce novel hydrocarbons. Some char and ash are the by-products of
reduction phase [35, 37].

Advantages of gasification of waste are: waste is gasified, which minimizes the
demand for landfill space, lowers methane emissions, and uses fewer fossil fuels.
Thus, waste gasification is employed to improve recycling initiatives [36].

3.3 Gasification of coal

Coal gasification is a method in which coal, char, or coke is converted into gassy
fuels through contact with the mediators, for example, steam, oxygen, or air. While a
certain gas amount has been freed from coal through carbonization methods (such as
heating of in nonexistence of oxygen or air), and complete coal gasification comprises
the conversions of all carbonous material to the gassy products through reaction that
are given below:

3.3.1 Primary reactions

Water gas reaction:

CþH2O ! COþH2 (6)
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Boudouard reaction:

Cþ CO2 ! 2CO (7)

Partial combustion:

CþO2 ! CO (8)

Hydrogasification:

Cþ 2H2 ! CH4 (9)

3.3.2 Secondary reactions

Shift reaction:

COþH2O ! H2 þ CO2 (10)

Methanation:

3H2 þ CO2 ! CH4 þH2O (11)

The only residues of the complete coal gasification would, hence, be ash-forming
components of mineral matter that are released solid form (slag) [38]. Depending on
coal nature and actual gasification method, products of the gasification might include
CO2, CO, CH4, and H2 diluted via H2S and the atmospheric nitrogen. Numerous
impurities mainly pollutants, for example, H2S or noncombustible materials e.g., N2

and CO2 might be removed through following purification processes. Modern day,
the coal gasification has been directed about manufacture of the two kinds of
products:

• Synthesis gas, combination of CO and H2, with 9 kJ m�3 specific energy.

• Synthetic natural gas, essentially made of methane, with 30 kJ m�3 specific
energy.

Syngas could be utilized to produce amount of products, containing methanol,
ammonia, and liquid fuels, but the synthetic natural gas is utilized as substitute for the
natural gas in industrial and domestic reticulation schemes [39].

Gasifiers are used in coal gasification and are fundamentally bounded pressure
vessel in which pulverized or crushed coals has been interacted with the gasifying
agent. Lurgi fixed bed gasifier with the jacketed vessel of water having diameter of
4 m is one of the widely used gasifiers for coal gasification. Indelicately, the crushed
coal has been fed in by lock hopper structure at the top and passes downward slowly
alongside upward flow of steam and oxygen. Products of hot gasification have been
removed from the top, whereas the ash has been removed innextlock arrangement
on base.

A more eco-friendly and less-polluting way to treat coal is through coal
gasification. When burned, it releases less carbon, and other harmful gases, such as
CO2, are simple to separate, capture, and utilize in other ways. Coal gasification
syngas can also be further processed to produce fuels such as petrol and diesel. Other
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coal gasification by-products, such as hydrogen, can be employed in the production of
ammonia, the search for alternative fuel sources, or the petrochemical sector [38].

3.4 Gasification of natural gas

Partial oxidation (POx) is also known as gasification. By using natural feedstock,
we use partial oxidation as gasification process to produce syngas. Chemistry of partial
oxidation process has been founded on the partial fuel combustion, such as in CH4

case, that is represented in the following equation

CH4 þ½ O2 ¼ COþ 2H2 (12)

Though, this process of partial oxidation is mostly utilized to produce syngas from
the heavy hydrocarbons, with petroleum coke and deasphalted pitch. After ignition,
feedstock, such as natural gas, is preheated and then mixed with the oxygen inside
burner; reaction occurred inside the elevated temperature combustion chamber pro-
duce effluent, which comprise of numerous quantities of soot, depending on compo-
sition of feedstock.

Typically, exodus gas temperature of reactors is included among 1200–1400°C.
Attained synthesis gas must cool and cleaned inside “washing” sector to remove
impurities. Elevated temperature (such as 1400–1100°C),the recovery of heat in
partial oxidation has not been very effectual, and POx benefit over stream reforming
is in option of utilizing the “low-worth” feedstocks and comprising sulfur and the
other numerous compounds, which are fatal to catalysts of stream reforming. Pres-
ently, key utilizations of the partial oxidation are: (1) in the H2 production for the
refinery applications, (2) production of syngas from natural gas and (3) in electricity
production from deasphalted bottoms and petroleum coke, by using large integrated
gasification combined cycles (IGCC) [40].

3.5 Gasification using different gasifiers

It is the complicated process that has been influenced by numerous factors among
which design of the equipment plays a significant role. Some important and popular
gasifiers have been listed and briefly discoursed as bellow.

3.6 Fixed bed gasifier

It is a type of gasifier in which there are three ways to enter the gasifying agents in
reactor to react with each other such as downdraft, updraft, and cross-draft gasifier.
Updraft gasifier is explained below.

Updraft gasifier is also known as countercurrent gasifier in which air/oxygen has
been passed through bottom level of gasifier, and produced product gases have been
left at the top of gasifier [41]. The combustion reactions have been occurring at the
bottom of gasifier near grate. After combustion, reduction reactions have been occur-
ring at slightly upper level of the combustion zone, as displayed in Figure 2. In the
upper level of the gasifier, pyrolysis and heating of feedstock materials have been
occurred consuming forced convection and the radiation heat transfer method, wher-
ever required heat has been provided from the reduction and combustion zone of
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gasifier [43]. The produced tars and volatile matters in updraft gasifier have been
carried in upper-level gas stream, as showed in Figure 2. Alternatively, produced ash
has been required to clean in bottom of updraft gasifier.

3.7 Fluidized bed gasifier

In fluidized bed gasifier, the fuel has been fluidized with air and steam. The fuel
has been fed into circulating or bubbling form of fluidized bed. In fluidized bed
gasifier, bed acts as fluid having high turmoil. In this gasifier, ash has been removed
from gasifier in the dry state, which de-fluidize. In fluidized bed gasifier, the temper-
ature is low, and highly reactive fuel is required [44]. Though, energy conversion
efficacy has been lower than fixed bed gasifier due to elutriation of the carbonaceous
fuel [45]. Fluidized bed gasifier is of three types such as bubbling, circulating, and
dual fluidized bed.

The principle of downdraft and updraft and gasifier has been affected by the
physical and chemical properties of fuel. Fluidized bed gasifiers could solve few
problems of fixed bed gasifiers, for example, low bunker flow and pressure drop over
gasifier. It has ability to tolerate high distinction of the fuel quality along with large
particle distribution [46].

3.8 Entrained flow gasifier

In entrained flow gasifier, the liquid fuel, dried solid milled, or slurry has been
reacted with air/oxygen in the gasification process through cocurrent flow. In this
gasifier, the gasification reactions have been taken in denser cloud of the fine parti-
cles. In which high output could be attained, but overall efficacy is comparatively low
than fixed-bed and fluidized bed gasifier. The residence time of the entrained flow

Figure 2.
Gasification process using fixed-bed (downdraft) gasifier [42].
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gasifier is about 5 seconds, which has been shorter than residence time of fixed-bed
and fluidized bed gasifier. In this type of gasifier, most of the reactions are endother-
mic. So, high heat has been required that is supplied through the combustion of feed
material and from external sources of the heat [47].

In this type of gasifier, fine amount of coal with the air has been added co-
currently, so air and steam surround coal feedstocks. Usually, it works at high tem-
perature and pressure [48]. Therefore, flow is turbulent in entrained flow gasifier.
Rate of the gasification reaction and efficacy of carbon conversion is high, although
production of hydrocarbons has been low. Furthermore, coal devolatilization proce-
dure produces oil, tar, phenol, and other liquids, which could be decomposed into
hydrogen (Table 1).

4. Applications

4.1 Gaslighting

Before, widely availability of natural gas and electric lighting, syngas was utilized
for the synthesis of illuminating gas (such as coal gas) for many years. Illuminating
gas used for cooking, gaslighting, and heating. Gaslighting has been a process in which
artificial light production takes place through the combustion of gaseous fuel, for
example, hydrogen, carbon monoxide, methane, propane, acetylene, ethylene,
butane, coal gas, and natural gas, etc. Light has been generated directly from flame, to
enhance the brightness of illuminating light special combination of propane or butane
has been used.

Gasifier Advantages Disadvantages

Updraft fixed bed • Good for small-scale thermal applications
• No carbon in the ash
• Small pressure drop
• Tolerant of high moisture

• High tar yield
• Slagging potential
• Feed size limit
• Gas with a low heating

value
• Scale limitations

Downdraft fixed
bed

• Low tar
• Low particulates
• Small scale application
• Flexible adaptation

• Moisture sensitive
• Gas with low heating

value
• Feed size limit
• Scale limitations
• Tall design

Fluidized bed • High mass transfer
• High heat rate
• Easily scaled to huge dimensions for the production of

electricity
• Fuel flexibility

• Costly
• Higher power
• High particulate in gas
• Medium tar yield

Entrained flow • Possibility of low tar
• Can be scaled
• Possibility of low methane
• Can generate gas with a higher heating value.

• An abundance of
carrier gas

• Increased particle load

Table 1.
Advantages and disadvantages of different gasifier.
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4.2 Energy capacity

Unmethanized syngas generally has a lower heating value, that is. Nearly equal to
120 BTU/scf. Hybrid turbines could be proceeding by using untreated syngas, which
allows for higher efficacy due to their lower operating temperature and extended part
lifetime. The output power of synthesis gas-fired turbine plant can be enhanced by up
to 20–25% in comparison to the similar turbine fired at the same operating tempera-
tures as the natural gas. Nevertheless, rise in the power output has been attributed to
increase in moisture level of products of combustion. Due to the greater amount of
hydrogen in syngas and amplified turbine flow, both of which make a significant
contribution toward turbine component overheating [49].

4.3 Diesel

Synthesis gas could be utilized in Fischer-Tropsch technique for the production of
diesel. It also used to convert syngas in methane, dimethyl ether, and methanol in the
catalytic processes. Mostly, methanol has been synthesized from synthesis gas.
Although most of the methanol synthesis has been based on the natural gas as feed-
stock, coal-derived synthesis gas also used; as solid/coal, feedstocks have been utilized
to produce 9% of global yield of the methanol [50].

4.4 Hydrogen production

Syngas has been used to synthesize hydrogen by the Haber process. The synthesis
gas generated because of the gasification procedure comprises hydrogen and carbon
monoxide, which is again reacted with the steam to separate the hydrogen.

4.5 Power generation from syngas

The primary application of syngas is generally the generation of power and heat.
This can be achieved either in autonomous combined heat and the power plants or by
cogeneration of gas produced in large-scale plants. Synthetic gas from pyrolysis is a
fuel gas that can be used to produce electricity in a wide range of equipment, from
steam cycles to gas engines and turbines. Whereas, boiler applications for steam cycles

Figure 3.
Applications of syngas [52].
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generally do not require intensive gas treatment prior to electricity production. Gas
engines require more advanced purification and processing.

The stability and consistency of fuel provided to the internal combustion engine
are one of the important elements of the technique. It is guaranteed by stability of
feedstock and the precisely controlled processing conditions in the bio green pyrolysis
unit [51]. Flow sheet of different applications of syngas is illustrated in Figure 3.

5. Conclusion

Synthesis gas is definite as gas with CO and H2 as the key components of fuel.
Gasification is one of attractive approaches to produce hydrogen-rich gas. Synthesis
gas production with improved properties from different feedstocks (such as biomass,
waste, coal, and natural gas) has been an attractive solution for the energy crisis.
Syngas through gasification has been used in different applications to overcome the
energy crises of petroleum products.
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Chapter 3

Study of the Heterogeneous
Catalytic Model for Syngas
Production in a Simulated
Environment for Application
in CO2 Capture Process
Martha Siles Camacho and Valeria Sandoval Cossío

Abstract

The study was carried out under the possibility of transforming conventional
petrochemical processes, such as ammonia production plant, into carbon dioxide
capture systems by means of replacing fossil natural gas with biogas, generated by
manure during an anaerobic digestion. Three partial substitution scenarios were pro-
posed: 30, 40 and 50% in order to analyse the behaviour of CO2 in the syngas unit
process, applying an equivalent CO2 balance to evaluate if it is possible to capture this
GHG within the same process, thus achieving negative emissions. The simulation of
heterogeneous catalytic model of the methane reforming reactions, allowed us to
assess the kinetic behaviour of all reactions involved and modify operating
conditions in order to increase the production of CO2 and maintain its required flow as
a secondary product, and at the same time to decrease CO2 emissions. The result
shows that a 30% substitution is possible in order to achieve a �1.48e6 lb/h of
equivalent CO2.

Keywords: syngas, heterogeneous catalysis reactions, capture of CO2, simulation
process, biogas, ammonia

1. Introduction

Methane was the major component of the early atmosphere of the planet and a
basic raw material for the petrochemical industry, but its global warming potential
GWP is 27–30 over 100 years more than that of carbon dioxide CO2, which is why it
constitutes a GHG thus contributing the greatest to global warming [1].

This chapter aims to assess the process production of syngas for an ammonia plant,
with the application of a simulation model to the kinetic water steam reforming of
natural gas, based on the heterogeneous catalyst of the chemical reactions involved,
which are developed by [2], but also using a partial substitution of rawmaterial studying
scenarios with a mixture of biogas produced from animal manure to the process.

23



This study could also consider CO2 capture due to the decrease of fossil feedstock and
the substitution for biogas to assess CO2 eq emissions generated in the process to the
atmosphere.

The operative conditions with influence on the reaction rates of the process will be
adjusted to maintain the original balance of CO2 that is required by the urea plant and
analyse the presence of higher concentrations of CO2 in the process (CO2 capture) and
about the overall kinetics reactions.

The concepts of “carbon capture” and “global carbon capture” refer to the efficiency
of conversion of a carbon source, such as a rawmaterial, into products. For example, the
amount of carbon in a wood biomass feedstock that is converted into useful products,
such as alcohol [3]. For this case study, the partial substitution of fossil natural gas with
biogas can convert the syngas unit process into a carbon capture process.

The application of the one-dimensional heterogeneous mathematical models
developed by Sandoval [2] is the tool to study the heterogeneous catalyst behaviour
within the water steam reformers (SMR) inside an ammonia plant. The calculations
and analysis integrate the reaction mechanism, reaction rates, complex stoichiometry
as a function of partial pressures, catalyst data, reactor geometry, packed bed reactor
design equations, Ergun equation for the pressure drop, and the set of equations that
integrate the energy balance [2].

The analysis should focus on the influence of increased CO2 concentration on feed
streams, how reaction balances can be changed within SMR reactors, and the molar
ratio of reactants and products by manipulating operating conditions and process
severity. Finally, the analysis of the avoided trillions of standard cubic feet fossil
methane decrease and its CO2 equivalence in emissions.

2. Characterisation of the raw material and scenarios definition for partial
substitution with biogas

2.1 Natural gas

Conventional production of syngas comes from a variety of raw materials ranging
from natural gas to coal. The choice for a particular raw material depends on the cost
and availability of the feedstock, and on the downstream use of syngas. Syngas is
generally produced by one of three processes, which are distinguished based on the
feedstock used [4]:

• Steam reforming of natural gas or light hydrocarbons, optionally in the presence
of oxygen or carbon dioxide.

• Partial oxidation of (heavy) hydrocarbons with steam and oxygen.

• Partial oxidation of coal (gasification) with steam and oxygen.

For this study, we will use a Bolivian natural gas composition that is considered a
dry gas due to its methane concentration being greater than 88% by weight. One of its
main benefits is that it has no hydrogen sulphide (H2S) and other contaminants.
Table 1 indicates the natural gas chromatography at the exit of four primary
processing plants existing in Bolivia. The composition of Carrasco will be the
feedstock of natural gas for the study.
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2.2 Substitute raw material (biogas)

Technological advances and growing concern about global warming due to green-
house gas emissions (GHG) have led to finding new raw materials that replace fossil
resources to generate energy and reduce emissions in industrial processes.

Biomass is an alternative that is taking its place in technological processes and, at
the same time, to use organic waste. Figure 1 provides a detailed illustration of the
many potential biomass-to-energy technologies and industrial feedstocks, which are
at varying technology readiness levels (TRLs). Our route is highlighted in red [6].

Biochemical pathways take advantage of anaerobic digestion and fermentation to
produce fuels, ex. biomethane [6].

Biogas or biomethane is a biofuel produced by means of (i) organism anaerobic
digestion, which digests material inside a closed system or (ii) fermentation of biode-
gradable organic matter including manure, sewage sludge, municipal solid waste,
biodegradable waste, or any other biodegradable feedstock under anaerobic condi-
tions. The typically anaerobic process of biogas production is a multistep biological
process where the originally complex and big-sized organic solid wastes are progres-
sively transformed into simpler and smaller-sized organic compounds by different
bacterial strains to have a final energetically worthwhile gaseous product and a semi-
solid material (digestate), rich in nutrients and thus suitable for use in farming [7].

While natural gas is classified as a fossil fuel, biomethane is defined as a non-fossil
fuel [8], and it is further characterised or described as a green energy source. It is
noteworthy that methane anyway, whatever the source (fossil fuel or non-fossil fuel),
when released into the atmosphere, has 20 more GWP as a greenhouse gas than that of
CO2. Organic matter from which biomethane is produced would release the CO2 into
the atmosphere if simply left to decompose naturally, while other gases that are
produced during the decomposition process, for example, nitrogen oxide(s), would
make an additional contribution to the greenhouse effect [7].

Biological biomethane, as well as other biofuels, can be used to generate heat and
energy or also used as raw material in petrochemical transformation processes such as
the production of ammonia. We will use it as a secondary raw material (partial

Component Rio Grande Yapacani Carrasco Vuelta Grande

N2 1.85 1.7 0.33 1.79

CO2 0.94 1.87 1.94 0.06

C1 92.32 91.9 91.06 88.01

C2 4.5 2.55 6.45 9.14

C3 0.35 0.99 0.21 0.93

iC4 0 0.17 0 0.03

nC4 0.01 0.34 0 0.03

iC5 0.01 0.12 0 0.01

nC5 0.01 0.12 0 0

C6 0 0.12 0 0

C7+ 0.02 0.13 0.01 0

Table 1.
Natural gas chromatography of selected plants [2].
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substitute). Biomethane is also called biogas. The data came from a production cycle
by anaerobic digestion with manure of animal origin.

Intensive pig production generates considerable quantities of manure, and its final
disposal represents a major environmental problem. Uncontrolled applications of pig
manure over oil can cause an excess of nitrates, salts, heavy metals (copper and zinc),
pathogens, xenobiotic compounds, and emissions of GHG [9].

Pigs produce 4 kg of fresh manure per day per head, so each pig can produce
0.33 m3 of useful biogas per day [9].

In this case, a composition of biogas produced from pig manure will be used. The
data were acquired from the biogas experimental unit at the Universidad Privada del
Valle (Bolivia). Table 2 shows the concentration measured after the contaminant’s
removal process in batch production:

At this point, it is important to note that the contaminants of the biogas, mainly
hydrogen sulphide, are fully removed after the digestion process. Therefore, the
secondary feedstock that will serve as a substitute for fossil natural gas is free of this
significant contaminant for the process.

2.3 Process flow analysis for the study

The natural gas is mixed with steam and enters the tubes of the radiant zone of the
primary reformer (PR), where both the steam reforming reactions and the water gas
shift (WGS) reactions take place [2].

Figure 1.
Biomass conversion pathways and technology readiness levels (TRLs). Adapted from [5].
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The process gas enters the secondary reformer (SR), where the amount of air is not
controlled in order to produce a molar ratio of 3:1 hydrogen/nitrogen. As a matter of
fact, extra air is used to provide additional heat to the SR, and there is a leak of 1.75%
methane on a dry basis. During secondary reforming, the oxygen produces the com-
bustion of the partial flow of methane, and then in the catalytic zone the reforming
reactions will occur without heat transfer [2].

The WGS reaction occurs for the CO to CO2 conversion. This conversion occurs in
two stages: in the high-temperature converter (HTS) and the low-temperature con-
verter (LTS). The effluent gas is directed towards the CO2 absorption unit [2].

Within the industrial process of ammonia, there are several products and services
that are part of its life cycle assessment (LCA), which are both directly and indirectly
connected. The complete plant can be considered as a system whose boundaries are
many interrelated processes that constitute the basic components of the system or
“unitary processes”.

The reforming unit represents the main unitary process of the system for the study
(Figure 2), from which we will calculate the input and output flows. In addition, our
objective is to analyse the system as a potential CO2 capture process within the life
cycle of ammonia production.

The following diagram indicates the proposed CO2 elimination route, in which we
can observe that the secondary source reduces the flow of fossil natural gas feed to the
process (Figure 3).

Batch L-1803

Compound

Methane (CH4) % 60.66

Carbon dioxide (CO2) % 39.3

Oxygen (O2) % 0.0003

Hydrogen sulphide (H2S) ppm 0

Carbon monoxide (CO) ppm 15

Table 2.
Results of the biogas analysis, adapted from [10].

Figure 2.
Process flow inside the ammonia plant. Own elaboration.
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2.4 Fossil natural gas substitution scenarios

To determine the scenarios of replacing natural gas with biogas, we will use set
points to monitor the variation of the feed flow, the conversion and the final balance
regarding the CO2 in the syngas unit.

Figure 3.
Proposed CO2 removal route. Own elaboration.

