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Preface

Unplanned industrialization is compromising environmental sustainability, 
creating harmful effects on fauna and flora as well as causing innumerable diseases 
in humans. There is no doubt that economic growth depends heavily on the trans-
portation and manufacturing industries, both of which are major sources of carbon 
emissions. As such, the question arises of how to control and mitigate carbon 
 emissions without suffering a decline in economic development.

Carbon capture and storage is a climate change mitigation technology in which CO2 
is captured from power plants and other industrial processes instead of emitted to 
the atmosphere. Green practices in business operations, such as ecological design, 
green manufacturing, green transportation systems, and renewable energy and 
recycling techniques, can efficiently reduce pollution and waste.

This book is unique, as other books about pollution and carbon primarily focus 
on the global scale and emphasize environmental problems. This book, however, 
discusses carbon and environmental issues at domestic levels, highlights environ-
mental problems, and provides solutions for controlling carbon emissions. Written 
by distinguished researchers from prestigious universities, chapters include case 
studies from real-world events that challenge the brightest minds.

We would like to thank the contributors for their extraordinary work. We would 
also like to thank Author Service Manager Ms. Sandra Maljavac for her milestone 
coordination and author facilitation. We also extend our thanks to IntechOpen for 
all of their support.

Thank you,

Syed Abdul Rehman Khan
Tsinghua University,

China

Xuzhou University of Technology,
China



Preface

Unplanned industrialization is compromising environmental sustainability, 
creating harmful effects on fauna and flora as well as causing innumerable diseases 
in humans. There is no doubt that economic growth depends heavily on the trans-
portation and manufacturing industries, both of which are major sources of carbon 
emissions. As such, the question arises of how to control and mitigate carbon 
 emissions without suffering a decline in economic development.

Carbon capture and storage is a climate change mitigation technology in which CO2 
is captured from power plants and other industrial processes instead of emitted to 
the atmosphere. Green practices in business operations, such as ecological design, 
green manufacturing, green transportation systems, and renewable energy and 
recycling techniques, can efficiently reduce pollution and waste.

This book is unique, as other books about pollution and carbon primarily focus 
on the global scale and emphasize environmental problems. This book, however, 
discusses carbon and environmental issues at domestic levels, highlights environ-
mental problems, and provides solutions for controlling carbon emissions. Written 
by distinguished researchers from prestigious universities, chapters include case 
studies from real-world events that challenge the brightest minds.

We would like to thank the contributors for their extraordinary work. We would 
also like to thank Author Service Manager Ms. Sandra Maljavac for her milestone 
coordination and author facilitation. We also extend our thanks to IntechOpen for 
all of their support.

Thank you,

Syed Abdul Rehman Khan
Tsinghua University,

China

Xuzhou University of Technology,
China



1

Section 1

Introduction to Carbon 
Capture



1

Section 1

Introduction to Carbon 
Capture



3

Chapter 1

Introductory Chapter: Carbon 
Capture
Syed Abdul Rehman Khan and Zhang Yu

1. Introduction

Environmental degradation is not a new problem for this world, while the 
intensity of the problem is increasing due to non-seriousness and lack of an appro-
priate plan to protect the natural resources and nourish the earth’s sustainability 
[1, 2]. There are some questions, which need to be answered before making any plan 
for environmental sustainability. First of all, whether are we serious about protect-
ing the natural resources of the world? Second, can we compromise on economic 
growth for the sake of environmental sustainability? After answering these two 
questions, governmental bodies can develop a master plan to address environmental 
issues effectively.

2. Are we serious?

There is no doubt that the industrial revolution is a prominent cause of global 
warming and climate change. However, in reality, the problem is older than the 
industrial revolution. Besides, the industrial revolution only increased the speed of 
environmental degradation.

Environmental problems cannot be solved overnight. It will take time to restore 
and nourish environmental beauty through creating awareness in public, which will 
create indirect pressure on firms to produce eco-friendly products for the sake of 
their consumers’ demand [3–5]. There are many other pro-environmental policies, 
which can help to improve environmental sustainability. The critical factor, which 
plays a vital role, is governmental bodies’ willingness and seriousness to address the 
problem.

3. Can we compromise?

The consumption of fossil fuel and energy is not only fueling economic growth 
but also environmental problems. This is a primary cause why the environmental 
policies failed in the execution phase, and governmental bodies are unable to 
enforce it. According to Munir et al. [6], Economic growth and environmental sus-
tainability have an inverse relationship. They also highlighted that economic growth 
is heavily based on the cost of environmental sustainability in developing nations. 
Wang and Zhu [7] argue that developed countries shifted their low-tech and labor-
intensive manufacturing in developing nations, which is also a significant cause 
of social and environmental problems. Several researchers highlighted that China 
is a world-factory and fulfilling the demand of the European and Western world, 
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while China’s social and environmental performance is the worst in the world [8, 9]. 
Similarly, India and other developing countries are blindly following China to 
improve their economic performance without catering to social and environmental 
issues facing the Chinese people and government [3, 6, 10, 11].

4. Conclusion and policy recommendations

To address environmental problems without compromising economic growth, 
governmental bodies need to prepare a master plan, promoting eco-environmental 
sustainability. Following are some recommendations:

• Technological advancement in manufacturing practices is highly recom-
mended to reduce carbon emissions.

• Adopting green practices in logistical and supply chain operations will help 
mitigate the harmful effect on environmental sustainability.

• The continuous invention and innovation process renews the technological 
process that moves towards green development.

• Provide loans to enterprises for green projects at low-interest rates.

• Increase awareness of environmental issues in public, which will help to create 
demand for green products.

• The green capital financing in agriculture food production may strengthen the 
agriculture industry, which will reduce the pressure on the environment.

• Labor productivity may further be improved by providing eco-friendly 
 training and awareness of environmental problems.

• The financial and trade liberalization policies must be scrutinized in a serious 
node, as both are considered the critical determinants of globalization; thus, 
the tight environmental policies will effectively reduce carbon emissions and 
enhance environmental sustainability. Further, governmental bodies need 
to encourage firms for ISO certifications and eco-friendly practices through 
financial benefits.
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Chapter 2

Phase Equilibria for Carbon
Capture and Storage
Catinca Secuianu and Sergiu Sima

Abstract

Carbon dioxide (CO2) is an important material in many industries but is also
representingmore than 80% of greenhouse gases (GHGs). Anthropogenic carbon diox-
ide accumulates in the atmosphere through burning fossil fuels (coal, oil, and natural
gas) in power plants and energy production facilities, and solid waste, trees, and other
biological materials. It is also the result of certain chemical reactions in different indus-
try (e.g., cement and steel industries). Carbon capture and storage (CCS), among other
options, is an essential technology for the cost-effective mitigation of anthropogenic
CO2 emissions and could contribute approximately 20% to CO2 emission reductions by
2050, as recommended by International Energy Agency (IEA). Although CCS has
enormous potential in numerous industries and petroleum refineries due their large
CO2 emissions, a significant impediment to its utilization on a large scale remains both
operating and capital costs. It is possible to reduce the costs of CCS for the cases where
industrial processes generate pure or rich CO2 gas streams, but they are still an obstacle
to its implementation. Therefore, significant interest was dedicated to the development
of improved sorbents with increased CO2 capacity and/or reduced heat of regeneration.
However, recent results show that phase equilibria, transport properties (e.g., viscosity,
diffusion coefficients, etc.) and other thermophysical properties (e.g., heat capacity,
density, etc.) could have a significant effect on the price of the carbon. In this context,
we focused our research on the phase behavior of physical solvents for carbon dioxide
capture.We studied the phase behavior of carbon dioxide and different classes of
organic substances, to illustrate the functional group effect on the solvent ability to
dissolve CO2. In this chapter, we explain the role of phase equilibria in carbon capture
and storage.We describe an experimental setup to measure phase equilibria at high-
pressures and working procedures for both phase equilibria and critical points. As
experiments are usually expensive and very time consuming, we present briefly basic
modeling of phase behavior using cubic equations of state. Phase diagrams for binary
systems at high-pressures and their construction are explained. Several examples of
phase behavior of carbon dioxide + different classes of organic substances binary sys-
tems at high-pressures with potential role in CCS are shown. Predictions of the global
phase diagrams with different models are compared with experimental literature data.

Keywords: phase equilibria, high-pressures, CCS, equations of state,
carbon dioxide, phase diagrams

1. Introduction

The worldwide anthropogenic carbon dioxide (CO2) releases in atmosphere,
accounting for over 80% of greenhouse gases (GHGs: > 81% CO2, 10% methane,
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7% nitrous oxide, �3% fluorinated gases [1, 2]), are emitted through numerous
processes such as burning solid waste, trees, other biological materials, and espe-
cially fossil fuels (coal, oil, and natural gas) in power plants and energy production
facilities, land use change, worldwide bushfires, and also as a result of certain
chemical reactions in different industries (e.g., cement and steel factories) [3–5].

In addition, the Mauna Loa Observatory, Hawaii, USA forecast that the annual
CO2 concentration will continue to rise in 2020, exceeding for the first time
415 ppm monthly [6], after the historical negative record of 415.39 ppm in May
2019. The higher and higher concentrations of CO2 together with methane, nitrous
oxide, and fluorinated gases into atmosphere trap heat which causes the greenhouse
effect producing the global warming and the climate change, triggering an escala-
tion in the number and strength of natural disasters such tornados, floods,
droughts, melting of ice from both poles, melting of mountain glaciers, and an
increase in average sea levels [7, 8].

Among the many ways for carbon mitigation [9, 10], such as wind, solar, or
hydro (waves) based electricity generation [4], waste management [11], chemical
conversion of carbon [5], etc., one of the most mature technologies is the carbon
capture and storage (CCS), which could contribute approximately 20% to CO2
emission reductions by 2050, as recommended by International Energy Agency
(IEA) [12].

A key obstacle in the utilization on a large scale of CCS remain the operating and
capital costs despite its great potential in many industries and petroleum refineries
given their large CO2 emissions [13, 14]. In the cases of industrial processes that
generate pure or rich CO2 gas streams the costs of CCS could be reduced but they
are still an impediment to its deployment [13, 14].

In the last decade, many researchers focused almost exclusively on the develop-
ment of improved sorbents with increased CO2 capacity and/or reduced heat of
regeneration [14]. However, recent results [3, 5] show that whilst equilibrium CO2

capacity is a key determinant of process performance, phase equilibria, transport
properties (e.g., viscosity, diffusion coefficients, etc.) and other thermophysical
properties (e.g., heat capacity, density, etc.) have a significant effect on the capital
cost, and thus on the price of the carbon captured.

In this context we recently focused on the phase behavior research of physical
solvents for carbon dioxide capture. Phase equilibria (PE) at high-pressures (HP) of
carbon dioxide with different classes of organic substances, such as alkanes [15],
cycloalkanes [16–18], ethers [19, 20], alcohols [21–24], esters, ketones, were inves-
tigated to illustrate the functional group effect on the solvent ability to dissolve CO2.
As the experiments are usually expensive and very time consuming, equations of
state (EoS) models are the most common approach for the correlation and/or
prediction of phase equilibria and properties of the mixtures [25]. In this chapter we
will also show modeling results with the General Equation of State (GEOS) [26, 27],
Peng–Robinson (PR) [28] and Soave–Redlich–Kwong (SRK) [29] equations of state
(EoS) coupled with both classical van der Waals (two-parameter conventional
mixing rule, 2PCMR). Our approach is rather predictive, and we are interested in
the global phase behavior of the systems, not only on pressure-composition dia-
grams, for instance. Therefore, phase diagrams construction is also explained.

2. Experimental method and setup for measuring PE at HP

One of our laboratory experimental setup for measuring phase equilibria at high
pressure consists of three modules: equilibrium cell, sampling and analyzing sys-
tems and control systems (Figure 1). The main component of the experimental
apparatus is the high-pressure windowed cell with variable volume [30–32],
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coupled with the sampling and analyzing system [33, 34]. The sampling system
consists of two high-pressure electromechanical sampling valves, namely the rapid
on-line sampler injector (ROLSI™, MINES ParisTech/CEP-TEP – Centre
énergétique et procédés, Fontainbleau, France [35]). The ROLSI valves are
connected to the equilibrium cell and to a gas chromatograph (GC) through capil-
laries. The expansion chamber of the sampler injector is heated with a heating
resistance, so the liquid samples are rapidly vaporized. A linear resistor coupled to
an Armines/CEP/TEP regulator is used to heat the transferring lines between ROLSI
and the GC. The GC (Perichrom) is equipped with a thermal conductivity detector,
TCD, and a HP-Plot/Q column 30 m long and 0.530 mm diameter. Helium is the GC
carrier gas at a flow rate of 30 mL/min. The setup is completed with a syringe pump
Teledyne ISCO model 500D.

The working procedure to determine isothermal phase equilibria is briefly
described. Firstly, the entire internal loop of the apparatus including the equilib-
rium cell is flushed several times with carbon dioxide. Any trace of carbon dioxide is
then evacuated from the cell and lines with a vacuum pump. The next step is to load
the organic substance in the equilibrium cell, which is previously degassed by using
a vacuum pump and vigorously stirring. The lighter component (in this case CO2) is
also filled with the syringe pump into equilibrium cell and the pressure is set to the
desired value. The experiment continues by heating the cell to the required tem-
perature. The mixture in the cell is stirred for a few hours to facilitate the approach
to an equilibrium state. Then the stirrer is switched off for about one hour allowing
complete separation of the coexisting phases. Samples from both liquid and vapor
phases are withdrawn by ROLSI valves and analyzed with the GC. To check the
repeatability, at least six samples of the liquid phase are normally analyzed at the
equilibrium temperature and pressure. The sample sizes being very small, the
equilibrium pressure in the cell remains constant.

The calibration of the TCD for CO2 and organic substance is done by injecting
known amounts of each component using gas chromatographic syringes. Calibra-
tion data are fitted to quadratic polynomials to obtain the mole number of the
component versus chromatographic area. Then correlation coefficients of the GC
calibration curves are calculated.

The uncertainties all variables and properties are estimated [21]. For the phase
equilibrium compositions, the relative uncertainty of the mole fraction in the liquid
and vapor phases are calculated using the procedure given by Scheidgen [37] and
Chirico et al. [38].

Figure 1.
Schematic diagram of phase equilibria setup [36].
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A different working procedure is used when measuring critical points of systems
at high-pressures. Thus, we start with a homogenous phase with unknown compo-
sition at random temperature and pressure. The pressure is modified by varying the
volume of the cell with the manual pump to determine if we obtain a bubble or a
dew point. If we obtain a bubble point, the temperature is slowly increased until the
first dew point is observed, then the pressure is increased to a homogeneous phase
and the composition is determined by sampling. Then the pressure is very slowly
decreased until the first drops of liquid are observed. At this point, the temperature
is slowly decreased simultaneously with reducing the volume, so the system is at the
limit between homogeneous (single phase)-heterogeneous (two phases). The
decreasing of temperature continues until the first gas bubbles are observed. The
procedure is then repeated by introducing new amounts of CO2 and slowly cooling.

3. Modeling

Equations of state (EoS) models are the most common approach for the correla-
tion and prediction of phase equilibria and properties of the mixtures. Cubic and
generalized van der Waals equations of state were actively studied, since van der
Waals proposed his famous equation in 1873 [39]. Although the cubic EoSs have
their known limitations [39–41], they are frequently used for practical applications.
They offer the best balance between accuracy, simplicity, reliability, and speed of
computation [39–41]. Therefore, cubic equations of state remain important and
easy tools to calculate the phase behavior in many systems [40], even for complex
mixtures like petroleum fluids [25].

The general cubic equation of state (GEOS) has the form:

P ¼ RT
V � b

� a Tð Þ
V � dð Þ2 þ c

(1)

The four parameters a, b, c, d for a pure component are expressed by:

a Tð Þ ¼ acβ Trð Þac ¼ Ωa
R2T2

c

Pc

b ¼ Ωb
RTc

Pc

c ¼ Ωc
RT2

c

P2
c

d ¼ Ωd
RTc

Pc

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

(2)

The temperature function used is:

β Trð Þ ¼ T�m
r (3)

with the reduced temperature Tr ¼ T=Tc . The expressions of the parameters Ωa,
Ωb, Ωc, and Ωd are:

Ωa ¼ 1� Bð Þ3; Ωb ¼ Zc � B; Ωc ¼ 1� Bð Þ2 B� 0:25ð Þ; Ωd ¼ Zc � 1� Bð Þ
2

(4)
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with

B ¼ 1þm
αc þm

, (5)

where αc is the Riedel’s criterion.
It can be easily noticed that a, b, c, d coefficients of the cubic GEOS equation are

in fact functions of the critical data (Tc, Pc, and Vc), m, and αc parameters.
The cubic GEOS equation is a general form for all the cubic equations of state

with two, three, and four parameters [42]. This is the meaning of the statement
cubic “general equation of state” used for GEOS. To obtain the parameters of the
Peng–Robinson (PR) or Soave–Redlich–Kwong (SRK) equations of state from the
Eqs. (2–5) we set the following restrictions [42]: Ωc ¼ �2 Ωbð Þ2and Ωd ¼ �Ωb or

Ωc ¼ � Ωb
2

� �2
and Ωd ¼ � Ωb

2 respectively. It results:

B ¼ 0:25� 1
8

1� 3B
1� B

� �2

; Zc PRð Þ ¼ 1þ B
4:

or

B ¼ 0:25� 1
36

1� 3B
1� B

� �2

; Zc SRKð Þ ¼ 1
3

(6)

giving B PRð Þ ¼ 0:2296 and Zc PRð Þ ¼ 0:3074 or B SRKð Þ ¼ 0:2467.
The equations for B can be solved iteratively, starting with an initial approxima-

tion of B in the right hand term. The corresponding value for Ωa, Ωb, Ωc, Ωd are
given by Eq. (4). The Ωa, Ωb, Ωc, Ωd parameters are compound dependent for
GEOS, while for SRK and PR are universal. It must be also pointed out that in GEOS
the value of Zc is the experimental one.

The coefficients a, b, c, d were obtained for mixtures using the classical van der
Waals two parameters conventional mixing rules (2PCMR for a, b) extended cor-
respondingly for c and d:

a ¼
X

i

X
j
xix jaij;  b ¼

X
i

X
j
xix jbij;  c ¼

X
i

X
j
xix jcij;  d ¼

X
i
xidi (7)

aij ¼ aia j
� �1=2 1� kij

� �
; bij ¼

bi þ b j

2
1� lij
� �

(8)

cij ¼ � cij j c j
�� ��� �1=2 with “þ ” for ci, cj >0 and “–” for ci or cj <0

� �
:

Generally, negative values are common for the c parameter of pure components.
The GEOS parameters m and αc of each component were estimated by

constraining the EoS to reproduce the experimental vapor pressure and liquid
volume on the saturation curve between the triple point and the critical point.

The phase equilibrium is represented using the Gibbs energy minimization
criterion, which can be equivalently written as iso-fugacity criterion [43]:

f Li ¼ f Vi (9)

where f is the fugacity of the component i in the liquid (L) or vapor (V) phase.
Using the fugacity model for both phases, this equation becomes:
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xiϕL
i T, p, x1,…, xNð Þ ¼ yiϕ

V
i T, p, y1,…, yN
� �

(10)

where ϕL
i and ϕV

i are the fugacity coefficients of component i in the liquid and
vapor phase respectively. Using the equilibrium constant, Ki ¼ yi

xi
, Eq. (10) becomes:

Ki ¼ ϕL
i T, p, x1,…, xNð Þ

ϕV
i T, p, y1,…, yN
� � (11)

The fugacity coefficient of component i in the mixture is calculated from any
equation of state.

The vapor–liquid equilibrium calculation for bubble p or dew p type problems
involves solving the following system of nonlinear equations:

f T or pð Þ ¼
X

i
Kixi � 1 ¼ 0 (12)

yi ¼ Kixi;
X

i
yi ¼ 1 (13)

or

f T or pð Þ ¼
X

i

yi
Ki

� 1 ¼ 0 (14)

xi ¼ yi
Ki

;
X

i
xi ¼ 1 (15)

respectively.
The calculations were made using the software package PHEQ (Phase Equilibria

Database and Applications), developed in our laboratory [44], and the GPEC
(Global Phase Equilibrium Calculations) [45]. In our in-house software (CRIMIX),
the critical curves are calculated using the method proposed by Heidemann and
Khalil [46] with the numerical derivatives given by Stockfleth and Dohrn [47].

4. Phase diagrams

The phase diagram shows the domains occupied by the different phases of a
system, the boundaries that separate these regions and the special points of the
system, as a function of two independent variables. A practical choice of these
variables is that of pressure (P) and temperature (T), which can be measured
experimentally. The phase law states that for a one-component system, the coexis-
tence curves, whether liquid-vapor, solid-vapor or solid–liquid, are monovariants.
The curves separate in the phase diagram the domains of existence of each phase
(vapor, liquid, solid).

The most known classification of phase diagram types was proposed by Scott
and van Konyneburg [48]. They applied the van der Waals equation combined with
van der Waals-type mixing rules in binary systems and quantitatively predicted
almost all types of phase equilibria of fluids known from experiments. The results
were presented in a global phase diagram and its pressure–temperature (P–T) pro-
jections. Scott and van Konyneburg [48] classified the different types of phase
diagrams taking into account the nature of P–T projections and, in particular, the
presence or absence of three-phase lines and azeotropic lines, as well as how critical
lines connect with these. According to Scott and van Konyneburg’s classification, six
main types of phase diagrams can be distinguished. The first five types of fluid
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behavior were calculated by [48] with the above equation, the sixth type being
calculated with other equations of state [32]. More recently, Privat and Jaubert [49],
presented an updated version of classification of the phase diagrams in binary
systems together with the transitions between the various types of systems. The six
main types of phase diagrams are as follows (Figure 2 [32]):

• Type I – presents a critical liquid-vapor curve which connects the critical
points of the two pure components;

• Type II – presents two critical curves. It has a critical curve as in the case of
type I and, in addition, a liquid–liquid critical curve that starts at an upper
critical endpoint (UCEP) and evolves rapidly at high pressures and a three-
phase liquid–liquid-vapor (LLV) equilibrium curve ending in UCEP;

• Type III – presents three critical curves. A critical liquid-vapor curve that starts
at the critical point of one of the pure components and ends in a UCEP where
the curve of the three liquid–liquid-vapor phases ends; another liquid-vapor
critical curve starting from the critical point of the other pure component and
connecting with a liquid–liquid critical curve at very high pressures;

• Type IV – presents two distinct liquid-vapor critical curves starting from each
of the critical points of the pure components and a liquid–liquid–vapor
equilibrium curve of the three phases bordering the two liquid–vapor critical
curves, the two critical points where it intersects representing a UCEP and,
respectively, a lower critical endpoint (LCEP). Also, in this type of diagram,
a liquid–liquid critical curve is found at low temperatures, ending in another
UCEP, in which an equilibrium curve of the three LLV phases ends;

Figure 2.
Schematic representation of the six types of phase diagrams [32].
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the curve of the three liquid–liquid-vapor phases ends; another liquid-vapor
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• Type IV – presents two distinct liquid-vapor critical curves starting from each
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curves, the two critical points where it intersects representing a UCEP and,
respectively, a lower critical endpoint (LCEP). Also, in this type of diagram,
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Figure 2.
Schematic representation of the six types of phase diagrams [32].
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• Type V – presents a critical curve similar to that of type IV, but without the
liquid–liquid critical curve and without the equilibrium curve of the three-
phases at low temperatures;

• Type VI – presents a critical curve as in the case of type I, but also a critical
liquid–liquid curve that stretches between an LCEP and a UCEP, which also
border the equilibrium curve of the three phases.

Subsequently, the classification of phase diagrams was enriched with several
new types of critical curves [32]:

• Type VII - this phase diagram shows the same type of liquid–liquid critical
curve as type VI, but the liquid-vapor critical curve is composed of two
sections ending in a UCEP, respectively in an LCEP, which in turn border a
liquid–liquid-vapor curve of the three phases;

• Type VIII -has a critical curve as in the case of type III which additionally
presents a liquid–liquid critical line that starts at a lower critical limit point,
LCEP and then goes to high pressures [30];

• Type Vm - the critical curve is interrupted by a curve of the three phases and
has a maximum and a minimum in pressure.

In the case of binary systems, especially, the sections P-X at T = constant or T-X
at P = constant are widely used. Such sections are constructed as in Figures 3 and 4.
In P–T projections, the axis of the composition is hidden by the pressure–tempera-
ture plane. The vapor pressure curve for component 1 is denoted 1 and for compo-
nent 2, 2. In Figure 3, a P–T projection of the type I diagram is presented, but, in
addition, for a composition, X, we represented the bubble pressure curves (BPC)
and dew pressure curves (DPC) that intersects at a point on the critical liquid-vapor
curve, where the liquid and vapor phases become identical.

Each critical point on the critical liquid-vapor curve corresponds to a certain
composition. The points near the critical point of component 1 are points in the
mixture where the concentration of component 1 is very high, while the points
located near the component 2 are critical points of the mixture in which its concen-
tration is very high.

Figure 3.
P–T and P-X projections for type I phase diagram [32].
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To construct a P-X diagram at T = constant (Figure 3), for example T1, a line
parallel to the pressure axis is drawn. This line, corresponding to the temperature
T1, firstly meets the vapor pressure curve of component 2, then the dew pressure
curves (DPC), respectively the boiling pressure curves (BPC) and, finally, the
vapor pressure curve of component 1.

All mixtures of components 1 and 2 are represented at low pressure by a single
vapor phase (single-phase domain) and at high pressure by a single liquid phase
(single-phase domain). The biphasic domain, delimited by the liquid curve, respec-
tively by that of the vapors, corresponds to the equilibrium state between phases
(liquid + vapors).

To construct a T-X diagram at P = constant (Figure 4), one can proceed simi-
larly, but draw a line parallel to the temperature axis.

The complexity of P–T and P-X projections increases as the phase behavior is
more sophisticated. As examples, the P–T and P-X projections for a type III phase
diagram are shown in Figures 5 and 6 for two constant temperatures: one lower
than the critical point of the pure component 1 and the other located between the
critical point 1 and the UCEP.

Figure 4.
P–T and T-X projections for type I phase behavior [32].
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5. Predicting the phase behavior of systems containing carbon dioxide
of interest for CCS

Binary systems containing carbon dioxide and organic substances are of interest
for CCS both from fundamental point of view and for the ability of different sub-
stances to dissolve CO2. Different classes of organic substances are studied to
explore the functional group effect on the solvent ability to dissolve CO2. Several
examples are discussed in the next sections.

5.1 Phase diagram predictions for the carbon dioxide +1-dodecanol binary
system

As explained in previous section, the phase diagrams can be calculated using
equations of state. The experimental data can be correlated at each temperature and
sets (kij, lij) of optimized binary interaction parameters (BIPs) are obtained. Each
set then can be used to calculate the phase diagram of that system generating as
many diagrams as the temperatures used.

One example is shown in Figure 7 where for the carbon dioxide +1-dodecanol
binary system [22] are plotted the critical curves calculated with the PR/2PCMR

Figure 5.
P–T and P-X projections for type III phase diagram for temperature lower than the temperature of pure
component 1 [32].

Figure 6.
P–T and P-X projections for type III phase diagram for temperature higher than the temperature of pure
component 1 and lower than the UCEP’s temperature [32].
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model using the optimized binary interaction parameters obtained at 293.15 K
(k12 = 0.1277; l12 = �0.0026), 303.15 K (k12 = 0.1266; l12 = �0.0068), 313.15 K
(k12 = 0.1234; l12 = �0.0055), 333.15 K (k12 = 0.1535; l12 = �0.0193), and 353.15 K
(k12 = 0.1380; l12 = �0.0100).

Another possibility is to use one constant set of BIP to calculate the phase
diagram. In the same figure, the critical curve (dark red continuous line) of the
system is also calculated with a constant set of BIPS obtained by the averaging the
optimized BIPs for the five temperatures mentioned (k12 = 0.1278; l12 = �0.0006).

The calculation with the average value of BIPs is not representing well the
experimental critical data (blue full circles), therefore a modified set of BIPs
(k12 = 0.0900; l12 = �0.0100) was obtained by a trial and error procedure [22]. This
set of parameters is predicting reasonably well the type phase behavior of the
carbon dioxide +1-dodecanol binary system.

5.2 Phase diagram predictions for carbon dioxide + different classes of
substances at high-pressures

A more severe test for an equation of state is to use the BIPs obtained for a
mixture to calculate the phase diagram for other ones. Figure 8 illustrates the pre-
dictions of phase diagrams for five binary systems containing carbon dioxide and
different classes of organic substances containing four C atoms: one normal alkane
(n-butane, n-C4H10), one primary (1-butanol, C4H10O) and one secondary
alcohol (2-butanol, C4H10O), one ester (ethyl acetate, C4H8O2), and one ether
(1,2-dimethoxyethane (1,2-DME), C4H10O2).

The calculations were made with the SRK/2PCMR EoS. In all cases, the model
predicts type II phase behavior, even if only for carbon dioxide +1-butanol and
carbon dioxide +2-butanol there is experimental evidence that they exhibit liquid–
liquid immiscibility [50]. One unique set of binary interaction parameters tailored
for the carbon dioxide +2-butanol system was used to predict the phase behavior of

Figure 7.
P–T fluid phase diagram of carbon dioxide (1) + 1-dodecanol (2) system [22].
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the other four binary systems. Thus, SRK EoS was firstly used in a semi-predictive
approach to obtain a set of binary parameters yielding good results for the binary
system carbon dioxide +2-butanol (including VLE in the entire temperature range,
critical curve). The set of binary parameters was calculated using the k12-l12 method
[50] to obtain the experimental value of the vapor-liquid critical pressure maximum
(CPM) simultaneously with the temperature of UCEP. The experimental tempera-
ture of UCEP and CPM have been traced by paths in the k12-l12 diagram and their
intersection has given the values of the parameters [50]. The values of the interac-
tion binary parameters fulfilling these requirements are k12 = 0.0200 and
l12 = �0.1110. This set of BIPs was used then to predict the phase behavior for the
carbon dioxide + n-butane (black curve), + ethyl acetate (green curve), + 1,2-DME
(pink curve), and + 1-butanol (olive curve). Except for the carbon dioxide + n-
butane binary system, the critical curves are remarkably well predicted for all
mixtures. It should be noted that for the carbon dioxide + ethyl acetate system the
experimental critical data are scattered (orange and brown full circles), while for
the carbon dioxide +1-butanol system the model predicts the CPM at a higher
temperature than the experimental one. The predicted UCEPs are increasing in
temperature in the order: TCO2 + n-butane < T CO2 + ethyl acetate < T CO2 + 1,2-DME <
T CO2 + 2-butanol < T CO2 + 1-butanol.

The critical lines from Figure 8 indicate that the binary of carbon dioxide +1-
butanol displays the larger range of immiscibility, followed by carbon dioxide +2-
butanol, carbon dioxide +1,2-DME, and carbon dioxide + ethyl acetate, compared
with the binary of carbon dioxide + n-butane, the corresponding n-alkane with the
same carbon number.

5.3 Comparisons of phase behavior with different models

The carbon dioxide +2-butanol binary system can be used as a model system as
experimental data are available for the entire range of critical temperatures and

Figure 8.
P–T fluid phase diagrams of carbon dioxide (1) + n-butane (2), + ethyl acetate (2), + 1,2-dimethoxyethane
(2), + 2-butanol (2), + 1-butanol (2) binary systems. Symbols, experimental data; lines, predictions by
SRK/2PCMR (k12 = 0.0200; l12 = �0.1110).
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pressures, including the UCEP [50]. Figure 9 shows the predicted critical lines for
the carbon dioxide +2-butanol system with three models: GEOS, SRK, and PR using
a single set of BIPs for each model [50]. The BIPs were obtained using the k12-l12
method explained in previous sub-section. It can be observed that all models predict
very well the liquid-vapor critical curve. In addition, GEOS equation reproduces
very well the CPM and the corresponding temperature, while SRK and PR predict a
similar value for the CPM but shifted to a higher temperature. The models show a
comparable behavior for the liquid–liquid critical curves, the only difference being
the predicted UCEPs. However, the models show bigger difference in the critical
pressure-compositions and critical temperature compositions projections of the
phase diagrams, as can be seen in Figure 10. The prediction results by GEOS are

Figure 9.
P–T fluid phase diagrams of carbon dioxide (1) + 2-butanol (2) predicted by GEOS, SRK, and PR models.

Figure 10.
P–X1 and T-X1 projections of the critical curve of carbon dioxide (1) + 2-butanol (2) predicted by GEOS,
SRK, and PR models.
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better than PR and SRK respectively. The differences in the predictions will than be
reflected in the prediction of the bubble-point and dew-point curves [50].

6. Conclusions

The phase behavior of selected hydrocarbons and functional groups substances
(alcohols, ethers, esters) is investigated to assess their capability as solvents/
cosolvents for CO2 capture. Simple models as cubic equations of state have the
capability to accurately predict the phase behavior of carbon dioxide + different
organic substances binary systems. Phase diagrams are important tools in assessing
the global behavior. The type of phase behavior is providing essential information
for the operating domain of binary system.
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Chapter 3

Microwave Caustic Slurry
Carbonation of Flue Gas of Coal
Power Plants in Double Hot Tube
Bed for CO2 Sequestration
Yıldırım İsmail Tosun

Abstract

There have been very few transport studies of caustic alkali slurry (metal
fines-caustic alkali salt mixture). Bath serpentinite particle size changed the heat
conductivity to salt bath. A major reason is that the retention time in fixed film
processes is longer than in solid–gas processes. This allows more time to the heat
absorption for cracking to the desorbed persistent compounds. Furthermore, heavy
serpantinite allows an sufficient intimate contact between coal and biomass surface
pores and gas atmosphere in the furnace due to more pyrolysis gas desorption.
For seeing the sustainability sequestration and environmental concerns in feasibility
sight, the microwave heating technologies encompassing natural carbonation,
precipitates for soil remediation and toxic gas sorption was offered to be adopted in
Şırnak Asphaltite/Batman Oil Fields cases. In many places, amine sequestration
techniques can work synergistically for better results. This study determines to a
great extent both the high rate and degree of carbonation under pressurized sludge
at 5–10 bar so it was found that, a porous sludge bath over 45% sludge was more
efficiently conducted even at a low amount serpantinite slime weight rate, below
weight rate of 15%.

Keywords: microwave radiation, waste slurries, metal carbonation, carbonation
kinetics, sorbent simulation, hybrid sorbent, waste sludge, salt slurries,
char composts, shale compost

1. Introduction

This study was searching possibiliy of CO2 stored in the identification of suitable
geological media to and from thermal power plants with installed capacity of over
400 MW in Turkey, cement plants [1] from, the iron and steel industry, sugar
involves the calculation of the released CO2 emissions from the refineries and
plants [1]. When the emission sources and possible storage locations were evalu-
ated, Silopi Asphaltitel field was selected and it was decided to use the emissions of
a cement plant, which is approximately 130 km away from this field. Injection was
modeled into the oil field, where both storage and additional oil production could be
obtained, accordingly, technical design was proposed for transportation and injec-
tion from the CO2 source to the storage area and economic evaluation was made.
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There are no CO2 capture facilities in the cement factory, but it was assumed that
CO2 was present in the factory area during modeling.

2. Storage of compressed CO2

Carbon dioxide storage underground in Turkey has required to determine the
suitable geo storage capacity of the rock structures to be chosen [2]. The goal was to
examine the details of the storage of carbon dioxide by injecting it underground in a
selected area with geological and numerical models and to make an economic
analysis.

The work in this study was carried out in steps:

1.To provide the annual fuel amount and fuel types of thermal power plants,
refineries, cement factories, iron and steel industry facilities where carbon
dioxide emissions are the highest,

2.Calculation of CO2 emission amounts from fuel consumption according to
IGCC method,

3.Oil tank will be in Turkey, natural gas, deep aquifers and examination of
structures, such as soda, caves,

4.Modeling the injection and storage of CO2 in the structure to be selected,

5.Technical and economical feasibility analysis of the storage of CO2, which is
accepted to be separated by holding technology in the industrial facility, in the
field to be selected by using the options of transportation by tanker or pipeline,

6.Technical trips to selected facilities and meetings to introduce the project.

2.1 Investment modeling of compressed CO2 storage from coal and biomass
combustion

When the CO2 emission inventory is examined, it is seen that thermal power
plants, cement factories, iron and steel industry and refineries are the main sources
of CO2 emission in high amounts and in centralized areas. Emissions from transport
and domestic use are scattered sources and it is thought that they can be reduced by
efficiency measures.

The emission statisticsy in Turkey showed that the high increase in annual
emissions [3]. Although it is aimed to increase energy efficiency and the use of
renewable energy sources, it is predicted that dependence on fossil fuels will con-
tinue in all countries. In this case, another measure that should be taken would be to
support technologies that will reduce CO2 emissions from coal-fired thermal power
plants. Since CO2 is released as a product in all combustion processes, it is still not
possible to eliminate CO2 completely. Therefore, measures should be taken to
reduce CO2 emissions. The reduction of CO2 emissions will be possible by under-
ground storage of CO2 in geological structures. Considering that CO2 emissions
from industrial zones around the world are determined as 13.5 Gt/year [4], geolog-
ical areas other than known oil and gas reservoirs should also be evaluated.

The cost of capturing and deposition as below Eq. 1:
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while exponential distribution k = 0, where u is the cost function, σ is the
variance, k is hybrid distribution parameter, Ө is the time parameter, x is the flow
rate by the following Figure 1 [5].

3. Carbonation of flue gas at microwave column

The oxygen content and electroopotantial of waters adequately accounted in
stream flows causing animal feed contamination in the pastoral fields by soil and
growing grass nearby this contaminated stream see page [5, 6]. The Figures 2 and 3
showed the carbonate stability region in the sequestration phase layer and
electropotential quality of the sludge.

In the hot streams and acidic mine waters the ferric iron and sulfate tend to be
highly common as AMD seepage, alkali resulting from the reduction of these two

Figure 1.
Change of the cost of drilling for compressed air/CO2 storage reservoir.

Figure 2.
Storage phase layer diagrams for oil and geothermal field - carbonate stability.
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species, a weak base (bicarbonate) and producing astrong base (hydroxyl ions), also
generate net alkalinity. The indirect acid production was relatively high rate at
higher pH levels over 5 with dissolution of heavy metals in sulphide minerals and
neutralization by alkali matters govern the dissolution by the reactions as given
below;

Sludge microwave heating was managed by susceptor ferrous slime addition.
The Ca ferrite and serpentinite slime were used and heating temperatures are
shown in Figure 4.

The serpentinite was waste of chromite mines containing high Fe %23–26 and
Mg and Al in silicate form. The waste slime of concentration tables of chromite ores
of Elazığ chromites contained 36% iron oxide and provided sufficient heating dia-
gram of filter columns for pressurized sludge column as seen in Figure 4.

The aerated and oxygen rich waters oxidizing sulphidic character metal pre-
cipitates to sulphate and chloride dissolution by unstable forms, but over ph 9 as
shown in Figure electropotantial matter of waste waters provides hydroxide pre-
cipitates in soil mud. Even jarosite form precipitates occurring in hot water streams
area with reddish brownish precipitates, however those type resıduals stuck over
sand may become sweet salty alga fish feed even causing higher heavy metal
contamination for fish farming and stream fishing. Batman province copper and
lead sulphide deposits and hot streams of high sulphate come out high potential
contamination of fresh waters sources at pH Eh diagram stability as given in
Figure 3 following flood.

The dissolution kinetics of soil mud particle for Pb heavy metal is followed by
Eq. 2 and 4

dcCO2
dt

¼ kie�ticdc (2)

Where cPb Lead/Fe metal contamination mg/l, k the rate of dissolution of lead,
i is the reaction style, t is time,

Fe=PbS=PbOþHCO3 ¼ Pb SO4þH2O (3)

Figure 3.
Eh-pH diagrams for metal carbonate stability.
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The dissolution concentration of accumulated metal in aliquate of lake streams
as regarding Pb heavy metal contamination is followed by equations of anion
distribution, where n is kinetic order type (Eq. (4) and (5))

dcCO2
dt

¼ kictindc (4)

The dissolution concentration of accumulated metal in aliquate of sulfurous hot
water streams as regarding Pb heavy metal contamination is followed by equation,
where SO�2

4 sulphate concentration in effluent, : f i is concentration rate of sulphate

dcSO�2
4

dt
¼ kictin:dc: f i SO

�2
4

� �tin
(5)

The dissolution concentration of accumulated metal in aliquate of limestone
rocks dissolution by hot water streams in subground lakes with high CO2 gas
dissolved streams as regarding Na metal carbonation is followed by equation, where
HCO�2

3 bicarbonate concentration in effluent, Bicarbonate sulphate hot streams
reduce aciditiy as below oxygen consumption Eqs. 6 and 7

dcNa

dt
¼ kictin:dc: f i HCO�2

3

� �tin
(6)

The dissolution concentration of accumulated metal in aliquate of high fertilizer
dissolution by wrong amount of fertilizer use in theagricultural fields discharged to
streams as regarding carbonation is followed by equation, where HNO�2

3 nitrate
concentration in effluent

dcNa

dt
¼ kictin:dc: f i HNO�2

3

� �tin
(7)

The dissolution rates of heavy metals in acidic mine waters and sulfurous hot
streams occurred in the region of Ilısu Dam, Güçlükonak, Şırnak and Batman
Province saline waters in Siirt and Şırnak. The contamination of some accumulated
carbonation contents of hot streams and soils in the region are given in Table 1 [7].

Figure 4.
Carbonation sludge column temperature change by addition weight of microwave susceptor.
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The use of water resources (water withdrawal and ordinance) and evaluation for
development and community needs have been studied. However, the amount and
quality of water that the eco-system will need is not addressed. Everything is built
on the theme of “develop-supply-use”. Parameters considered in the planning of
water resources were population estimate, per capita water demand, fish farming,
agricultural production, economic productivity level.

The agricultural irrigation, and human needs, the amount of water a healthy
ecosystem will need, or actual regional water availability. The next step in tradi-
tional planning is to identify projects that will reduce the gap between estimated
water supply and demand. In every scale, the planning action (region, basin, city) is
used for the regular and healthy spatial development uses (housing, commerce,
industry, recreation, other social) in the metropolitan cities which are especially
migrating in our country and in medium size settlements Such as equipment) as
directed by location decisions; It also determines the water demand of the city at the
same time with its population and density of buildings and its quality and quantity
of usage. While city plans shape the socio-economic and physical structure of the
city, with the proposed land use, employment, population and density decisions,
the city’s daily water demand is also shaped. Therefore, any kind of urban develop-
ment outside the plan creates an unhealthy environment that affects the quality of
life of the city, as well as poses a serious threat to the water resources [6]. The
quality of the water quality will be preserved, improved and monitored. Heavy

Effluent,
mg/l

Şırnak
Coal Mine

Pool

Şırnak,
Hezil
Stream

Güçlükonak
Hot Stream

Batman
Hot

Stream

Şırnak
Kasrik
Laguun

Ilısu
Dam

Laguun1

Ilısu
Dam

Laguun2

Hg 8,11 4,71 12,3 14,11 4,71 4,71 4,71

Pb 10,58 14,53 23,2 12,58 11,53 5,7 5,2

Fe 40,33 70,62 59 93,3 56,2 60,62 67,62

K + Na 7,52 8,46 8,7 8,52 8,6 ≥70 ≥50

Cd 24,72 19,56 14,1 14,72 19,56 16 15

Mn 33,3 24,1 24,2 43,3 24,1 ≤25 ≤25

Cu 27,2 30,2 15,7 7,2 10,2 ≤15 ≤15

As 1,10 2,44 2,8 2,10 2,44 ≤5 ≤5

CO3 0,57 0,37 1,9 0,67 0,55 ≤15 ≤15

Soil, ppm

Hg 34,11 48,71 52,3 54,11 40,71

Pb 10,58 24,53 23,2 20,58 11,53

Fe 4,33 7,62 5,9 9,33 5,62

K + Na 74,52 81,46 81,7 84,52 88,6 ≥70 ≥50

Cd 24,72 9,56 10,1 4,72 19,56

Mn 2,72 3,02 1,5 0,72 1,02 ≤5 ≤5

Cu 3,33 2,41 2,4 4,33 2,41 ≤5 ≤5

As 1,10 2,44 2,8 2,10 2,44

CO3 0,57 0,37 1,9 0,67 0,55

Table 1.
Şırnak and batman province reveals the potential carbonation scale and high saline bi carbonatewater source.
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metal contamination hazard maps will be prepared and an early warning system
will be established (Table 2).