Feed process composition by scenario

Carrasco Basic design S1 (70–30) S2 (60–40) S3 (50–50)

Component mole fraction GN GN* GN-BG GN-BG GN-BG

Methane 0.9106 0.8864 0.8193 0.7935 0.7655

CO2_ 0.0194 0.0189 0.0979 0.1284 0.1613

Ethane 0.0645 0.0628 0.0490 0.0436 0.0378

Propane 0.0021 0.0020 0.0016 0.0014 0.0012

i-Butane 0.0000 0.0000 0.0000 0.0000 0.0000

n-Butane 0.0000 0.0000 0.0000 0.0000 0.0000

n-Pentane 0.0000 0.0000 0.0000 0.0000 0.0000

i-Pentane 0.0000 0.0000 0.0000 0.0000 0.0000

n-Hexane 0.0000 0.0000 0.0000 0.0000 0.0000

n-Heptane 0.0001 0.0001 0.0001 0.0001 0.0000

Nitrogen 0.0033 0.0098 0.0098 0.0098 0.0099

Hydrogen** 0.0000 0.0200 0.0222 0.0231 0.0241

Molar flow (lbmol/h) 5363.96 3524.00 3164.56 3044.75 2924.94

Mass flow (lb/h)*** 94382.12 61152.98 61152.98 61152.98 61152.98
*The study considers the substitution by biogas only for the natural gas in the proce but not the fuel for the furnace or other
facilities.**A small fraction of hydrogen injection is considered due to the indeterminacies caused by its absence in the
reaction rates [11].***The total mass flow of feedstock to the process remains constant.

Table 3.
Substitution scenarios of natural gas by biogas.
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The percentage of substituted natural gas and the global composition in the feed
will be the basis for defining the scenarios in this study. By manipulating the operating
conditions in the reactors without exceeding the severity of the process, we will start
from the hypothesis that the kinetics of the reforming reactions can be controlled to
accomplish the balance towards the formation of syngas with a 3:1 hydrogen-nitrogen
ratio and to maintain the balance of CO2 used as a secondary product (urea). The
avoided CO2 indicator is considered from two points of view:

• The decrease of fossil natural as a raw material.

• Biogas feeding from organic matter residue whose emissions would be avoided.

Table 3 shows the substitution scenarios proposed with the secondary raw material.
Table 3 shows the substitution scenarios of natural gas by biogas for the study,

considering three mixes in percentage: S1 (70% GN 30% BG), S2 (60% GN 40% BG)
and S3 (50% GN 50% BG). We can notice that the composition of CO2 is increasing
from 1.89% in the basic design to 16.13% in the S3 scenario.

3. Heterogeneous catalytic model of natural gas reforming reactions in the
syngas process

Reactions 1 and 3 are the steam reforming reactions for methane and Reaction 2 is
the water gas shift reaction,which takes place simultaneously. The water gas shift
reaction is fast and is generally considered in equilibrium [12]

CH4 þH2 O $ 3H2 þ CO (1)

COþH2O $ CO2 þ H2 (2)

CH4 þ 2 H2O $ CO2 þ 4 H2 (3)

“Hinshelwood” mechanism for the three steam reforming reactions is:

H2Oþ Sc $ O� SaþH2 (4)

CH4 þ Sc $ CH4 � Sa (5)

CH4 � Saþ Sc $ CH3 � SaþH� Sa (6)

CH3 � Saþ Sc $ CH2 � SaþH� Sa (7)

CH2 � Saþ O� Sa $ CH2O� Saþ Sc (8)

CH2O� Saþ Sc $ CH2O� SaþH� Sa (9)

CHO� Saþ Sc $ CO� SaþH� Sa:controlling Step Reaction 1 (10)

CO� Saþ O� Sa $ CO2 � Saþ Sc controlling Step Reaction 2 (11)

CHO� SaþO� Sa $ CO2 � SaþH� Sa controlling Step Reaction 3 (12)

CO� Sa $ COþ Sc (13)

CO2 � Sa $ CO2 þ Sc (14)

2H� Sa $ ScþH2–Sa (15)

H2 � Sa $ H2 þ Sc (16)

Sc is the catalyst surface; Sa is the adsorbed catalyst.
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The reaction rates, Eqs (17)-(20), are a function of the partial pressures per
component and the constants of reaction rate, reaction equilibrium and adsorption per
component. They cannot be used when the hydrogen concentration is null because
they predict indeterminacies (Table 4) [14].

r1 ¼
k1 PCH4 PH2O

PH2
2:5 – PCO PH2

0:5

K1

� �

DEN2 (17)

r2 ¼
k2 PCO PH2O

PH2
� PCO2

K2

� �

DEN2 (18)

r3 ¼
k3 PCH4 PH2O

2

PH2
3:5 – PCO2 PH2

0:5

K1K2

� �

DEN2 (19)

DEN ¼ 1þ KCH4 PCH4 þ KH2O PH2O

PH2
þ KH2 PH2 þ KCO PCO (20)

The study of the operation of natural gas reforming reactors with steam and air in
order to model the catalytic kinetics of a one-dimensional heterogeneous reaction
model (with the catalyst assuming state variables as a function of the length of the
reactor as axial coordinate) integrates the following considerations:

• The system operates in steady state.

• Hydrocarbons higher than methane are considered inert since the reaction
system inside the reforming tube is described by the three kinetic expressions of
Xu and Froment.

• Assumes use of fresh and activated Haldor Topsoe catalyst R67-7H.

• The stoichiometry will be related to the disappearance of methane and the
production of CO2.

Preexponential factor: A (ki) Activation energy and Ei (kJ/mol)

k1 _ 4225e15 240.1

k2 _ 1995e6 67.13

k3 _ 1020e15 243.9

KCH4 bar
�1 6.65e�4 �38.28

KH2O_ 1.77e5 88.68

KCO bar �1
_ 8.23e�5 �70.65

KH2 bar
�1 6.12e�9 �82.9

K1 1:19136e13 �223:02

K2 1:6e�2 36,565

K3 1:957e11 �186,464

Table 4.
Kinetic constants of steam reforming reactions, adapted from [2, 13, 14].
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3.1 Simultaneous kinetics reactions

In complex reactions, stoichiometry requires the variables of the consumption and
production of compounds as stated by each reaction. In this case, they will be a
function of the production of CO, CO2 and hydrogen with respect to Reactions 1 and 3
(represented by x and z respectively). Reaction 2 (y) is left out of the total sum of
fluxes, but it is intrinsic in equilibrium:

FT

FT0
¼ 1þ ε X þ Zð Þ ε ¼ 2 yCH40 (21)

Since the three reactions are not independent, it is necessary to combine the three
equations into two, one for the conversion of methane, and the other to produce CO2.

XCH4 ¼ XA ¼ X þ Z (22)

XCO2 ¼ XE ¼ Y þ Z (23)

The behaviour of the stoichiometry of the reactions to integrate the kinetics of the
reforming reactions with steam is used as a function of the partial pressures:

PCH4 ¼ PCH40 1� XCH4ð Þ
1þ ε XCH4½ �

P
P0

(24)

PH2O ¼ PCH40 ΘH2O � XCH4 � XCO2ð Þ
1þ ε XCH4½ �

P
P0

(25)

PCO ¼ PCH40 ΘCO þ XCH4 � XCO2ð Þ
1þ ε XCH4½ �

P
P0

(26)

PH2 ¼ PCH40 ΘH2 þ 3 XCH4 þ XCO2ð Þ
1þ ε XCH4½ �

P
P0

(27)

PCO2 ¼ PCH40 ΘCO2 þ XCO2ð Þ
1þ ε XCH4½ �

P
P0

(28)

PT ¼ PCH40 ΘT þ 2XCH4ð Þ
1þ ε XCH4½ �

P
P0

(29)

*Design equations are based on a packed bed reactor as a function of reactor length to
evaluate CH4 and CO2 conversion.

For the reaction rates per component, the effectiveness factors are considered,
which are polynomial equations as a function of the length of the reactor obtained
from a series of tests and calculations considering different steam methane ratios that
allow simplifying the design of the reactor.

Conversion for methane

dXA ¼
ðz
0

ρb ∗A ∗ � r0A
FA0

dz (30)

Conversion for CO2

dXE ¼
ðz
0

ρb ∗A ∗ r0E
FA0

dz (31)
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Reaction rates per component

r0A CH4ð Þ ¼ �n1 ∗ r01� n3 ∗ r03 (32)

r0B H2Oð Þ ¼ �n1 ∗ r01� n2 ∗ r02� n3 ∗ 2 ∗ r3 (33)

r0C COð Þ ¼ n1 ∗ r01� n2 ∗ r02 (34)

r0D H2ð Þ ¼ n1 ∗ 3 ∗ r1þ n2 ∗ r02þ n3 ∗ 4 ∗ r03 (35)

r0E CO2ð Þ ¼ n2 ∗ r02þ n3 ∗ r03 (36)

(ni) is the reaction effectiveness factor.
n1 = 0.07 n2 = 0.7 n3 = 0.06
We applied the Ergun equation for pressure drop based on the factor α, which

integrates the total mass flow per area of the tube, the porosity, diameter and density
of the particle, the length of the tube, the density of the catalytic bed, the viscosity of
the mixture, the total sum of flows, initial pressure and temperature ratio.

dy
dz

¼ �α ∗ ρb ∗A ∗ 1þ ε ∗XCH4ð Þ
2y

∗
T
T0

(37)

For the energy balance model, the equations of the heat of reaction, pressure differ-
ential, reactor area and density of the catalytic bed, as well as the total sum of flows and
the sum of partial pressures per heat capacity of each component, were considered.

3.2 Secondary reformer combustion zone kinetics

The complete combustion reaction is the most representative of the model for an
adiabatic reactor oriented to the production of ammonia. The reaction speed is found
in the same way as a function of the partial pressures, reaction, and adsorption
constants per component. The design of the reactor is a function of its length, and the
total flow will be equal to the initial flow since the sum of the variables of consump-
tion and production of compounds with respect to the reaction is zero.

CH4 þ 2O2 ! CO2 þ 2H2O (38)

r4 ¼ k1 ∗PCH4 ∗PO2
0,5

1þ KCH4 ∗PCH4 þ KO2 ∗PO2
0,5� �2 (39)

dfCH4

dz
¼ r4 rCH4ð Þ (40)

FT ¼ FCH4o ∗ θT þ 0ð Þ (41)

Total flow FT ¼ FTO þ 0 then : FT ¼ FTO:

We will consider that there is no pressure drop because the reaction is very fast.
The stoichiometry is placed according to the partial pressures with (Ci = Pi/R*T);
therefore, we obtain the following expressions:

PCH4

R T
¼ PCH4o

R T0
1� xð Þ ∗ P

P0
∗
T0

T
(42)
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PCH4 ¼ PCH4o 1� xð Þ (43)

PH2O ¼ PCH4o θH2O þ 2xð Þ (44)

PCO ¼ PCOo (45)

PH2 ¼ PH2o (46)

PCO2 ¼ PCH4o θCO2 þ xð Þ (47)

PO2 ¼ PCH4o θO2 � 2xð Þ (48)

PI1 ¼ PI1o (49)

PI2 ¼ PI2o (50)

The energy balance equation integrates the same parameters as the SMR reforming
equation. An important aspect that is considered in the combustion stage is that the
reaction is carried out until the oxygen concentration is zero.

3.3 Criticality conditions in syngas process

3.3.1 Operating temperature in the reformers

The higher outlet temperature in the primary reformer implies a higher conversion
of methane to syngas (Reaction 1) and therefore a higher heat flow, that is, more fuel
gas and a reduction in the airflow in the furnace, if reforming is carried out in two
steps.

The operating temperature of the secondary reformer depends on two factors: the
amount of air entering the process and the severity of the conditions in the primary
reformer. When excess air enters the secondary reformer, the complete combustion
Reaction 38 generates enough energy for the SMR reactions to take place in the
catalytic zone (CZ).

The highest CO2 production occurs in the primary reformer and the combustion
zone (HZ) of the secondary reformer (if it is the complete combustion reaction, as in
our case study). The WGS reactors are necessary to modify the balance of Reaction 2
and increase the production of CO2 and H2.

3.3.2 Adiabatic condition in the secondary reformer

Adiabatic secondary reformers help to consume the methane. When the reformer
is not adiabatic, the temperature is controlled with enveloping cooling systems in
order to quantify and regulate the remaining methane flow. This is the case for the
basic design of the study, which will be subject to modifications to achieve the highest
possible methane consumption.

3.3.3 Excess air

If excess air enters the secondary reforming process, there will be a large amount
of inert nitrogen at the outlet of the syngas unit, which can be removed by cryogenic
purification.
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4. Effect of the increase CO2 flux in the SMR reforming reactions

The study model designed in Aspen HYSYS V.14, adapted from [2], considers the
kinetic rate equations for Reactions (1-3) and (38), where the simulation of the
reactors is defined from

a. Operating conditions and feedstock flow to the process.

b. Simultaneous reactions that take place in each reactor and kinetic parameters.

c. Catalyst properties: equivalent diameter and sphericity of the catalyst particles,
catalyst density, and heat capacity of the catalyst solid.

d. Reactor size and design parameters: volume, length, diameter, and number of tubes.

e. Reactor outlet conditions.

4.1 Reaction kinetics assessment for base design and substitution scenarios

4.1.1 Primary reformer assessment

In Figure 4, we can see the reaction rate in the primary reactor for a basic design.
Reaction 1 shows a decreasing trend of conversion, while Reaction 3 increases its
conversion rate beginning at a 5 ft length of the reactor. We can also observe that the
Reaction 2 remains constant, which means that there is no conversion in any direction
of the equilibrium reaction.

The behaviour of the reaction rate in scenarios S1, S2 and S3 has the same trend as
the basic design, but small increases in the conversion degree are observed in Figure 5.
The global conversions of all reactors will be analysed later.

Figure 4.
Reaction rate in the primary reactor on basic scenario.
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Figure 6 indicates the increased flow in the products of Reactions 1 and 3, where
hydrogen has the greatest formation in quantity because it is produced in both reac-
tions. The rising lines of hydrogen, CO, and CO2 throughout the entire reactor indicate
that Reactions 1 and 3 shift their equilibrium to the right and no reversibility occurs.

The positive conversions of methane in primary reformer let the production of
both CO and CO2 increase in the basic design and all scenarios, where CO2 has a
greater flow compared to that of CO. We will see this behaviour on CO2 balance later.

4.1.2 Secondary reformer assessment

The designed model is a 2-step autothermal reformer (ATR), where the complete
oxidation reaction takes place; this reaction is strongly exothermic, so it does not
require external heat for the catalytic zone (CZ), where the SMR reactions occur
again. The conversion begins with homogeneous reactions in a burner and is com-
pleted by heterogeneous catalysts [2].

Figure 5.
Reaction rate for basic design and scenarios S1, S2 and S3. *Reaction 2 is not included in the graph because its
molar equilibrium is linear, with no apparent conversion.
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The kinetics of the reactions in the ATR were designed in two steps: the complete
combustion zone (HZ) and then the catalytic zone CZ, where the reforming reactions
interact again. The combustion of natural gas is immediate and increases the reactor
temperature enough to guarantee subsequent reformation in the CZ. The outlet tem-
perature is adjusted based on a 1.72% methane remaining (dry basis) for the basic
design and all scenarios.

Figure 7 shows the component product rates in the CZ of the ATR reactor for the
basic design of methane and CO2. It should be noted that, in the beginning, the methane
is consumed almost in its entirety, but throughout the reactor, it is formed again. In a
similar manner, we can observe that the CO2 production rate decreases, mainly due to

Figure 7.
Component product rate in the CZ of the ATR reactor. Basic design to methane and carbon dioxide.

Figure 6.
Products flow increased for Reactions 1 and 3.
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the reversible behaviour of the Reaction 3, which means the reaction equilibrium shifts
to the left, and CO2 is consumed, thus forming methane and steam later, we will analyse
this with the reaction conversions. Therefore, if the methane generated is available,
Reaction 1 exceeds its 100% conversion from the original stream.

The kinetics of study scenarios S1, S2 and S3 present a similar behaviour, with the
difference that the conversion decreases slightly as the CO2 flux increases at each
substitution percentage.

4.1.3 HTS and LTS reactors

In HTS and LTS reactors, the water gas shift reaction (WGS) takes place [15], and
it is a reversible exothermic reaction between CO and steam that produces hydrogen
and CO2 (Reaction (2)).

The WGS reaction is (ΔH = �41.16 kJ/mol, gas phase) and is a typical example of
an equilibrium-controlled reaction, especially at higher temperatures. The reaction
proceeds with no change in the number of moles, and consequently, pressure has no
significant effect on equilibrium [2, 15].

In both cases, the basic design and all the scenarios, theWGS reaction moves to the
right towards CO2 and steam formation. The HTS and LTS reactors are considered the
last stage to adjust the flow of CO2 produced as a secondary product for the urea plant.

4.2 Comparative analysis of the results by scenarios

4.2.1 Steam methane reformers (SMR)

In point three, we describe the behaviour of the reforming reactions in the reactors
of the syngas unit, and we also observed that the scenarios have a similar behaviour
regarding the increase in CO2. Table 5 shows the comparative results.

Equipment Basic design S1 (70–30) S2 (60–40) S3 (50–50)

GN feed (lb/h) 94382.12 76274.66 70238.85 64203.03

1st reformer % Reaction 1 12.63 14.83 15.84 16.95

% Reaction 3 24.17 25.09 25.54 26.09

2nd reformer TS HZ* (°F) 2313 2357 2372 2388

% Reaction 38 34.53 44.05 48.29 54.5

TS CZ** (°F) 1650 1566 1532 1495

% Reaction 1 CZ** 118.3 107.67 103.1 97.72

% Reaction 3 CZ** −40.86 −36.74 −35.98 −36.08

Methane remaining (lb/h) 4727.64 4104.38 3890.74 3676.11

Outlet molar fraction of CH4 0.012 0.011 0.011 0.011

HTS reactor % Reaction 2 (HTS) 70.09 73.87 75.72 77.45

LTS reactor % Reaction 2 (LTS) 89.58 91.99 92.2 92.64

*HZ: combustion zone.
**CZ: catalytic zone.
The order of the colors is decreasing, where the darker shade indicates the higher result.

Table 5.
Comparative results of operating scenarios.

37

Study of the Heterogeneous Catalytic Model for Syngas Production in a Simulated…
DOI: http://dx.doi.org/10.5772/intechopen.1003094



The natural gas feed flow to the entire operating unit is constant, but the natural
gas feed to the process decreases in proportion to the biogas substitution percentage.
This is because the study considers a natural gas substitution volume only to the
process; it does not consider the flows required for fuel gas from the furnace and other
energy requirements in other facilities.

The primary reformer shows an increase in the conversion of Reactions 1 and 3
as the volume of substitution increases. Reaction 1 increases conversion by 17% in
scenario S1 vs. the basic design and for subsequent scenarios by 7% in both cases.
Reaction 3 increases 4% and 2%, respectively, in the same comparative relation-
ship as Reaction 1. This behaviour is explained by the kinetics of methane
disappearance and the amount of CO2 present, which influences the molar balance
of Reaction 3, so in the case of Reaction 1, the increased conversion of the
scenarios is greater because there is no original CO in the feedstock and the molar
equilibrium displacement is in greater proportion to the right compared with
Reaction 3.

For the secondary reformer, a similar behaviour occurs, the combustion zone pre-
sents increasing outlet temperatures ranging from 2313°F in the basic design to 2388°F
in the S3 scenario. For the case study, only the total combustion of methane (Reaction
38) was considered, where the increase of conversion goes from 34.53% in the basic
design to 54.5% in the S3 scenario.

For the CZ, where the reforming reactions take place again, we can see an
important variation with both Reactions 1 and 3 showing decreasing conversions,
but additionally, we can observe that Reaction 1 has conversions greater than 100%,
from 118.3% in the basic design, down to 97.72% in scenario S3; this behaviour is
due to the reversibility of Reaction 3. As we can see in Table 5, its reaction equilib-
rium shifts to the left, which means that the CO2 present in the mixture is consumed
on average of �37% for all scenarios in conversion; therefore, additional methane is
generated, and simultaneously it is also consumed by the Reaction 1 reaction,
exceeding a 100% conversion; however, its output mass flow decreases as the sub-
stitution scenarios increase, which is due to (i) the increase of conversion in the PR,
(ii) the reversibility of Reaction 3 in the CZ, and (iii) higher conversion of original
methane and that formed in the SR. These conclusive points will be the basis for
modifying the operating conditions of the process with the aim of reaching the final
balance of CO2.

4.2.2 HTS and LTS reactors

The WGS (2) reaction is the only one that takes place in the HTS and LTS reactors;
the equilibrium of the reaction displaces to the right, forming CO2 and steam with a
high conversion percentage, for HTS 74.28% and LTS 91.6% on average for all sce-
narios. The conversion of Reaction 2 also increases as the percentage of replacement of
natural gas by biogas grows.

The reversibility of Reaction 3 in the secondary reformer accelerates the con-
version of Reaction 1, exceeding 100% due to the additional methane that is
formed. This favours the formation of more CO that will enter HTS and LTS
reactors and become CO2 with highly efficient conversions. Therefore, the HTS and
LTS reactors are also considered as control elements to reach the final balance of
CO2. Also note, that the CO flow production decreases as we raise the substitution
scenarios.
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4.3 Carbon dioxide CO2 balance

Until now, we have described the kinetics behaviour of the reforming reactions as
a function of the increase in CO2 flow, due to the substitution with biogas in the
feedstock, we must analyse how the total flow of this gas behaves from the feed point,
its generation, up until the output of the syngas unit. Figure 8 shows the simulated
flowchart in Aspen Hysys V.14 with the set points defined to perform the CO2 balance
throughout the process unit.

Point 2 shows the total feed stream to the process including the mixture of natural
gas and biogas in the different substitution scenarios. Table 6 indicates the CO2 mass
flows defined according to Figure 8.

Figure 8.
Flow diagram of the syngas unit in Aspen Hysys V14.0. Where: (1) gas to process; (2) first feed to fire heater; (3)
second feed to fire heater; (4) primary reformer inlet; (5) primary reformer outlet; (6) combustion zone, heavier
hydrocarbons; (7) combustion zone, second reformer outlet; (8) catalytic zone, second reformer outlet; (9) HTS
outlet; (10) LTS outlet.

Streaming yam Basic design S1 (70-30) S2 (60-40) S3 (50-50)

lb/h lb/h lb/h lb/h

(1) Gas to process 2928.48 2049.93 1757.09 1464.24

(2) First feed to fire heater 2928.48 13632.97 17201.13 20769.30

(3) 2nd feed to fire heater 3222.57 13961.67 17529.83 21098.00

(4) PR inlet 3222.57 13961.67 17529.83 21097.99

(5) PR outlet 36455.92 42591.27 44686.73 46804.32

(6) HZ, heavier hydrocarbons 56978.22 56956.86 57000.11 57065.47

(7) HZSR outlet 86921.55 86904.72 86949.44 87016.30

(8) CZSR outlet 63382.74 72676.62 75258.37 77530.06

(9) HTS outlet 122942.12 115981.20 113383.82 110364.44

(10) LTS outlet 145717.52 130070.69 124677.01 119222.85

Table 6.
Carbon dioxide CO2 mass flow by scenario.
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First, we will analyse the behaviour of the CO2 mass flow for the basic design and
each one of the scenarios. In all cases, CO2 increases up to the outlet in LTS, just at
point (8, CZSR outlet), the CO2 flow decreases because, in the catalytic zone of the
secondary reformer, Reaction 3 is produced in the opposite direction, both consuming
CO2 and generating more amount of methane.

Now, if we compare the mass flow of CO2 formed in the base design and the
scenarios, we observe that the flow declines as the percentage substitution with biogas
increases from 145717.52 lb/h in the base design to 119222.85 lb/h [10]. So, what is the
reason for the decrease in CO2 in the substitution scenarios? It would be expected that
by increasing the supply of biogas, the net flux of CO2 should be greater, but it is not.

The decrease in methane in the feed is due to the biogas composition, which is
approximately 55% methane and 45% CO2, and substituting natural gas that is 90%
pure with the biogas composition. This influences a lower flow and production of CO2

despite the fact that there is no major incidence in the conversion of the reaction as
such. Later on, we will analyse the methane feed flow in the different scenarios in
order to fully understand the decrease in CO2.

Finally, the produced syngas must go through a series of absorption stages to
remove the greatest possible amount of CO2 that must be used as a secondary product.

Table 7 shows the missing difference of CO2 in each study scenario compared to
the basic design, based on the flow required at the outlet of the absorption process, so
that it can be used as a secondary product (mass flow of CO2 calculated in the basic
design according to the nominal capacity of the plant); in the case of ammonia plants,
CO2 is used for the production of urea. The difference in flow becomes greater than
the required specification (146,557 lb/h) as the percentage substitution of the scenar-
ios increases, with a shortage of 26757.56 lb/h for the last S3 scenario. In Section 5, the
operating conditions will be adjusted to compensate for the missing CO2 flow,
increasing the production of CO to use the WGS in the HTS and LTS reactors and
produce a greater amount of CO2.

4.4 Selectivity and molar equilibrium of the reforming reactions assessment

The final conversions of Reactions 1 and 3 in both reformers are mainly dependent
on temperature. The growth in temperature increases the conversion in the reactors,
particularly that of Reaction 1, but the molar equilibrium of the reaction interferes in
the displacement from right to left, as in any equilibrium reaction. The global selec-
tivity represents the produced amount of the desired product, in this case CO2

Stream name Basic design S1 (70–30) S2 (60–40) S3 (50–50)

lb/h lb/h lb/h lb/h

SYNGAS to absorption inlet 145437.33 129750.44 124274.34 118785.25

CO2 absorption outlet 146097.71 130647.77 125154.10 119638.21

CO2 to urea plant 145252.84 129758.42 124316.75 118854.62

CO2 sub-product requirement 145252.84

Difference 0 15494.42 20936.09 26398.22

The order of the colors is decreasing, where the darker shade indicates the higher result.

Table 7.
Flow difference at the outlet of the CO2 removal unit.
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regarding the reacted amount of methane. Table 8 shows the CO2 selectivity in the
primary reformer and the catalytic zone of the secondary reformer.

The global selectivity of CO2 considers that Reactions 1 and 3 occur in syngas
reformers. The basic design presents a selectivity of 66% in PR and 53% in the CZSR,
and the selectivity of CO2 decreases as the percentage of substitution increases,
although it does not represent a significant decrease.

The molar equilibrium of the reforming reactions is observed in Table 9, this is
oriented both in all scenarios and both reactors to the right, which means that the
formation of CO2 is permanent in all cases, but when we analyse the conversion
percentages, we note that in the CZSR, reversibility of Reaction 3 occurs, and methane
is formed; additionally the molar flows on the left and right do not exhibit a very large
molar difference compared to RP, therefore, we can conclude that the total conversion
in the ZCSR is mainly controlled by the temperature of the reactor. Finally, we will
analyse the differential flow of methane that is in the feed to the process because the
composition of biogas with 61% is less than that of the content in natural gas with 91%.

As previously described, the composition of methane in the feed to the process is
92% for natural gas and 61% for biogas. This variation affects the amount of total
methane that enters the syngas reactors, which is lower as the substitution scenario
increases. For the basic design, the flow of methane feed is 50114.6 lb/h, and for the
study scenarios is as follows:

Reaction 1: CH4 + H2O = CO + 3H2 Reaction 3: CH4 + 2H2O = CO2 + 4H2

Right side
(lbmol/h)

Left side
(lbmol/h)

Right side
(lbmol/h)

Left side
(lbmol/h)

Base 11695.03 70.72 11695.03 143.95 PR*

8655.97 6245.66 8655.97 7838.90 CZSR**

70-30 11162.09 70.74 11162.09 387.97 PR

8711.51 5349.49 8711.51 6939.71 CZSR

60-40 10985.13 70.76 10985.13 469.05 PR

8873.50 5047.66 8731.70 6638.90 CZSR

50-50 10808.17 70.77 10808.17 550.13 PR

8753.39 4738.41 8753.39 6336.12 CZSR
*PR = primary reformer.**CZSR = catalytic zone, second reformer.

Table 9.
Molar equilibrium of the Reactions 1 and 3 in the PR and the CZSR.

Basic S1 (70–30) S2 (60–40) S3 (50–50)

PR 0.66 0.63 0.62 0.61

CZSR 0.53 0.52 0.54 0.59

Table 8.
Selectivity of CO2 with respect to methane in syngas reformers.
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• S1. Total methane mass flow feed: 41597.6 lb/h

• S2. Total methane mass flow feed: 38758.6 lb/h

• S3. Total methane mass flow feed: 35919.6 lb/h

The decrease in methane available to react in each scenario does not affect the
conversion of chemical reactions, but it does have a negative effect on the CO2

balance, since the flow decreases with the increase in percentage replaced. For exam-
ple, the shortage in S3 is 26757.56 lb/h. This amount of missing CO2 leads us to
conclude that in S3, even modifying the operating conditions by applying severity
factors, it will not be possible to reach the required flow specification as a secondary
product; therefore, S3 will not be considered for the subsequent study of the modifi-
cation of operational variables.

5. Modification of operational variables

Simulations were developed with modification of variables in scenarios S1 and S2
with the objective of increasing the conversion of Reaction 1 to obtain more CO and,
in consequence, greater flow of CO2 in the HTS and LTS reactors. Considering the
following:

• The first change of variable focused on the severity of the temperature, increasing
to 1400°F, 1454°F and 1508°F, respectively, at the exit of the primary reformer and
maintaining the original exit temperature of the secondary reformer.

• For the second part, it was considered to simulate the adiabatic secondary
reformers; therefore, the secondary reformer outlet temperature is determined
by the severity of the primary reformer and the amount of air entering the
process.

5.1 Scenario S1: 70-30

Table 10 shows the results obtained with the increase in temperature at the outlet
of the primary reformer without exceeding the severity parameters of the equipment.

Reactor Temperature 1400°F 1454°F 1508°F

PR Reaction 1 23.44 30.00 37.14

Reaction 3 26.84 27.37 27.42

HZSR Reaction 38 52.59 61.35 73.76

CZSR Reaction 1 118 130.2 158.1

Reaction 3 �59 �89.99 �164.1

The order of the colors is decreasing, where the darker shade indicates the higher result.

Table 10.
Temperature increase in the primary reformer for S1.

42

Research Advances in Syngas



Reaction 1 shows conversion increase with respect to the original S1. At 1400°F the
conversion increase is 58.06% higher, 102.9% at 1454°F and 150.44% at 1508°F.

Reaction 3 also presents an increase in conversion, although the proportion is lower
compared to that of Reaction 1, reaching a maximum increase of 2.33% at a tempera-
ture of 1508°F, so we can conclude that the increase in temperature in the primary
reformer has a greater incidence in Reaction 1. The case study is a positive factor since
we seek to increase the production of the WGS reaction in the HTS and LTS reactors.
Figure 9 shows the increase in CO production with the increase in temperature
compared to S1.

In original S1, the produced CO flux is 10768.47 lb/h at the outlet of the primary
reformer. For the temperature of 1400°F, the flow of CO increases by 6258.37 lb/h,
11,024 .34 lb/h for 1454°F and 16206.39 for 1508°F. With an increase in temperature
in the primary reformer, higher conversions of Reaction 1 are reached, which signif-
icantly favours the production of CO.

If we look at the consequences of the first change on the secondary reformer, the
Reaction 38 conversion increases with temperature, reaching a maximum value of
73.76% at a temperature of 1508°F, although from the CO2 production approach, high
conversion is favourable, the methane remainder will have an impact on the reactions
of the ZCSR, this presents the same behaviour as the original S1, but the conversions
are large, considering that the remaining methane flow that enters to react is
9804.4 lb/h; clearly these results indicate that the conversion does not necessarily
reflect a high production, on the contrary, the increase in temperature promotes the
formation of coke.

For example, at a temperature of 1508°F, Reaction 1 reaches 158% and �164.1% in
reversibility to Reaction 3 for a methane inflow of 3868.43 lb/h, considering that the
remaining methane at the CZSR outlet is adjusted to 1.72%, then a representative
contribution in the conversion change is not observed. Therefore, in order to consider
the second modification variable (SR adiabatic condition), only the temperatures of
1400°F and 1454°F will be taken into account.

Table 11 shows the results of the modification of the two conditions: (i) increase in
the severity of the primary reformer, and (ii) adiabatic secondary reformer; at the
temperatures selected based on the above analysis.

Figure 9.
Carbon monoxide formation by primary reformer severity.
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The conversion of Reaction 1 increases by 9.7% with respect to the result of
Table 11 up to 127.7%. On the contrary, the inverse conversion of Reaction 3 decreases
down to �28.58%, which means that less accumulated CO2 is consumed. One of the
most important effects of the adiabatic change of the secondary reformer is the almost
total consumption of methane. The mole fraction at the CZSR outlet is 0.0002 for
1400°F and 0.0001 for 1454°F, with the average outlet flow being 82.82 lb/h.

The final flow of CO obtained at 1400°F is 38911.47 lb/h, and at 1454°F
37681.56 lb/h enters the HTS reactor. With these results, the conversion of the Reac-
tion 2 reaction remains the same, but having a greater flow of CO fed, the production
of CO2 increases in 10522.05 lb/h more than the original S1, up to 140642.16 lb/h. For
the temperature of 1454°F the conversions in CZSR are higher; however, the final
flow of CO2 obtained at the exit of the LTS is 140742.32 lb/h, only 100 lb/h more than
the result obtained at 1400°F. In conclusion, temperatures above 1400°F are not
justified to achieve higher CO2 production.

5.2 Scenario S2: 60-40

We apply the same procedure used in S1, considering the modification of the
variables in two steps. Table 12 shows the results of the temperature increase for S2.

The behaviour is the same as in S1. Reaction 1 increases its conversion to a maxi-
mum of 38.79% at the temperature of 1508°F. For Reaction 3, no relevant increase in
conversion is observed with increasing temperature, and the conversion reaches its
equilibrium limit at 27.8%. The CO flux at the RP outlet increases by 6080.58 lb/h,

Reformer T (°F) 1400 1454 1508

PR Reaction 1 24.82 31.58 38.79

Reaction 3 27.25 27.73 27.78

HZSR Reaction 30 58.54 68.97 83.95

CZSR Reaction 1 ZC 113.5 127.3 173.8

Reaction 3 ZC �64.05 �106.7 �260.7

T S ZC (°F) 1565.6 F 1532.3 F 1495.4 F

The order of the colors is decreasing, where the darker shade indicates the higher result.

Table 12.
Temperature increases in the primary reformer for S2.

Reactor T (°F) 1400 1454

HZSR Outlet T. (°F) 2071.4 2156

CZSR (adiabatic) Reaction 1 ZC 127.7 132.6

Reaction 3 ZC �28.58 �33.25

CH4 mole fraction outlet 0.002 0.0001

CO outlet (lb/h) 38911.45 37681.56

The order of the colors is decreasing, where the darker shade indicates the higher result.

Table 11.
Adiabatic secondary reformer for S1.
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10652.33 lb/h, and 15532.84 lb/h, respectively, for each temperature, compared to the
original S2.

The conversion of Reaction 38 in HZSR increases with the temperature up to a
maximum of 83.95% at a temperature of 1508°F; as we know, the CZSR presents the
same behaviour and the remaining methane that enters is 7698.08 lb/h for 1400°F,
4893.49 lb/h for 1454°F and 2078.18 lb/h for 1508°F; therefore, no net syngas pro-
duction is observed differing significantly from the original S2. With the increase in
severity, only the risk of coke production is valued without a significant benefit in the
production of syngas.

To consider the second modification variable (SR adiabatic condition) in S2, only
the temperature of 1400°F is considered.

The conversion of Reaction 1 increases 3% with respect to the result of Table 13,
up to 116.4%. On the contrary, the inverse conversion of Reaction 3 decreases by
47.17%. The high decrease in the inverse conversion of Reaction 3 indicates that the
formation of methane drops considerably in the CZSR. For the operation of Table 14
in the configuration of the adiabatic secondary reformer, it was observed that the
methane consumption limit is 0.0001 in mole fraction; thus, the methane conversion
reaches 99%.

With these results, the flow of CO formed is 32449.94 lb/h. If we compare it with
the flow of CO in the original S2, the difference is 402.78 lb/h more. At the exit of LTS,
carbon dioxide production is 134916.80 lb/h, that is, the production increase is
10239.77 lb/h, compared to the original S2.

Stream name Basic design S1 (70-30)
T = 1400°F

S1 (70-30)
T = 1454°F

S2 (60-40)
T = 1400°F

lb/h lb/h lb/h lb/h

(11) Syngas to absorption inlet 145437.33 140295.42 140397.31 134537.52

(12) CO2 absorption outlet 146097.71 141244.37 141323.27 135484.40

(13) CO2 to urea plant 145252.84 140254.24 140334.47 134559.33

CO2 sub product requirements 145252.84

Difference 0 4998.60 4918.37 10693.51

Improved scenarios represent increased severity in PR and change to an adiabatic SR.*
The order of the colors is decreasing, where the darker shade indicates the higher result.

Table 14.
Flow difference at the outlet of the CO2 removal unit with improved scenarios.

Reactor T (°F) 1400 F

HZSR Outlet T. (°F) 2149

CZSR (adiabatic) Reaction 1 ZC 116.4

Reaction 3 ZC �16.88

CH4 mole fraction outlet 0.0001

CO outlet (lb/h) 32449.94

Table 13.
Adiabatic secondary reformer for S2.
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6. Conclusions

From the scenarios where natural gas is replaced with biogas, we can confirm that
the presence of greater amounts of CO2 in the feedstock to the processing unit directly
affects the increase in the conversion of Reaction 3 in the reformers; however, by
having a lower flow of methane fed, the total net produced CO2 balance decreases as
the replacement percentage increases.

The formation of methane is undoubtedly a key element for the selectivity towards
CO to be favoured in Reaction 1 due to the reversibility of Reaction 3 in the CZSR.

From the results obtained, we can say that the S3 scenario declined for the adjust-
ment of operational variables because despite the increase in severity and the adiabatic
SR, the production of enhanced CO would not be sufficient to reach the CO2 demand
required to produce urea.

The S1 and S2 scenarios were the basis for the change of operating variables to
increase the production of CO2 in the syngas unit. An increase in temperature in PR
and the change to an adiabatic SR, directly promote the formation of CO (Reaction 1),
therefore, increasing the production of CO2 in the HTS and LTS reactors. In Table 15,
we can see how the CO2 deficit decreases, and therefore, the gap that was found in
Table 14 for each substitution scenario.

So, we can see that for S2 at 1400°F, the CO2 deficit decreases by 15,705 lb/h, and
although the production is positive, the missing flux is considerable; therefore, it is
not considered a favourable scenario for the technical and potential economic
requirements of the plant.

In the case of S1, at both temperatures, the CO2 deficit does not exceed 5000 lb/h
reaching the required net balance is feasible only by slightly decreasing the flow of
biogas in the feed, and since there is no significant variation between the flow of CO2

produced at 1400°F vs. 1454°F, the most recommended scenario is S1 at 1400°F. It
should not be forgotten that the increase in temperature has an impact on an increase
in fuel gas required for the plant.

It is important to remember that the study considers the substitution of fossil
natural gas, only for the feed to the syngas process (not the natural gas required as
fuel). Therefore, the CO2 equivalent balance will show that, with the adjustments

CO2 equivalent balance

Scenario IPCC 2021 (lb/h)

Total, from inlets Total, from outlets (13) CO2 to urea plant CO2 eq Scope 1

Basic design 2358085.76 793208.61 145252.84 �1710129.99

S1 (70-30) 2130325.44 777626.33 129758.42 �1482457.54

S1 (70-30)
T = 1400°F

2130325.44 786944.11 140254.24 �1483635.58

S1 (70-30)
T = 1454°F

2130325.44 787014.45 140334.47 �1483645.46

S2 (60-40) 2054393.80 772198.81 124316.75 �1406511.74

S2 (60-40)
T = 1400°F

2054393.80 781233.42 134559.33 �1407719.71

Table 15.
Balance of CO2 eq for original scenarios and with modification of variables.
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made to the process, the most significant contribution to GHG emissions is due to the
unit’s fuel.

The CO2 eq balance considers the input and output flows to the processing unit to
calculate the net value of emissions in scope 1. Table 15 shows the balance made based
on the original scenarios and the variation of the selected operating conditions. The
CO2 eq balance was calculated in Aspen Hysys V.14 according to the IPCC 2021.

It is important to mention that for the balance developed, the flow of CO2 eq from
the biogas (CO2 capture process) was not discounted from the feed. By considering his
case in the balance, the input flows would be even lower, mainly due to fuel gas feeds
to the process.

The total input flow of CO2 eq decreases as the percentage of substitution with
biogas increases. This is mainly due to the decrease in the flow of fossil natural gas
that, as we know, has components with a much higher GPW.

All the output flows in Scope 1 are lower than those of the original design, and we
also observe that the modification of the operating variables slightly increases the
output flow for each scenario. This result is to be expected due to the increase in CO2

production.
Finally, the balance of Scope 1 is negative for all cases, and this means that CO2 is

captured. For example, for an ideal case (S1 at 1400°F), we have 1483635.58 lb/h of
CO2 eq avoided. All the scenarios, both studied and modified, show good negative
figures, but in considering a balance between the best Scope 1 achieved and the
efficiency of the process itself, such as the case of S2 at 1400° F, which has a lower
flow of CO2 avoided (for the decrease in fossil fuel), the CO2 deficit in the process is
very high and cannot be covered. In addition to this, the required fuel and the
probability of forming coke with the increase in temperature must be considered.
Therefore, S1 at 1400°F is the most favourable outcome in this study.

List of acronyms and abbreviations

ATR autothermal reforming
BG biogas
CZSR catalytic zone secondary reformer
GHG greenhouse gas emissions
GWP global warming potential
HTS high temperature shift reactor
HZSR high combustion zone secondary reformer
IPCC Intergovernmental Panel on Climate Change
NG natural gas
LCA life cycle assessment
LTS low temperature shift reactor
SMR steam methane reforming
POX partial oxidation
Syngas synthesis gas
PR primary reformer
SR secondary reformer
TRLs Technology readiness levels
TS outlet temperature
WGS water gas shift
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Chapter 4

Perspective Chapter: Determinants
of Natural Gas Prices in the United
States – A Structural VAR Approach
Dixon Domfeh

Abstract

This study examines the dynamic economic relationships between the fundamen-
tal variables that influence natural gas prices within the U.S. market. A structural
vector auto-regressive (VAR) and Markov switching models were used to investigate
the impact and stability of regime switches between the main drivers of natural gas
prices. The result reveals that the U.S. gas market market is sensitive to temperature
deviations in the short term. Crude oil and coal prices have long-run effects on natural
gas prices, emphasizing energy-specific demand shocks. Mainly, coal prices determine
about 73% of gas price variability for the sample period with three discernible regime
switches.