3.1 Langmuir Crystallization model

For linear correlated distribution by depending on saturation limit and oxygen
content of contaminant levels, the general common method can be given in Table 1.

The first order sorption concentration at three stage cycling counted but the
equation below:

lncPb ¼ 1þ k1tþ f t, 1ppm< x< 500ppm (8)

3.2 Sludge carbonation by microwave radiation

The bentonite sample used in the study was obtained from Unye Madencilik
from the Unye region of Tavkutlu mine. The bentonite sample was sieved and a
small part of 45 μm was used for the operation. Bentonite samples were activated
with 1 and 2 M HCl solutions for 2 h at 90° C using the Batch method (using 100 ml

SiO2 Al2O2 Fe2O2 MgO K2O CaO TiO2 LOI*

Kaolin (%) 47.85 37.60 0.83 0.17 0.97 0.57 0.2 11.27

Şırnak Asphaltite Char Shale 27. 54 7.70 10.83 2.17 1.97 10.5 1.74 5.47

Bentonite 50.45 17.80 6.83 12.17 4.97 3.57 0. 4 7.37

Marly Shale 17.85 11.60 0.83 5.17 3.97 20.57 0.4 5.27

Fly ash 27.8 13.60 17.83 4.17 2.97 10.7 1.4 16.27
*LOI: Loss on Ignition at 1000°

Table 2.
Sorbent clay types for waste water treatment.

Figure 5.
Effect of caustic type on carbonation weight as jarosite and gibsite of gaseous CO2.
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acid solution for 5 g sample). The acid-treated samples were washed with hot
deionized water to remove Cl-ions and dried in room condition.

The microwave activated shale and fly ash used in the experimental work was
provided from the district of Şırnak province. For the first time, Ünye region
bentonite 0.1 M 100 ml CaCl2 solutions were mixed in the beaker at room temper-
ature for 24 hours. and the filtrate was converted to the ion-exchange by applying
the AgNO3 test. Acid/ clay suspensions were then prepared with bentonite, which
was made to be ionized, to give H2SO4/clay ratios of 2 M, These were named -
bentonite. These suspensions were dried at 150 oC for 3.5 hours. 50 ml of distilled
water was added to the hot dry samples. The filtrate was filtered and dried at 80 oC.
Finally, 5 ml of chlorite was added to the acid activated bentonite samples, each of
which was 0.01 g, and the shale was retained by exposure to methanol vapor at 60°
C for 4 hours. In addition, these samples were further dried at the same temperature
for 1 hour to remove weak chlorite species. In this research, the caustic slurries
microwave radiated cycled on the different bed sorbent types of double tube hot
slurries radiated, cycled double washing sodium and calcium caustic content and
bicarbonate precipitate samples of 10-20 gr were balanced. Precipitated particle size
and weight distributions with fly ash sarnples are illustrated in Figure 5.

4. Results and discussion

The current use of absorbent bentonite and new areas of use increase in demand
due to outflow. Especially absorbent claymarket, the cat and cat market A signifi-
cant improvement in AmericaIt was. For absorbent clay depositsour wealthy coun-
try, too, to have a significant share ofthere is no reason why. This, which is gaining
in Turkey, absorbant is limited to meet clay consumption [8–10].

This sorbent and carbonation caustic washing is done by compressing the CO2 to
a dense phase as “supercritical”. This supercritical phase is achieved by exposing the
CO2 to temperatures higher than 32° C and pressure greater than 74 bars. The
density of CO2 will increase with geo formation depth, until about 800 meters or
greater, where the injection carried into a cap reservoir state [11–21].

Effective sorption in combustion processes depend on numerous factors includ-
ing coal rank in carbonization, the volatile gaseous matter of coal such as presence
of hydrogen, carbonyl gas and oxidation rate so stabilizing the desorbance, the
settings of optimal diffusion conditions including structure defects (nitrogen,
phosphorus, sulfur, etc.), temperature, oxygen content of coal, etc. and optimiza-
tion of carbondioksit concentration ratios added the adsorption–desorption balance,
the residence time and the spatial distribution of molecules in coal pores among
other factors determining the effıciency of carbonization. as factors affecting
the rate and extent of carbonization much dependent on the site activation, its
desorption properties and its porosity. As discussed in the previous section, car-
bonization is a prerequisite step for oil generation from biomass wastes and coal
[11, 12, 22, 23].

A major reason is that the retention time in fıxed film processes is longer than in
solid–gas processes. This allows more time to the carbonization far cracking to the
desorbed persistent compounds. Furthermore, high rank coals allows an suffıcient
intimate contact between surface pores and gas atmosphere in the furnace due to
more gas desorptions [13–16].

½ Na2CO3ð Þn•NaOH•Naþ þ :n CO2 ¼ Clay=Ashþ Na2CO3ð Þn•NaOH• NaCO3ð Þ½ � (9)

Na2SO3ð Þ2• Nað Þ½ �þ þ n CO2 ¼ Na2SO3ð Þn•NaOH• NaCO3ð Þ½ � (10)
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Potential storage areas are abandoned or in-production oil and natural gas fields,
deep aquifers, soda mineral salt caves, methane-containing coal deposits and natu-
ral CO2 fields. Figure 6 shows the distribution of oil and gas fields in Turkey. In
Figure 2, the industrial facility and power with CO2 emissions determined within
the scope of the project [24, 25].

Turkey discovered to have the largest natural CO2 field project, which is already
the Field Raman EUR 7 billion Bm3 was produced with CO2 and used for landfill
capacity. For CO2 storage projects, the properties of geological structures are
important and almost all oil and gas fields characterization data are available. Since
1954. As a result of continued exploration work in more than 120 oil and gas fields
have been found in Turkey [11, 22, 23]; However, the size of these fields is not very
large and the largest field is West Raman, a heavy oil field. When the distribution of
oil fields in Turkey is seen that almost all found in the vicinity of the South East
Anatolia Region. Most of the natural gas fields are located in the Tigris Region. The
target areas in this project are oil fields located in the South East Anatolia Region
and close to a power plant or cement factory. Among these areas, Silopi Asphaltite
Field was chosen due to its characteristics of having the least depth and highest pore
volume, and having little or no cracks. The injected CO2 will be used as an EOR
(enhanced oil recovery) tool to increase the amount of oil that can be produced
before the storage phase. Cave of the limestone reservoir is few wells have been
drilled in Raman Field so far, and production continues in 3 of these wells.

4.1 Pressurized sequential carbonation by Fly ash compost

The waste water washing provide the main support to the clean water produc-
tion. The commercial successes in clay mud mentioned in washed bed and its
sedimentation ability were described some of the emerging applications in lime use
like clean water neutralization, aeration, [12–15]. The figures of statistical potential
of washing control with different techniques in waste water cleaning are classified
as seen in Figure 11 regarding cycling decantation time.

Some cost evaluations covering security of supply and environmental impacts,
climate change evaluations, and technical and economic analysis, may be disused in
cycling cost and activities. The jarosite type precipitations regarding sludge
eşecropotantial of reduction occurred. There was also chloride hydrates formed by
salt amount and pH alkalinity as given below:

Figure 6.
The investment rates of compressed air/CO2 storage in vs capacity of combustion power plant.

35

Microwave Caustic Slurry Carbonation of Flue Gas of Coal Power Plants in Double…
DOI: http://dx.doi.org/10.5772/intechopen.94976



acid solution for 5 g sample). The acid-treated samples were washed with hot
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in Turkey, absorbant is limited to meet clay consumption [8–10].

This sorbent and carbonation caustic washing is done by compressing the CO2 to
a dense phase as “supercritical”. This supercritical phase is achieved by exposing the
CO2 to temperatures higher than 32° C and pressure greater than 74 bars. The
density of CO2 will increase with geo formation depth, until about 800 meters or
greater, where the injection carried into a cap reservoir state [11–21].

Effective sorption in combustion processes depend on numerous factors includ-
ing coal rank in carbonization, the volatile gaseous matter of coal such as presence
of hydrogen, carbonyl gas and oxidation rate so stabilizing the desorbance, the
settings of optimal diffusion conditions including structure defects (nitrogen,
phosphorus, sulfur, etc.), temperature, oxygen content of coal, etc. and optimiza-
tion of carbondioksit concentration ratios added the adsorption–desorption balance,
the residence time and the spatial distribution of molecules in coal pores among
other factors determining the effıciency of carbonization. as factors affecting
the rate and extent of carbonization much dependent on the site activation, its
desorption properties and its porosity. As discussed in the previous section, car-
bonization is a prerequisite step for oil generation from biomass wastes and coal
[11, 12, 22, 23].

A major reason is that the retention time in fıxed film processes is longer than in
solid–gas processes. This allows more time to the carbonization far cracking to the
desorbed persistent compounds. Furthermore, high rank coals allows an suffıcient
intimate contact between surface pores and gas atmosphere in the furnace due to
more gas desorptions [13–16].

½ Na2CO3ð Þn•NaOH•Naþ þ :n CO2 ¼ Clay=Ashþ Na2CO3ð Þn•NaOH• NaCO3ð Þ½ � (9)

Na2SO3ð Þ2• Nað Þ½ �þ þ n CO2 ¼ Na2SO3ð Þn•NaOH• NaCO3ð Þ½ � (10)
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Potential storage areas are abandoned or in-production oil and natural gas fields,
deep aquifers, soda mineral salt caves, methane-containing coal deposits and natu-
ral CO2 fields. Figure 6 shows the distribution of oil and gas fields in Turkey. In
Figure 2, the industrial facility and power with CO2 emissions determined within
the scope of the project [24, 25].

Turkey discovered to have the largest natural CO2 field project, which is already
the Field Raman EUR 7 billion Bm3 was produced with CO2 and used for landfill
capacity. For CO2 storage projects, the properties of geological structures are
important and almost all oil and gas fields characterization data are available. Since
1954. As a result of continued exploration work in more than 120 oil and gas fields
have been found in Turkey [11, 22, 23]; However, the size of these fields is not very
large and the largest field is West Raman, a heavy oil field. When the distribution of
oil fields in Turkey is seen that almost all found in the vicinity of the South East
Anatolia Region. Most of the natural gas fields are located in the Tigris Region. The
target areas in this project are oil fields located in the South East Anatolia Region
and close to a power plant or cement factory. Among these areas, Silopi Asphaltite
Field was chosen due to its characteristics of having the least depth and highest pore
volume, and having little or no cracks. The injected CO2 will be used as an EOR
(enhanced oil recovery) tool to increase the amount of oil that can be produced
before the storage phase. Cave of the limestone reservoir is few wells have been
drilled in Raman Field so far, and production continues in 3 of these wells.

4.1 Pressurized sequential carbonation by Fly ash compost

The waste water washing provide the main support to the clean water produc-
tion. The commercial successes in clay mud mentioned in washed bed and its
sedimentation ability were described some of the emerging applications in lime use
like clean water neutralization, aeration, [12–15]. The figures of statistical potential
of washing control with different techniques in waste water cleaning are classified
as seen in Figure 11 regarding cycling decantation time.

Some cost evaluations covering security of supply and environmental impacts,
climate change evaluations, and technical and economic analysis, may be disused in
cycling cost and activities. The jarosite type precipitations regarding sludge
eşecropotantial of reduction occurred. There was also chloride hydrates formed by
salt amount and pH alkalinity as given below:

Figure 6.
The investment rates of compressed air/CO2 storage in vs capacity of combustion power plant.
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Clay� Fe3þ þ 4SO2 þ CO2
� $ Clay� Fe IIð Þ þ 2S2O42�þH2O
! 2SO32� þ S2O3

2� þ 2HþHCO3 (11)

2CaO3 Fe23þAl1:4Mg0:6
� �

Si8O20 OHð Þ4nH2Oþ 2Naþ þ S2O42� þ 2H2O
$ 2NaCa0:3 Fe3þFe2þAl1:4Mg0:6

� �
Si8O20 OHð Þ4nH2Oþ SO32� þ 4Hþ (12)

Figures 7 and 8 showed The Waste sludge carbonation rates of Different Types
of Sorbent Units cycled.

Initially, most of the toxin removal occurs through chemical adsorption of the
toxins to the expanded clay where the combustion temperature was in the combus-
tion phase below 750°C that lasts approximately 2–3 mins. The high surface area of
fly ash particles and coal char was effective in the caustic slurries of 20 % weight
rate Na and Ca caustic slurry with about 34 m2/g highly sufficient in order to react
with gaseous CO2 10% of weights of fly ash were reacted in 10 bar caustic slurry of
Na. Main reactive salt structure is sulphate in the caustic slurry covered widely
pores associated active char.

A common industrial combustion to control the emissions pro combustion stage
lime washing involves backwashing with air and hydrated lime water rinse. Process
variables include the control backwash rate, surface wash rate/duration, time
sequence and duration of backwash. Clean filtrate is pumped back into the bottom
of the column during backwashing.

The required test and characterization procedures such as pH viscosity mea-
surement, filtration loss and swelling index were applied to all bentonite concen-
trates obtained and then to products activated with 0.5% soda.

These sorbents need to be accurately mixed with combustion matter and to
optimize the combustion process. Reliable models, based on the above results, need
to be combustion chamber construction far the estimation of kinetic parameters for
toxic stream control. Such toxic stream circulation models would aid in the

Figure 7.
The column carbonation sludge sequent in microwave activation as sorbent compost.
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microwave activated shale clay sorbent use in waste water treatment systems as
shown in Figure 5.

The country needs the cleanest fuel to be produced providing the essential oils
and gases. For this reason, acidic mine waters as heavy metal contamination to
control fish farming were mixed with expanded clay at 1-2 mm size soaked with
slurries of different alkali sorbents such as bentonite, shale fine, NaCl, CaCl2 and
KCl were tested in the packed bed column washing and the test results were
illustrated in Figure 5.

A carbonation bed column was used in compost sorption process was tested at a
scale of 2–3 kg/h; collecting operational and design data to build an industrial
installation. A technological diagram of the compost washing at three stage process
developed unit was made. Activated shale destruction almost observed at third
cycled end. Carbonate jarosite concentration change increased from 2nd cycle with
performance of 30–40% and also simultaneous dilution of waste mud products by
sedimented. it is necessary to optimize the cycling stages on metal circulation
without the metal concentration change.

5. Conclusions

Reviews of the world shows that Turkey is responsible for only 1% of CO2
emissions. The establishment of the Carbon Market will ensure that the sectors and
activities to be included in the evaluations will be determined.

• This study shows that, due to their low volume, known oil and gas reservoirs
can only preserve the CO2 emissions of small industrial sites.

• In such a case, it is seen in this project that transportation of CO2 by tankers is
more feasible.

• Silopi and Şırnak limestone a natural CO2 reservoir, can be considered as a
suitable high-volume reservoir, currently with a suitable volume of 2 billion
Sm3.

Figure 8.
The column carbonation sludge sequent in microwave activation as sorbent compost. The waste sludge
carbonation.
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• The possibility of storage in deep saltwater aquifers should also be considered.
A suitable pilot project will allow the parties to examine their eligibility.

• One of the most important elements of carbon capture and storage practices is
incentives for CO2 storage.

The pH increased at washing was efficient in heavy metal sorption, the swelling
index decreased, the loss of filtration increased negatively, and viscosity decreased
by the addition of sodium.

In the obtained data, it was observed that sorption manner of bentonite has
negatively effected by foreign ions in washing water for the activation especially
total iron ion.

This result also indicated that the properties of the irrigation and fish farming
water to be used during wet soil amendment of agricultural organic soil and lake
muds with wet bentonites, on waste water treatment units which friendly mud
should be controlled, otherwise the contamination after discharge would be harm
human health, toxicology of animal and fish feed.

Abbreviations

Greek symbols

a affinity parameter of the Langmuir isotherm (L mg�1)
b stoichiometric constant defined by
B reactant solid defined
Bim Biot number for mass transfer
Ci concentration of manganese in the bulk external phase of stage i (mg L�1)
C0 feed concentration of manganese in the column (mg L�1)
Def effective diffusion coefficient (m2 s�1)
F objective function
h fixed bed height (m)
ke mass transfer coefficient in the bulk external phase (m s�1)
kr reaction rate constant for heterogeneous systems (m s�1)
N number of stages
Q volumetric flowrate (m3 s�1)
qi concentration of immobilized manganese within the adsorbent particle at

stage i (mg g�1)
qm theoretical maximum adsorption capacity of the Langmuir isotherm

(mg g�1)
r radial distance from the center of the particle, 0 < r < Rp(m)
R radius of column (m)
Rp radius of adsorbent particle (m)
R2 determination coefficient (�)
rc,i unreacted core radius at stage i (m)
t time (s)
Vi volume of stage i (L)
α backmixing coefficient (�)
φ column hold-up (�)
ρ density of adsorbent particle (g m�3)
τ mean residence time of fluid in the column (s)
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Chapter 4

COVID-19: A Learning 
Opportunity to Improve 
Environmental Sustainability
Syed Abdul Rehman Khan, Laeeq Razzak Janjua  
and Zhang Yu

Abstract

In just a few months, COVID-19 transformed from a dangerous regional health 
threat into a widespread global pandemic and economic disaster. Thus the world 
is expecting a great recession once again. The rapid spread of COVID-19 has had 
far-reaching consequences for people’s daily lives in almost all parts of the world. 
Climate change and biodiversity depletion have now reached global boundaries; 
thus, human activity has surpassed Earth’s capacities. Earth capacities can be 
explained in terms of extreme climate change. This chapter is intended to inves-
tigate the link between the outbreak of Covid-19 and its effect on environmental 
and society. The discussion reveals that environmental pollution is minimized as 
a result of global lockdown. Furthermore, our review also shows that in terms of 
environment, Covid-19 provide an opportunity to transform our polluted economy 
toward the green economy through adoption of renewable energy sources and green 
practices in our businesses.

Keywords: COVID-19, air pollution, climate change, carbon carpets

1. Introduction

The estimated age of this world is approximate (13.8 billion years). In all these 
years, there are some incidences experienced by a human, which reshaped the 
entire behavior of human. World war I, II, cold war era and more recently the 
incident of 9/II all these incidences in world history suddenly changed the power 
centers, the world moved from unipolar to bipolar or even toward multipolar world 
order. Furthermore, all these event or incidence dramatically changed the over 
economic systems, way of governing nations and even changed our literature as 
well. Even all these incidences changed the lifestyle of the entire world, similarly, 
the ongoing pandemic crises of covid-19 will have a permanent and everlasting 
impact on our lives [1, 2].

It is generally believe that once pandemic crises will over; the world will be not the 
same as it was before. Technically, due to hyper-growth, presence of high tech inven-
tions, innovation and more especially the extensive use to the internet already made 
this world liquidness thus we are unable to identify where it will be stopped or freeze. 
On the other hand, nowadays, this pandemic situation just created the new standard 
among us; it is also true; thus, it locked down the entire world in one corner. At the 
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moment, due to this pandemic, the circle of growth has become stiff. Thousands of 
airlines are not functioning, and the majority of the tourist places are closed, further-
more there not any educational activities are going on in most effected countries of 
covid-19. Similarly; on the other hand, this world not facing the pandemic situation 
the first time. History reveals that there were numerous pandemic crises experienced 
by this world. Due to all these pandemic crises, millions of people lost their lives. 
Table 1, indicates major pandemic crises experienced by the world in history.

In the recent era, especially at the beginning of the 21st century, two more 
pre-mature pandemic crises hit numerous countries of the world. Avian influenza, 
which is known as bird flow virus, infected hundreds of people from 2003 to 2011 
in almost 60 countries of the world. According to the World Health Organization 
estimation, more than 1500 people died due to this influenza. Furthermore, in 2009 
swine flu (H1N1) spread over more than 100 countries of the world, and approxi-
mately 550,000 people lost their lives due to this (Centers for Disease Control and 
Preventions). On the other hand, from 2013 to 2016, the Ebola virus hit western 
African countries, and more than 11,000 people died. Similarly, there are numerous 
diseases which cause millions of death worldwide every year. Due to HIV (AIDS)  
32 million people died, whereas due to malaria, just in 2018, approximately 400,000 
people died (World Health Organization).

2. Climate change: why it matter?

Before discussing actual environmental issues, it essential to describe the 
phenomenon of climate change. United Nations Framework Convention on Climate 
Change defines it as “a change of climate which is attributed directly or indirectly 
to human activity that alters the composition of the global atmosphere and which 
is in addition to natural climate variability observed over comparable periods” 
[3]. Similarly, on the other hand, Rahman, [4] define it as ‘our climate is chang-
ing, largely due to the observed increases in human-produced greenhouse gases. 
Greenhouse gases absorb heat from the sun in the atmosphere and reduce the 
amount of heat escaping into space. This extra heat is the primary cause of observed 
changes in the climate system over the 20th century. However one question arises 

Year Pandemic crises No. of deaths

165 AD Antonine Plague 5,000,000

541 AD Justinianic Plague 100,000,000

1334 Black Death Plague 25,000,000

1576 Cocoliztli Epidemics 15,000,000

1817 The first Cholera Pandemic 150,000

1855 The third Plague 15,000,000

1889 Russin Flu 360,000

1919 Spanish flu 50,000,000

1957 Asian Flu 1,100,000

2004 SARS 813

2014 EBOLA 11,315

2020 Covid-19 (until 08-01-2020) 712,126

Table 1. 
Death toll in pandemic crises in history (source: Author working sheet).
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here, why environment or typical climate change matter for us; as it represent our 
common future and that particular phrase of common future is defined by United 
Nation’s Brundtland Report 1987 as ‘sustainable development’. Leggett and Carter 
[5] refer definition of sustainable development, which is described by united nation 
conference on Sustainable development; Sustainable development meets the needs 
of the present without compromising the ability of future generations to meet their 
own needs. Seem like the guiding principle for long-term global development; 
sustainable development consists of three pillars: economic development, social 
development, and environmental protection.