Keywords: natural gas, structural VAR, Markov switching, weather, storage

1. Introduction

This study explores the dynamic interplay among the core determinants of natural
gas pricing. The cost of natural gas holds significance for multiple stakeholders given
its pivotal role in the heating and cooling industry, as well as its use in the generation
of electricity. Consequently, understanding the natural gas price formation is crucial
from both macroeconomic and micro-economic viewpoints. Nonetheless, the evolu-
tion of pricing is intricate due to numerous distinctive supply and demand traits that
markets confront, including weather conditions, the effects of cross-commodity sub-
stitution, unexpected changes in storage, and fluctuations in business cycles.

It is difficult to disentangle the spillover effect of energy commodities due to their
interconnected usage. For instance, natural gas could be used as an energy input to
substitute crude oil in electricity production and heating and cooling in residential
quarters. Xu Gong and Wang [1] have analyzed the volatility spillover effects among
the four major commodities (i.e., crude oil, gasoline, heating oil and natural gas) in the
U.S. futures market and found that spillovers have peaks and troughs during pivotal
periods in history such as the U.S. shale gas discovery, the Great Financial Crisis and
the oil price crash. Wang et al. [2] show that increasingly financial market factors such
as investor speculation are becoming important in natural gas price formation. Not-
withstanding the financialization of energy commodities, there are other fundamental
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factors that affect the price formation of commodities. More specifically, natural gas
may have regional and international factors that drive price formation. Zhang and Ji
[3] and Wang et al. [4] emphasize that natural gas markets have strong regional
characteristics. As such research findings from different regions of the world such as
Europe, China and the U.S. may not always be consistent. For example, Nick and
Thoenes [5] find that storage conditions have a significant effect on natural gas prices
following a logical economic narrative in Germany. Elsewhere, Wang et al. [2] find
that storage conditions have marginal input in natural gas price movements in the U.S.
The regional discrepancies may arise for several reasons. In the U.S. electricity pro-
viders who use most of the natural gas have operation mechanisms that allow them to
switch between inputs (i.e., natural gas and coal). The regional price formation of
natural gas prices can also be attributed to liberalization of hubs. Wang et al. [4] show
that the Chinese market’s price of natural gas trades at a premium because of its link to
oil indexation and not necessarily driven by market fundamentals. Specifically inves-
tigating the volatility in prices, Hailemariam and Smyth [6] report that gas prices are
responsive to structural supply shocks in the U.S. citing several prominent events such
as Hurricane Katrina, Global financial crisis and the discovery of shale resources.
Moreover, technological and climate change polices continue to evolve the landscape
of the gas market in the U.S.

In this research, five fundamental drivers of natural gas prices are identified in
the U.S. gas market. The supply and demand interactions of temperature and
storage deviations, short-term interest rate, coal, and crude oil prices are analyzed
as variables that affect natural gas prices. We develop a structural vector auto-
regressive model (VAR) and a Markov Switching process to investigate the phe-
nomena. The models yield insights into the dynamic relationship between the vari-
ables under study. The impulse response simulations from the VAR model are
consistent with economic reasoning, implying that natural gas prices react to
underlying supply and demand shocks. Natural gas prices rise in reaction to abnor-
mal temperatures, which increases heating and cooling demands in the short term.
The response of gas prices to structural shocks of storage is insignificant from this
study. However, the empirical results reveal that storage level depletes through
withdrawals in response to extraordinary temperatures, which increases demand for
heating or cooling. Coal and crude oil price shocks show long-term effects on the
natural gas price formation.

A significant contribution of this research is identifying the distinct contributive
effects of the different variables on natural gas prices. It is interesting to find coal
prices determining about 73% of gas price variability for the sample period, unambig-
uously making it a systematic determinant of natural gas prices. A three-state Markov
switching process between coal and gas prices has been identified with noticeable
regime switches.

The discovery that the cost of coal is the main determinant of natural gas prices
could question the conventional notion that crude oil is the key factor in determining
gas prices. For example, Hartley and Medlock [7] and Brown and Yucel [8] argue that
gas and crude oil prices are co-integrated in the short and long run. However, the
stability of this cointegration dynamics is not stable over time. Wang et al. [2] and
Ramberg and Parsons [9] bring to bear that the cointegration relationship between oil
and gas in the U.S. market decouples over time. Particularly, Wang et al. [2] demon-
strate the declining role of oil prices in natural gas pricing mechanism with time-series
data between 2001 and 2018. This is due to the demise of crude oil indexation of
natural gas prices. The findings of this paper is consistent with an earlier work by Nick
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and Thoenes [5] who find a similar strong evidence of connection between coal and
natural gas prices in Germany.

In the past, the cost of crude oil has been perceived as the most influential element
impacting long-term natural gas prices. A straightforward guideline, known as the 10-
to-1 rule, was dominant in the 1990s. This rule proposed that the price of natural gas
was one-tenth that of crude oil, as indicated by Brown and Yucel [8]. This trend of
linking prices to oil has shifted in recent years, particularly in the United States, as a
result of the shale gas revolution that started in 2005. With the successful application
of horizontal drilling and fracking technologies, shale gas production has increased
exponentially, accounting for about 79% of total gas supplies in the U.S.

The description of the data used are discussed in Section two. Section three out-
lines the empirical methodologies employed in previous research on the natural gas
market, definition, and identification of the structural VAR model. Empirical results
in the form of impulse responses and Markov switching processes are explained in
Section four. A summary and conclusion are presented in Section five.

2. Data description

The dataset used in this research consists of 471 observations of weekly data within
the period from January 2, 2010, to December 29, 2018.1 It comprises the Henry Hub
natural gas spot price, West Texas Intermediate (WTI) crude oil spot price, average
U.S. spot coal price, U.S. natural gas storage, the annual yield on 3-month U.S.
Treasury Bill, and the consumption-weighted temperature deviations from historical
averages for the top 5 natural gas consumption states in the U.S.2 Figure 1 displays all
the time series of the variables and Table 1 provides a summary definition of the
variables used in this study.

The choice of variables for this econometric analysis is comprehensive as it
encompasses the diverse fundamental drivers of natural gas prices both on the
demand and supply side. The variables used in this paper have been well studied and
documented in the energy economics literature (see for examples [2, 10–13]). Vari-
ables such as exchange rates are not applicable to the U.S. market it is a net exporter of
natural gas. We do not consider the role of speculative investors to be a fundamental
factor in this paper since we feel that they are more related to the financialization
aspect of commodity market as a whole and not specific to natural gas. Spot prices are
heavily relied upon due to their ability to capture significant short-term impacts,
particularly those of interest, such as demand spikes triggered by temperature varia-
tions. Furthermore, Zhang and Ji [3] suggest that for the U.S. market hub prices can
reflect the true value of natural gas. Here, the Henry Hub spot price was used because
its price movement is considerably affected by the temperature conditions of the top 5
natural gas consumption states considered in this study.

The model was calibrated using weekly data to allow for the inclusion of coal price
data, which is only available in weekly frequency while capturing short-term meteoro-
logical conditions. Prices of crude oil and coal are used as proxies for energy-specific
demand. The inclusion of the spot price of crude oil is essential for capturing the
interdependence between oil and gas in the domestic heating and cooling market. By

1 The observations are averages for each week ending on Friday.
2 The top 5 natural gas consumption states are Pennsylvania, Florida, Texas, Louisiana and California. The

weights are as follows: California, 0.20; Florida, 0.13; Louisiana, 0.15; Pennsylvania, 0.12; Texas, 0.37.
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incorporating coal prices into the model, the interaction between gas and coal in the
electricity generation sector can be captured. This enables the representation of cross-
commodity effects associated with fuel substitution (see, for example, [5]). Natural gas,
coal, and crude oil price time series were transformed to their natural logarithms. This
approach is consistent with macroeconomic literature (see, for example, [14]). The

Figure 1.
Time series of all variables used.

Variable Description Unit Source

Temperature
deviations

Measured as the degrees day (D.D.) deviations
from historical averages. DD = CDD + HDD.
Where CDD is cooling degrees day and HDD is
heating degrees day

Degrees
Fahrenheit

National
Weather Service
(NWS)

WTI price West Texas Intermediate spot price for U.S.
crude oil

USD

Per barrel Bloomberg

Coal price The average spot price of U.S. coal from the five
producing regions (Central Appalachian, N.
Appalachian, Illinois Basin, Powder River Basin,
Uinta Basin)

USD per ton Quandl

Natural gas
price

Henry Hub spot price USD per million
Btu (British
thermal unit)

Bloomberg

Storage Working gas in underground storage Bcf (Billion cubic
feet)

U.S. Energy
Information
Administration

Treasury bill Three months U.S. treasury bill Percent Federal Reserve
Bank of St. Louis

Table 1.
Summary description of variables used.
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structural VAR (vector autoregressive) equation was estimated with log-level prices
because the major interest is in the dynamic economic relationships between the selected
variables with the natural gas market and not any possible cointegration or stationarity.

The natural gas demand in the residential heating market is susceptible to temper-
ature. In a liberalized market, it is anticipated that storage operators will take advan-
tage of predictable seasonal demand fluctuations. Hence, exceptional short-term
weather conditions that result in a shift in demand are anticipated to be significant
factors in gas price formation, rather than predictable seasonal patterns. Conse-
quently, the degree day deviations (D.D.) from normal historical averages was equally
constructed to determine gas prices. Temperature expressed in degree days is a quan-
titative index that reflects a demand for energy to heat or cool houses and businesses.
Degree days (D.D.) is the sum of heating degree days (HDD) in the winter and cooling
degree days (CDD) in the summer.3

DDt ¼ CDDt þHDDt (1)

CDDt ¼ Max 0,Tavet � 65oFð Þ (2)

HDDt ¼ Max 0, 65oF � Tavetð Þ (3)

where Tavet is the average daily temperature of date t. The weather shock is
defined as the deviation of D.D.s from the normal level over the period.

Wt ¼
Xm
i¼1

DDtþi �DDNORMtþið Þ (4)

where m is the weather period, DDtþi is the degree days on day tþ i, DDNORMtþi
is the normal degree days which is the average degree days of the previous 30 years on
day tþ i. The use of deviations of the observed D.D. from their historical averages
estimates the effect of unexpected weather conditions on gas prices.

In this study, storage data was included because storage operators are both on the
supply-side (withdrawal phase) and demand-side (injection phase). Furthermore,
instead of absolute volumes, the change in utilization rate was employed as an indicator
of fluctuations in total storage capacity. The discrepancy between the average seasonal
changes in utilization and the actual weekly changes was used as a proxy for the capacity
of flexible storage to respond to storage shocks. The deep reasoning for this approach is
to capture deviations from the seasonal storage utilization pattern. Natural gas produc-
tion was not included since the U.S. has been a net exporter of LNG and crude oil since
the shale gas boom in 2006. Three months treasury bills was fitted as a control variable.
Treasury bills may affect natural gas prices because the short-term interest rate is a
significant component of the cost of carrying inventories [15, 16].

3. Empirical methodology

There has been enormous empirical research on the natural gas market in recent
years. A common thematic approach underlying these findings is the relationship
between natural gas and crude oil prices rather than exploring how the natural gas

3 HDD and CDD are widely used weather derivatives in the energy industry which are traded at the

Chicago Mercantile Exchange (CME).
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market works. These approaches ignore the possibility of structural dynamics within
the market. For example, [7, 8, 17–19] find movements in oil prices to influence
natural gas prices. Brown and Yucel [8] analysis involved testing for a cointegrating
relationship using a vector error correction model (VECM). In contrast, other studies
conclude that there is a weak link in the so-called oil-gas relationship (see, for example
[3, 9]).

Other complex and comprehensive frameworks have been used to explore and
disentangle the supply and demand shocks driving natural gas prices using various
structural or reduced-form models. Nick and Thoenes [5] analyze the German gas
market using a structural VAR and find that weather, supply, storage, coal, and oil
price shocks have a significant effect on natural gas price formation. Hou and Nguyen
[20] employ a Markov switching structural VAR model to investigate the regime-
dependent responses to its fundamental shocks. They find that the impact of oil on
natural gas prices is relatively small and regime-dependent. Our attempt to use a
structural VAR to model the fundamental drivers of weather, supply, interest rate,
crude oil, and coal prices is a novel approach in U.S. gas market research.

3.1 Model definition

We utilized a structural vector autoregression (SVAR) methodology to model the
interrelationships among key factors in the natural gas market. This approach allowed
us to explicitly analyze the transmission channels that influence natural gas prices. To
constrain the feedback effects of exogeneity of some of the variables used in this
analysis, their coefficients was restricted to zero. The VAR model in its reduced form
can be represented as:

yt ¼ υþ A1yt�1 þ … þ Apyt�p þ εt, εt � WN 0,Σð Þ (5)

where yt ¼ yt, … … , ym,t

� �0
is a vector of m endogenous variables, p is the number

of lags of each variable, and υ is an m� 1 vector of intercepts.
The error terms are grouped into εt ¼ εt, … , εm,tð Þ0, such that the error term in each

equation has a zero mean and is uncorrelated over time and homoskedastic. However,
the error terms can be contemporaneously correlated with errors in other equations.
Therefore, εt is a multivariate white noise process, εt � W:N: 0,Σð Þ, where Σ is an m�
m variance-covariance matrix. The VAR model was specified with a length of six lags
as identified by the Akaike Information Criterion. The SIC indicates a lag length of
one; however, there is a strong autocorrelation in the error terms with one lag.

The instantaneous causality among the variables represented by εt in the reduced-
form model does not allow for an economic interpretation of the error term. To
remedy the situation, a structural model has to be identified as:

yt ¼ Im � Að Þyt þ A ∗ yt�1 þ … þ A ∗ yt�p þ εt (6)

where Im represents the identity matrix of order m, A is an m�m matrix of
instantaneous interaction among the variables and A ∗ is equal to AA(i) for i ¼ 0, … , p.
Additionally, εt ¼ ε1t, … , εm,tð Þ0 is a row vector of m dimension which represents the
structural errors with a variance-covariance matrix Σε. As the instantaneous causality
is captured by A, Σε is diagonal. By assigning the errors of the structural representa-
tion to a specific variable, it becomes possible to interpret them in accordance with

56

Research Advances in Syngas



economic theory. It enables a deeper understanding of the underlying economic
relationships and their impact on the variable of interest.

3.2 Model identification

To identify the model, restrictions are placed on the instantaneous coefficient
matrix A. The structural representation can be achieved by imposing m mþ 1ð Þ=2
restrictions. The instantaneous restrictions imposed for identification of the structural
VAR is summarized in Table 2.

Since weather and interest rate are exogenous to the other variables in this analy-
sis, they are ordered first within the matrix of contemporaneous interactions. Tem-
perature deviations are expected to affect storage levels (via withdrawal from
underground working gas) for cooling or heating purposes. Consequently, the instan-
taneous influence of temperature on storage unrestricted was ignored.

Storage of a commodity like natural gas is expected to be affected by the prevailing
interest rate due to the cost of carrying inventory. In a high-interest rate environment,
storage cost increases; therefore, the interaction between interest rate and storage was
left intact. Gas price changes are expected to influence gas storage as storage operators
primarily engage in inter-temporal price arbitrage. This economic rationale may drive
the decisions and behavior of storage operators, emphasizing the significant impact of
gas price fluctuations on storage dynamics. Furthermore, gas storage serves as a
means to address temporary imbalances in supply caused by unexpected market
conditions, including extreme weather events. It provides a mechanism to mitigate
the effects of such disruptions and maintain stability in the gas market. Thus, con-
temporaneous impact of oil, coal, natural gas prices on storage is left unrestricted.

Enabling instantaneous interaction between crude oil, coal, gas prices, and tem-
perature deviations is a logical approach. Extreme cold temperatures increase the
demand for heating oil and can raise the price of WTI through this channel. The price
of coal may be affected by oil and gas prices since coal serves as a substitute for
electricity production. Therefore, the contemporaneous interaction between coal, gas,
oil prices, and temperature are unrestricted.

The effect of interest rate across all three commodity prices (i.e., crude oil, coal,
and natural gas) is unrestricted as it may have a significant explanatory power on the
price variability. The overshooting model of Dornbusch hypothesizes that monetary
changes have real short-run effects on commodity prices [21]. Whenever markets

Temperature Interest rate Storage Crude price Coal price Gas price

Degree days deviations ∗ 0 0 0 0 0

Change in 3-month T-bill 0 ∗ 0 0 0 0

Storage deviation ∗ ∗ ∗ ∗ ∗ ∗

Price of WTI ∗ ∗ 0 ∗ 0 0

Price of coal ∗ ∗ 0 ∗ ∗ ∗

Natural gas price ∗ ∗ ∗ ∗ ∗ ∗

Notes: Each row represents an equation in the VAR model with the independent variables ordered in columns.
The ∗ denotes the parameters estimated from the data and allow for instantaneous interaction between the variables,
whereas 0 indicates that the parameter has been restricted to zero.

Table 2.
Identification of the contemporaneous matrix.
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adjust in response to monetary changes, those sectors of the economy that are free to
move (i.e., commodities and financial assets) must bear the burden of the sluggishness
of the sticky sectors (i.e., manufacturing and services).

In this research, the focus is primarily on the price of natural gas as the main
variable of interest. Therefore, no restrictions are imposed on that variable in the
equation. This approach allows for a comprehensive analysis of the immediate impacts
of all variables included in the model on natural gas prices. By considering all vari-
ables, we can understand the factors influencing natural gas prices.

4. Empirical results

4.1 Impulse response function

The application of the VAR model concerns the evaluation of the impact of struc-
tural shocks, which can be done using the moving average (M.A.) representation.
Figure 2 presents the estimated impulse response functions for the natural gas price.

The response of gas prices to changes in temperature, as observed in the impulse
analysis, aligns with economic narrative. Extreme temperature has an immediate and

Figure 2.
Responses of natural gas prices to shock from the other variables. Notes: response is to Cholesky one s.d. innovations
2 s.e.
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substantial impact on the price of natural gas through demand for heating or cooling
in residential and business buildings. The effect is significant and declines over time
but can last for as long as ten weeks, which indicates that temperature shocks have a
short-term impact on natural gas prices. Short-term interest rate innovation has no
significant effect on gas prices and crude oil and coal prices, which is contrary to the
observed a priori assumption.

Innovations from storage do not also affect gas price movement. This finding is
consistent with the results of another empirical research by Wang et al. [2], who find
that the influence of storage on natural gas prices proves to be marginal in the U.S.
market. Although this research focuses on the determinants of natural gas price
variability, it is worth discussing the structural response of storage to all variables, as
shown in Figure 3. The impulse response function reveals that extraordinary temper-
atures lead to storage withdrawals. This phenomenon is caused by the demand for
temperature-sensitive natural gas in the heating and cooling of residential and com-
mercial facilities. Nonetheless, the response of storage flows to natural gas price
shocks is insignificant, and it may be inconsistent with economic expectations. This is
because an increase in natural gas prices should incentivize storage holders to with-
drawal from their inventory. This economic narrative may not be the case for U.S.
market. We reason that the effect of the rise in natural gas prices in response to
storage withdrawal may be muted by cross-commodity effects. Storage withdrawals
occur in response to shocks in coal prices as shown in Appendix A. It could be
explained by the cross-commodity relationship emphasized earlier. An increase in coal
prices implies high demand; therefore, electricity producers who can switch their
input move to natural gas, which affects storage levels through withdrawals. Since
operators are switching from a higher price (coal) to a lower priced input (natural
gas); the net change in storage may not necessarily lead to a significant price move-
ment in natural gas. Consequently, innovations in storage leads to natural gas price
stability.

Figure 3.
Impulse response functions for all variables.
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Coal prices only affect natural gas prices with a delay, but its effect is substantial
and remains stable over time and gradually declines. The strong inter-dependency
between coal and natural gas can be attributed to the energy mix of the U.S. electricity
generation industry. According to the U.S. Energy Information Administration (EIA),
about 35.1% and 27.4% of total electricity generation output were from coal and
natural gas, respectively in 2018. This brings about fuel competition among energy
producers, which may induce a positive cross-price elasticity of these two commodi-
ties. Consequently, a rise in the price of coal implies an increase in the demand for
natural gas and, therefore a resulting price increase.

The derived structural response of natural gas prices to crude oil and coal prices
reveals significant inter-dependencies among energy commodities. The price of gas
responds positively to innovations in both oil and coal prices. However, the pattern
with which oil and coal influence gas prices is fundamentally different. Oil price
shocks impact natural gas prices instantly, causing the cyclical price movement in
natural gas in the short-term, but later establish a long-run relationship after that.
This long-run relationship between natural gas and oil prices is plausible as there
exists a physical link in their direct substitution relation in the residential heating
sector.

4.2 Forecast error variance decomposition

After identifying the structural dynamics in the natural gas market, it is appropri-
ate to investigate the fundamental influences of each variable on natural gas price
movement. To this end a forecast error variance decomposition was performed
using the results of the estimated structural VAR model. The variance decomposition
splits the forecast error variance of each endogenous variable, at different forecast
horizons, into the components due to each of the shocks. This provides information on
their relative importance. The contributions of innovations in variables calculated
through the moving average representation of the VAR model are presented in
Table 3.

Temperature and storage deviations unexpectedly have no explanatory power on
the price formulation of natural gas. However, the forecast errors of gas prices can be
explained more precisely by developments related to coal and oil markets. Coal price
variations have the most impact on natural gas price variability, with maximum
explanatory power in short-term horizons (4–12 weeks). Long-term natural gas price

Period Temperature Interest rate Storage Crude oil price Coal price Natural gas price

1 0.00 0.37 0.02 16.88 72.60 10.13

2 0.00 0.18 0.02 16.99 72.79 10.03

4 0.00 0.14 0.02 17.04 72.84 9.97

12 0.00 0.32 0.01 17.00 72.83 9.84

26 0.00 0.37 0.01 17.19 72.68 9.75

52 0.00 0.40 0.01 17.37 72.50 9.72

Notes: values are expressed in percentages.

Table 3.
Forecast error variance decomposition for natural gas price.
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development (up to 52 weeks) is heavily affected by variations in oil prices. Coal and
crude oil prices account for about 90% of the gas price variance with a forecast
horizon of half a year.

4.3 Markov switching

Having identified coal prices to have the most explanatory power on natural gas
price development, a Markov process was ran to ascertain gas price regime changes as
explained by coal price variability. Coal prices are the first-differenced to obtain
stationarity, while natural gas price series are stationary at the level.4 A three-state
Markov switching process was identified for the interaction between natural gas and
coal prices, as presented in Table 4.

As shown in Table 4, Regime 1 shows a robust positive co-movement between gas
and coal prices. Regime 2 (with a relatively moderate co-movement) does show a
discernable switch from Regime 1 as observed in the coefficients. Regime 3, however,
shows a weak co-movement. Explicitly, Regime 1 dominates the Markov process with
a constantly expected duration of 56 weeks which is longer than the 24 weeks duration
for Regime 2. The probability of remaining in that regime on any given day of 0.982 is
the highest.

The results mean that when there is a strong co-movement between natural gas
and coal prices, one can expect it to last for a long as a year which is a high probability.
Displayed in Figure 4 are the filtered switching probabilities for the Dominant
Regime 1.

Variable Coefficient Std. error z-Statistic Probability

Regime 1

C 2.72055 0.03006 90.50647 0.00000

D(COALPR) 0.20023 0.06242 3.20756 0.00130

Regime 2

C 3.85925 0.04661 82.80654 0.00000

D(COALPR) 0.20015 0.10493 1.90754 0.05650

Regime 3

C 4.96656 0.10550 47.07560 0.00000

D(COALPR) 0.09762 0.18518 0.52716 0.59810

Common

LOG(SIGMA) �0.90061 0.03500 �25.73061 0.00000

Notes: Dependent variable is the natural gas price.

Table 4.
Three state Markov switching regression for gas and coal price interactions.

4 T-stat (gas price) = �3.546417; T-stat (difference coal price) = �20.81579.
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5. Conclusion

Thus far, this paper has investigated the dynamic interaction between the funda-
mental variables within the U.S. natural gas market. The analysis is conducted with
structural VAR and Markov switching models. This approach allows us to disentangle
the effects of different fundamental influences on natural gas prices. The empirical
results reveal that abnormal temperatures affect natural gas prices in the short term.
However, the price development of natural gas is closely tied to crude oil and coal
prices in the long term, indicating the high importance of cross-commodity effects.

The specific contribution of the main fundamental drivers of gas price formation
within the period under study was explicitly analyzed. Results from this study
revealed that coal prices account for about 73% of the price variability of natural gas
prices with a persistently strong regime switch. The results of this research are rele-
vant to storage operators, electricity producers, and speculative investors in strategy
formation and operations. As the results of this research are compelling, it cannot be
generalized as natural gas prices are mainly determined by regional supply, demand,
and temperature variations (see, for example, [3]). The approach provides an inno-
vative framework for further research on more specific economic mechanisms within
the U.S. gas market. Additionally, this model can be used to study other regions within
the U.S. The current application is still restricted by the limited data on certain vari-
ables used in this research. A future attempt will be made to generalize the findings
for the entire U.S. gas market when more data become available.

This chapter was initially published as a preprint: Nkwantabisa D. Determinants of
Natural Gas Prices in the United States—A Structural VAR Approach [Internet]. SSRN
Electronic Journal. Elsevier BV; 2021. Available from: http://dx.doi.org/10.2139/
ssrn.3905560

JEL classifications

C32, E32, G13, Q40

Figure 4.
Markov switching probabilities for Regime 1.
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Chapter 5

Application of Supply Chain 
Strategies to Improve the 
Performance of Syngas Networks
Nasiru Zubairu and Mira Al Balushi

Abstract

Production and utilization of syngas have the benefits of reducing greenhouse gas 
emissions and improving energy security. Renewable energy can be generated from 
syngas by converting problematic waste products into useful fuels and can be produced 
onsite to reduce transmission losses and costs. However, syngas is experiencing slow 
investment, production, and utilization due to bottlenecks, which are rooted in its sup-
ply chain networks. To address these challenges, this study aims to explore and evaluate 
supply chain strategies that drive performance in syngas networks to guide stakeholders 
to develop and embrace supply chain initiatives for improved competitiveness, sus-
tainability, and energy security. Procurement, production, distribution and logistics, 
and end-use adoption are established as the key supply chain strategies that should be 
embedded in syngas supply chains to improve performance. Collaboration and technol-
ogy support these strategies. These strategies will address the supply chain challenges, 
including feedstock availability, technology limitations and distribution infrastructure 
inadequacies.

Keywords: syngas, supply chain networks, supply chain challenges, supply chain 
strategies, sustainable energy, energy security

1. Introduction

The world’s population has risen to eight billion in 2022, more than three times 
higher than in the mid-twentieth century. The global population is projected to grow 
to 8.5 billion by 2030 and 9.7 billion by 2050 [1]. This rapid growth, accelerating 
urbanization, technological advancements and deployments, and the desire for clean 
energy will place immense pressure on energy supply networks [2]. To address the 
severe environmental and economic concerns of the 21st century, the transition to 
sustainable and low-carbon energy is a priority [3]. Households, governments, and 
supply chains demand more environmentally friendly, reliable, and affordable energy 
sources [4, 5]. Furthermore, globalization, increasing competition, uncertain busi-
ness environments, progressive customer attitudes, and the desire for sustainable 
energy are driving sustainable energy supply chain networks [6].

Alternative energy sources are becoming increasingly prominent due to the negative 
effects of traditional fossil fuels on the environment, including climate change [7]. Syngas 
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offers an innovative solution that integrates sustainability, flexibility, and scalability [3]. 
Syngas is produced from carbon biomaterials [8]. Investment and deployment of syngas 
have the benefits of reducing greenhouse gas and energy cost. Renewable energy can be 
generated from syngas by converting problematic wastes to valuable fuels and can be 
produced onsite to reduce transmission losses and costs [7]. According to an article in 
the Financial Times, some of the recent developments in syngas include a $2 billion plant 
in the US that will produce syngas using wind and solar power. In this plant, synthetic 
methane, similar in chemical structure to natural gas, can be produced with captured or 
atmospheric carbon dioxide (CO2), making it carbon neutral. It can be used in existing 
natural gas infrastructure and contribute to decarbonizing activities that are difficult to 
electrify. Additionally, syngas reuses CO2 that would otherwise be released, making it 
superior to natural gas in terms of emissions [9].

There are examples of practical syngas utilization in real-life, including in chemi-
cal and petrochemical industries and as synthetic natural gas (SNG) for heating 
and transport. Syngas serves as a vital feedstock to produce various chemicals and 
petrochemicals. The versatile nature of syngas allows for the synthesis of a wide range 
of valuable products, such as methanol, ammonia, hydrogen, and synthetic fuels 
[8]. A notable example is the Eastman Chemical Company’s methanol production 
plant in Texas, USA. The plant utilizes natural gas as a feedstock to produce syngas 
through steam reforming. The syngas is then converted into methanol, which serves 
as a raw material for various chemical products, including plastics, adhesives, and 
solvents [10]. Additionally, syngas can be further processed to produce SNG, which 
can be used for heating and transportation purposes. SNG production involves the 
conversion of syngas into methane, resulting in a gas that closely resembles natural 
gas in composition and properties [6]. An example is the SNG plant in Prenzlau, 
Germany, operated by E.ON Bioerdgas GmbH. The plant produces SNG from biogas 
derived from organic waste. The produced SNG is injected into the natural gas grid 
and distributed for heating applications, and fuel for vehicles running on compressed 
natural gas [11].

Despite the benefits of syngas and their promising potential, some challenges 
accompany the production of syngas, including the cost of producing green hydrogen 
and CO2 from biomass, as well as concerns about methane leakage and the need for 
broader climate change mitigation [9]. Additionally, critics and skeptics raise con-
cerns about the negative impacts and drawbacks associated with syngas production 
and utilization. One primary concern is the carbon intensity of syngas, particularly 
when produced from fossil fuel feedstocks such as coal or natural gas [12]. While 
SynGas can be a substitute for natural gas, it still contributes to carbon emissions 
and climate change if produced from non-renewable sources [13]. Another concern 
is syngas production processes resulting in potential environmental pollution and 
adverse health effects. The gasification of coal or biomass can release pollutants such 
as Sulfur compounds, particulate matter, and trace elements into the atmosphere [14]. 
The proper management of emissions and waste by-products is crucial to mitigate 
these environmental and health risks [15]. Further, critics argue that syngas may 
divert attention and resources from investing in more established renewable energy 
sources, such as solar and wind power. Arguing that focusing on the development of 
renewable technologies and energy storage systems would yield greater long-term 
benefits in terms of sustainability and carbon reduction [16]. Consequently, several 
supply chain challenges must be addressed to facilitate the substantial adoption of 
syngas globally. The availability of feedstock, technological innovation, cost competi-
tiveness, regulatory frameworks, and public acceptance are some of the challenges 
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facing syngas supply networks [17]. However, addressing these issues can open vari-
ous opportunities, such as creating integrated waste management systems, increasing 
regional energy independence, and decreasing greenhouse gas emissions [6].

Prior studies have established the links between supply chain strategies and energy 
systems performance [18]. Thus, there is potential for syngas practitioners to apply 
supply chain initiatives to improve performance across the entire value chain. Energy 
networks, including that of syngas, are extended, more complex, volatile, and more 
prone to various supply chain challenges [8]. Syngas supply chain network encom-
passes a range of interdependent activities, from feedstock sourcing to gasification, 
purification, and distribution [19]. Understanding the complexities of each compo-
nent is critical for improving efficiency, lowering environmental consequences, and 
increasing economic viability [6]. Thus, analyzing unconventional energy supply 
chains such as syngas is important owing to unexpected risks, disruptions and vulner-
abilities that affect their supply networks.

2. Syngas supply chain networks

The syngas supply chain consists of various interconnected value chains, each 
playing a crucial role in the production, purification, distribution, and utilization of 
syngas. These value chains include feedstock sourcing and pre-processing, gasifica-
tion and gas purification, and syngas distribution and consumption by end-users [19]. 
Understanding the interactions and interdependencies among these components is 
essential for optimizing the efficiency and sustainability of the syngas supply chain [20].

2.1 Feedstock sourcing and pre-processing

The first process in the syngas supply chain, like most supply networks, consists of 
sourcing raw material, in this case, feedstock. Sourcing is the strategic selection of the 
materials or services organizations need to run their operations, which includes sup-
plier selection, contract negotiation, and relationship management [21]. Feedstock 
acquisition involves sourcing suitable carbon-containing materials such as biomass, 
coal, or waste [22]. The selection of feedstock depends on factors such as availability, 
cost, sustainability, and local regulations [19]. Once the suitable feedstock has been 
sourced, the next value chain is the pre-processing, which is preparing the feedstocks 
to meet the gasification process requirements and may include activities such as sort-
ing, shredding, drying, and size reduction to optimize gasification performance [20].

2.2 Gasification and purification

Once the feedstock has been pre-processed, it is ready for the gasification process, 
which is a critical process in syngas production, where feedstocks are converted into a 
mixture of carbon monoxide and hydrogen [19]. Different gasification technologies, 
such as entrained flow, fluidized bed, or plasma gasification, are utilized based on 
specific feedstock properties and process requirements [3]. Gasification efficiency, 
feedstock flexibility, and the control of by-products such as tar and ash are critical 
considerations in this stage [23]. After gasification, the raw gas undergoes purifica-
tion and treatment to remove impurities and contaminants. This includes the removal 
of particulate matter, Sulfur compounds, nitrogen compounds, and trace elements 
[19]. Various gas treatment technologies, such as wet scrubbing, adsorption, and 
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catalytic conversion, are employed to meet the required quality standards for syngas 
[23]. Effective purification and treatment are crucial for maximizing the energy value 
and minimizing the environmental impacts of the final syngas product [3].

2.3 Distribution and end-use applications

Once purified, the syngas must be efficiently transported and distributed to end 
users. The supply chain’s distribution process connects syngas’s production to the 
downstream entities or end-user [20]. The distribution infrastructure may involve 
pipelines, compressed gas transportation systems, or storage facilities [24]. Distance, 
logistics, and safety considerations are vital in designing an effective distribution 
network [19]. Therefore, collaborations with existing natural gas distribution systems 
and the development of dedicated syngas pipelines can enhance the reach and acces-
sibility of syngas as a viable energy source [20]. The syngas supply chain’s final stage 
involves utilizing syngas in various applications. These applications include power 
generation, heating, and industrial processes [3]. Additionally, syngas can be directly 
used as fuel in gas turbines or boilers, blended with natural gas, or converted into 
value-added chemicals for further processing [19]. The versatility of syngas applica-
tions offers significant opportunities for energy diversification and decarbonization 
across sectors [23].

Supply chain technologies play a vital role in each of the syngas value chains 
discussed. Advanced technologies are used in each stage of the supply chain, making 
technology providers crucial stakeholders in the syngas supply systems. Technological 
advances contribute to syngas production’s efficiency, scalability, and reliability 
[6]. Other stakeholders in the syngas supply chain include feedstock providers, gas 
treatment companies, energy producers, regulatory bodies, and policymakers [25]. 
Feedstock providers play a crucial role in ensuring the availability and quality of 
suitable feedstocks for syngas production [3]. The feedstock suppliers include biomass 
suppliers, coal mines, waste management companies, and agricultural producers 
[22]. Collaboration with feedstock providers is essential for securing a consistent and 
sustainable supply, exploring novel feedstock sources, and adhering to responsible 
sourcing practices [26]. Gas treatment companies ensure the removal of impurities and 
contaminants, leading to a high-quality syngas product [27]. Energy producers, such 
as power generation companies or industrial facilities, use syngas as fuel. They play a 
pivotal role in adopting syngas-based technologies, optimizing combustion processes, 
and integrating syngas into their energy portfolios. Regulatory bodies and policymakers 
play a crucial role in shaping the regulatory framework, incentives, and guidelines that 
govern the syngas supply chain [28]. Collaboration between stakeholders and regula-
tory bodies is essential to align industry practices with sustainability goals, encourage 
research and development, and ensure a level playing field for syngas within the energy 
market [25]. Understanding the stakeholder and value chain requirements and respon-
sibilities is crucial for fostering collaboration, identifying potential bottlenecks, and 
promoting sustainable practices within the syngas supply chain networks [6].

3. Supply chain challenges associated with syngas networks

Syngas is an alternative to traditional fossil fuels and offers reduced greenhouse 
gas emissions and enhanced sustainability [8]. However, the successful integration of 
syngas into the energy mix relies on addressing the unique challenges within its supply 
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chain networks. These challenges include feedstock availability, gasification technology 
limitations, distribution infrastructure requirements, and end-use applications [29–31]. 
Understanding and mitigating these challenges is crucial for ensuring syngas efficiency, 
sustainability, and widespread adoption as a viable energy source [30]. Table 1 and 
Figure 1 present the supply chain challenges associated with syngas networks.

3.1 Feedstock availability

One of the primary challenges in the syngas supply chain is ensuring a reliable and 
sustainable feedstock supply (Table 2). The availability and accessibility of feedstock 

Challenges Causes Authors

Feedstock Availability • Variability of feedstock composition and 
characteristics

• Competition for feedstock

• Sustainability and environmental considerations

[12, 13, 
23–26]

Gasification Technology 
Limitations

• Technology maturity and scalability

• Flexibility in feedstock utilization

[13, 16, 27, 
29]

Distribution Infrastructure 
Requirements

• Pipeline infrastructure

• Storage and compression

[3, 7, 8]

End-use Applications • Technological integration

• Market acceptance and demand

[7, 15, 19, 
22]

Table 1. 
Supply chain challenges facing syngas networks.

Figure 1. 
Supply chain challenges affecting syngas networks.
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significantly impact the feasibility and cost-effectiveness of syngas production [20]. 
Feedstock sources include coal, biomass, waste materials, and natural gas. Studies 
have highlighted the importance of feedstock diversification to mitigate supply chain 
risks and promote sustainability [31]. Feedstock availability has been identified as 
a significant challenge in the syngas supply chain due to the variability of feedstock 
composition and characteristics, competition for feedstock, and environmental con-
siderations [19, 31, 32]. The need for developing alternative feedstocks and evaluating 
their suitability for syngas production is critical. Ensuring a consistent supply of 
feedstock and exploring novel sources are crucial to addressing feedstock shortages 
[19, 31, 47]. Syngas production relies on various feedstocks, such as biomass, coal, or 
waste materials [47]. However, the composition and characteristics of these feed-
stocks can vary significantly, posing challenges to the gasification process. Variations 
in moisture content, ash content, and feedstock quality can impact gasification 
efficiency and result in varying syngas compositions [19]. Ensuring a consistent and 
reliable feedstock supply requires strategic activities such as blending, pre-processing 
techniques, and advanced feedstock characterization methods [20]. The availability 
and accessibility of feedstocks for syngas production can be limited due to competi-
tion with other industries, such as agriculture, waste management, or traditional 
energy production [32]. This competition can result in price fluctuations and supply 
constraints [12]’. Thus, collaborative efforts among stakeholders, including feed-
stock providers, policymakers, and researchers, are essential to identify alternative 
feedstock sources, developing sustainable feedstock management practices, and 
establishing long-term supply agreements [20]. Additionally, syngas production can 
support curtailing greenhouse gas emissions and promote environmental sustainabil-
ity [30]. However, the sustainability of feedstock sourcing and production processes 
must be carefully assessed [47]. Biomass feedstocks, for example, require attention to 
land use, deforestation, and agricultural practices. Balancing feedstock production’s 
environmental impacts with syngas networks’ sustainability objectives requires close 
collaboration among stakeholders and adherence to strict sustainability standards [32].

3.2 Gasification technology limitations

Gasification is a key process in syngas production, converting feedstock into a 
mixture of hydrogen and carbon monoxide. However, gasification technologies face 
certain limitations that affect the efficiency and reliability of syngas production [23]. 

Strategies Initiatives Authors

Procurement • Sourcing and procurement management

• Strategic partnerships and alliances

[32–36]

Production • Technology selection and optimization

• Process integration and efficiency

[33, 36–39]

Distribution and Logistics • Infrastructure development and optimization

• Supply chain visibility and collaboration

[23, 40–42]

End-use Adoption • Market development and demand creation

• Technological integration and innovation

[39, 43–46]

Table 2. 
Supply chain strategies that improve performance in syngas networks.
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The limitation of gasification technology is another challenge facing the syngas supply 
chain [20, 23, 40]. Research efforts have focused on improving gasification technolo-
gies to overcome these limitations. Innovative gasification methods and reactor designs 
are explored by extant studies to enhance process efficiency and address feedstock 
variability [20, 23]. More efforts are required for continued advancements in gasifica-
tion technologies to optimize syngas production. Gasification technologies used in 
syngas production continuously evolve, and their maturity and scalability can pose 
challenges [20]. Many gasification processes are still in the research and develop-
ment phase or are limited to small-scale applications. Scaling up these technologies 
for commercial production requires significant investment, technical advancements, 
and demonstration projects [33]. Therefore, collaborative efforts between technol-
ogy providers, researchers, and investors can drive innovation, improve gasification 
efficiency, and enhance the scalability of gasification technologies [48]. Additionally, 
different gasification technologies exhibit varying levels of flexibility in feedstock 
utilization [40]. Some technologies are optimized for specific feedstocks, limiting the 
ability to switch or adapt to changing market conditions [20]. Enhancing the flexibility 
of gasification technologies through process modifications, catalyst development, or 
hybrid systems can improve feedstock utilization, increase operational efficiency, and 
reduce feedstock-related risks [23].

3.3 Distribution infrastructure requirements

Transportation is required at every value stream. Effective distribution infrastruc-
ture is essential for transporting syngas from production facilities to end-use applica-
tions. Challenges in this area include pipeline connectivity, storage capabilities, and 
safety considerations [3]. Consequently, establishing an efficient and robust distribu-
tion network requires significant investments and coordination among various stake-
holders [8]. Studies are conducted to optimize distribution infrastructure to enhance 
syngas supply chain performance. Studies by [3, 7, 8] analyze the design and operational 
aspects of syngas pipeline networks to minimize transportation costs and ensure 
reliable supply. However, understanding the infrastructure requirements and develop-
ing innovative solutions are critical to improving cost and reliability [7]. Efficient and 
reliable distribution infrastructure is crucial for transporting syngas from production 
facilities to end-use applications. However, the existing natural gas pipeline infrastruc-
ture may not be suitable for syngas due to differences in composition and impurity 
content [8]. Developing dedicated syngas pipelines or retrofitting existing infrastruc-
ture requires substantial investments and collaboration between syngas producers, 
pipeline operators, and regulatory authorities, creating a challenge for syngas supply 
chains [3]. There are also challenges associated with the storage of syngas. The storage 
and compression of syngas are essential for ensuring a consistent supply and accom-
modating fluctuations in demand [8]. However, syngas has different properties than 
natural gas, affecting storage and compression requirements [7]. Therefore, developing 
storage technologies suitable for syngas, such as high-pressure tanks or gas holders, and 
optimizing compression processes can enhance the flexibility and reliability of syngas 
distribution networks [8].