The adverse effect of climate change is exceptionally massive; somehow, it mat-
ters of survival of humankind on earth. Sustainability can be achieved in a balanced 
way only if we care about the world. Among three pillars of sustainable develop-
ment, which are environment, economic and social; environment considers as one 
of the most significant pillar of sustainable development. According to the UN 
estimations, for human survival till now 1.6 planet resources we already used and 
while observing the acceleration by which we (humans) utilize natural resources 
two piles of the earth will be required by 2030 (Global Footprint Network). As 
Foley et al. [6] mentions, in his ecological overshoot, he is concerned about the 
conversion of resources into waste faster and vice versa. The most noticeable effects 
of overshooting or overutilization of natural resources can be observed through 
diminishing forest covers, collapsing fisheries, rapid fall in water level under the 
earth crust, carbon dioxide emissions which all are creating global climate change. 
Global warming affects all species which are living on the earth. According to living 
planet report 2014, the population of living species has declined by 52% from 1970 
(World Wildlife Fund). The idea of Sustainable Development Goals become more 
critical among intellectual, economist, and scientist due to the growing urgency of 
sustainable development for the entire world, as climate change and medical issues 
are those common challenges.

Table 2 illustrates some of the adverse features of climate change are massively 
noticed in recent decades. Due to industrialization and foreign direct investment 
outflow from developed countries to developing countries where environmental 
laws are not so much strict bad affect atmosphere. As massive harmful gases in 
the shape of Carbon dioxide, Sulfur dioxide and nitrogen dioxide are added in the 
atmosphere, which eventually decreases oxygen and harms our environment which 

Climate changer 
features

Why it matters?

Green House Gases 
Concentration

Emission of Green House Gases thorough industrialization, traveling etc. is 
increasing the GHG concentration in the atmosphere.

Ozone Layer depletion A slow, steady decline of about 4% per decade in the total volume of ozone in 
Earth’s stratosphere (the ozone layer) since the late 1970s

Melting of Ice Greenland lost 150 km3 to 250 km3 (36 mi3 to 60 mi3) of ice per year between 
2002 and 2006 and Antarctica lost about 152 km3 (36 mi3) of ice between 2002 
and 2005

Rise in Sea level Global sea level rose about 17 cm (6,7 in) in the last century

Temperature rise in sea 
water

With the top 700 m (about 2300 ft) of ocean showing warming of 0,16C 
since 1969 due to absorbed increased heat of the Earth

Unwelcome rains and 
storms

World is experience every year unwell come rains and floods and thousands of 
people lost their life’s.

Table 2. 
Adverse affect of climate change (source: Author working sheet).
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surrounds us. Similarly, one of the most destructive effects of all these harmful 
gases in our environment and atmosphere is depletion of the ozone layer which 
protect humans and surface of the earth from the adverse impact of sun rays. The 
concentration of harmful gases in the atmosphere increases the average temperature 
of the world, which negatively affect the glaciers and phenomenon of melting ice 
increases very rapidly. Melting of ice in summer season induces floods in our river, 
which causes loss of human life and another material loses as well. However, mas-
sive waves in the sea and similarly melting ice slabs directly increase sea level, which 
influences the life of people living on the seashores. The Figure 1 indicates the 
average increase in world temperature recorded in the last 40 year. Thus we can see 
that average temperature indicating an upward trend, which is an indeed alarming 
situation for everyone.

The world-renowned, global climate change activist, Greta Thunberg Said, “And 
Yes I know that we need a system change rather than individual change, but you 
cannot have one without the other. If we explore the history, all the big changes in 
society have been started by the people at the grassroots level. No system change can 
come without pressure from the large group of individual’. Thus, it is right the entire 
world needs collective efforts to face all the challenges to arise by climate change. 
Moreover, the highest responsibility is on the shoulder of the business community, 
policy markers, world leaders and politicians. The business community employs 
by using the labor from the factor of production; moreover, they also put capital 
along with the utilization of land resources which are also the factor of production. 
However, unsustainable utilization of land resources creates massive climate change 
threats. Every year tons of plastic waste is buried without recycling under the 
surface of the earth and dump in oceans as well.

Similarly, in order to fight against hunger and our food necessities, our farmer’s 
working day and night on land resources and grow crops and planted fruits trees. 
However, by using heavy pesticides and fertilizer we can double the quantity of 
wheat in less time but on the other hand, one of the significant adverse effects of 
pesticides are the death of eco-friendly insects. Similarly, extensive use of fertilizer 
is finishing the natural tendency of soil to grow crops.

Figure 1. 
Average temperature trend observed by NASA since 1980. Source: Rahmstorf et al. [7].
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Every next coming day increases the world population in such manner that, 
every consecutive day noted as the highest population ever recorded in the world. 
Similarly, our rural areas are finishing very rapidly. On the other hand, urban 
concentration is increasing, which cause a heavy abnormal burden on cities. One of 
the most major adverse effects can be observed in developing countries and more 
specifically in unplanned cities as the majority of unplanned cities in the world are 
expanding in such manner that majority of the people living there without basic 
human needs such as access of freshwater, sewerage system and some of the places 
even with the access of electricity. The UN Framework Convention on Climate 
Change [8] in their report predicted that billions of people in developing countries 
would face shortages of water, food and more significant risks to health. Thus it 
requires immediate action in a sustainable way along with effective planning and 
then assessments. The issue which arises due to climate change will not be solved 
suddenly; in fact, it is a long term process which requires proper planning and 
contribution of every stakeholder and individual. As we already discussed earlier, it 
is not an issue of one individual, single community or a country’s problem. Thus its 
global matter, therefore; requires worldwide attention and contribution.

Similarly, as Figure 2 indicates the sunlight rays pass through the ozone layer, 
which eventually increases the temperature. Achieving sustainability requires 
collective action by the entire stakeholder of society; in fact, it requires action from 
the farmer working in the farm and earning for his family as well as a high corporate 
executive. One of the significant issues now a day’s faced by our society is income 
inequalities or unequal distribution of wealth, which divide our societies into differ-
ent classes. One of the most destructive factors which arise in our society is that the 
rich become richer and the poor become poorer. Similarly, income inequalities can 
be observed in developed countries and as well as in developing countries. In devel-
oping countries usually, rich people have access toward the higher political level.

One of the most challenging situations can be observed in developing countries 
in which wealthy class, provide access to the foreigner investor in their country and 
due to weak local legal system and absence of environmental laws and regulations, 
heavily polluting industries is formed in host countries which adversely affect the 

Figure 2. 
Ozone layer and our world. Source: Global Climate Change, [9].
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atmosphere. However, recently it had also been noticed that polluted industries also 
induce health issue for the local communities, including lungs cancer and asthma. 
The more adverse effect can be observed in developing countries in the shape of 
massive life losses where medical facilities are not so much advance and widely 
available. Apparently, in such situation, it is the responsibility of all the stakehold-
ers to identity such industries which create an environmental hazard as well as, 
higher leadership should also take strict action to fight against global warming 
issues [10]. On the other hand, it has also been observed that in developing coun-
tries the industrial waste is directly dumped into the rivers and sea without any 
further recycling [11]. Therefore life undersea and river profoundly affected as well. 
Similarly, the extensive use of plastics also harms our surroundings.

3. Nexus between Covid-19 and environment

Air pollution is one of the most considerable catalyst factors which is harming 
our environment. Air Pollution defined as release of poisonous gases, which are 
emitted by factories and transportation. As due to the pandemic crises, from begin-
ning of the year most of the countries of the world were in lockdown situation. 
Due to the fact, lock down situation ultimately affects every sector of the world. 
The overall world output dramatically decreased due to the lockdown and millions 
of the people lost their jobs. Figure 3, indicate impact of Covid-19 on different 
economic activities around the world.

Similarly an empirical study conducted by Barro et al. [12] reveal due pandemic 
crises on average 2.1% death rate could cause decline of averagely 6% of world GDP 
and 8% decline in private consumption. Furthermore, in terms of macroeconomic 
impact, Coibion et al. [13] empirically analysis pandemic impact using survey on 
household in the US. They conclude that, due to pandemic crises consumption and 
employment decreased where as inflation and economic uncertainty increased.

It is true to argue that, due to the massive lockdown in the world overall produc-
tion and consumption decreased. Lockdown indicate downward trend of industrial 
output and due to ‘stay safe stay health’ less transportation vehicles were used by 
people which directly impact on the overall air pollution of the world [14].

In terms of empirical studies, Brodeur et al. [15] mention in their work ‘safer-at-
home’ policies indicatively decreased air pollution across US counties. Therefore we 
can argue that one the key factor which contribute downward trend of air pollution 
is transportation vehicles thus consumption of gasoline as fuel. Similarly, Cicala 
et al. [16] identified in USA the average sales of gasoline from 2007 to 2019 average 
recorded as 8000 to 9000 barrels per day, however due to the lockdown and less 
mobility, the average sales drop at 5000 barrels per day until 12th week of 2020 
(Figure 4).

On the hand, it is also true beside industrial sector and road transportation the 
large consumption sector of fuel is airline industry, although due the lockdown 
situation massive airlines of the world grounded there air craft’s and international 
mobility stopped as well. Indeed, that particular factor also decreases overall air 
pollution.

It has be also observed that, air travel thus airline industry account for about 
2.5% of global CO2 emission; furthermore it is predicted that until 2050 airline 
industry could take up a quarter of the world’s carbon budget and it will cause for 
1.5 degree Celsius world temperature [17]. Figure 5; indicate first quarter interna-
tional flights and transportation activity around the world.

In terms of china, Almond et al. [19] investigate nexus between air pollution and 
gases emission during covid-19 crises. They conclude that during the crises NO2 
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emission decline whereas SO2 did not fall. Furthermore they also mention that, in 
overall China (PM2.5) emission decreased by 22%. The major cause of reduction 
in air pollution is due to less personal vehicle usage which is heavily responsible for 
NO2 emission. Similarly, in case of china another study conducted by He et al. [20] 
also concluded same results, due to the lockdown in china PM2.5 concentration 
decline by 25%. That particular phenomenon were recorded in more industrialized 
cities, therefore it is true to argue that the fall in industrial production is positively 
associated with reduction in air pollution. One more study conducted by Yao et al. 
[21], mention that higher humidity causing spread of the Covid-19, and they 
further illustrate that high level of NO2 emission, playing role as catalyst agent and 
causing more Covid-19 spread with in the china.

After the lockdown, the clean environment has been observed all around the 
world, not only in high industrialized countries, more specifically in European 
countries due to the lockdown situation, and the concentration of NO2 emission in 
the air rapidly decreased. Figure 6, illustrate the decline of NO2 emission in most of 
the European countries.

Figure 3. 
Quarterly word GDP.
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Figure 6. 
Percentage change of NO2 emission in European countries. Source: Myllyvirta and Thieriot [22].

Figure 5. 
International flight and transportation activity around the world. Source: International Energy Agency [18].

Figure 4. 
Sales of gasoline in USA from 2007 to 2020 (until 12th week). Source: Cicala et al. [16].
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Similarly not only European countries have to experience clean air, on the other 
hand, a country like India, which is the second-highest populated country of the 
world, due to the lockdown situation the trend of air pollution also declined in 
India [23]. It is also true that, due to lockdown in massive countries of the world, 
the overall pollution decreases rapidly; thus, environment restores as it was 
50 year ago. Not only, lockdown reduce air pollution; eventually, it also impacts 
on water pollution. In Europe, the death toll of covid-19 record massively high in 
Italy, therefore during the lockdown in Italy tourist arrival become zero almost, 
which impact on water quality in the canals of Venice. After couples of decades, 
the resident of Venice city has noticed clean water and marine life in the channels 
again [2]. The significant declines which has also been observed in the pattern of 
the overall consumption of electricity. As many of the people working from home, 
this directly decreases electricity consumption. Furthermore, the countries which 
heavily depend on electricity production via coal have experienced a decline in CO2 
emission as well. It is right to argue that covid-19 ultimately reduced the consump-
tion of electricity and fuel consumption for producing electricity as well [24]. 
Below Figure 7 indicate, the overall pattern of NO2 emission in Europe during 2019 
and 2020, thus after the lockdown situation.

The positive change and transformation in environment is generally due to 
the lockdown situation in terms of clean air and clean water channels, will not be 

Figure 7. 
NO2 emission in Europe comparative analysis between March April 2019–2020. Source: European Space 
Agency, [25].
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long-lasting and it is expected that our environment once again will harm as the 
world will experience normal cycle of life; thus we will again experience massive air 
and other pollution [26]. Massive corporate allow remote work for their employees. 
Remote work will enable people less mobility, thus, which decrease the usability 
of the vehicle. However at the moment it is not responsibility of single person or a 
country to maintain that transformation, thus we should promote a green ideology, 
which will ultimately reduce air pollution and on the other hand green concept will 
improve countries’ social, economic and environmental performance. Furthermore, 
we should also focus on renewable energy in overall logistics operations, as it 
ultimately improves environmental performance by reducing emission whereas 
environmental performance is negatively correlated with public health expenditure 
as explained in literature [27].

4. Conclusion and recommendations

The aim of this chapter is to discuss the association between Covid-19’s 
outbreak and its environmental effects on society. The debate indicates that 
the global lockout eliminates environmental emissions. As a result of the global 
shutdown, we have induced economic downturn across the world, but on the 
other hand, in a better climate, we are gaining a transformed world. There is no 
doubt that once the world engine start-up after Covid-19, pollution and waste 
will started to piling-up in our surrounding, which will not damaging to the 
health but also environmental sustainability. The implementation of different 
step-by-step strategies demonstrates that the environment will gradually shift 
from polluted world to a green one. In order to maintain environmental sustain-
ability, policymakers and governmental bodies should develop a road-map to 
protect environmental sustainability.

Following are some suggestions, which may help in the initial phase of planning.

• Corporate sector should adopt green and eco-friendly practices in their 
 businesses to improve environmental sustainability.

• Governmental bodies should formulate strict eco-friendly policies and provide 
awareness to the corporate leaders through different workshops.

• Regulatory bodies may encourage renewable energy and green projects 
through providing subsides and tax-exemptions to the enterprises.

• Governmental bodies embossed heavy penalties on the polluted firms, which 
will not only create pressure on firms to adopt sustainable practices but also 
motivate to the eco-friendly firms.

• Regulatory authorities may increase the fossil fuel and non-green energy 
prices, which will ultimately create pressure on firms to adopt renewable 
energy in their operations.

Furthermore, In order to achieve industrial productivity for green growth, the 
reliance upon energy use of fossil fuels should be replaced with renewable energy 
sources. As for the sustainable development of the country, the efficient use of 
natural resources, including oil rentals, ores and metal exports is imperative. On the 
other hand, Green finance will offer an incentive to fund sustainable items that lead 
to the digital mobilization of renewable energy and industrial growth initiatives. 
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Chapter 5

Impact of Hybrid-Enabling
Technology on Bertrand-Nash
Equilibrium Subject to Energy
Sources
Ryle S. Perera

Abstract

In this chapter, we quantify an optimal level of subsidy for the sharing of
hybrid-enabling technology innovation in an energy market while examining its
Bertrand-Nash equilibrium. We formulate this as a Stochastic Differential Game
(SDG) and analyze the stability of the Stuckenberg, Nash and cooperative equilibria
via a feedback control strategy. We then adopt limit expectation and variance of the
improvement degree to identify the influence of the external environment on the
decision maker. We show that the game depends on its parameters and the
equilibria chosen. Ultimately, our use of short-run price competition characterized
by strategic supplies for renewable and fossil resources provides a more robust
model than that presented by Bertrand-Edgworth with endogenous capacity. As a
result, we highlight that R&D investments in hybrid-enabling technology can
ensure immediate reliability and affordability within energy production and
implementation of policy instruments.

Keywords: Bertrand duopoly game, cooperative game, hybrid-enabling
technology, Nash non-cooperative game, Stackelberg game,
stochastic differential game

1. Introduction

In recent years, many researchers have developed models to discuss the impor-
tance of lowering carbon emissions and its potential impact on society by examining
economic growth, international trade, and health benefits. Khan et al. [1] examined
the relationship between green logistics indices, economic, environmental, and
social factors through the perspective of Asian emerging economies. By adopting a
Fully Modified OLS (FMOLS) Model and Dynamic OLS (DOLS) they claimed that
logistics operations, particularly the efficiency of customs clearance processes,
quality of logistics services and trade and transport-related infrastructure are posi-
tively and significantly correlated with per capita income, manufacturing value
added and trade openness, whereas greater logistics operations are negatively asso-
ciated with social and environmental problems including, climate change, global
warming, carbon emissions, and poisoning atmosphere. Khan et al. [2] examined
the potential relationship between public health expenditures, logistics

57



Chapter 5

Impact of Hybrid-Enabling
Technology on Bertrand-Nash
Equilibrium Subject to Energy
Sources
Ryle S. Perera

Abstract

In this chapter, we quantify an optimal level of subsidy for the sharing of
hybrid-enabling technology innovation in an energy market while examining its
Bertrand-Nash equilibrium. We formulate this as a Stochastic Differential Game
(SDG) and analyze the stability of the Stuckenberg, Nash and cooperative equilibria
via a feedback control strategy. We then adopt limit expectation and variance of the
improvement degree to identify the influence of the external environment on the
decision maker. We show that the game depends on its parameters and the
equilibria chosen. Ultimately, our use of short-run price competition characterized
by strategic supplies for renewable and fossil resources provides a more robust
model than that presented by Bertrand-Edgworth with endogenous capacity. As a
result, we highlight that R&D investments in hybrid-enabling technology can
ensure immediate reliability and affordability within energy production and
implementation of policy instruments.

Keywords: Bertrand duopoly game, cooperative game, hybrid-enabling
technology, Nash non-cooperative game, Stackelberg game,
stochastic differential game

1. Introduction

In recent years, many researchers have developed models to discuss the impor-
tance of lowering carbon emissions and its potential impact on society by examining
economic growth, international trade, and health benefits. Khan et al. [1] examined
the relationship between green logistics indices, economic, environmental, and
social factors through the perspective of Asian emerging economies. By adopting a
Fully Modified OLS (FMOLS) Model and Dynamic OLS (DOLS) they claimed that
logistics operations, particularly the efficiency of customs clearance processes,
quality of logistics services and trade and transport-related infrastructure are posi-
tively and significantly correlated with per capita income, manufacturing value
added and trade openness, whereas greater logistics operations are negatively asso-
ciated with social and environmental problems including, climate change, global
warming, carbon emissions, and poisoning atmosphere. Khan et al. [2] examined
the potential relationship between public health expenditures, logistics

57



performance indices, renewable energy, and ecological sustainability in members of
the Association of Southeast Asian Nations by applying the structural equation
modeling approach. They showed that the use of renewable energy in logistics
operations will improve environmental and economic performance to reduce emis-
sions, whereas environmental performance is negatively correlated with public
health expenditures, indicating that greater environmental sustainability can
improve human health and economic growth. In [3], economic growth and envi-
ronmental sustainability in the South Asian Association for Regional Cooperation
using the data from the South Asian Association for Regional Cooperation (SAARC)
member countries from 2005 to 2017 was examined. Adopting the panel
autoregressive distributed lag technique to examine the hypotheses, they find that
environmental sustainability is strongly and positively associated with national
scale-level green practices, including renewable energy, regulatory pressure,
eco-friendly policies, and the sustainable use of natural resources. In [4], the con-
sumption of renewable energy with international trade and environmental quality
in Nordic countries from 2001 to 2018 is investigated. Their findings concluded that
renewable energy is strongly and positively associated with international trade
in Nordic countries. Furthermore, [5] adopted multi-criteria-decision-making tech-
niques to examine barriers in the sustainable supply chain management (SSCM)
when firms are facing heavy pressure to adopt green practices in their supply chain
(SC) operations to achieve better socio-environmental sustainability.

Around the world governments, businesses and individuals have committed to
reducing carbon emission. As a result, the energy economy is highly exposed to
these processes. As industries push for renewable energies, technology will need to
step in to ensure reliability of the power supply. Therefore, there remains a need for
exploiting the role of hybrid technology, its dynamics, limitations on the reduction
of pollution levels and policy implementation within the wider carbon emissions
debate. This is due to the vital role hybrid technology plays in energy production
processes and the ability for the energy system to offer a better energy security.
Development of such lower carbon emission policies has potential benefits to the
environment and ecological sustainability to those economies. However, within many
of these environmental policy models, technology is incorporated as an exogenous
variable and limited attention is given to endogenous technology, other technological
breakthroughs, potential government subsidies or collaborative innovations to inte-
grate low carbon technology in environmental economics. Such interventions will
promote the renewable energy sector to use natural resources and undertake public-
private partnership investments to minimize dependence on fossil fuel derived energy.

To investigate the effects of hybrid-enabling technology when producing energy
to meet consumption demand, we assume energy producing firms follow the
Bertrand game paradigm. In the presence of government subsidy for the development
and sustainability of renewable energy, tax on pollution created by energy producing
firms will motivate them to undertake Research & Development (R&D) measures to
improve hybrid enabling technologies to further reduce the level of carbon pollution.
As a result, from an economic point of view it is an interesting question to examine
the Bertrand-Nash equilibrium under such a dynamic environment. This chapter
examines this concept via a Stochastic Differential game paradigm.

Many researchers have applied game theory to study carbon reduction behavior
in electricity markets. In [6], the Cournot equilibria in an oligopolistic electricity
market subject to a linear demand function is examined. In [7], the power suppliers
bidding behavior is evaluated under the supply function equilibrium (SFE) para-
digm, where the market power of an independent system operator (ISO) is modeled
as a bi-level multi-objective problem. In [8], the equilibrium strategies in random-
demand procurement auctions in the electricity market is obtained and presented a
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method for explicit calculation of the bid strategies is presented. [9] proposed a
Nash bargaining game model to examine how governments can determine the taxes
and subsidies in a competitive electricity market whilst achieving their environ-
mental objectives. In [10–14], the role of government as a leading player who
intervenes in competitive electricity markets to promote environmental protection
is evaluated. In [15], the role of government, when managing environmental sus-
tainability in a complete electricity market in a Stackelberg game paradigm is
examined. In [16], a more robust trans-boundary industrial pollution reduction
strategy for global emission collaborations is presented. The dynamics of each
country’s quantity of pollution is modeled as a Brownian motion with Jumps to
capture the systematic jumps caused by surprise effects arising from policy uncer-
tainties within the economy. However, a crucial limitation within many of these
environmental policy models, is that technological change is incorporated as an
exogenous variable and does not consider the role of endogenous hybrid-enabling
technology or other technological breakthroughs, hence limiting the dynamics of
these models.