3.4 End-use applications

The successful adoption of syngas relies on identifying and developing viable end-
use applications. End-use applications, such as technology integration and market 
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acceptance and demand are challenges affecting syngas supply chain performance 
[7, 22, 29]. Each application has unique requirements and regulations that must be 
considered in the syngas supply chain [26]. The feasibility and economic viability 
of different end-use applications of syngas have been explored to understand and 
optimize its utilization in different sectors, which is crucial for achieving market 
acceptance [29]. Integrating syngas into existing energy infrastructure and end-use 
applications can present technological challenges [7]. Syngas utilization requires 
modifications or replacement of combustion systems, such as boilers or gas turbines, 
to ensure compatibility and optimal performance [22]. Collaborations between 
syngas producers, equipment manufacturers, and end-users are crucial for identify-
ing technological requirements, conducting feasibility studies, and implementing 
syngas-based solutions [30]. The successful adoption of syngas relies on market 
acceptance and demand for syngas-based products and applications [26]. Building 
awareness, educating stakeholders, and showcasing the advantages of syngas in 
terms of emissions reduction, energy security, and cost competitiveness is essential 
to enhancing performance across syngas supply chains [29]. Establishing favorable 
policies, financial incentives, and market mechanisms can drive market demand and 
facilitate the significant integration of syngas into the global energy mix [7].

4. Linkages between supply chain strategies and energy networks

The transition towards sustainable and low-carbon energy systems requires a 
deep understanding of the linkages between supply chain strategies and energy 
networks [49]. Supply chain strategies encompass a range of strategic initiatives 
deployed in procurement, production, distribution, and logistics [18]. Similarly, 
energy networks involve energy generation, transmission, and distribution [50]. 
Understanding the linkages between supply chain strategies and energy networks, 
including interdependencies, challenges, and opportunities, is crucial for optimiz-
ing energy systems, enhancing supply chain efficiency, and achieving sustainability 
goals [51]. Interdependencies between supply chain strategies and energy networks 
include procurement, which is energy sourcing, production as energy generation, 
and distribution encompassing energy transmission. Procurement strategies are vital 
in determining the energy sources utilized within an energy network [52]. Strategic 
decisions regarding the sourcing of renewable energy, such as solar, wind, or hydro, 
versus conventional fossil fuels directly impact the energy network’s environmental 
sustainability and carbon footprint [51].

Collaborative efforts between supply chain managers and energy network opera-
tors are essential for aligning procurement strategies with sustainability objectives, 
exploring renewable energy options, and ensuring a diversified and reliable energy 
supply [49]. Production strategies within supply chains are closely linked to energy 
generation methods [53]. The energy requirements for manufacturing processes, 
such as heating, cooling, or powering machinery, influence the energy generation 
choices made by organizations [7]. Optimization of production processes, adoption 
of energy-efficient technologies, and implementation of onsite renewable energy 
generation can enhance the energy performance of supply chains [51]. Collaborations 
between supply chain managers and energy providers can enable the adoption of 
cleaner and more sustainable energy generation methods, reducing environmental 
impacts and improving energy efficiency [50]. Additionally, the efficient distribu-
tion of goods within supply chains relies on reliable and resilient energy transmission 
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networks [54]. Energy transmission infrastructure, including power lines, substa-
tions, and grid systems, enables the transportation of electricity to end-users [7]. 
Supply chain managers must consider energy transmission networks’ availability, 
reliability, and capacity to ensure uninterrupted operations [50]. Thus, collaborations 
between supply chain managers, energy transmission companies, and grid operators 
are essential for optimizing distribution processes, managing energy demand, and 
enhancing the resilience of energy networks [50].

Many challenges can be addressed by aligning supply chain strategies and 
energy networks, such as the lack of integration and collaboration in the network, 
uncertainty in energy supply and demand, and cost considerations and financial 
implications. One of the critical challenges in aligning supply chain strategies and 
energy networks is the lack of integration and collaboration between stakeholders 
[50]. Traditionally, energy supply chain and energy management have been treated as 
separate organizational functions. Siloed decision-making processes and fragmented 
approaches hinder the identification of synergies and optimization opportunities 
[37]. Overcoming this challenge requires enhanced communication, cross-functional 
collaboration, and the establishment of shared goals and metrics across the supply 
chain and energy management functions [34]. Consequently, the dynamic nature of 
energy markets and the increasing integration of renewable energy sources introduce 
uncertainty in both energy supply and demand [37]. Fluctuations in renewable 
energy generation due to weather conditions and variable energy demand patterns 
pose challenges for supply chain planning and operations [37]. Supply chain strate-
gies need to be flexible and adaptive to accommodate these uncertainties. Therefore, 
utilizing advanced forecasting techniques, real-time data analytics, and demand-
response mechanisms can help mitigate the impacts of energy supply and demand 
uncertainties on supply chain operations [51]. Integrating sustainable energy solu-
tions into supply chain strategies often involves additional costs and other financial 
implications [34]. Investments in renewable energy infrastructure, energy-efficient 
technologies, and energy storage systems may require significant upfront capital. The 
financial viability and return on investment of such initiatives need to be carefully 
assessed [35]. Collaborations between supply chain managers and finance depart-
ments are crucial for evaluating the cost-benefit trade-offs, identifying financial 
incentives or subsidies, and developing business models that align supply chain 
strategies with sustainable energy objectives [50].

Overcoming challenges associated with linking supply chain strategies with 
energy networks presents opportunities for synergy and optimization through 
energy-efficient supply chain design, demand-side management, and renewable 
energy integration and offsetting [36]. Supply chain network design is critical in 
optimizing energy consumption and reducing environmental impacts [38]. Designing 
supply chain networks with energy efficiency in mind involves considerations such 
as facility location, transportation modes, packaging, and inventory management. 
Implementing strategies such as consolidation of shipments, route optimization, 
and green logistics practices can minimize energy consumption and greenhouse gas 
emissions [36]. Therefore, the collaboration between supply chain managers, logistics 
providers, and energy experts can drive the integration of energy-efficient practices 
into supply chain design [43]. Demand-side management strategies assist in manag-
ing and optimizing energy demand to reduce peak loads, enhance energy efficiency, 
and support grid stability [39]. Supply chain managers can contribute to demand-
side management by aligning production schedules, transportation activities, and 
facility operations with energy demand patterns [41]. By strategically adjusting 
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energy-intensive operations during off-peak hours or implementing load-shifting 
techniques, energy supply chains can support a more balanced and efficient use of 
energy resources [38]. Energy supply chains can contribute to expanding renewable 
energy generation by integrating onsite systems or participating in purchase agree-
ments [43]. By generating renewable energy or offsetting their energy consumption 
through renewable energy certificates, energy supply chains can support the growth 
of clean energy sources and reduce their carbon footprint [38]. Thus, collaborations 
between supply chain managers, renewable energy providers, and sustainability 
experts are crucial for identifying viable renewable energy integration opportunities 
and implementing strategies to improve performance [39].

5. Supply chain strategies as drivers of performance in syngas networks

Supply chain strategies are critical in optimizing operations and driving perfor-
mance in syngas networks [49]. The successful integration of syngas into the energy 
mix requires robust supply chain strategies encompassing procurement, production, 
distribution, and end-use applications [50]. Table 2 and Figure 2 present the sup-
ply chain strategies that can be adopted to address the challenges affecting syngas 
networks. Procurement and sourcing strategies are identified as some of the most 
effective supply chain strategies [42, 44, 45, 52, 54]. These strategies include feed-
back sourcing, management, strategic partnerships, and alliances [45]. The choice 
of feedstocks and their efficient procurement directly impacts the performance of 
syngas networks. Effective procurement strategies involve identifying reliable and 
sustainable sources, establishing long-term supply agreements, and ensuring feed-
stock quality and consistency [54]. Collaborative efforts between syngas producers, 
feedstock suppliers, and regulatory bodies drive the development of sustainable feed-
stock management practices, such as feedstock blending, waste-to-energy conversion, 
or biomass cultivation, which enhance the reliability and sustainability of feedstock 

Figure 2. 
Supply chain strategies for improving performance in syngas networks.
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supply [42]. Further, strategic partnerships and alliances with suppliers, technology 
providers, and research institutions can unlock synergies and drive performance 
improvements in syngas networks [52]. Collaborative relationships enable knowledge 
sharing, technology transfer, and access to innovative solutions [44]. Establishing 
strategic partnerships can also enhance supply chain resilience by mitigating supply 
disruptions, improving access to critical resources, and enabling joint research and 
development efforts for continuous improvement and optimization [42].

Production strategies are also effective in deriving supply chain performance 
[45, 46, 54, 55]. These strategies include technology selection, optimization, process 
integration, and efficiency improvement [56]. Gasification technology selection is a 
crucial aspect of production strategies in syngas networks [55]. Different gasification 
technologies have varying efficiency, scalability, and feedstock compatibility [56]. 
Evaluating and selecting the most suitable gasification technology based on feedstock 
characteristics, network requirements, and sustainability objectives is essential [54]. 
Optimizing gasification processes, including reactor design, operating conditions, 
and catalyst selection, can enhance syngas production efficiency, reduce emissions, 
and improve overall network performance [46]. Integrating syngas production 
processes with other industrial operations or energy systems can unlock efficiency 
gains and resource utilization opportunities [54]. Waste heat recovery, cogeneration, 
or integration with combined heat and power systems can enhance energy efficiency, 
reduce energy costs, and improve overall process performance [46]. Further, process 
optimization techniques, such as advanced control systems, real-time monitoring, 
and predictive analytics, enable continuous improvement and enhance the perfor-
mance of syngas production processes [45].

Distribution and logistics strategies are utilized in supply chains to boost perfor-
mance [30, 53, 57, 58]. These strategies include infrastructure development, optimiza-
tion, supply chain visibility, and collaboration [30]. Syngas’s efficient distribution 
and logistics require a well-designed infrastructure and optimized transportation 
networks [53]. Developing dedicated pipelines or retrofitting existing infrastructure 
ensures the safe and reliable transmission of syngas [58]. Optimal pipeline routing, 
capacity planning, and compression strategies are crucial to minimize energy losses 
and maximize network efficiency [57]. Additionally, the integration of advanced 
monitoring and control systems enables real-time optimization. It improves the 
reliability and responsiveness of the distribution network [53]. Supply chain visibility 
and stakeholder collaboration are vital strategies for improving logistics and distribu-
tion performance in syngas networks [30]. Real-time data sharing, supply chain ana-
lytics, and collaborative platforms enhance coordination, enable demand forecasting, 
and optimization of transportation and inventory management [58]. Collaborations 
between syngas producers, distributors, and end-users can streamline operations, 
reduce inefficiencies, and enhance overall supply chain performance [57].

End-use adoption strategies, such as market development, demand creation, 
technology integration, and innovation, can enhance supply chains [59]. Practical 
strategies for end-use applications are crucial for creating and expanding market 
demand for syngas-based products and services [60]. Syngas can be utilized in vari-
ous sectors, such as power generation, chemical manufacturing, or transportation 
[59]. Market development efforts include identifying target industries, conducting 
market assessments, and developing tailored marketing and sales strategies [55]. 
Thus, the collaboration between syngas producers, equipment manufacturers, and 
industry associations is essential for promoting syngas deployment, and showcasing 
its benefits to drive market adoption [56]. However, the integration of syngas into 
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end-use applications requires the utilization of advanced technologies and innovation 
[61]. Collaborations with technology providers, research institutions, and end-users 
facilitate the identification of technological tools, developing customized solutions 
to demonstrate syngas feasibility [56]. Technological integration strategies encom-
pass retrofitting existing equipment, developing new conversion technologies, and 
exploring synergies with emerging trends such as carbon capture and utilization [55]. 
Embracing technological innovation enhances syngas-based end-use applications’ 
performance, efficiency, and sustainability [61].

Once the relevant supply chain strategies are implemented, developing related key 
performance indicators and metrics is crucial for measuring and evaluating the perfor-
mance of syngas networks [62]. The key performance indicators may include energy 
efficiency, carbon emissions, feedstock utilization, network reliability, and customer 
satisfaction [63]. Performance measurement provides insights into the effectiveness of 
supply chain strategies, identifies areas for improvement, and enables benchmarking 
against industry standards [64]. Continuous monitoring and analysis of performance 
metrics enable proactive decision-making and the identification of opportunities 
for further optimization [65]. Additionally, establishing a continuous improvement 
and innovation culture is essential for driving performance in syngas networks [62]. 
Supply chain managers should encourage experimentation, foster a learning environ-
ment, and facilitate knowledge sharing among stakeholders [64]. Embracing techno-
logical advancements, industry best practices, and sustainability practices enable the 
identification of innovative strategies, process improvements, and adoption of emerg-
ing technologies that enhance overall network performance [66].

6.  Directions for future research and development on syngas supply chains

Syngas supply chain network is a complex and evolving area that requires 
continuous research and development to address emerging challenges, optimize 
operations, and drive performance and sustainability [19]. Future studies on syngas 
networks should explore advanced and innovative supply chain initiatives, such as 
integrating renewable energy sources into the networks, supply chain digitalization, 
and circular economy approaches [67]. Integrating renewable energy sources into 
syngas supply chains represents a promising avenue for future research. Renewable 
energy technologies, such as solar, wind, and biomass, can be utilized for syngas 
production, reducing the reliance on fossil fuels, and mitigating environmental 
impacts [68]. Research efforts should focus on exploring advanced gasification 
technologies, optimizing the integration of renewable energy sources with syngas 
production processes, and assessing such integration’s environmental, social, and 
economic benefits [69]. Investigating the role of energy storage systems, innova-
tive grid technologies, and demand response mechanisms in enabling efficient and 
reliable syngas production from renewable sources would contribute to developing 
sustainable syngas supply chains [67]. The digital transformation of supply chains 
presents numerous opportunities for enhancing syngas supply chains’ efficiency, 
transparency, and resilience [70]. Future studies should consider investigating the 
application of emerging technologies, such as blockchain, internet of things, artificial 
intelligence, and data analytics, to improve supply chain visibility, optimize inventory 
management, enable real-time monitoring of processes, and facilitate seamless col-
laboration among stakeholders [71]. Studies that will integrate digital platforms and 
predictive modeling techniques can support demand forecasting, risk management, 
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and decision-making processes in syngas supply chains [72]. Research on the imple-
mentation challenges, data privacy and security considerations, and the potential for 
scaling up digital solutions in the context of syngas supply chains are lacking [73]. 
Adopting circular economy principles in syngas supply chains can promote resource 
efficiency, waste reduction, and the valorization of by-products [74]. Future research 
should explore strategies for waste-to-energy conversion, using carbon capture and 
utilization technologies and developing symbiotic relationships between syngas 
producers and other industries [75]. Investigating the economic feasibility, environ-
mental impacts, and regulatory frameworks surrounding the integration of circular 
economy approaches in supply chains is essential [76]. Future research should explore 
the potential for industrial symbiosis and identify opportunities to co-utilize waste 
streams or by-products from different sectors to contribute to developing sustainable 
syngas supply chains [77].

7. Conclusions

This chapter has explored various aspects of syngas supply chains, including the 
various value chains across the supply networks, challenges, linkages with energy 
networks, supply chain strategies, and proposed future research directions. The study 
of syngas supply chains is critical in the quest for sustainable energy solutions and the 
transition towards a low-carbon future [19]. Syngas supply chains are complex net-
works involving feedstock sourcing, production processes, distribution, and end-use 
adoptions [3]. The study has identified and analyzed the stakeholders involved, the 
flow of materials and information, and the interdependencies among different value 
chains across syngas networks [19]. The analysis revealed the complexities and oppor-
tunities within the syngas networks [20]. The challenges associated with syngas sup-
ply chains are multifaceted and require a strategic approach for effective management 
[19]. These challenges include feedstock availability, infrastructure development, and 
market adoption [20]. The challenges require innovative solutions and stakeholder 
collaborations to ensure a reliable and sustainable syngas supply [7]. The linkages 
between supply chain strategies and energy networks have been highlighted as crucial 
for optimizing syngas supply chains. The application of supply chain strategies on 
syngas networks will enable participants to enhance operational efficiency, promote 
renewable energy integration, and contribute to the overall stability and security 
of energy systems [51]. Collaboration, market development efforts, technological 
integration, and performance measurement are essential strategies for enhancing the 
performance of syngas networks [49]. Supply chain strategies play a significant role in 
driving performance in syngas networks. Effective procurement, production, distri-
bution, and end-use adoption strategies can enhance efficiency, sustainability, and 
network performance [42]. Feedstock sourcing, strategic partnerships, infrastructure 
development, supply chain visibility, market development, technological integration, 
and continuous improvement initiatives are vital for achieving optimal performance 
[56]. There are several directions for research development in syngas supply chains. 
This includes integrating renewable energy sources, such as solar, wind, and biomass, 
which promises to reduce reliance on fossil fuels and mitigate environmental impacts 
[67]. Digitalization of supply chains offers further opportunities for improving 
visibility, efficiency, and collaboration among stakeholders [70]. Adopting circular 
economy principles can enhance resource efficiency, waste reduction, and the valori-
zation of by-products [74].
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Chapter 6

Carbon-Negative Hydrogen
Production via Steam-Induced
Vapolysis
Jean-Louis Kindler and Hardik Y. Desai

Abstract

The chapter focuses on the use of steam as the gasification agent in the thermo-
chemical conversion of biomass to produce hydrogen-rich syngas and eventually
99.999% hydrogen after gas separations. Clean Energy Enterprises (CEE) is develop-
ing the Ways2H technology, to convert organic wastes into a syngas, from which
hydrogen fuel and end-of-process solid co-products such as carbonates can be
extracted while capturing carbon dioxide (CO2) emissions. Waste-to-hydrogen tech-
nologies do not generate a usable energy product directly, but indirectly, by generat-
ing a hydrogen product that can be used as clean, renewable fuel in traditional power
generating plants, in hydrogen-fueled transportation equipment, and for other
non-fuel purposes. The Ways2H plant design generates hydrogen in a completely
closed-loop thermal gasification and separation process, with minimal air emissions as
compared with waste incineration technologies as well as other known gasification
processes.

Keywords: vapolysis, steam gasification, hydrogen, CCUS, water-gas shift reactor,
reformer, WHRB

1. Introduction

1.1 Historical background

The earliest known investigation into gasification was carried out by Thomas
Shirley, who in 1659 experimented with the “carbureted hydrogen” (now called
methane).

The pyrolysis of biomass to produce charcoal was perhaps the first large-scale
application of the gasification-related process. When wood, owing to its overuse,
became scares toward the beginning of the eighteenth century, coke was produced
from coal through pyrolysis, but the use of by-product gas from pyrolysis received
little attention. Early developments were inspired primarily by the need of town gas
for street lighting. The silent features of town gas from coal were demonstrated to
British Royal Society in 1773, but the scientists of the time saw no use for it. In 1798,
William Murdoch used coal-gas to light the main building of the Soho Foundry, and in
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1802, he presented a public display of gas lighting, astonishing the local population.
Friedrich Winzer of Germany patented coal-gas lighting in 1804 [1].

1.2 Biomass and its products

Biomass is formed from living species such as plants and animals—that is, any-
thing that is now alive or was a short time ago. It is formed as soon as a seed sprouts or
an organism is born. Unlike fossil fuel, biomass does not take millions of years to
develop. Plants use sunlight through photosynthesis to metabolize atmospheric car-
bon dioxide and grow. Animals grow by taking in food from biomass. Fossil fuels do
not reproduce, whereas biomass does, and, for that reason, is considered renewable.
This is one of its major attractions as a source of energy or chemicals.

Every year, a vast amount of biomass grows through photosynthesis by absorbing
CO2 from the atmosphere. When it burns, it releases carbon dioxide that the plants
had absorbed from the atmosphere only recently (a few years to a few hours). Thus,
any burning of biomass does not add to the Earth’s carbon dioxide inventory. For this
reason, biomass is considered a “carbonneutral” fuel.

Of the vast amount of biomass, only 5% (13.5 billion metric tons) can be potentially
mobilized to produce energy. This quantity is still large enough to provide about 26% of
the world’s energy consumption, which is equivalent to 6 billion tons of oil.

Biomass covers a wide spectrum—from tiny grass to massive trees, from
small insects to large animal wastes, and the products derived from these. The
principal types of harvested biomass are cellulosic (noncereal) and starch and sugar
(cereal).

All parts of a harvested crop like corn plant are biomass, but its fruit (corn) is a
starch, while the rest of it is ligno-cellulose. The crop (corn) can produce ethanol
through fermentation, but the ligno-cellulosic part of the corn plant requires a more
involved process through gasification or hydrolysis [1].