We quantify an optimal level of subsidy for the sharing of hybrid-enabling
technology in an energy market under a Bertrand-duopoly game. We formulate a
Stochastic Differential Game (SDG) to analyze the stability of the Stackelberg, Nash
and cooperative equilibria via a feedback control strategy. We then adopt limit
expectation and variance of the improvement degree to identify the influence of
external environment limitations on the decision maker. We show that the game
depends on its parameters and the equilibria chosen. We consider an electricity
market composed of power plants I and II, with each one having the choice between
fossil fuels Fð Þ (e.g., natural gas, petroleum or coal) and renewable sources Rð Þ (e.g.,
biomass, solar, wind, wave, geothermal or hydroelectric). Such hybrid power plants
play a crucial ameliorating role in managing the long-standing problem of climate
change and ensure immediate reliability and affordability of energy production,
whilst reducing Greenhouse Gas (GHG) emissions.

In this model, we consider a Bertrand duopoly game for two power plants under
endogenous hybrid-enabling technology. In the first stage the matrix of prices

pij
� �

ij∈ F,Rf g
, (where pij

� �
is the price of energy i, given that the opponent player’s

energy j) is determined as a Nash equilibrium of the game where each player wants
to optimize his/her demand. We then search for the Nash equilibria, and the opti-
mal proportions that maximizes the Πð Þij, ij∈ F,Rf g subject to the source type of
energy that has been used. Once all these parameters have been fixed, the game
becomes dynamic due to the evolution of a hybrid-enabling technology level K tð Þ,
prompted by Research and Developments (R&D) measures undertaken by each
power plant. Hence, each player must fix a time-dependent effect level associated
with this hybrid-enabling technology. In doing so, this study makes the following
contributions to existing game theory/energy economics literature:

i. stochastic endogenous hybrid-enabling technology innovation is
introduced into a two-player stochastic differential game with random
interference factors, which capture uncertain external environment factors
and the internal limitations within the shared hybrid-enabling technology
decision process. In doing so, we provide a framework to quantify the
impacts of market power on prices.

ii. we show that both power plants invest in R&D measures and that the limit
of expectation and variance of the improvement degree can be applied to
identify the influence of random factors.
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iii. mathematically, we show that the issue of the game depends on the
parameters of the game and the type of equilibrium one considers.

iv. by applying the HJB equation we obtain the optimal effort level and the
optimal level of subsidy for sharing hybrid-enabling technology via
feedback equilibrium strategies whilst examining the Stackelberg
equilibria, Nash equilibria and cooperative equilibria under Bertrand
duopoly.

v. we reveal that for a given level of payoff distribution the Stackelberg
equilibria under endogenous hybrid-technology innovation and the sharing
paradigm dominate the Nash equilibria.

vi. we show that in Stackelberg and Nash games, optimal hybrid-enabling
technology innovation is proportional to the government subsidy, but the
variance improvement degree of the Stackelberg game is different to the
results of the Nash game.

vii. our characterization of the short run price competition by strategic supplies
for renewable and fossil resources, provides a more robust model than that
presented by Bertrand-Edgworth, in which price competition with fixed
(endogenous) capacities was used.

viii. our model shows that robust cost-reducing R&D investments with
effective hybrid-enabling technology innovation strengthens an innovator’s
competitive position and the Stackelberg structure emerges as an
equilibrium outcome, allowing each power plant to optimally use energy
sources to produce electricity while maximizing their payoffs.

Therefore, under a Stochastic Differential Game (SDG) paradigm with uncer-
tainty, each power plant can optimally use energy sources to produce electricity
while maximizing their payoffs. Each power plant is capable of using fossil fuels Fð Þ
and renewable sources Rð Þ to produce electricity at any time. To maintain the
generality of the proposed model, this model is not limited to a specific energy
source. Hence, the terms }F} and }R}, are used throughout the paper. On the other
hand the government encourages power plants to conform to a maximum accepted
level of carbon emissions through strategies such as the imposition of tariffs on
polluters as well as incentives for those who choose to undertake R&D measures to
reduce their emission levels in order to maintain environmental sustainability. R&D
spending is costly, and the presumption is that R&D spending is somehow
connected to increased innovation, revenue growth and profits.

In recent years, researchers have incorporated the theory of SDGs, originated
from [14, 17–20] to analyzed environmental issues. Especially [21] analyzed (two
player) zero-sum stochastic differential games in a rigorous way, and proved that
the upper and lower value functions of such games satisfy the dynamic program-
ming principle whilst being the unique viscosity solutions of their associated
Hamilton-Jacobi-Bellman-Isaacs equations.

In Section 2, the proposed model and elements of evolutionary game theory are
presented. In Section 3 by implementing the Stackelberg game we examine feed-
back Stackelberg equilibria, optimal level of subsidy for the shared hybrid-enabling
technology from its counterpart and the limit of expectation and variance. In Sec-
tion 4 by implementing a Nash game we examine feedback Nash equilibria and the
limit of expectation and variance under hybrid-enabling technology. In Section 5 by
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implementing a cooperative game we examine feedback equilibria and the limit of
expectation and variance under hybrid-enabling technology. In Section 6, compar-
ative analysis of equilibrium results are described. Section 7 concludes the study.
Appendix at the end of the chapter contains proofs.

2. Model setup

We propose that the production process of electricity leads to emissions and is
proportional to the power industry’s use of energy source. We assume that there are
two power plants (Player I) and (Player II) in the energy market and each power
plant is capable of using fossil fuels (F) and renewable sources (R) to generate power
at any given time t. To reduce the level of Green House Gas (GHG)-emissions into
the atmosphere (accordance with [22] Protocol), the government will set a maxi-
mum emission quantitative level, that is directly linked to the power industry’s use
of energy source F, when producing electricity. Government encourages the power
industry to undertake necessary hybrid-enabling technology to reduce their GHG-
emission levels to the maximum accepted quantitative level, ηF, and improve effi-
ciency in renewables. We assume that the power plants change their strategies over
time based on payoff comparisons based on hybrid-enabling technological
advances. This contradicts with classical non cooperative game theory that analyzes
how rational players will behave through static solution concepts such as the Nash
equilibrium (NE) (i.e., a strategy choice for each player whereby no individual has a
unilateral incentive to change his or her behavior).

Under the theory of evolutionary games, the production strategies in the absence
of any superior hybrid-enabling technological advances, allows the power plants to play
a symmetric two-person 2 � 2 bi-matrix game. Thus, for each power plant, we
define the set Σ as its pure strategy given by the set of non-negative prices [0, ∞).
According to the Bertrand game all firms setting the lowest price will split market
demand equally (Hotelling type) and the profit can be calculated subject to the
electricity prices and the associated cost functions.

Then each iteration of an evolutionary game, where two matched power plants
in accordance with Bertrand paradigm compete with each market and play a one-
shot non-zero-sum game, represents the benchmark game of the population. If

pij, pji
� �

is the matrix of prices of power plants, respectively, then via Proposition 1

(given below), it will allow us to derive Nash equilibria of prices for these two
matched power plants. On the demand side we assume that the preferences are
quadratic as in [23].

We define the continuous demand function Dij
� �

, for each power plant as

Dij ¼ aij � βij pij þ τi
� �

þ γij pji þ τ j

� �
, i, j∈ F,Rf g (1)

where Dij is the demand function for the power plants employing the energy
source i∈ F,Rf g against the power plant which use the energy source j∈ F,Rf g: τi is
the tariff imposed by government subject to the power source i. For example
government impose a tariff-rate quota (TRQs) τFð Þ, for fossil fuels (F) and a feed-in-
tariff (FITs) τRð Þ, for renewable sources (R). pij is the electricity price of the power
plant that uses the energy source i, versus the power plant that employs the energy
source j. aij >0, is the constant market base for the power plant that employs the
energy source i versus the one which use the energy source j. The parameters βij >0
and γij >0, are independent constants that captures the demand sensitivity of a
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quadratic as in [23].

We define the continuous demand function Dij
� �

, for each power plant as

Dij ¼ aij � βij pij þ τi
� �

þ γij pji þ τ j

� �
, i, j∈ F,Rf g (1)

where Dij is the demand function for the power plants employing the energy
source i∈ F,Rf g against the power plant which use the energy source j∈ F,Rf g: τi is
the tariff imposed by government subject to the power source i. For example
government impose a tariff-rate quota (TRQs) τFð Þ, for fossil fuels (F) and a feed-in-
tariff (FITs) τRð Þ, for renewable sources (R). pij is the electricity price of the power
plant that uses the energy source i, versus the power plant that employs the energy
source j. aij >0, is the constant market base for the power plant that employs the
energy source i versus the one which use the energy source j. The parameters βij >0
and γij >0, are independent constants that captures the demand sensitivity of a
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power plant subject to its own price βij and its rival’s price γij. Eq. (1), concludes that
the goods in the market are gross substitutes and that the demand function Dij, is
increasing in the price of the rival firm pji.

The government’s tariff policy for the power plants with respect to their source
of energy for long-time periods are transparent, and this information is available to
the public. Therefore, it is assumed that the competitive power plants follow the
government’s financial legislation, having the capability and technological skills to
produce electricity from specific sources at any given time to meet energy demand.
Then for each time-period the power plant will consider the tariff-rate quota or
feed-in-tariff and adopt a pricing strategy for the selected energy source. Hence, we
conclude that the production rate of the power plants is equal to the corresponding
demand rates with a negligible internal consumption and waste rate.

To apply the Backward induction technique to investigate the equilibrium
prices, demand, and profits, we define the profit function for each power plant as

Πij ¼ pij � Ci � vi
� �

Dij � Fi

¼ pij � Ci � vi
� �

aij � βij pij þ τi
� �

þ γij pji þ τ j

� �� �
� Fi,

(2)

where i, j∈ F,Rf g and Ci >0 is the unit production cost of the power plant when
using energy source i. vi >0, for any additional R&D unit cost for undertaking
hybrid-enabling technology, for a power plant that rely on an energy source i,
(Fi >0 is the initial setup cost of the power plants when using the energy source i).

We also assume that pij � Ci � vi
� �

>0: The firms’ technologies are represented by

their reduced cost functions. This assumes that all factor markets are perfectly
competitive and – both here and in the models of imperfect competition in the
output market – are not influenced by any strategic behavior of the firms in other
markets. We will make alternative assumptions about those technologies. In the
first assumption, pollution is proportional to output and firms do not have any
further abatement technologies.

Proposition 1. The equilibrium price for the power plants under τF, τRð Þ, is given as
pij ¼ Λij þ Ci þ vi:

Proof. Via the first order conditions of the profit function (Eq. (2)), obtain

∂Πij

∂pij
¼ aij � 2βij pij � Ci � vi

� �
þ γij pji � C j � v j

� �
þ γij τ j þ C j þ v j

� �

�βij τi þ Ci þ við Þ ¼ 0:

(3)

Defining Λij ¼ pij � Ci � vi and using Λij and Λji, rewrite the first order condi-
tions as:

2βijΛij � γijΛji ¼ aij þ γij τ j þ C j þ v j
� �� βij τi þ Ci þ við Þ,

2βjiΛji � γjiΛij ¼ aji þ γji τi þ Ci þ við Þ � βji τ j þ C j þ v j
� �

:

8<
: (4)

Simultaneously solving Eq. (4), obtain

Λij ¼
2βjiaij þ γijaji þ βjiγij τ j þ C j þ v j

� �� �þ γijγji � 2βjiβij
� �

τi þ Ci þ við Þð Þ
4βjiβij � γijγji

� � (5)
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such that βjiβij 6¼ γijγji
4 : p ∗

ij and p ∗
ji are obtained via pij ¼ Λij þ Ci þ vi and are the

optimum prices if the profit functions are concave on pij and on pji. Then via the

second order conditions, obtain the maximum point in the set as: ∂
2Πij

∂p2ij
¼ �2βij <0:

Since βij >0, implies that the second derivative of the profit function in equilibrium
is negative confirming that the profit function is concave at this point.

Proposition 2. At equilibrium prices the power plant’s demand and profit under
τF, τRð Þ, can be obtained as

D ∗
ij ¼ βijΛ ∗

ij ¼ βij θij þ ωijτ
∗
i þ χijτ

∗
j

� �
,

Π ∗
ij ¼ βij Λ ∗

ij

� �2
� Fi ¼ βij θij þ ωijτ

∗
i þ χijτ

∗
j

� �2
� Fi,

(6)

where

θij ¼
2βjiaij þ γijaji þ βjiγij C j þ v j

� �þ γijγji � 2βjiβij
� �

Ci þ við Þ
� �

4βjiβij � γijγji

� � , (7)

ωij ¼
γijγji � 2βjiβij
� �

4βjiβij � γijγji

� � and χij ¼
βjiγij

4βjiβij � γijγji

� � (8)

Proof. Obtain the results by substituting Λ ∗
ij from Proposition 1 into Eqs. (1) and

(2) and simplifying.
Remark 1. The only outcome where neither power plant has an incentive to

deviate is when pij ¼ pji ¼ ci, which will be the Nash or Bertrand equilibrium for the
game. The intuition behind this result is that power plants will keep undercutting the
price of its rival until price equals marginal cost. In the long run price changes with
marginal cost and industry production increases with demand and falls with
marginal cost. One way for a power plant to avoid the Bertrand paradox and earn
economic profit in a Bertrand setting is to have a competitive cost advantage over
its rival.

2.1 Production decisions of power plants with homogenous hybrid/enabling
technology

Restricting ourselves to a two matched symmetric two-person bi- matrix game
in random contest in a one-population evolutionary game, we define the payoff
(utility) in Table 1.

Note 1. Power and the payoff are measured on a utility scale consistent with the
power plant’s preference ranking. Furthermore, [24–26] have applied symmetric
two-person bi-matrix game in random contest to study evolutionary stable games.

Power Plant II

Production Strategy Fossil Fuel Renewable Sources

Power Plant I Fossil Fuel ΠFF,ΠFFð Þ ΠFR,ΠRFð Þ
Renewable Sources ΠRF,ΠFRð Þ ΠRR,ΠRRð Þ

Table 1.
Bi matrix for two power plants by different energy sources.
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power plant subject to its own price βij and its rival’s price γij. Eq. (1), concludes that
the goods in the market are gross substitutes and that the demand function Dij, is
increasing in the price of the rival firm pji.

The government’s tariff policy for the power plants with respect to their source
of energy for long-time periods are transparent, and this information is available to
the public. Therefore, it is assumed that the competitive power plants follow the
government’s financial legislation, having the capability and technological skills to
produce electricity from specific sources at any given time to meet energy demand.
Then for each time-period the power plant will consider the tariff-rate quota or
feed-in-tariff and adopt a pricing strategy for the selected energy source. Hence, we
conclude that the production rate of the power plants is equal to the corresponding
demand rates with a negligible internal consumption and waste rate.

To apply the Backward induction technique to investigate the equilibrium
prices, demand, and profits, we define the profit function for each power plant as

Πij ¼ pij � Ci � vi
� �

Dij � Fi

¼ pij � Ci � vi
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aij � βij pij þ τi
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þ γij pji þ τ j

� �� �
� Fi,

(2)

where i, j∈ F,Rf g and Ci >0 is the unit production cost of the power plant when
using energy source i. vi >0, for any additional R&D unit cost for undertaking
hybrid-enabling technology, for a power plant that rely on an energy source i,
(Fi >0 is the initial setup cost of the power plants when using the energy source i).

We also assume that pij � Ci � vi
� �

>0: The firms’ technologies are represented by

their reduced cost functions. This assumes that all factor markets are perfectly
competitive and – both here and in the models of imperfect competition in the
output market – are not influenced by any strategic behavior of the firms in other
markets. We will make alternative assumptions about those technologies. In the
first assumption, pollution is proportional to output and firms do not have any
further abatement technologies.

Proposition 1. The equilibrium price for the power plants under τF, τRð Þ, is given as
pij ¼ Λij þ Ci þ vi:

Proof. Via the first order conditions of the profit function (Eq. (2)), obtain

∂Πij

∂pij
¼ aij � 2βij pij � Ci � vi

� �
þ γij pji � C j � v j

� �
þ γij τ j þ C j þ v j

� �

�βij τi þ Ci þ við Þ ¼ 0:

(3)

Defining Λij ¼ pij � Ci � vi and using Λij and Λji, rewrite the first order condi-
tions as:

2βijΛij � γijΛji ¼ aij þ γij τ j þ C j þ v j
� �� βij τi þ Ci þ við Þ,

2βjiΛji � γjiΛij ¼ aji þ γji τi þ Ci þ við Þ � βji τ j þ C j þ v j
� �

:

8<
: (4)

Simultaneously solving Eq. (4), obtain

Λij ¼
2βjiaij þ γijaji þ βjiγij τ j þ C j þ v j

� �� �þ γijγji � 2βjiβij
� �

τi þ Ci þ við Þð Þ
4βjiβij � γijγji

� � (5)

62

Carbon Capture

such that βjiβij 6¼ γijγji
4 : p ∗

ij and p ∗
ji are obtained via pij ¼ Λij þ Ci þ vi and are the

optimum prices if the profit functions are concave on pij and on pji. Then via the

second order conditions, obtain the maximum point in the set as: ∂
2Πij

∂p2ij
¼ �2βij <0:

Since βij >0, implies that the second derivative of the profit function in equilibrium
is negative confirming that the profit function is concave at this point.

Proposition 2. At equilibrium prices the power plant’s demand and profit under
τF, τRð Þ, can be obtained as

D ∗
ij ¼ βijΛ ∗

ij ¼ βij θij þ ωijτ
∗
i þ χijτ

∗
j

� �
,

Π ∗
ij ¼ βij Λ ∗

ij

� �2
� Fi ¼ βij θij þ ωijτ

∗
i þ χijτ

∗
j

� �2
� Fi,

(6)

where

θij ¼
2βjiaij þ γijaji þ βjiγij C j þ v j

� �þ γijγji � 2βjiβij
� �

Ci þ við Þ
� �

4βjiβij � γijγji

� � , (7)

ωij ¼
γijγji � 2βjiβij
� �

4βjiβij � γijγji

� � and χij ¼
βjiγij

4βjiβij � γijγji

� � (8)

Proof. Obtain the results by substituting Λ ∗
ij from Proposition 1 into Eqs. (1) and

(2) and simplifying.
Remark 1. The only outcome where neither power plant has an incentive to

deviate is when pij ¼ pji ¼ ci, which will be the Nash or Bertrand equilibrium for the
game. The intuition behind this result is that power plants will keep undercutting the
price of its rival until price equals marginal cost. In the long run price changes with
marginal cost and industry production increases with demand and falls with
marginal cost. One way for a power plant to avoid the Bertrand paradox and earn
economic profit in a Bertrand setting is to have a competitive cost advantage over
its rival.

2.1 Production decisions of power plants with homogenous hybrid/enabling
technology

Restricting ourselves to a two matched symmetric two-person bi- matrix game
in random contest in a one-population evolutionary game, we define the payoff
(utility) in Table 1.

Note 1. Power and the payoff are measured on a utility scale consistent with the
power plant’s preference ranking. Furthermore, [24–26] have applied symmetric
two-person bi-matrix game in random contest to study evolutionary stable games.

Power Plant II

Production Strategy Fossil Fuel Renewable Sources

Power Plant I Fossil Fuel ΠFF,ΠFFð Þ ΠFR,ΠRFð Þ
Renewable Sources ΠRF,ΠFRð Þ ΠRR,ΠRRð Þ

Table 1.
Bi matrix for two power plants by different energy sources.
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Then via equation Π ∗
ij ¼ βij Λ ∗

ij

� �2
� Fi ¼ βij θij þ ωijτi þ χijτ j

� �2
� Fi, in

Proposition 1, and the payoff matrix of the power plant I is given by:

A ¼ a11 a12
a21 a22

� �
¼ ΠF,F ΠF,R

ΠR,F ΠR,R

� �
¼ βF,FΛ2

F,F � FF βF,RΛ2
F,R � FF

βR,FΛ2
R,F � FR βR,RΛ2

R,R � FR

" #
: (9)

Obviously the bimatrix of the power plant II, is given by:

A ¼ a11 a21
a12 a22

� �
¼ ΠF,F ΠR,F

ΠF,R ΠR,R

� �
¼ βF,FΛ2

F,F � FF βR,FΛ2
R,F � FR

βF,RΛ2
F,R � FF βR,RΛ2

R,R � FR

" #
: (10)

Proposition 3. The Nash equilibrium for the Bi-matrix game G, is given as

ΠR,R � ΠF,Rð Þ
ΠF,F � ΠR,F � ΠFR þ ΠR,Rð Þ ,

ΠR,R � ΠF,Rð Þ
ΠF,F � ΠF,R � ΠR,F þ ΠR,Rð Þ

� �
: (11)

Proof. Suppose players I and II use mixed strategies (x,1-x) and (y,1-y),
respectively, where

i. The probability that player I choosing row 1 is x and the probability that
player I choosing row 2 is 1-x.

ii. The probability that player II choosing row 1 is y and the probability that
player II choosing row 2 is 1-y.