1.3 Biomass gasification

Biomass gasification involves pyrolysis and partial oxidation in a well-controlled
oxidizing environment. It leads to products, such as H2, CO, CO2, H2O, and hydro-
carbon species. The heat required for biomass drying, heating, and pyrolysis is pro-
vided by the partial oxidation of biomass. Gasification is deemed as the most
promising technology for producing renewable and carbonfree energy, as it provides
tremendous flexibility with regard to feedstock and the fuels produced. In general, the
gasification process converts low-value biomass to a gaseous mixture containing syn-
gas (mixture of H2 and CO) and varying amounts of CH4, and CO2. It can also produce
hydrocarbons, particularly in the lower temperature range. The oxidizing agents can
be pure O2, air, steam, CO2, or their mixtures. The syngas composition can be varied
by using air and steam as the gasification agent. Moreover, the presence of CO2 can be
used to increase H2 and CO contents, as it transforms char, tar, and CH4 into H2 and/
or CO in the presence of a catalyst such as Ni/Al. Numerous studies have been
reported in the recent years, dealing with the type of reactors used for gasification,
thermo-chemical processes involved, and various gaseous and liquid fuels produced
during gasification. The syngas can be used to generate heat and power, for example,
in an IGCC facility, produce H2, and synthesize other chemicals and liquid fuels such
as F-T fuels. There are various routes for the utilization of syngas, including the
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production of F-T and other transportation fuels. The global reactions associated with
syngas formation from biomass (CHn) include the following:

2CHnþ O2 ) nH2 þ 2CO (1)

COþH2O ) H2 þ CO2 (2)

CH4 þH2O ) 3H2 þ CO (3)

Reaction (1) corresponds to syngas formation in the presence of O2, while reaction
(2) is the well-known water-gas-shift-reaction and reaction (3) is associated with the
steam reforming of methane. Reactions (2) and (3) are used to control the H2/CO
ratio. The production of F-T fuels from syngas involves a series of reactions in the
presence of a catalyst. The global reactions for this process can be written as follows:

nCOþ 2nþ 1ð ÞH2 ) CnH2nþ 2þ nH2O Paraffinsð Þ (4)

nCOþ 2nH2 ) CnH2nþ nH2O Olefinsð Þ (5)

The first step during F-T formation is the conversion of syngas into –CH2– alkyl
radicals and H2O. The –CH2– alkyl radicals then combine in a catalyst reaction to
produce synthetic paraffin and olefin hydrocarbon (HC) fuels of various chain
lengths. The amount and type of fuels formed are determined by parameters such as
temperature, pressure, H2/CO ratio, and the type of catalyst. In general, F-T fuels can
be produced from a variety of solid, liquid, and gaseous sources, and further processed
to yield clean transportation fuels with desired specifications.

Regardless of feedstock or process, F-T fuels have a number of desirable proper-
ties. For example, F-T diesel fuels can be produced with a high cetane number, with
ultra-low sulfur and aromatic content, with the consequence of improved engine
performance, significantly lower particulate mass (PM) emissions and favorable NOx/
PM trade-off. However, these fuels generally have poor lubricity and lower volumet-
ric energy density. These shortcomings can be alleviated by blending these fuels with
petro-fuels. Thus, the biomass gasification can be used to produce syngas and subse-
quently clean drop-in transportation fuels. The effects of F-T fuel properties on engine
performance and emissions have been reported by a number of investigations [2].

1.4 Gasification medium and types of gasification agents

A gasifying medium assists to break down the heavier solid hydrocarbons in order
to convert them into low-molecular-weight gases such as CO and H2. There are a few
well-known gasifying agents used in the process of biomass gasification, namely air,
steam, oxygen, and carbon dioxide.

The influence of using different agents on energy efficiency has been studied
extensively in the literature [3, 4]. For instance, Sharma et al. [3] conducted an
experimental study on biomass gasification process in a downdraft reactor followed
by saturated steam when the steady-state conditions achieved. They indicated that
adding steam to air in the reduction zone increased the hydrogen flow rate. Ismail and
El-Salam [4] studied air gasification of biomass in an updraft reactor and indicated
that equivalence ratio, which is a function of both air and biomass, influenced the
composition of synthesis gas. They concluded that the equivalence ratio has an indi-
rect relation with the concentration of CO and H2 while interacting directly with the
CO2 content of the gas [3, 4].
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1.5 Types of gasifiers

There are several types of biorefinery reactors that impact the thermochemical
conversion, for example, updraft, downdraft, cross-draft, fluidized bed, and
entrained flow gasifier which fall into the three main categories: (1) moving (fixed)
bed, and (2) fluidized bed and (3) entrained flow gasifier. Moving bed and fluidized
bed gasifiers are discussed here.

1.6 Moving bed gasifiers

Updraft gasifiers are the most straightforward configuration in moving bed reac-
tors. In a conventional updraft gasifier, fuel is fed from the top, while the syngas
leaves from the top. The gasifying agent (air, oxygen, steam, or their mixture) is pre-
heated and fed into the gasifier through a grid at its bottom.

In a downdraft gasifier, biomass is fed from the top, while the entered gasification
agent meets with the pyrolysis product, releasing heat. After that, both gas and solid
(char and ash) products move down in the downdraft gasifier. Here, a part of the
pyrolysis gas may burn above the gasification zone; this phenomenon, called as flam-
ing pyrolysis, supplies the thermal energy required for the endothermic reactions
through the combustion of pyrolysis gas. Drawbacks of a downdraft gasifier are
namely grate blocking, channeling, and bridging which hinder scaling-up the gasifi-
cation process. The moisture content of feedstock in a downdraft gasifier should not
exceed 30% to avoid inferior products and low efficiency. A downdraft gasifier is
beneficial for producing low-tar syngas and has a simple operation configuration. The
syngas of a downdraft gasifier has less tar as well as lower LHV compared to an
updraft [5].

1.6.1 Fluidized bed gasifier

Unlike other types of biorefinery reactors mentioned earlier, fluidized-bed gasifier
contains non-fuel granular solids (bed solids) that act as a heat carrier and a mixer.
The two types of fluidized bed are circulating fluidized bed and bubbling fluidized
bed, differing in fluidization techniques. In a bubbling fluidized bed, the fuel fed from
either the top or the side is mixed quickly throughout the fluidized bed. The gasifying
medium serves as the fluidizing gas and is sent through the bottom of the reactor,
leading to a quicker mixture of fuel particles with the bed materials and thus much
faster heating of the fuel. More rapid drying and pyrolysis processes occur in the
bubbling fluidized bed gasifiers compared to the circulating type. A deficiency of this
system is that partially gasified particles can exit the process as a result of mixing with
gasified solids. The combustion reaction occurs in the fluidized phase resulting in a
lower efficiency [5].

1.7 Typical gasifier design

Gasification is a relatively old technology that has been in use throughout the indus-
trialized world for approximately 200 years. During the nineteenth century, “town gas”
was produced from coal and peat and used as an industrial fuel and municipal gas supply
for street and home lighting. The first manufactured gas plant in North America was
opened in Baltimore, Maryland, in 1816. Since the 1920s, gasification has been used for
the synthetic production of chemicals (methanol, ammonia, etc.). Being petroleum-poor
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but coal-rich, Germany used gasification coupled with the Fischer-Tropsch process
during World War II to produce liquid fuels. Fischer-Tropsch production accounted for
an estimated 9% of German war production of fuels and 25% of the automobile fuel
supply. Similarly, in South Africa, another country with large coal reserves but little oil,
SASOL started commercial production of diesel and gasoline in 1952 using coal gasifica-
tion and the Fischer-Tropsch process.

Gasification can be thought of as a partial combustion process where steam reacts
with the carbon in a solid carbonaceous fuel or feedstock via the general reaction:

CþH2O� >COþH2 (6)

This reaction occurs at high temperatures (800–1000°C, 1472–1832°F). It is an
endothermic process, meaning that heat is consumed by the reaction and a source of
heat is required to support it. In a traditional gasifier, this heat is generated by
providing just enough air or pure oxygen to achieve the desired gasification tempera-
ture in order to sustain the gasification reactions. That is the partial oxidation process.
This combustion burns fuel/feedstock via the following general combustion reactions:

Cþ 1=2O2 � >CO (7)

COþ 1=2O2 � >CO2 (8)

H2 þ 1=2O2 � >H2O (9)

There is an inherent trade-off between the desired gasification temperature and
the amount of feedstock that is consumed to generate the heat required. Partial
oxidation “consumes” feedstock and as such reduces the potential for free hydrogen
production [5].

Interestingly, at high temperatures another well-known chemical reaction, named
the water-gas shift (WGS) reaction, occurs:

COþH2O< � >CO2 þH2 (10)

This is a reversible reaction that will eventually reach an equilibrium condition
where the rate of reaction to the right equals the rate of reaction to the left. The
equilibrium composition of CO, H2O, CO2, and H2 is a function of the amount of
carbon, oxygen, and hydrogen available and system temperature. According to the
reaction stoichiometry shown in Eq. (5), if CO2 could be selectively removed, then the
reaction would shift to the right, producing more H2. Minimizing the production of
CO2 via combustion helps to maximize the production of hydrogen, which leads back
to the inherent trade-off between a desirable gasification temperature and the amount
of feedstock that is “sacrificed” to maintain this temperature.

A gaseous mixture of CO, H2O, CO2, and H2 is commonly referred to as synthesis
gas (syngas). A variety of follow-on technologies are used to convert syngas to meth-
ane, methanol, acetic acid, gasoline, diesel, waxes, etc. Syngas can also be burned
cleanly in a burner or fuel cell and purified hydrogen can be produced using a pressure
swing absorption (PSA) process to selectively remove hydrogen from the syngas.

The most common gasifier types are shown in Figure 1. Note that these gasifier
types involve a single reaction vessel where all reaction zones occur in the single vessel.

A typical downdraft gasifier is presented in Figure 1(a). The reactor volume
consists of a bed of solids starting with fresh feedstock fed at the top converted to
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residual char at the bottom. The feedstock moves down the reactor under the influ-
ence of gravity. Table 1 lists the reaction zones that occur in a downdraft gasifier and
the range of temperatures for each zone.

As feedstock particles are dried, pyrolyzed, partially combusted, and gasified
(reduced), the particles decrease in size and the bed density increases. A small amount
of air is introduced with the feedstock at the top of the gasifier, but the majority of air
is introduced in the combustion zone. Heat released by combustion facilitates pyroly-
sis and drying by radiant heat transfer. The char leaving the combustion zone is
heated to gasification temperatures. The syngas moves concurrently with the solid bed
and is drawn off after the reduction zone.

Ash and char fall through the bed grate and are collected from the vessel bottom.
In Table 1, the heat of reaction is listed for each zone. Drying, pyrolysis, and

reduction reactions are mostly endothermic (heat is absorbed), while the combustion
zone is exothermic (heat is released). It is interesting to note that drying temperatures
exceed the normal boiling point of water (100°C @ atmospheric pressure).

Forcing water out of the feedstock fibers is a diffusion process that requires more
energy than simply the heat of vaporization of water.

An updraft gasifier, Figure 1(b), is similar to a downdraft gasifier except that all
air is introduced at the bottom of the gasifier and the produced syngas leaves at the

Figure 1.
Common gasifier types. (a) Downdraft gasifier. (b) Updraft gasifier. (c) Fluidized bed.

Reactor Zone Temp. Range Heat of Reaction

Drying > 150 °C Endothermic

Pyrolysis 150–700°C Endothermic

Combustion 700–1500°C Exothermic

Reduction 800–1000°C Endothermic

Table 1.
Reaction zones in a downdraft gasifier.
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top of the reactor. Notice, due to where the air is introduced, the relative locations of
the combustion and reduction zones flip. At the bottom of the gasifier, the residual
gasification char is burning to heat up the rising gas as well as provide radiant heat for
the higher reaction zones.

A fluidized bed gasifier, Figure 1(c), uses a non-combustible bed material such as
sand to transfer heat and facilitate mixing in a bubbling or fully fluidized regime.
Feedstock enters the reactor, coming in contact with hot sand. The air and evolving
syngas are at a high enough velocity to cause the sand and feedstock to rise. As the
feedstock rises up the reactor, it undergoes the various stages of gasification. A gas-
solid cyclone is used to separate the produced syngas from the fluidizing medium. In a
bubbling bed, velocities are maintained so that the majority of the sand will stay in the
bottom half of the reactor. In a fully fluidized bed, the gas velocity is high enough to
carry almost all of the sand overhead where it is recovered by the cyclone and
returned to the bottom of the reactor.

Indirect heating presents the advantages of causing little or no consumption of
feedstock, making most of the fuel (feedstock) available for the gasification reactions.
However, the management of the sand in the reactors can become problematic as it
raises issues with energy consumption to maintain the flow, as well as maintenance
concerns resulting from abrasion due to contact between sand and the reactor wall.

1.8 Gasifier reaction chemistry

A general reaction network for feedstock gasification is presented in Figure 2.
Wet feedstock is dried by hot rising gases and/or radiant heat from the combustion

zone. Usually, feedstock is dried externally to 10–20 wt% moisture before being used
as a feed to a gasifier. At this level of dryness, the water that remains is bound in the
fibers and interstitial spaces of the feedstock. Energy is required to increase the
diffusion rate of water from the tightly wrapped fibers. This explains why drying
occurs at temperatures above the normal boiling point for water.

As the temperature of the feedstock approaches 150 to 180°C, the feedstock begins
to breakdown into smaller molecular compounds, including gases, tars, and char. The
tars are aromatic and phenolic compounds in their vapor form. For wood and agricul-
tural residues, the glucose and pentose rings in cellulose and hemicellulose, and the
phenol groups in lignin yield these tars. The final char mostly consists of carbon and
represents the fixed carbon that is analyzed to characterize it as a solid fuel (proximate
analysis).

Figure 2.
Generalized reaction network for feedstock gasification.
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Pyrolysis involves a complicated set of thermal cracking reactions that are difficult
to characterize beyond the empirical treatment of the reaction network shown in
Figure 2. The overall gasification (reduction) reactions, presented in Table 2, are
more easily characterized. These reactions consist of three groups: (1) reactions
involving steam, (2) reactions involving hydrogen, and (3) reactions involving carbon
dioxide.

Notice, that the gasification reactions are actually a mix of endothermic
(ΔHrxn > 0) and exothermic (ΔHrxn < 0) reactions. However, on balance, the reduc-
tion zone is net endothermic.

Table 3 lists the overall combustion (oxidation) reactions where CnHm(g) repre-
sents tar species. All oxidation reactions occurring in the combustion zone are exo-
thermic. The combustion heat is transferred by heating up the local gas and solids as
well as by radiant heat transfer to the other sections of the gasifier.

1.9 Waste to hydrogen: general process

A process targeting carbonaceous matter conversion into hydrogen will require a
combination of specific features that include (but not limited to):

• Little or no partial oxidation of the feedstock

• Constant, high reaction temperatures to maximize hydrogen production and
avoid tar persistence.

• Controlled presence of water vapor

All waste to hydrogen projects must begin with feedstock preparation, which
includes sorting, sizing, storage, and feeding. Feeding can be the most difficult as the
feedstock must be isolated from the hot process and fed to the process in a controlled

Reactions Reaction Stoichiometry ΔHreaction

(MJ/kmol)
Reaction Name

R-1 C(s) + H2O(g) ! CO(g) + H2(g) +131 Steam Gasification

R-2 CO(g) + H2O(g) $ CO2(g) + H2(g) �41 Water-Gas Shift

R-3 CH4(g) + H2O(g) ! CO(g) + 3H2(g) +206 Steam Methane
Reforming

R-4 CnHm(g) + H2O(g) ! nCO(g) + (n + m/2)
H2(g)

< 0 Steam Tar Reforming

R-5 C(s) + 2H2(g) ! CH4(g) �75 Hydrogasification

R-6 CO(g) + 3H2(g) ! CH4(g) + H2O(g) �227 Methanation

R-7 C(s) + CO2(g) ! 2CO(g) +172 Boudouard

R-8 CnHm(g) + nCO2(g) ! 2nCO(g) + (m/2)
H2(g)

> 0 Dry Tar Reforming

Table 2.
Gasification reactions.
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flow, particularly when it contains a substantial number of plastics, which can melt
and cause mechanical issues in the feeding system.

The feedstock is fed into one of several types of pyrolyzers or gasifiers: fluidized
bed or fixed bed type. These are typically heated to 600–650°C either directly through
combustion or indirectly via intermediate thermal media, such as sand or ceramic
balls. Combustion obviously burns part of the feedstock, which includes the product.
Indirect heating has the partial heat losses associated with heating an intermediate
media, which then heats the feedstock and the heat losses, as well as that increases
CAPEX, of significant additional equipment. The syngas exits from the pyrolyzer and
the thermal media and char exit the bottom and are separated. The thermal media is
then conveyed up to the preheater where is it cross exchanged with the flue gas from
the process heater, which burns the char and the off-gas from the hydrogen separator.
With partial oxidation solutions, the challenge lies in producing as little combustion
byproducts as possible, particularly when processing complex waste mixes such as
municipal solid waste.

The syngas from the pyrolyzer is then typically reformed to 1000–1100°C by the
combustion of part of the syngas with the addition of oxygen. Reforming to 1100°C
does crack some of the light hydrocarbons, tars, and fine char while reforming reac-
tions occur.

The reformed gas is then treated to cool the gas via a quench tank, waste heat
boiler, and scrubber. The reformed gas is then treated by an amine system or specialty
scrubbers to remove the gases such as: ammonia, hydrogen cyanide, hydrogen sulfide,
hydrochloric acid, carbonyl sulfide. Once those contaminants are removed, the
reformed gas is processed through a Pressure Swing Absorber (PSA) to separate the
carbon monoxide and carbon dioxide from the hydrogen, the final product. The
hydrogen recovery from the PSA is about 72%. The remaining 28% of the hydrogen
and the reject or off-gas from the PSA can then be reused either internally in the
system, or for additional third-party processing, such as a gas engine.

2. Ways2H process description

2.1 General principles

As discussed above, Ways2H recognized the disadvantages of the past processes
and competitive technologies in detail, as well as some innovative commercial

Reactions Reaction Stoichiometry ΔHreaction

(MJ/kmol)
Reaction Name

C-1 C(s) + 1/2O2(g) ! CO(g) �111 Carbon Partial
Oxidation

C-2 CO(g) + 1/2O2(g) $ CO2(g) �283 CO Oxidation

C-3 H2(g) + 1/2O2(g) ! H2O(g) �242 H2 Oxidation

C-4 CnHm(g) + n/2O2(g) ! nCO(g) + m/
2H2(g)

< 0 Tar Oxidation

Table 3.
Combustion reactions.
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technologies that could be applied to waste to hydrogen conversion. In applying these
technologies to the design of the Ways2H process, the object was to simplify the
process, eliminate certain equipment, decrease operating expense, and increase
hydrogen yield.

Some solutions use heat carriers as the pathway for feedstock indirect heating.
While this solution seems to bear several advantages, implementing a heat carriers
circuit within the process is also source of complexity; therefore, cost increases.
Eliminating the use of thermal media, such as the heat carriers above as well as
fluidized bed removes the need for the following:

1.A thermal media preheater that cross-exchanges the media with flue gas from the
process heater,

2.A process heater or combustor itself which is a source of emission of NOx and
wasted energy,

3.A mechanical conveyor which transports the media,

4.A char separator and conveyor necessary to separate the char from the media
after pyrolysis,

5.Expensive and complex valves systems,

6.In summary, a great deal of capital and operating cost.

Another process type recently evaluated was plasma gasification. In this process,
the heat required for feedstock gasification is provided via generation of a plasma,
typically reaching temperatures in the range of 4000°C. In addition to significantly
high CapEx, these solutions require a high maintenance, particularly with the reactors’
internal walls, subject to relatively high temperatures compared with conventional
Vapolysis or pyrolysis, as well as the electrodes that generate the arc for plasma
generation. Made of graphite, these electrodes are essentially expensive consumables.

Then of course, there are several processes on the market using more conventional
solutions like partial oxidation of raw feedstock as the heat source. There are well-
known cases where these processes, which are very effective for predictable, stable
feedstock streams such as wood or coal, have been plagued by mechanical incidents,
mostly caused by tar occurrence, due to too low temperatures in the gasification/
pyrolysis reactors.

The challenge then is to provide enough heat to ensure full gasification without
combusting the hydrogen-generating components of the feedstock with a mechani-
cally simple configuration. In order to accomplish full gasification without the com-
plexity and cost of an intermediate media, an alternate source of energy is required for
the thermal cracking reactions—vapolysis—to occur. The solution is based on the
choice of a high-temperature heat source for the reformer, and then to utilize the hot
syngas from that reformer as the heat source for vapolysis. A device producing a
reforming temperature approximately at 1400°C was identified.

However, the challenge was to utilize the heat from the reformed gas, avoid the use
of solid thermal media, and yet to keep the reformed gas separate from the gas in the
vapolysis process. Two technologies were evaluated: an indirectly heated rotary kiln or
an indirectly heated screw conveyor. Rotary kilns are typically used to heat solids to the
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point where a chemical reaction or physical change takes place, in this case: drying,
devolatilization, and vapolysis, which makes the kiln’s temperature control critical. A
rotary kiln is comprised of a rotating cylinder (called the drum) and jacket, which
surrounds the drum (sometimes called the furnace), sized specifically to meet the
temperature and retention time requirements of the material to be processed. The kiln is
set at a slight angle, in order to allow gravity to assist in moving the feedstock through
the rotating cylinder. Mechanical rotation movement also assists in breaking the even-
tual feedstock clusters that may arise. The problem arises in the mechanical lip seals and
bridging between the furnace and rotating drum. These seals are mechanically difficult
to build and maintain. In addition, the leakage of these seals or their failure led to highly
flammable gases leaking to the atmosphere [6].

2.2 Main features of the process

Screw Vapolyser is a modified version of an indirect heated screw conveyor. It has
several advantages:

1. Initially, feedstock is shredded and pre-processes by several mechanical
operations to suit the quality of feedstock with Screw Vapolyser processing. The
feedstock is shredded up to inches of size to have smooth gasification by
increasing the reaction rate.

2.The feedstock is thoroughly mixed by the mechanical action of the screw itself,
promoting the vapolysis process.

3.Steam is added in Screw Vapolyser as gasification agent.

4.The rotating screw also increases the heat transfer to the feedstock as well
increases the reaction efficiencies between steam and feedstock, which helps to
have efficient gasification.

5.The feedstock is gasified in the lower portion of the screw and the syngas is
separated from the solids in an upper zone.

6.A suction blower pulls the syngas from the Vapolyser into gas mixer and
reformer for those gaseous reactions that generate more hydrogen. The
unconverted portion of feedstock, which is mainly inorganic in nature, comes
out as bottom ash at the end of the screw.