Then the value of the game for Player I is

v1 x, yð Þ ¼ xy ΠF,Fð Þ þ x 1� yð Þ ΠF,Rð Þ þ 1� xð Þy ΠR,Fð Þ þ 1� xð Þ 1� yð Þ ΠR,Rð Þ
¼ ΠF,F � ΠF,R � ΠR,F þ ΠR,Rð Þyþ ΠF,R � ΠR,Rð Þð Þxþ ΠR,F � ΠR,Rð Þyþ ΠR,Rð Þ, (12)

and the value of the game for Player II is

v2 x, yð Þ ¼ xy ΠF,Fð Þ þ x 1� yð Þ ΠR,Fð Þ þ 1� xð Þy ΠF,Rð Þ þ 1� xð Þ 1� yð Þ ΠR,Rð Þ
¼ ΠF,F � ΠR,F � ΠF,R þ ΠR,Rð Þxþ ΠF,R � ΠR,Rð Þð Þyþ ΠR,FR � ΠR,Rð Þxþ ΠR,Rð Þ: (13)

Suppose (X, Y) yields a Nash equilibrium. Then for the given payoffs having
0< x< 1 implies that

v1 ¼ ΠF,F � ΠF,R � ΠR,F þ ΠR,Rð Þyþ ΠF,R � ΠR,Rð Þ ¼ 0: (14)

Otherwise Player I can change x slightly and do better.
Similarly, for 0< y< 1,

v2 ¼ ΠF,F � ΠR,F � ΠFR þ ΠR,Rð Þxþ ΠF,R � ΠR,Rð Þ ¼ 0: (15)

Otherwise Player II can change y slightly and do better. It follows that the
unique Nash equilibrium (x,y), has

ΠR,R � ΠF,Rð Þ
ΠF,F � ΠR,F � ΠFR þ ΠR,Rð Þ ,

ΠR,R � ΠR,Fð Þ
ΠF,F � ΠF,R � ΠR,F þ ΠR,Rð Þ

� �
: (16)

64

Carbon Capture

Remark 1. Since the power plants plays a symmetric two person bimatrix game
G, having two pure strategies ΠF,F 6¼ ΠR,F, ΠR,R 6¼ ΠFR, imply that G, has an
evolutionary stable strategy. Then the Nash equilibrium is an outcome in which the
strategy chosen by each player is the best reply to the strategy chosen by the other.
This best reply strategy yields the highest payoff to the player choosing it, given the
strategy chosen by the co-player, [27, 28].

2.2 Production decisions of power plants under endogenous hybrid/enabling
technological advances

Both players will undertake R&D measures on hybrid-enabling technology to
ensure immediate reliability and affordability in energy production whilst reducing
GHG-emissions. We assume that the strategic effects implemented by power plant I
(Player I), has improved hybrid-enabling technology to generate energy and utilize
energy sources in a much efficient way. This gives a superior advantage to power
plant I overpower plant II (Player II) and both power plants are rational to maxi-
mize their profits. Although Power plant II has heterogeneous resources to hybrid-
enabling technology, from a practical point of view it is logical for power plant I to
share this technology with power plant II, because the price competition is typically
characterized by a second-mover advantage. Many researchers have investigated
the effects of these commitments in Cournot, Bertrand and Stackelberg setups. See
[29–31]. Due to the government incentives, tariff-rate quota, feed-in-tariff and
R&D incentive measures, the power companies will be competitive to improve
their efficiency. Let LR tð Þ denotes the R&D effort level of technological improve-
ments on renewable sources at time t, and LF tð Þ denotes the R&D effort level of

technological improvements on fossil fuel at time t, of Player I. ~L
R
tð Þ denotes the

R&D effort level of technological improvements on renewable sources at time t, and
~L
F
tð Þ denotes the R&D effort level of technological improvements on fossil fuel at

time t, of Player II. For, further consideration, the sharing cost of advanced hybrid-
enabling technology (Player I) and inferior hybrid-enabling technology (Player II)
is denoted as CI tð Þ and CII tð Þ, which are the quadratic functions of the effect level of
Player I and Player II at time t, respectively. Consider

CI LR tð Þ,LF tð Þ, t� � ¼ 1
2

βR tð Þ LR tð Þ� �2 þ βF tð Þ LF tð Þ� �2� �
, (17)

and

CII ~L
R
tð Þ, ~LF

tð Þ, t
� �

¼ 1
2

~β
R
tð Þ ~L

R
tð Þ

� �2
þ ~β

F
tð Þ ~L

F
tð Þ

� �2� �
, (18)

where 0< βR tð Þ, βF tð Þ, ~βR tð Þ, ~βF tð Þ
� �

≤ 1 and lower the βR tð Þ, βF tð Þ, ~βR tð Þ, ~βF tð Þ
� �

,

more effective is the technological development.
Let K tð Þ denote the evolution of the hybrid-enabling technology at time t, due to

R&D collaborative innovation system of Player I and Player II at time t. The dynam-
ics of hybrid-technology is governed by the stochastic differential equation (SDE):

dK tð Þ ¼ ϑ1 tð Þ LR tð Þ,LF tð Þ� �þ ϑ2 tð Þ ~L
R
tð Þ, ~LF

tð Þ
� �

� ξK tð Þ
h i

dtþ φ
ffiffiffiffi
K

p
dW tð Þ

K 0ð Þ ¼ K0 >0:

8<
:

(19)
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Then via equation Π ∗
ij ¼ βij Λ ∗

ij

� �2
� Fi ¼ βij θij þ ωijτi þ χijτ j

� �2
� Fi, in

Proposition 1, and the payoff matrix of the power plant I is given by:

A ¼ a11 a12
a21 a22
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R,R � FR
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: (9)

Obviously the bimatrix of the power plant II, is given by:
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Proposition 3. The Nash equilibrium for the Bi-matrix game G, is given as
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ΠF,F � ΠR,F � ΠFR þ ΠR,Rð Þ ,
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Proof. Suppose players I and II use mixed strategies (x,1-x) and (y,1-y),
respectively, where

i. The probability that player I choosing row 1 is x and the probability that
player I choosing row 2 is 1-x.

ii. The probability that player II choosing row 1 is y and the probability that
player II choosing row 2 is 1-y.

Then the value of the game for Player I is
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Suppose (X, Y) yields a Nash equilibrium. Then for the given payoffs having
0< x< 1 implies that

v1 ¼ ΠF,F � ΠF,R � ΠR,F þ ΠR,Rð Þyþ ΠF,R � ΠR,Rð Þ ¼ 0: (14)

Otherwise Player I can change x slightly and do better.
Similarly, for 0< y< 1,

v2 ¼ ΠF,F � ΠR,F � ΠFR þ ΠR,Rð Þxþ ΠF,R � ΠR,Rð Þ ¼ 0: (15)

Otherwise Player II can change y slightly and do better. It follows that the
unique Nash equilibrium (x,y), has
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: (16)

64

Carbon Capture

Remark 1. Since the power plants plays a symmetric two person bimatrix game
G, having two pure strategies ΠF,F 6¼ ΠR,F, ΠR,R 6¼ ΠFR, imply that G, has an
evolutionary stable strategy. Then the Nash equilibrium is an outcome in which the
strategy chosen by each player is the best reply to the strategy chosen by the other.
This best reply strategy yields the highest payoff to the player choosing it, given the
strategy chosen by the co-player, [27, 28].

2.2 Production decisions of power plants under endogenous hybrid/enabling
technological advances

Both players will undertake R&D measures on hybrid-enabling technology to
ensure immediate reliability and affordability in energy production whilst reducing
GHG-emissions. We assume that the strategic effects implemented by power plant I
(Player I), has improved hybrid-enabling technology to generate energy and utilize
energy sources in a much efficient way. This gives a superior advantage to power
plant I overpower plant II (Player II) and both power plants are rational to maxi-
mize their profits. Although Power plant II has heterogeneous resources to hybrid-
enabling technology, from a practical point of view it is logical for power plant I to
share this technology with power plant II, because the price competition is typically
characterized by a second-mover advantage. Many researchers have investigated
the effects of these commitments in Cournot, Bertrand and Stackelberg setups. See
[29–31]. Due to the government incentives, tariff-rate quota, feed-in-tariff and
R&D incentive measures, the power companies will be competitive to improve
their efficiency. Let LR tð Þ denotes the R&D effort level of technological improve-
ments on renewable sources at time t, and LF tð Þ denotes the R&D effort level of

technological improvements on fossil fuel at time t, of Player I. ~L
R
tð Þ denotes the

R&D effort level of technological improvements on renewable sources at time t, and
~L
F
tð Þ denotes the R&D effort level of technological improvements on fossil fuel at

time t, of Player II. For, further consideration, the sharing cost of advanced hybrid-
enabling technology (Player I) and inferior hybrid-enabling technology (Player II)
is denoted as CI tð Þ and CII tð Þ, which are the quadratic functions of the effect level of
Player I and Player II at time t, respectively. Consider

CI LR tð Þ,LF tð Þ, t� � ¼ 1
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βR tð Þ LR tð Þ� �2 þ βF tð Þ LF tð Þ� �2� �
, (17)

and

CII ~L
R
tð Þ, ~LF

tð Þ, t
� �

¼ 1
2
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þ ~β
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F
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� �

≤ 1 and lower the βR tð Þ, βF tð Þ, ~βR tð Þ, ~βF tð Þ
� �

,

more effective is the technological development.
Let K tð Þ denote the evolution of the hybrid-enabling technology at time t, due to

R&D collaborative innovation system of Player I and Player II at time t. The dynam-
ics of hybrid-technology is governed by the stochastic differential equation (SDE):

dK tð Þ ¼ ϑ1 tð Þ LR tð Þ,LF tð Þ� �þ ϑ2 tð Þ ~L
R
tð Þ, ~LF

tð Þ
� �

� ξK tð Þ
h i

dtþ φ
ffiffiffiffi
K

p
dW tð Þ

K 0ð Þ ¼ K0 >0:

8<
:

(19)
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ξ∈ 0, 1ð �, is the attenuation coefficient of hybrid-enabling technology. Let
ϑ1 tð Þ ¼ ϑR1 tð Þ þ ϑF1 tð Þ� �

and ϑ2 tð Þ ¼ ϑR2 tð Þ þ ϑF2 tð Þ� �
denote the influence of the effort

level of hybrid-enabling technology sharing on collaboration innovation between
Player I and Player II, at time t. W tð Þ is a standard Brownian motion and φ

ffiffiffiffi
K

p
tð Þ� �

random interference factor on hybrid-enabling technology.
Let Π tð Þ denotes the total profit under the hybrid-enabling technology system at

time t. Let α1 tð Þ, α2 tð Þð Þ and β1 tð Þ, β2 tð Þð Þ denote the influence of the effort level
hybrid-enabling technology on the total profit of Player I and player II, respectively,
at time t, namely, the marginal return coefficient of hybrid-enabling technology.
Total profit function can be expressed as:

Π tð Þ ¼ α1 tð ÞLR tð Þ þ α2 tð ÞLF tð Þ� �þ β1 tð Þ~LR
tð Þ þ β2 tð Þ~LF

tð Þ
� �

þ Γþ δð ÞK tð Þ, (20)

where

α1 tð Þ ¼ ΠR,R tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ , (21)

α2 tð Þ ¼ �ΠF,R tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ ,

Γ ¼ Γ Ið Þ þ Γ IIð Þ, δ ¼ δ Ið Þ þ δ IIð Þ, and
(22)

β1 tð Þ ¼ ΠR,R tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ , (23)

β2 tð Þ ¼ �ΠR,F tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ : (24)

Γ is the influence of the hybrid-enabling technology innovation on total revenue
δ∈ 0, 1ð �; δ is the total government subsidy coefficient of hybrid-enabling technol-
ogy based on increments of advances in hybrid-enabling technology.

Proposition 4. At least one of the Power Plants has a second mover advantage.

Proof. Demand function Dij pij, pji
� �

>0, given by Eq. (4), is twice continuously

differentiable and

∂Dij pij, pji
� �

∂pij
¼ �βij <0, and

∂Dij pij, pji
� �

∂pji
¼ γij >0∀ pij, pji

� �
∈PI � PII: (25)

The first inequality says that each demand is downward sloping in own price,
and the second that goods are substitutes (each demand increases with the price of
the other good). [32] shows that in case of symmetric firms, there is a second-mover
(first-mover) advantage for both players when each profit function is strictly con-
cave in own action and strictly increasing (decreasing) in rival’s action, and reaction
curves are upward (downward) sloping.

Then a sufficient condition on the super-modularity of the profit function is
obtained via the profit function Πij, given by Eq. (4):

∂Dij pij, pji
� �

∂pji
þ pij � Ci � vi
� � ∂2Dij pij, pji

� �

∂pjipij

2
4

3
5E K tð Þð Þ>0, (26)
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where E is the expectations. The main implication of this is that it leads to
reaction correspondences that are non-decreasing (in the sense that each selection is
non-decreasing) but need not be single-valued or continuous. This has a very
appealing and precise interpretation: The price elasticity of Power Plant i’s demand
increases in the rival’s price, [33]. This is a very intuitive and general condition,

though clearly not a universal one. It is satisfied in particular if
∂
2Dij pij, pjið Þ

∂pjipij
>0, if a

higher price by a Power Plant’s rival does not lower the responsiveness of the Power
plant’s demand to a change in own price.

We further assume that the total revenue is allocated between two players and
θ tð Þ is the payoff distribution coefficient of player I at time t and θ tð Þ∈ 0, 1½ �.
Although Player II has heterogeneous resources of hybrid-enabling technology,
Player I can produce electricity more efficiently with lower GHG-emission, ensure
immediate reliability and affordability in energy production. Then Player II, can
acquire practical outcomes of this hybrid-enabling technological advances. To pro-
mote the hybrid-enabling technology, Player II (leader) determine an optimal shar-
ing effort level and an optimal subsidy. Then Player I (follower) choose their
optimal sharing effort level according to the optimal sharing effort level and sub-
sidy. This leads to a Stackelberg equilibrium. Let ω tð Þ ¼ ω1 tð Þ,ω2 tð Þð Þ, denote the
subsidy for hybrid-enabling technology, with Player II willing to pay to Payer I
under collaboration. The objective functions of power plant I and power plant II
satisfy the following partial differential equations

J Ið Þ K0ð Þ

¼ max
LR
S ,L

F
Sf g≥0

E
ð∞
0
e�ρ1t θ tð Þ α1 tð ÞLR tð Þ þ α2 tð ÞLF tð Þ þ β1 tð Þ~LR

tð Þ þ β2 tð Þ~LF
tð Þ

�h�

þ Γþ δð ÞK tð ÞÞÞ � 1
2
βR tð Þ 1� ω1ð Þ LR tð Þ� �2 � 1

2
βF tð Þ 1� ω2ð Þ LF tð Þ� �2�

dt
�
,

(27)

and

J IIð Þ K0ð Þ ¼ max
~L
R
S , ~L

F
S ,ω tð Þ

� �
≥0

E
ð∞
0
e�ρ2t 1� θ tð Þð Þ α1 tð ÞLR tð Þ þ α2 tð ÞLF tð Þ þ β1 tð Þ~LR

tð Þ
�h�

þβ2 tð Þ~LF
tð Þ þ Γþ δð ÞK tð Þ

�
� 1
2
~β
R
tð Þ LR tð Þ� �2 � 1

2
~β
F
tð Þ ~L

F
tð Þ

� �2

�1
2
ω1β

R tð Þ LR tð Þ� �2 � 1
2
ω2β

F tð Þ LF tð Þ� �2�
dt
�
,

(28)

where ρ1 and ρ2 are the discount rates of Player I and Player II, respectively. In

this feedback control strategy LR
S tð Þ≥0, LF

S tð Þ≥0, L S R (t) ≥ 0, ~L
R
S tð Þ≥0 and

~L
F
S tð Þ≥0, are the control variables and ω tð Þ ¼ ω1 tð Þ,ω2 tð Þð Þ∈ 0, 1ð Þ. K tð Þ>0 is the

state variable. In feedback control process, it is assumed that players at every point
in time have access to the current system and can make decisions accordingly to
that state. Consequently, the players can respond to any disturbance in an optimal
way. Hence, feedback strategies are robust for deviations and players can react
to disturbances during the evolution of the game and adapt their actions
accordingly, [34].
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ξ∈ 0, 1ð �, is the attenuation coefficient of hybrid-enabling technology. Let
ϑ1 tð Þ ¼ ϑR1 tð Þ þ ϑF1 tð Þ� �

and ϑ2 tð Þ ¼ ϑR2 tð Þ þ ϑF2 tð Þ� �
denote the influence of the effort

level of hybrid-enabling technology sharing on collaboration innovation between
Player I and Player II, at time t. W tð Þ is a standard Brownian motion and φ

ffiffiffiffi
K

p
tð Þ� �

random interference factor on hybrid-enabling technology.
Let Π tð Þ denotes the total profit under the hybrid-enabling technology system at

time t. Let α1 tð Þ, α2 tð Þð Þ and β1 tð Þ, β2 tð Þð Þ denote the influence of the effort level
hybrid-enabling technology on the total profit of Player I and player II, respectively,
at time t, namely, the marginal return coefficient of hybrid-enabling technology.
Total profit function can be expressed as:

Π tð Þ ¼ α1 tð ÞLR tð Þ þ α2 tð ÞLF tð Þ� �þ β1 tð Þ~LR
tð Þ þ β2 tð Þ~LF

tð Þ
� �

þ Γþ δð ÞK tð Þ, (20)

where

α1 tð Þ ¼ ΠR,R tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ , (21)

α2 tð Þ ¼ �ΠF,R tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ ,

Γ ¼ Γ Ið Þ þ Γ IIð Þ, δ ¼ δ Ið Þ þ δ IIð Þ, and
(22)

β1 tð Þ ¼ ΠR,R tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ , (23)

β2 tð Þ ¼ �ΠR,F tð Þ
ΠF,F tð Þ � ΠR,F tð Þ � ΠF,R tð Þ þ ΠR,R tð Þ : (24)

Γ is the influence of the hybrid-enabling technology innovation on total revenue
δ∈ 0, 1ð �; δ is the total government subsidy coefficient of hybrid-enabling technol-
ogy based on increments of advances in hybrid-enabling technology.

Proposition 4. At least one of the Power Plants has a second mover advantage.

Proof. Demand function Dij pij, pji
� �

>0, given by Eq. (4), is twice continuously

differentiable and

∂Dij pij, pji
� �

∂pij
¼ �βij <0, and

∂Dij pij, pji
� �

∂pji
¼ γij >0∀ pij, pji

� �
∈PI � PII: (25)

The first inequality says that each demand is downward sloping in own price,
and the second that goods are substitutes (each demand increases with the price of
the other good). [32] shows that in case of symmetric firms, there is a second-mover
(first-mover) advantage for both players when each profit function is strictly con-
cave in own action and strictly increasing (decreasing) in rival’s action, and reaction
curves are upward (downward) sloping.

Then a sufficient condition on the super-modularity of the profit function is
obtained via the profit function Πij, given by Eq. (4):

∂Dij pij, pji
� �

∂pji
þ pij � Ci � vi
� � ∂2Dij pij, pji

� �

∂pjipij

2
4

3
5E K tð Þð Þ>0, (26)
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where E is the expectations. The main implication of this is that it leads to
reaction correspondences that are non-decreasing (in the sense that each selection is
non-decreasing) but need not be single-valued or continuous. This has a very
appealing and precise interpretation: The price elasticity of Power Plant i’s demand
increases in the rival’s price, [33]. This is a very intuitive and general condition,

though clearly not a universal one. It is satisfied in particular if
∂
2Dij pij, pjið Þ

∂pjipij
>0, if a

higher price by a Power Plant’s rival does not lower the responsiveness of the Power
plant’s demand to a change in own price.

We further assume that the total revenue is allocated between two players and
θ tð Þ is the payoff distribution coefficient of player I at time t and θ tð Þ∈ 0, 1½ �.
Although Player II has heterogeneous resources of hybrid-enabling technology,
Player I can produce electricity more efficiently with lower GHG-emission, ensure
immediate reliability and affordability in energy production. Then Player II, can
acquire practical outcomes of this hybrid-enabling technological advances. To pro-
mote the hybrid-enabling technology, Player II (leader) determine an optimal shar-
ing effort level and an optimal subsidy. Then Player I (follower) choose their
optimal sharing effort level according to the optimal sharing effort level and sub-
sidy. This leads to a Stackelberg equilibrium. Let ω tð Þ ¼ ω1 tð Þ,ω2 tð Þð Þ, denote the
subsidy for hybrid-enabling technology, with Player II willing to pay to Payer I
under collaboration. The objective functions of power plant I and power plant II
satisfy the following partial differential equations

J Ið Þ K0ð Þ

¼ max
LR
S ,L

F
Sf g≥0

E
ð∞
0
e�ρ1t θ tð Þ α1 tð ÞLR tð Þ þ α2 tð ÞLF tð Þ þ β1 tð Þ~LR

tð Þ þ β2 tð Þ~LF
tð Þ

�h�

þ Γþ δð ÞK tð ÞÞÞ � 1
2
βR tð Þ 1� ω1ð Þ LR tð Þ� �2 � 1

2
βF tð Þ 1� ω2ð Þ LF tð Þ� �2�

dt
�
,

(27)

and

J IIð Þ K0ð Þ ¼ max
~L
R
S , ~L

F
S ,ω tð Þ

� �
≥0

E
ð∞
0
e�ρ2t 1� θ tð Þð Þ α1 tð ÞLR tð Þ þ α2 tð ÞLF tð Þ þ β1 tð Þ~LR

tð Þ
�h�

þβ2 tð Þ~LF
tð Þ þ Γþ δð ÞK tð Þ

�
� 1
2
~β
R
tð Þ LR tð Þ� �2 � 1

2
~β
F
tð Þ ~L

F
tð Þ

� �2

�1
2
ω1β

R tð Þ LR tð Þ� �2 � 1
2
ω2β

F tð Þ LF tð Þ� �2�
dt
�
,

(28)

where ρ1 and ρ2 are the discount rates of Player I and Player II, respectively. In

this feedback control strategy LR
S tð Þ≥0, LF

S tð Þ≥0, L S R (t) ≥ 0, ~L
R
S tð Þ≥0 and

~L
F
S tð Þ≥0, are the control variables and ω tð Þ ¼ ω1 tð Þ,ω2 tð Þð Þ∈ 0, 1ð Þ. K tð Þ>0 is the

state variable. In feedback control process, it is assumed that players at every point
in time have access to the current system and can make decisions accordingly to
that state. Consequently, the players can respond to any disturbance in an optimal
way. Hence, feedback strategies are robust for deviations and players can react
to disturbances during the evolution of the game and adapt their actions
accordingly, [34].