7.Reformer is refractory lined reactor with 1400°C operating temperature. Such a
high temperature is achieved using part of the hydrogen produced as fuel
through oxy-fuel burner (OFB).

8.The 1400°C reformed gas from the reformer provides the gasification energy
for Vapolysis at very little CapEx or OpEx.

9.The 1400°C reformed syngas flows through an enclosure, which surrounds the
screw conveyors tube. There are no seals except on screw shaft, which uses a
conventional rotary seal.
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10.The temperature differential between the reformed gas and the feedstock/
Vapogas is much greater than any intermediate media solution.

11.The reformed gas, after having released its certain portion of heat to the Screw
Vapolyser, is cooled down, cleaned, dried and undergoes a final conversion
phase, Water Gas Shift Reaction, where carbon monoxide is removed to
produce more hydrogen. Prior to entering the Water Gas Shift Reactor
(WGSR), gas must be heated up to 250 to 300°C, as per particular operating
temperature requirement, for better conversion and reaction rates in WGSR.

12.Separation phases yield:-

a. Hydrogen product, of which a fraction is diverted to feed the burner in
the HT reformer

b. Carbon dioxide, which is sent to an integrated mineralization component.
The output from this component is mineralized carbon, permanently
sequestered and available for example as a construction material or for
concrete/cement manufacturing processes (Figure 3) [6].

Feeding the Vapolyser, the organic feedstock is first preheated with excess process
steam to remove excess moisture in the feedstock if any. The feedstock then enters the
Vapolyser through a rotary gas lock, which not only meters the feedstock into
Vapolyser but seals the gases being generated in the Vapolyser, preventing them from
flowing back into the feedstock line. As the feedstock passes through the Vapolyser, it
is exposed to a controlled temperature, which gradually increases the feedstock from
its initial—ambient—temperature to final temperature of 850°C, which is much
higher than gasifiers using intermediate media.

The vapolysis temperature of 850°C is achieved by transferring the reformed gas
heat at 1400°C, directly, through the jacket enclosure of the Vapolyser. This would
cause the vapolysis process to occur while raising the feedstock temperature to 850°C.
At this point, with exception of a minimal remaining solid carbon fraction (char) and
mineral fraction (ash), the feedstock is totally converted to syngas, essentially its
elemental gases, such as hydrogen, carbon monoxide, carbon dioxide, methane, and

Figure 3.
Overall Ways2H process schematic.
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small amounts of contaminants such as hydrochloric acid, hydrogen cyanide, ammo-
nia, COS, and hydrogen sulfide. The syngas then flows to the reformer with any
remaining entrained tars after passing through the “Gas mixer/Static Mixer” where
more steam is added stoichiometrically required by the reforming process. The only
waste product is a minimal amount of ash that may result from solid char decomposi-
tion. This ash will be removed from the bottom of the Screw Vapolyser.

The syngas and char enter the reformer where they are exposed to an Oxy-Fuel
Burner (OFB), which exposes the Vapogas and any leftover tar from the Vapolyser to
temperatures of 1400°C. Additional steam provision is there in the reformer if
required. In the OFB, oxygen, in stoichiometric proportion, is mixed with fuel, which
is 99.999% pure hydrogen from the Hydrogen Storage/Hydrogen Separator product
stream.

Combustion of this fuel yields a flame of over 2000°C and temperatures in excess
of 1400°C in the reformer. At this temperature, essentially all of the methane and tars
are cracked to hydrogen and carbon monoxide, increasing the hydrogen content over
a conventional reformer by about 10 to 15%. In addition, contaminant gases such as
ammonia and hydrogen cyanide are converted to nitrogen and water, eliminating
NOx emissions.

The OFB hot gas (combustion products) accelerates to sonic velocity through a
specifically designed nozzle, forming a turbulent jet. This turbulent jet has an enor-
mous entrainment appetite that enhances mixing between the Vapogas containing tar/
methane and the reactive hot steam. The combination of high temperature and rapid
mixing makes the jet extremely reactive. Therefore, the OFB process can provide
better syngas (defined as CO and H2) yields than if conventional oxygen injection
solutions were used in a typical reformer.

In addition to the existing mixing effect directly caused by the OFB nozzle,
Ways2H has developed and integrated a proprietary static mixing component, which
through an innovative use of aerodynamics principles further increases the gas flow
reactivity and provides an improved mixing of the injected steam with the Vapogas
flow before entering the reformer.

The combined reformed gas and OFB combustion gases exit the reformer and
enter the various sections of the vapolysis jackets through temperature control valves.
Each valve controls the flow of 1400°C reformed gas to each jacket section according
to the desired temperature for each stage of the vapolysis. There is a control on the
flow entering the vapolysis heating jackets, which allows extra hot reformed gas to
bypass the heating jacket and is directed to the Waste Heat Recovery Boiler (WHRB).

After exiting the vapolysis jackets, the reformed gas then enters heat recovery,
cleaning, and separation phase. The reformed gas from the jacket of the Vapolyser is
at approximately 1000°C and enters waste heat recovery boiler, which generates
process steam for preheating the feed and injection into the Vapolyser, Gas Mixer/
Static Mixer, and reformer. The reformed gas then enters a quench tank, which cools
the reformed gas. The reformed gas then enters a dual scrubber further cools the gas
and completes the removal of contaminants. After scrubbing down acidic gases, a fine
particulate filter (<0.5 micron) helps removing all particles still present and gases will
be free of acids and particles at this stage. A compressor increases the reformed gas
pressure and electric heater increases the temperature required to feed the Water-Gas
Shift Reactor (WGSR).

Water-Gas Shift Reactor (WGSR) is used to convert carbon monoxide (CO) into
carbon dioxide (CO2) and hydrogen (H2) with the help of added steam. This step is
very useful to enhance the hydrogen production.
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The gas then enters a carbon dioxide separator and removes almost all carbon
dioxide, which is then fed to the Carbon Capture & Mineralization (CCM) system.
This system mineralizes the carbon dioxide with Ca+, Mg+, CaO, Ca(OH)2, MgO, Mg
(OH)2 from various natural as well as a by-product sources from other industrial
processes to form calcium, sodium, or magnesium carbonate. The advantages of the
CCM technology over traditional Carbon Capture Storage (CCS) technology are the
conversion of CO2 to a stable, storable, and usable carbonate compound. Eventually,
all the carbon entering the process in the feedstock as well from the burners/gas
engine will find its way to CO2 and ultimately mineralize as carbonate, making the
whole process a full carbon sink.

At this stage, the gas is free of carbon dioxide (CO2) and has majorly hydrogen
(H2), carbon monoxide (CO), nitrogen (N2), and traces of Hydrogen Sulfides (H2S)/
other sulfur compounds. This gas mixture is all set to be processed through Hydrogen
Separator, which requires further sulfur removal and concentration below 50 PPB. To
achieve the limit on sulfur presence, sulfur removal system is used to remove sulfurs
prior to be treated by Hydrogen Separator.

The OFB nozzle uses 99.99% Hydrogen (H2) to generate 1400°C reformed gas,
which in turn provides the energy for feedstock gasification in the Screw Vapolyser
and the auxiliary burner (if required) use the off-gases or waste gases from the
process to provide heat to Screw Vapolyser if hot-reformed gas heat supply is not
sufficient to bring up and maintain the temperature of Screw Vapolyser up to 850°C.

There is an exhaust from the Hydrogen separator system, which is still having
mainly carbon monoxide (CO), Hydrogen (H2), and Nitrogen (N2). This exhaust
stream can be used either by Aux-Burner for Screw Vapolyser if required, and if not,
this stream can be used by Gas Engine/SOFC to generate electricity for captive use
and as discussed above, the exhaust of electricity generation system, having carbon
monoxide (CO2), again diverted to CCM system for mineralization [6].

2.3 The Ways2H process equipment

In order to achieve the above process, Ways2H utilizes a series of commercially
proven processes or components that are operated within their design limits.

The first stage of Vapolysis takes place in a Vapolyser, which is a heated shaftless
screw conveyor.

The typical Vapolyser with a feedstock inlet, a Vapogas outlet to the Reformer, a
bottom outlet for the inorganic ash fraction of the feedstock, a heating jacket sur-
rounding the conveyor, and an external motor.

The hot gas from the Vapolyser then enters the Reformer where it is heated to
1400°C by a direct flame. The 1400°C gas from the Reformer then passes through the
Vapolyser jacket, indirectly heating the feedstock to 850°C, achieving the vapolysis of
the feedstock to its elemental gases of mainly hydrogen, carbon dioxide, carbon
monoxide, and methane. The 850°C Vapogas temperature is controlled by the
flow of gas from the reformer to the jacket. The Ways2H 850°C Vapogas is much
hotter than the 600°C pyrolysis gas typical in the industry, achieving more complete
gasification of tars and char industry typically calls this mixture of gases, syngas
(Figure 4).

The conveyor screw’s, shown here, main function is to move the organic feedstock
along the conveyor tube to provide uniform mixing, cluster breaking, and better heat
transfer from the conveyor tube to feedstock. In these applications, the materials of
construction are designed to withstand temperatures of over 1000°C with alloys such
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as: Nitronic 60 or Inconel 625 type. The conveyors like this are used by many similar
applications, including in the pyrolysis and calcination industries.

Before further processing, the high-temperature Vapogas is sent through a Partic-
ulate Filter in order to remove the particles above 1 micron size. The particulate filter
is a metallic mesh-type filter provided by several suppliers. The second phase of
Vapolysis takes place in a Gas Reactor where the Vapogas and additional steam are
injected via static mixers. The Gas Reactor is sized to allow sufficient residence time
for certain gas reactions to occur.

The third and final stage of Vapolysis occurs in the Reformer.
Reformer is a process used in almost all petroleum industries. Gas reformers in one

or other way process the raw gas to achieve highest concentration of targeted product.
Steam reformers are the current mainstream pathway for hydrogen production, with
methane (natural gas) as feedstock. As such, it is also a well-known, widely used
technology.

In the third and final phase in the Ways2H Vapolysis process, Vapogas from the
Vapolyser passes into a High Temperature Reformer to cause certain gas reactions to
occur. In order to achieve 1400°C exhaust gas that enters the Vapolyser jacket, the
Ways2H Reformer uses a commercial size oxy-fuel burner, which burns a small
fraction of the ultimately produced hydrogen with oxygen, achieving much higher
temperatures and the breakdown of methane to hydrogen.

The high-temperature flame heats the Vapogas to over 1400°C—from that step it
is called Hot Reformed Gas. The Hot Reformed Gas then passes through the jacket of
the Vapolyser, achieving an optimal efficiency of thermal energy utilization.

The process has now completed the Vapolysis stages and commences the Reformed
Gas treatment and separation processes. The first stage is the cooling of the gas and
the generation of steam for the various gas reactions.

After Hot Reformed Gas passes through the Vapolyser jacket, its temperature is
about 1000°C. It then enters a conventional waste heat recovery boiler. The boiler
generates steam for injection into the Vapolyser, Reformer, and Water Gas Shift
Reactor. The steam is actually a source of added hydrogen for the reactions that occur
in these vessels. In addition, the gas is cooled for subsequent processes.

The waste heat recovery boiler concept is already a well-known and proven
technology. There are several WHRB Designer/Manufacturers/Suppliers available
globally.

The cooled gas then passes into a standard Dual Scrubber, which removes low
levels of contaminants such as: HCl, NH3, HCN, and COS, which were introduced in
the feedstock as trace components. Those trace elements must be removed to allow
the gas to be effectively separated in downstream systems and not to contaminate or

Figure 4.
Internal view of Screw Vapolyser.
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poison media or membranes in downstream systems. Gas scrubbers are commonly
available systems, which will be selected based on our requirement as per the pollut-
ants’ concentration in our process gas.

The entire system starting from Screw Vapolyser to Gas Scrubbers is operated
under slight vacuum. An ID fan/Suction fan at the end of Gas scrubber is responsible
for maintaining the gas flow and pressure from throughout up to ID fan/suction fan
outlet.

Induced Draft Fan/Suction fans are impeller-based motor driven fans, and the
speed is controlled by various differential pressure points at various processes. These
type ID fans, well-designed according to the Ways2H process gas and operational
requirement, are commonly available.

The treated gas is then pressurized with a typical dual acting reciprocating
compressor and heated in heat exchanger prior to entering the Water Gas Shift
Reaction (WGSR). The WGSR requires a certain pressure and temperature for
efficient operation.

The WGSR is a widely used industrial reaction for the manufacture of
ammonia, hydrocarbons, methanol, and hydrogen. In the manufacture of
hydrogen, the carbon monoxide is mixed with steam in the presence of certain
catalyst to convert the carbon monoxide to carbon dioxide and additional hydrogen.
After removing the contaminants that could poison the catalyst, the Reformed Gas in
the Ways2H process gas, which still has a significant concentration of carbon
monoxide, is processed to produce significantly more hydrogen with minimal energy
consumption.

After the Reformed Gas passes through the WGSR, it consists mostly of carbon
dioxide, hydrogen, nitrogen from the feedstock and trace sulfur contaminants. The
next step in purifying the gas to hydrogen is to separate the carbon dioxide.

Pressure Swing Adsorption (PSA) or Vacuum Pressure Swing Adsorption
(VPSA) or any other commercially proven and available membrane and
absorption technologies are two well-known variants of a technique used to
separate some gas species from a mixture of gases under pressure/vacuum/
normal pressure according to the species’ molecular characteristics and affinity
for an adsorbent material. It operates at near ambient temperature and
significantly differs from cryogenic distillation, another process commonly used to
separate gases.

For the removal or separation of carbon dioxide, Ways2H uses proven CO2 sepa-
rators technologies for the highest efficiency. The separated carbon dioxide then flows
to the CCUS system, which is discussed later.

The retentive gas from the CO2 separator is primarily hydrogen with nitrogen from
the feedstock and small amounts of carbon dioxide and carbon monoxide. Prior to the
final separation of fuel cell grade hydrogen, sulfur compounds that were not removed
in the scrubber must be removed to prevent poisoning the palladium in hydrogen
separation membranes.

Before the hydrogen can be separated from the treated gas, it must be pressurized
and heated, similar to the conditioning process used before the WGSR, using a second
dual acting reciprocating compressor and heat exchanger.

The final step in the production of fuel cell grade hydrogen is to remove the
nitrogen due to the feedstock and small amounts of carbon dioxide and carbon mon-
oxide left from the WGSR and CO2 separators. To achieve the fuel cell grade hydro-
gen, the treated feed gases are passed through a commercial palladium membrane
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system to separate the fuel cell quality hydrogen from the waste gas. The waste gas
along with the nitrogen is then burned to provide an additional thermal energy
source for the Vapolyser or the WGSR heat exchanger or hydrogen separator heat
exchanger. A small fraction of the hydrogen product is burned in the reformer’s oxy-
fuel burner.

The final major product of the Ways2H process is the Carbon Capture Use &
Storage (CCUS) of the separated carbon dioxide from the CO2 Separator. The carbon
dioxide is then sent to mineralization process for carbon sequestration into carbonate/
solid form.

Bottom line, Ways2H achieves the conversion one dry ton per day of organic waste
to a net output of approximately 150 kg per day of fuel-cell grade hydrogen using
conventional, industrially proven, and commercially available equipment operating in
a unique temperature and sequential profile [6].

3. Economics

The technical aspects of the process have been outlined above, showing the par-
ticularly promising performances in terms of hydrogen yield, when calculated on the
basis of feedstock input.

Technical performance does not provide much benefit if the solution cannot be
economically deployed and operated. To estimate the economic feasibility of the
solution, we chose to focus on two main indicators, one being the overall economic
performance, expressed as project Internal Rate of Return (IRR). The other perfor-
mance indicator is the hydrogen production cost. The following estimation is based on
a system being built and operated on a generic site in the continental United States,
with basic CapEx and OpEx numbers provided as follows.

3.1 Capital expenditure (CapEx)

Table 4 below outlines the main cost elements of a fully delivered, commissioned
turnkey plant. The retained perimeter (battery limits) starts with processed feedstock
injection, and ends with products (hydrogen and byproducts) output, conditioning
thereof not included.

3.2 Operational expenditure (OpEx)

As most industrial processes, the plant requires several utility connections to
operate. Table 5 below summarizes all considered costs for system operations. It is
important to note that in an alternative configuration, the plant can be equipped with
an internal stationary fuel cell to produce its own electricity and as such be able to
operate off-grid. It is also worth to note that a significant part of OpEx resides in the
CO2 mineralization function, particularly in precursor procurement.

3.3 Overall economic performance

Overall economic performance is a complex calculation, based on several concom-
itant factors, whose combination provides a specific business model and profitability
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calculation. Each specific project should be assessed on the basis of local conditions
such as utility prices, feedstock supply (negative) cost, logistics costs, as well as
products and byproduct sale prices.

CapEx (Capacity in tpd) 24

Average estimated H2 production per day (kg) 3600

Equipment cost estimation

Purchased equipment

Concrete

Controls

Electrical

Fire Protection

Heat Trace & Insulation

Mechanical

Rentals

Site work

Structural - Equipment

Structural—Pipe Supports

System Install & Commissioning

Miscellaneous

Other Direct costs

Direct Costs 19,524,890

Peripheral Equipment

Preprocessing No —

Fuel Cell No —

Compressor (bar) No —

Other additional Equipment No —

Contingencies 5% 976,245

Complete system 24 tpd 20,501,135

Initial Project Assessment 90,000

Basic Engineering 424,645

Detailed Engineering 2,406,321

Project supervision & Management 2% 410,023

Insurance 2% 410,023

Indirect costs & Engineering 3,741,012

Total cost before grants 24,242,146

Table 4.
Delivered system CapEx.
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3.3.1 Hydrogen production cost

Hydrogen is the main output and purpose of these solutions. Although this hydro-
gen will likely be compressed for use or transportation, the present calculation is based
on hydrogen output before compression, but delivered at PEMFC-compliant quality.

A primary characteristic of waste-to-hydrogen systems—as opposed, for example,
to electrolytic hydrogen—lies in the multiplicity of revenue streams. While being
more complex to manage, these also help mitigating the operation risk, as revenue
variations on one parameter will have a lower impact on overall operations. Other
revenue streams that are being accounted for are, by order of importance:

• Mineralized CO2 (in this example, calcium carbonate)

• Carbon credits

• Waste processing fees (tipping fees)

OpEx Cost basis Quantity $/year

Maintenance

System maintenance, per year 3% 475,602

Maintenance total 475,602

Utilities

Energy consumption (kW) $0.15 1355 kW 1,576,149

Reformer Oxygen cost $0.15 /kg 189,212

Process Water $0.41 /kg 6393 m3/y 2621

Material processing cost (preprocessing) $0.00 /kg 9690 t/y —

Ca source incl. Logistics $90.00 /ton 31,913 t/y 2,872,151

Total Utilities 4,640,132

Disposal

Ash and other solids disposal $30.00 /ton 4772 t/y 143,168

Total Disposal cost 143,168

Labor Monthly Count

System Manager $ 3000 1 18,000.0

Shift in charge $ 1500 4 72,000.0

Maintenance technician $ 2000 1 24,000.0

Feedstock handling labor $ 1500 1 18,000.0

Total weighted—yearly 132,000 132,000

Payroll Taxes & Benefits 15% 19,800 19,800

Total payroll yearly expense 151,800 151,800

Total OpEx per year 5,410,703

Notes to Table 5 above:
Oxygen cost is an internally calculated average of various hydrogen sources delivered cost.
Cost of processed water is based on US California average cost in 2019.

Table 5.
System OpEx.
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As an example, Table 6 shows the sensitivity analysis of hydrogen production
cost, based on tipping fees and carbon credit variations and calculated over a 25 years
operation period.

The average unweighted tipping fees in continental USA are calculated at US$54.17.
For convenience, we have rounded this number down at $50. Similarly, there are over
170 carbon credit calculation types and bases available. World Bank [7] states a range
between $40 and $80 in 2021.We chose a median price of $60. This combination results
in a hydrogen production cost of $0.19 per kg, compression not included [6].

3.3.2 Internal rate of return

Costs have been described in the OpEx table above. In addition, CapEx
amortization, project financing costs as well as other costs such as taxes also need to be
taken into account when assessing the final economic model and profitability of a
project. Table 7 below provides a summarized overview of a standard project
financial statement.

As shown in the bottom line of the table, operations result in an IRR over 20 years
of 31% [6].

4. Conclusion

In summary, the Steam-Induced Vapolysis process as designed by Ways2H does
the following:

1.Although being a fully integrated Waste to Hydrogen solution, with CCUS
included, the process eliminates a significant number of expensive and complex
equipment. The direct impact is multiple:

2.Significant reduction in system CapEx

3.Increase in heat efficiency with a significant reduction in OpEx.

4.Better reliability using modified commercially available technologies.

5. Increases hydrogen yield from the use of high temperature of vapolysis and
reforming along with Water-Gas Shift Reactor (WGSR) addition, significantly
improving operation economics.

Excellent control is provided over the vapolysis temperature gradient and overall
level with the specific combination of multi-sectional regions.

A concentrated source of carbon dioxide is provided for mineralization to carbon-
ates for sales and significant carbon credits.

Is characterized by the use of proven technologies in similar applications. Their
combined use in the Ways2H process is unique.

When deployed on-site for commercial operations, a generic system, operating
under average parameters will produce hydrogen at a cost of 0.19 per kg, with an
overall Internal Rate of Return of 31% (Figures 5 and 6).
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Figure 6.
Plant layout.

Figure 5.
Process flow diagram.
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