67

Impact of Hybrid-Enabling Technology on Bertrand-Nash Equilibrium Subject to Energy Sources
DOI: http://dx.doi.org/10.5772/intechopen.94016



3. A Stackelberg game under heterogeneous technology

Theory of strong Stackelberg reasoning is an improved version of an earlier
theory [35], which provides an explanation of coordination in all dyadic (two-
player) common interest games. It provides an explanation of why players tend to
choose strategies associated with a payoff-dominant Nash equilibrium. Its distinc-
tive assumption is that players behave as though their co-players will anticipate any
strategy choice and invariably choose a best reply to it. Stackelberg strategies
resulting from this form of reasoning do not form Nash equilibria. The theory
makes no predictions, because a non-equilibrium outcome is inherently unstable,
leaving at least one player with a reason to choose differently and thereby achieve a
better payoff. Strong Stackelberg reasoning is a simple theory, according to which
players in dyadic games choose strategies that would maximize their own payoffs if
their co-players could invariably anticipate their strategy choices and play counter-
strategies that yield the maximum payoffs for themselves. The key assumption is
relatively innocuous, first because game theory imposes no constraints on players’
beliefs, apart from consistency requirements, and second because the theory does
not assume that players necessarily believe that their strategies will be anticipated,
merely that they behave as though that is the case, as a heuristic aid to choosing the
best strategy. Strong Stackelberg reasoning is, in fact, merely a generalization of the
minorant and majorant models introduced by [36] and used to rationalize their
solution of strictly competitive games.

To promote the sharing of hybrid-enabling technology, the Player II (the leader)
determine an optimal sharing effort sharing level and an optimal subsidy scheme.
Then the Player I (the follower) choose his/her optimal sharing level according to
the optimal sharing effort level and subsidy. This leads to a Stackelberg equilibrium.

Proposition 5. If above conditions are satisfied, the feedback Stackelberg leader
(Player II)-follower (Player I) and equilibria is given as:

LR
S ¼ α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ

2βR ρ2 þ ξð Þ ρ1 þ ξð Þ , (29)

LF
S ¼ α2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ

2βF ρ2 þ ξð Þ ρ1 þ ξð Þ , (30)

~L
R
S ¼ 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑR2

~β
R
ρ2 þ ξð Þ

, (31)

~L
F
S ¼ 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑF2

~β
F
ρ2 þ ξð Þ

: (32)

where LR
S ,L

F
S are the optimal effort level of hybrid-enabling technological

improvements shared on renewable sources and fossil fuel at time t by Player I,

respectively. ~L
R
S , ~L

F
S are the optimal effort level of technological improvements

shared on renewable sources and fossil fuel at time t by Player II, respectively.
The optimal level of subsidy for sharing hybrid-enabling on renewable sources is

given by

ω1 ¼
α1 2� 3θð Þ þ ϑR1 2a2 � a1½ �
α1 2� θð Þ þ ϑR1 2a2 þ a1½ � , 0≤ θ≤

2
3

0: otherwise

8><
>:

(33)
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Similarly, the optimal level of subsidy for sharing hybrid-enabling technology on fossil
fuel is given by:

ω2 ¼
α2 2� 3θð Þ þ ϑF1 2a2 � a1½ �
α2 2� θð Þ þ ϑF1 2a2 þ a1½ � , 0≤ θ≤

2
3

0: otherwise

8>><
>>:

(34)

The optimal sharing payoff functions under hybrid-enabling technology on renewable
sources and on fossil fuel for Player I and Player II are given below

V Ið Þ
S Kð Þ ¼ θ Γþ δÞ

� �
ρ1 þ ξð Þ K þ b1, V IIð Þ

S Kð Þ ¼ 1� θð Þ Γþ δð Þ
ρ2 þ ξð Þ K þ b2, (35)

where a1, a2, b1 and b2 are given in the proof.
Proof. We define the optimal revenue functions for Player I and Player II

under hybrid-enabling technology as V Ið Þ
S Kð Þ and V IIð Þ

S Kð Þ, respectively, which are

continuously differentiable. Applying HJB equation to V Ið Þ
S Kð Þ, for Player I, we

obtain

ρ1V
Ið Þ
S Kð Þ ¼ max

LR
S ,L

F
Sf g≥0

θ α1LR
S tð Þ þ α2LF

S þ β1~L
R
S þ β2~L

F
S þ Γþ δð ÞKÞ

�h in

� 1
2
βR 1� ω1ð Þ LR

S

� �2 � 1
2
βF 1� ω2ð Þ LF

S

� �2

þ ∂V Ið Þ
S Kð Þ
∂K

ϑ1 LR
S ,L

F
S

� �þ ϑ2 ~L
R
S , ~L

F
S

� �
� ξK

h i
þ 1
2
∂
2V Ið Þ

S Kð Þ
∂K2 φ2 Kð Þ

)
: (36)

Via the first order conditions, we obtain the optimal values LR
S ,L

F
S

� �
for

Player I as:

LR
S ¼ θα1 þ V 0 Ið Þ

S Kð ÞϑR1
βR 1� ω1ð Þ , (37)

LF
S ¼ θα2 þ V 0 Ið Þ

S Kð ÞϑF1
βF 1� ω2ð Þ , (38)

where ∂V Ið Þ
S Kð Þ
∂K � V 0 Ið Þ

S Kð Þ: The optimal sharing revenue function, V 0 IIð Þ
S Kð Þ, for

Player II and the associated HJB equation is

ρ2V
IIð Þ
S Kð Þ ¼ max

~L
R
S , ~L

F
S

� �
≥0

1� θð Þ α1LR
S þ α2LF

S þ β1~L
R
S þ β2~L

F
S þ Γþ δð ÞK

� �h in

� 1
2
~β
R
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S tð Þ� �2 � 1

2
~β
F ~L

F
S

� �2
� 1
2
ω1β
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S

� �2 � 1
2
ω2β
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S

� �2

þ ∂V IIð Þ
S Kð Þ
∂K

ϑ1 LR
S ,L

F
S

� �þ ϑ2 ~L
R
S , ~L

F
S

� �
� ξK

h i
þ 1
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∂
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S Kð Þ
∂K2 φ2 Kð Þ

)
: (39)
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3. A Stackelberg game under heterogeneous technology

Theory of strong Stackelberg reasoning is an improved version of an earlier
theory [35], which provides an explanation of coordination in all dyadic (two-
player) common interest games. It provides an explanation of why players tend to
choose strategies associated with a payoff-dominant Nash equilibrium. Its distinc-
tive assumption is that players behave as though their co-players will anticipate any
strategy choice and invariably choose a best reply to it. Stackelberg strategies
resulting from this form of reasoning do not form Nash equilibria. The theory
makes no predictions, because a non-equilibrium outcome is inherently unstable,
leaving at least one player with a reason to choose differently and thereby achieve a
better payoff. Strong Stackelberg reasoning is a simple theory, according to which
players in dyadic games choose strategies that would maximize their own payoffs if
their co-players could invariably anticipate their strategy choices and play counter-
strategies that yield the maximum payoffs for themselves. The key assumption is
relatively innocuous, first because game theory imposes no constraints on players’
beliefs, apart from consistency requirements, and second because the theory does
not assume that players necessarily believe that their strategies will be anticipated,
merely that they behave as though that is the case, as a heuristic aid to choosing the
best strategy. Strong Stackelberg reasoning is, in fact, merely a generalization of the
minorant and majorant models introduced by [36] and used to rationalize their
solution of strictly competitive games.

To promote the sharing of hybrid-enabling technology, the Player II (the leader)
determine an optimal sharing effort sharing level and an optimal subsidy scheme.
Then the Player I (the follower) choose his/her optimal sharing level according to
the optimal sharing effort level and subsidy. This leads to a Stackelberg equilibrium.

Proposition 5. If above conditions are satisfied, the feedback Stackelberg leader
(Player II)-follower (Player I) and equilibria is given as:

LR
S ¼ α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ

2βR ρ2 þ ξð Þ ρ1 þ ξð Þ , (29)

LF
S ¼ α2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ

2βF ρ2 þ ξð Þ ρ1 þ ξð Þ , (30)

~L
R
S ¼ 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑR2

~β
R
ρ2 þ ξð Þ

, (31)

~L
F
S ¼ 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑF2

~β
F
ρ2 þ ξð Þ

: (32)

where LR
S ,L

F
S are the optimal effort level of hybrid-enabling technological

improvements shared on renewable sources and fossil fuel at time t by Player I,

respectively. ~L
R
S , ~L

F
S are the optimal effort level of technological improvements

shared on renewable sources and fossil fuel at time t by Player II, respectively.
The optimal level of subsidy for sharing hybrid-enabling on renewable sources is

given by

ω1 ¼
α1 2� 3θð Þ þ ϑR1 2a2 � a1½ �
α1 2� θð Þ þ ϑR1 2a2 þ a1½ � , 0≤ θ≤

2
3

0: otherwise

8><
>:

(33)
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Similarly, the optimal level of subsidy for sharing hybrid-enabling technology on fossil
fuel is given by:

ω2 ¼
α2 2� 3θð Þ þ ϑF1 2a2 � a1½ �
α2 2� θð Þ þ ϑF1 2a2 þ a1½ � , 0≤ θ≤

2
3

0: otherwise

8>><
>>:

(34)

The optimal sharing payoff functions under hybrid-enabling technology on renewable
sources and on fossil fuel for Player I and Player II are given below

V Ið Þ
S Kð Þ ¼ θ Γþ δÞ

� �
ρ1 þ ξð Þ K þ b1, V IIð Þ

S Kð Þ ¼ 1� θð Þ Γþ δð Þ
ρ2 þ ξð Þ K þ b2, (35)

where a1, a2, b1 and b2 are given in the proof.
Proof. We define the optimal revenue functions for Player I and Player II

under hybrid-enabling technology as V Ið Þ
S Kð Þ and V IIð Þ

S Kð Þ, respectively, which are

continuously differentiable. Applying HJB equation to V Ið Þ
S Kð Þ, for Player I, we

obtain

ρ1V
Ið Þ
S Kð Þ ¼ max

LR
S ,L

F
Sf g≥0

θ α1LR
S tð Þ þ α2LF

S þ β1~L
R
S þ β2~L

F
S þ Γþ δð ÞKÞ

�h in

� 1
2
βR 1� ω1ð Þ LR

S

� �2 � 1
2
βF 1� ω2ð Þ LF

S

� �2

þ ∂V Ið Þ
S Kð Þ
∂K

ϑ1 LR
S ,L

F
S

� �þ ϑ2 ~L
R
S , ~L

F
S

� �
� ξK

h i
þ 1
2
∂
2V Ið Þ

S Kð Þ
∂K2 φ2 Kð Þ

)
: (36)

Via the first order conditions, we obtain the optimal values LR
S ,L

F
S

� �
for

Player I as:

LR
S ¼ θα1 þ V 0 Ið Þ

S Kð ÞϑR1
βR 1� ω1ð Þ , (37)

LF
S ¼ θα2 þ V 0 Ið Þ

S Kð ÞϑF1
βF 1� ω2ð Þ , (38)

where ∂V Ið Þ
S Kð Þ
∂K � V 0 Ið Þ

S Kð Þ: The optimal sharing revenue function, V 0 IIð Þ
S Kð Þ, for

Player II and the associated HJB equation is

ρ2V
IIð Þ
S Kð Þ ¼ max

~L
R
S , ~L

F
S

� �
≥0

1� θð Þ α1LR
S þ α2LF

S þ β1~L
R
S þ β2~L

F
S þ Γþ δð ÞK

� �h in

� 1
2
~β
R
LR
S tð Þ� �2 � 1

2
~β
F ~L

F
S

� �2
� 1
2
ω1β

R LR
S

� �2 � 1
2
ω2β

F LF
S

� �2

þ ∂V IIð Þ
S Kð Þ
∂K

ϑ1 LR
S ,L

F
S

� �þ ϑ2 ~L
R
S , ~L

F
S

� �
� ξK

h i
þ 1
2
∂
2V IIð Þ

S Kð Þ
∂K2 φ2 Kð Þ

)
: (39)
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Substituting the results of Eqs. (37) and (38) into Eq. (39), obtain

ρ2V
IIð Þ
S Kð Þ ¼ max

~L
R
S , ~L

F
S

� �
≥0

1� θð Þ
α1 θα1 þ V 0 Ið Þ

S Kð ÞϑR1
� �

βR 1� ω1ð Þ þ
α2 θα2 þ V 0 Ið Þ

S Kð ÞϑF1
� �

βF 1� ω2ð Þ

0
@

2
4

8<
:

þ β1~L
R
S þ β2~L

F
S þ Γþ δð ÞK

�
� 1
2
~β
R ~L

R
S tð Þ

� �2
� 1
2
~β
F ~L

F
S

� �2

� 1
2
ω1β

R θα1 þ V 0 Ið Þ
S Kð ÞϑR1

βR 1� ω1ð Þ

 !2

� 1
2
ω2β

F θα2 þ V 0 Ið Þ
S Kð ÞϑF1

βF 1� ω2ð Þ

 !2
3
5

þ ∂V IIð Þ
S Kð Þ
∂K

ϑR1 θα1 þ V 0 Ið Þ
S Kð ÞϑR1

h i

βR 1� ω1ð Þ þ
ϑF1 θα2 þ V 0 Ið Þ

S Kð ÞϑF1
h i

βF 1� ω2ð Þ þ ϑ2 ~L
R
S , ~L

F
S

� �
� ξK

2
4

3
5

þ 1
2
∂
2V IIð Þ

S Kð Þ
∂K2 φ2 Kð Þ

)
:

(40)

Via the first order conditions of (Eq. (40)), we obtain the optimal values
~L
R
, ~L

F
� �

for Player II as:

~L
R
S ¼ 1� θð Þβ1 þ V 0 IIð Þ

S Kð ÞϑR2
~β
R , (41)

~L
F
S ¼ 1� θð Þβ2 þ V 0 IIð Þ

S Kð ÞϑF2
~β
F : (42)

And the optimal value for ω1,ω2ð Þ

ω1 ¼
α1 2� 3θð Þ þ ϑR1 2V 0

S
IIð Þ Kð Þ � VS

0 Ið Þ Kð Þ
h i

α1 2� θð Þ þ ϑR1 2V 0
S
IIð Þ Kð Þ þ VS

0 Ið Þ Kð Þ� � , (43)

and

ω2 ¼
α2 2� 3θð Þ þ ϑF1 2V 0

S
IIð Þ Kð Þ � VS

0 Ið Þ Kð Þ
h i

α2 2� θð Þ þ ϑF1 2V 0
S
IIð Þ Kð Þ þ VS

0 Ið Þ Kð Þ� � : (44)

Hence, the solution of the HJB equation is an unary function with K (K as

the independent variable), we define V Ið Þ
S ¼ a1K þ b1 and V IIð Þ

S ¼ a2K þ b2,
where a1, b1, a2, and b2 are constants that need to be solved. Simplifying (Eq. (39)),
obtain:

ρ1V
Ið Þ
S Kð Þ ¼ θ α1

θα1 þ a1ϑR1
βR 1� ω1ð Þ

� �
þ α2

θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �
þ β1

1� θð Þβ1 þ a2ϑR2
~β
R

 ! 
(45)
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þβ2
1� θð Þβ2 þ a2ϑF2

~β
F

 !
þ Γþ δð ÞKÞ

!
� 1
2
βR 1� ω1ð Þ θα1 þ a1ϑR1

βR 1� ω1ð Þ

� �2

� 1
2
βF 1� ω2ð Þ θα2 þ a1ϑF1

βF 1� ω2ð Þ

� �2

� ξKa1

þ ϑR1 θα1 þ a1ϑR1
� �

βR 1� ω1ð Þ þ ϑF1 θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ

" #
a1

þ ϑR2 1� θð Þβ1 þ a2ϑR2
� �

~β
R þ ϑF2 1� θð Þβ2 þ a2ϑF2

� �

~β
F

" #
a1,

(46)

and simplifying (Eq. (40)), obtain:

ρ2V
IIð Þ
S Kð Þ ¼ 1� θð Þ α1 θα1 þ a1ϑR1

� �

βR 1� ω1ð Þ þ α2 θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ þ β1
1� θð Þβ1 þ a2ϑR2

~β
R

 ! 

þβ2
1� θð Þβ2 þ a2ϑF2

~β
F

 !
þ Γþ δð ÞK

!
� 1
2
~β
R 1� θð Þβ1 þ a2ϑR2

~β
R

 !2

� 1
2
~β
F 1� θð Þβ2 þ a2ϑF2

~β
F

 !2

� 1
2
ω1β

R θα1 þ a1ϑR1
βR 1� ω1ð Þ

� �2

� 1
2
ω2β

F θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �2

þ ϑR1 θα1 þ a1ϑR1
� �

βR 1� ω1ð Þ þ ϑF1 θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ

" #
a2 � ξKa2

þ ϑR2 1� θð Þβ1 þ a2ϑR2
� �

~β
R þ ϑF2 1� θð Þβ2 þ a2ϑF2

� �

~β
F

" #
a2:

(47)

This implies that,

a1 ¼ θ Γþ δð Þ
ρ1 þ ξð Þ , b1 ¼ Φ1

ρ1
, a2 ¼ 1� θð Þ Γþ δð Þ

ρ2 þ ξð Þ , b2 ¼ Φ2

ρ2
, (48)

where

Φ1 ¼ α1θ �
θα1 þ a1ϑR1
� �

2
þ ϑR1 a1

 !
θα1 þ a1ϑR1
βR 1� ω1ð Þ

� �

þ α2θ �
θα2 þ a1ϑF1
� �

2
þ ϑF1a1

 !
θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �

þ β1θ þ ϑR2a1
� � 1� θð Þβ1 þ a2ϑR2

~β
R

 !

þ β2θ þ ϑF2a2
� � 1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0,

(49)
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Substituting the results of Eqs. (37) and (38) into Eq. (39), obtain

ρ2V
IIð Þ
S Kð Þ ¼ max

~L
R
S , ~L

F
S

� �
≥0

1� θð Þ
α1 θα1 þ V 0 Ið Þ

S Kð ÞϑR1
� �

βR 1� ω1ð Þ þ
α2 θα2 þ V 0 Ið Þ

S Kð ÞϑF1
� �

βF 1� ω2ð Þ

0
@

2
4

8<
:

þ β1~L
R
S þ β2~L

F
S þ Γþ δð ÞK

�
� 1
2
~β
R ~L

R
S tð Þ

� �2
� 1
2
~β
F ~L

F
S

� �2

� 1
2
ω1β

R θα1 þ V 0 Ið Þ
S Kð ÞϑR1

βR 1� ω1ð Þ

 !2

� 1
2
ω2β

F θα2 þ V 0 Ið Þ
S Kð ÞϑF1

βF 1� ω2ð Þ

 !2
3
5

þ ∂V IIð Þ
S Kð Þ
∂K

ϑR1 θα1 þ V 0 Ið Þ
S Kð ÞϑR1

h i

βR 1� ω1ð Þ þ
ϑF1 θα2 þ V 0 Ið Þ

S Kð ÞϑF1
h i

βF 1� ω2ð Þ þ ϑ2 ~L
R
S , ~L

F
S

� �
� ξK

2
4

3
5

þ 1
2
∂
2V IIð Þ

S Kð Þ
∂K2 φ2 Kð Þ

)
:

(40)

Via the first order conditions of (Eq. (40)), we obtain the optimal values
~L
R
, ~L

F
� �

for Player II as:

~L
R
S ¼ 1� θð Þβ1 þ V 0 IIð Þ

S Kð ÞϑR2
~β
R , (41)

~L
F
S ¼ 1� θð Þβ2 þ V 0 IIð Þ

S Kð ÞϑF2
~β
F : (42)

And the optimal value for ω1,ω2ð Þ

ω1 ¼
α1 2� 3θð Þ þ ϑR1 2V 0

S
IIð Þ Kð Þ � VS

0 Ið Þ Kð Þ
h i

α1 2� θð Þ þ ϑR1 2V 0
S
IIð Þ Kð Þ þ VS

0 Ið Þ Kð Þ� � , (43)

and

ω2 ¼
α2 2� 3θð Þ þ ϑF1 2V 0

S
IIð Þ Kð Þ � VS

0 Ið Þ Kð Þ
h i

α2 2� θð Þ þ ϑF1 2V 0
S
IIð Þ Kð Þ þ VS

0 Ið Þ Kð Þ� � : (44)

Hence, the solution of the HJB equation is an unary function with K (K as

the independent variable), we define V Ið Þ
S ¼ a1K þ b1 and V IIð Þ

S ¼ a2K þ b2,
where a1, b1, a2, and b2 are constants that need to be solved. Simplifying (Eq. (39)),
obtain:

ρ1V
Ið Þ
S Kð Þ ¼ θ α1

θα1 þ a1ϑR1
βR 1� ω1ð Þ

� �
þ α2

θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �
þ β1

1� θð Þβ1 þ a2ϑR2
~β
R

 ! 
(45)
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þβ2
1� θð Þβ2 þ a2ϑF2

~β
F

 !
þ Γþ δð ÞKÞ

!
� 1
2
βR 1� ω1ð Þ θα1 þ a1ϑR1

βR 1� ω1ð Þ

� �2

� 1
2
βF 1� ω2ð Þ θα2 þ a1ϑF1

βF 1� ω2ð Þ

� �2

� ξKa1

þ ϑR1 θα1 þ a1ϑR1
� �

βR 1� ω1ð Þ þ ϑF1 θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ

" #
a1

þ ϑR2 1� θð Þβ1 þ a2ϑR2
� �

~β
R þ ϑF2 1� θð Þβ2 þ a2ϑF2

� �

~β
F

" #
a1,

(46)

and simplifying (Eq. (40)), obtain:

ρ2V
IIð Þ
S Kð Þ ¼ 1� θð Þ α1 θα1 þ a1ϑR1

� �

βR 1� ω1ð Þ þ α2 θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ þ β1
1� θð Þβ1 þ a2ϑR2

~β
R

 ! 

þβ2
1� θð Þβ2 þ a2ϑF2

~β
F

 !
þ Γþ δð ÞK

!
� 1
2
~β
R 1� θð Þβ1 þ a2ϑR2

~β
R

 !2

� 1
2
~β
F 1� θð Þβ2 þ a2ϑF2

~β
F

 !2

� 1
2
ω1β

R θα1 þ a1ϑR1
βR 1� ω1ð Þ

� �2

� 1
2
ω2β

F θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �2

þ ϑR1 θα1 þ a1ϑR1
� �

βR 1� ω1ð Þ þ ϑF1 θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ

" #
a2 � ξKa2

þ ϑR2 1� θð Þβ1 þ a2ϑR2
� �

~β
R þ ϑF2 1� θð Þβ2 þ a2ϑF2

� �

~β
F

" #
a2:

(47)

This implies that,

a1 ¼ θ Γþ δð Þ
ρ1 þ ξð Þ , b1 ¼ Φ1

ρ1
, a2 ¼ 1� θð Þ Γþ δð Þ

ρ2 þ ξð Þ , b2 ¼ Φ2

ρ2
, (48)

where

Φ1 ¼ α1θ �
θα1 þ a1ϑR1
� �

2
þ ϑR1 a1

 !
θα1 þ a1ϑR1
βR 1� ω1ð Þ

� �

þ α2θ �
θα2 þ a1ϑF1
� �

2
þ ϑF1a1

 !
θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �

þ β1θ þ ϑR2a1
� � 1� θð Þβ1 þ a2ϑR2

~β
R

 !

þ β2θ þ ϑF2a2
� � 1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0,

(49)
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and

Φ2 ¼ 1� θð Þα1 �
ω1 θα1 þ a1ϑR1
� �
2 1� ω1ð Þ þ ϑR1 a2

 !
θα1 þ a1ϑR1
� �

βR 1� ω1ð Þ

þ 1� θð Þα2 �
ω2 θα2 þ a1ϑF1
� �
2 1� ω2ð Þ þ ϑF1a2

 !
θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ

þ 1� θð Þβ1 �
1� θð Þβ1 þ a2ϑR2

� �
2

þ ϑR2a2

 !
1� θð Þβ1 þ a2ϑR2

~β
R

 !

þ 1� θð Þβ2 �
1� θð Þβ2 þ a2ϑF2

� �
2

þ ϑF2a2

 !
1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0:

(50)

Substituting the results of a1 and a2 into Eqs. (37), (38), (41) and (42), and
simplifying, we obtain the optimal effort level of hybrid-enabling technological
improvements. By substituting optimal values given in Eqs. (48)–(50) into
Eqs. (46) and (47) obtain the optimal sharing payoff functions under hybrid-
enabling technology on renewable sources and fossil fuel for Player I and Player II.

3.1 The limit of expectation and variance

The payoff of Player I and Player II, under the Stackelberg game paradigm is
related to the improvement degree of hybrid-enabling technology via Proposition 4.
To analyze the limit of expectations and variance under Stackelberg game equilib-
rium rewrite (Eq. (19)) as follows.

dK tð Þ ¼ μ1 þ μ2 � ξK tð Þ½ �dtþ φ
ffiffiffiffi
K

p
dW tð Þ

K 0ð Þ ¼ K0 >0,

(
(51)

where

μ1 ¼ ϑ1
α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ

2βR ρ2 þ ξð Þ ρ1 þ ξð Þ

�

þα2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βF ρ2 þ ξð Þ ρ1 þ ξð Þ

�
, (52)

and

μ2 ¼ ϑ2
1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑR2

~β
R
ρ2 þ ξð Þ

þ 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑF2
~β
F
ρ2 þ ξð Þ

#
:

"

(53)

Proposition 6. The limit of expectation E K tð Þð Þ, and variance D K tð Þð Þ in the
Stackelberg game feedback equilibrium must satisfy

E K tð Þð Þ ¼ μ1 þ μ2
ξ

þ e�ξt ~K0 � μ1 þ μ2
ξ

� �
, lim

t!∞
E K tð Þð Þ ¼ μ1 þ μ2

ξ
: (54)

72

Carbon Capture

D K tð Þð Þ ¼ φ2 μ1 þ μ2ð Þ � 2 μ1 þ μ2 � ξ~K0
� �

e�ξt þ μ1 þ μ2 � 2ξ~K0
� �

e�2ξt
� �

2ξ2
(55)

lim
t!∞

D E K tð Þð Þð Þ ¼ φ2 μ1 þ μ2ð Þ
2ξ2

, (56)

Proof. Applying Itô’s lemma to (Eq. (51)), obtain:

d K tð Þð Þ2 ¼ 2 μ1 þ μ2 þ φ2ð ÞK � 2ξK2� �
dtþ 2φK

ffiffiffiffi
K

p
dW tð Þ

K 0ð Þð Þ2 ¼ ~K
2
0 >0:

(
(57)

Then E K tð Þð Þ and E K tð Þð Þ2 can be defined as:

dE K tð Þð Þ ¼ μ1 þ μ2 � ξK tð Þ½ �dt
K 0ð Þ ¼ K0 >0:

�
(58)

dE K tð Þð Þ2 ¼ 2 μ1 þ μ2 þ φ2ð ÞK½ �E Kð Þ � 2ξE K2� �� �
dt

K 0ð Þð Þ2 ¼ K2
0 >0,

(
(59)

Solving the above non-homogeneous linear differential equation, will obtain the
results.

4. Nash non cooperative game

Under Nash-non-cooperative game setting, Player I and Player II simultaneously
and independently choose their optimal efforts levels of heterogeneous hybrid-
enabling technology sharing concept to maximize their profits.

Proposition 7. If above conditions are satisfied, the feedback non-cooperative game
Nash equilibria will be:

LR
N ¼ θ α1 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βR ρ1 þ ξð Þ ,LF
N ¼ θ α2 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βF ρ1 þ ξð Þ : (60)

~L
R
N ¼ 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
R
ρ2 þ ξð Þ

, ~L
F
N ¼ 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
F
ρ2 þ ξð Þ

, (61)

where LR
N,L

F
N are the optimal level of hybrid-enabling technological advantage

on renewable sources and on fossil fuel at time t for Player I, respectively. ~L
R
N, ~L

F
N

are the optimal level of hybrid-enabling technological advantage on fossil fuel and
on renewable sources at time t for Player II, respectively.

The optimal sharing payoff functions under hybrid-enabling technology on renewable
sources and on fossil fuel for Player I and Player II are given below

V Ið Þ
N Kð Þ ¼ θ Γþ δÞ

� �
ρ1 þ ξð Þ K þ b̂1, V IIð Þ

N Kð Þ ¼ 1� θð Þ Γþ δð Þ
ρ2 þ ξð Þ K þ b̂2, (62)

where b̂1 and b̂2 are given in the proof.
Proof. See Appendix A.
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and

Φ2 ¼ 1� θð Þα1 �
ω1 θα1 þ a1ϑR1
� �
2 1� ω1ð Þ þ ϑR1 a2

 !
θα1 þ a1ϑR1
� �

βR 1� ω1ð Þ

þ 1� θð Þα2 �
ω2 θα2 þ a1ϑF1
� �
2 1� ω2ð Þ þ ϑF1a2

 !
θα2 þ a1ϑF1
� �

βF 1� ω2ð Þ

þ 1� θð Þβ1 �
1� θð Þβ1 þ a2ϑR2

� �
2

þ ϑR2a2

 !
1� θð Þβ1 þ a2ϑR2

~β
R

 !

þ 1� θð Þβ2 �
1� θð Þβ2 þ a2ϑF2

� �
2

þ ϑF2a2

 !
1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0:

(50)

Substituting the results of a1 and a2 into Eqs. (37), (38), (41) and (42), and
simplifying, we obtain the optimal effort level of hybrid-enabling technological
improvements. By substituting optimal values given in Eqs. (48)–(50) into
Eqs. (46) and (47) obtain the optimal sharing payoff functions under hybrid-
enabling technology on renewable sources and fossil fuel for Player I and Player II.

3.1 The limit of expectation and variance

The payoff of Player I and Player II, under the Stackelberg game paradigm is
related to the improvement degree of hybrid-enabling technology via Proposition 4.
To analyze the limit of expectations and variance under Stackelberg game equilib-
rium rewrite (Eq. (19)) as follows.

dK tð Þ ¼ μ1 þ μ2 � ξK tð Þ½ �dtþ φ
ffiffiffiffi
K

p
dW tð Þ

K 0ð Þ ¼ K0 >0,

(
(51)

where

μ1 ¼ ϑ1
α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ

2βR ρ2 þ ξð Þ ρ1 þ ξð Þ

�

þα2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βF ρ2 þ ξð Þ ρ1 þ ξð Þ

�
, (52)

and

μ2 ¼ ϑ2
1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑR2

~β
R
ρ2 þ ξð Þ

þ 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑF2
~β
F
ρ2 þ ξð Þ

#
:

"

(53)

Proposition 6. The limit of expectation E K tð Þð Þ, and variance D K tð Þð Þ in the
Stackelberg game feedback equilibrium must satisfy

E K tð Þð Þ ¼ μ1 þ μ2
ξ

þ e�ξt ~K0 � μ1 þ μ2
ξ

� �
, lim

t!∞
E K tð Þð Þ ¼ μ1 þ μ2

ξ
: (54)
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D K tð Þð Þ ¼ φ2 μ1 þ μ2ð Þ � 2 μ1 þ μ2 � ξ~K0
� �

e�ξt þ μ1 þ μ2 � 2ξ~K0
� �

e�2ξt
� �

2ξ2
(55)

lim
t!∞

D E K tð Þð Þð Þ ¼ φ2 μ1 þ μ2ð Þ
2ξ2

, (56)

Proof. Applying Itô’s lemma to (Eq. (51)), obtain:

d K tð Þð Þ2 ¼ 2 μ1 þ μ2 þ φ2ð ÞK � 2ξK2� �
dtþ 2φK

ffiffiffiffi
K

p
dW tð Þ

K 0ð Þð Þ2 ¼ ~K
2
0 >0:

(
(57)

Then E K tð Þð Þ and E K tð Þð Þ2 can be defined as:

dE K tð Þð Þ ¼ μ1 þ μ2 � ξK tð Þ½ �dt
K 0ð Þ ¼ K0 >0:

�
(58)

dE K tð Þð Þ2 ¼ 2 μ1 þ μ2 þ φ2ð ÞK½ �E Kð Þ � 2ξE K2� �� �
dt

K 0ð Þð Þ2 ¼ K2
0 >0,

(
(59)

Solving the above non-homogeneous linear differential equation, will obtain the
results.

4. Nash non cooperative game

Under Nash-non-cooperative game setting, Player I and Player II simultaneously
and independently choose their optimal efforts levels of heterogeneous hybrid-
enabling technology sharing concept to maximize their profits.

Proposition 7. If above conditions are satisfied, the feedback non-cooperative game
Nash equilibria will be:

LR
N ¼ θ α1 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βR ρ1 þ ξð Þ ,LF
N ¼ θ α2 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βF ρ1 þ ξð Þ : (60)

~L
R
N ¼ 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
R
ρ2 þ ξð Þ

, ~L
F
N ¼ 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
F
ρ2 þ ξð Þ

, (61)

where LR
N,L

F
N are the optimal level of hybrid-enabling technological advantage

on renewable sources and on fossil fuel at time t for Player I, respectively. ~L
R
N, ~L

F
N

are the optimal level of hybrid-enabling technological advantage on fossil fuel and
on renewable sources at time t for Player II, respectively.

The optimal sharing payoff functions under hybrid-enabling technology on renewable
sources and on fossil fuel for Player I and Player II are given below

V Ið Þ
N Kð Þ ¼ θ Γþ δÞ

� �
ρ1 þ ξð Þ K þ b̂1, V IIð Þ

N Kð Þ ¼ 1� θð Þ Γþ δð Þ
ρ2 þ ξð Þ K þ b̂2, (62)

where b̂1 and b̂2 are given in the proof.
Proof. See Appendix A.
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4.1 The limit of expectation and variance

Proposition 8. The limit of expectation E K tð Þð Þ and variance D K tð Þð Þ in the Nash
non-cooperative game feedback equilibrium must satisfy

E K tð Þð Þ ¼ μ̂1 þ μ̂2
ξ

þ e�ξt K̂0 � μ̂1 þ μ̂2
ξ

� �
, lim

t!∞
E K tð Þð Þ ¼ μ̂1 þ μ̂2

ξ
: (63)

D K tð Þð Þ ¼ φ2 ~μ1 þ ~μ2ð Þ � 2 ~μ1 þ ~μ2 � ξ~K0
� �

e�ξt þ ~μ1 þ ~μ2 � 2ξ~K0
� �

e�2ξt
� �

2ξ2
(64)

lim
t!∞

D E K tð Þð Þð Þ ¼ φ2 ~μ1 þ ~μ2ð Þ
2ξ2

: (65)

where ~μ1 ¼ θβF α1 ρ1þξð Þþ Γþδð Þ½ �þθβR α2 ρ1þξð Þþ Γþδð Þ½ �
βRβF ρ1þξð Þ and

~μ2 ¼ 1�θð ÞβF β1 ρ2þξð Þþ Γþδð Þ½ �þ 1�θð ÞβR β2 ρ2þξð Þþ Γþδð Þ½ �
βRβF ρ2þξð Þ :

Poof of Proposition 8 is like the derivation of Proposition 6.

5. Cooperative game

Under cooperative game paradigm, Player I and Player II will choose to collabo-
rate/share their hybrid-enabling technology development knowledge while sharing
the payoff function in order to maximize their total payoffs. As a result, hybrid-
enabling technology can be improved through this effort as well.

Proposition 9. If above conditions are satisfied, then the feedback cooperative equi-
libria are defined as

LR
c ¼ α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ

ρþ ξð ÞβR , LF
c ¼ α2 þ β2ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ

ρþ ξð ÞβF ,

(66)

and the optimal cooperative payoff function under hybrid-enabling technology
on renewable sources and on fossil fuel, respectively. Vc Kð Þ ¼ Γþδð Þ

ρþξð ÞK þ b:

where b, is given in the proof.
Proof. The objective function (optimal sharing payoff function) satisfies the

following equation.

J K0ð Þ ¼ max
LR
c ,L

R
cf g0

E
ð∞
0
e�ρt α1LR

c tð Þ þ α2LF
c þ β1~L

R
c þ β2~L

F
c þ Γþ δð ÞKÞ

�h�
(67)

Then the optimal revenue sharing function satisfies the following HJB equation

ρVc Kð Þ ¼ max
LR
c ,L

F
cf g≥0

α1LR
c tð Þ þ α2LF

c þ β1~L
R
c þ β2~L

F
c þ Γþ δð ÞKÞ

h in

� 1
2
βR LR

c

� �2 � 1
2
βF LF

c

� �2

þ ∂Vc Kð Þ
∂K

ϑ1 LR
c ,L

F
c

� �þ ϑ2 ~L
R
c , ~L

F
c

� �
� ξK

h i
þ 1
2
∂
2Vc Kð Þ
∂K2 φ2 Kð Þ

�
(68)
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Via the first order conditions, now obtain the optimal values LR
c ,L

F
c

� �
as:

LR
c ¼ α1 þ β1ð Þ þ V 0

c Kð Þ ϑ1 þ ϑ2ð Þ
βR

, (69)

LF
c ¼ α2 þ β2ð Þ þ V 0

c Kð Þ ϑ1 þ ϑ2ð Þ
βF

: (70)

Substituting the results of Eqs. (69) and (70), obtain

ρVc Kð Þ ¼ max
LR
c ,L

F
cf g≥0

α1 þ β1ð Þ α1 þ β1ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βR

� ��

þ α2 þ β2ð Þ α2 þ β2ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βF

� �
� 1
2
βR

α1 þ β1ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βR

� �2

� 1
2
βF

α2 þ β2ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βF

� �2

� ∂Vc Kð Þ
∂K

ξK

þ ∂Vc Kð Þ
∂K

ϑ1 þ ϑ2ð Þ α1 þ β1ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βR

� ��

(71)

Hence, the solution of the HJB equation is an unary function with K, Vc ¼
aK þ b, where a and b are constant that need to be solved. This implies that

a ¼ Γþ δð Þ
ρþ ξð Þ : (72)

b ¼ α1 þ β1ð Þ � α1 þ β1ð Þ þ a ϑ1 þ ϑ2ð Þð Þ
2

þ ϑ1 þ ϑ2ð Þa
� �

α1 þ β1ð Þ þ a ϑ1 þ ϑ2ð Þ
βR

� �

þ α2 þ β2ð Þ � α2 þ β2ð Þ þ a ϑ1 þ ϑ2ð Þð Þ
2

þ ϑ1 þ ϑ2ð Þa
� �

α2 þ β2ð Þ þ a ϑ1 þ ϑ2ð Þ
βF

� �
>0:

(73)

Substituting the results of Eqs. (72) and (73), into Vc ¼ aK þ b, will obtain the
results.

5.1 The limit of expectation and variance

Proposition 10. The limit of expectation and variance in cooperative game
feedback equilibrium satisfy

E K tð Þð Þ ¼ μ1 þ μ2
ξ

þ e�ξt ~K0 � μ1 þ μ2
ξ

� �
, lim

t!∞
E K tð Þð Þ ¼ μ1 þ μ2

ξ
: (74)

D K tð Þð Þ ¼ φ2 μ1 þ μ2ð Þ � 2 μ1 þ μ2 � ξK0ð Þe�ξt þ μ1 þ μ2 � 2ξK0ð Þe�2ξt
� �

2ξ2
(75)

lim
t!∞

D E K tð Þð Þð Þ ¼ φ2 μ1 þ μ2ð Þ
2ξ2

, (76)

where μ1 ¼ α1þβ1ð Þ ρþξð Þþ Γþδð Þ ϑ1þϑ2ð Þ
ρþξð Þ and μ2 ¼ α2þβ2ð Þ ρþξð Þþ Γþδð Þ ϑ1þϑ2ð Þ

ρþξð Þ :

Proof. Poof of Proposition 10 is like the derivation of Propositions 6 and 8.
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4.1 The limit of expectation and variance

Proposition 8. The limit of expectation E K tð Þð Þ and variance D K tð Þð Þ in the Nash
non-cooperative game feedback equilibrium must satisfy

E K tð Þð Þ ¼ μ̂1 þ μ̂2
ξ

þ e�ξt K̂0 � μ̂1 þ μ̂2
ξ

� �
, lim

t!∞
E K tð Þð Þ ¼ μ̂1 þ μ̂2

ξ
: (63)

D K tð Þð Þ ¼ φ2 ~μ1 þ ~μ2ð Þ � 2 ~μ1 þ ~μ2 � ξ~K0
� �

e�ξt þ ~μ1 þ ~μ2 � 2ξ~K0
� �

e�2ξt
� �

2ξ2
(64)

lim
t!∞

D E K tð Þð Þð Þ ¼ φ2 ~μ1 þ ~μ2ð Þ
2ξ2

: (65)

where ~μ1 ¼ θβF α1 ρ1þξð Þþ Γþδð Þ½ �þθβR α2 ρ1þξð Þþ Γþδð Þ½ �
βRβF ρ1þξð Þ and

~μ2 ¼ 1�θð ÞβF β1 ρ2þξð Þþ Γþδð Þ½ �þ 1�θð ÞβR β2 ρ2þξð Þþ Γþδð Þ½ �
βRβF ρ2þξð Þ :

Poof of Proposition 8 is like the derivation of Proposition 6.

5. Cooperative game

Under cooperative game paradigm, Player I and Player II will choose to collabo-
rate/share their hybrid-enabling technology development knowledge while sharing
the payoff function in order to maximize their total payoffs. As a result, hybrid-
enabling technology can be improved through this effort as well.

Proposition 9. If above conditions are satisfied, then the feedback cooperative equi-
libria are defined as

LR
c ¼ α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ

ρþ ξð ÞβR , LF
c ¼ α2 þ β2ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ

ρþ ξð ÞβF ,

(66)

and the optimal cooperative payoff function under hybrid-enabling technology
on renewable sources and on fossil fuel, respectively. Vc Kð Þ ¼ Γþδð Þ

ρþξð ÞK þ b:

where b, is given in the proof.
Proof. The objective function (optimal sharing payoff function) satisfies the

following equation.

J K0ð Þ ¼ max
LR
c ,L

R
cf g0

E
ð∞
0
e�ρt α1LR

c tð Þ þ α2LF
c þ β1~L

R
c þ β2~L

F
c þ Γþ δð ÞKÞ

�h�
(67)

Then the optimal revenue sharing function satisfies the following HJB equation

ρVc Kð Þ ¼ max
LR
c ,L

F
cf g≥0

α1LR
c tð Þ þ α2LF

c þ β1~L
R
c þ β2~L

F
c þ Γþ δð ÞKÞ

h in

� 1
2
βR LR

c

� �2 � 1
2
βF LF

c

� �2

þ ∂Vc Kð Þ
∂K

ϑ1 LR
c ,L

F
c

� �þ ϑ2 ~L
R
c , ~L

F
c

� �
� ξK

h i
þ 1
2
∂
2Vc Kð Þ
∂K2 φ2 Kð Þ

�
(68)
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Via the first order conditions, now obtain the optimal values LR
c ,L

F
c

� �
as:

LR
c ¼ α1 þ β1ð Þ þ V 0

c Kð Þ ϑ1 þ ϑ2ð Þ
βR

, (69)

LF
c ¼ α2 þ β2ð Þ þ V 0

c Kð Þ ϑ1 þ ϑ2ð Þ
βF

: (70)

Substituting the results of Eqs. (69) and (70), obtain

ρVc Kð Þ ¼ max
LR
c ,L

F
cf g≥0

α1 þ β1ð Þ α1 þ β1ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βR

� ��

þ α2 þ β2ð Þ α2 þ β2ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βF

� �
� 1
2
βR

α1 þ β1ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βR

� �2

� 1
2
βF

α2 þ β2ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βF

� �2

� ∂Vc Kð Þ
∂K

ξK

þ ∂Vc Kð Þ
∂K

ϑ1 þ ϑ2ð Þ α1 þ β1ð Þ þ V 0
c Kð Þ ϑ1 þ ϑ2ð Þ

βR

� ��

(71)

Hence, the solution of the HJB equation is an unary function with K, Vc ¼
aK þ b, where a and b are constant that need to be solved. This implies that

a ¼ Γþ δð Þ
ρþ ξð Þ : (72)

b ¼ α1 þ β1ð Þ � α1 þ β1ð Þ þ a ϑ1 þ ϑ2ð Þð Þ
2

þ ϑ1 þ ϑ2ð Þa
� �

α1 þ β1ð Þ þ a ϑ1 þ ϑ2ð Þ
βR

� �

þ α2 þ β2ð Þ � α2 þ β2ð Þ þ a ϑ1 þ ϑ2ð Þð Þ
2

þ ϑ1 þ ϑ2ð Þa
� �

α2 þ β2ð Þ þ a ϑ1 þ ϑ2ð Þ
βF

� �
>0:

(73)

Substituting the results of Eqs. (72) and (73), into Vc ¼ aK þ b, will obtain the
results.

5.1 The limit of expectation and variance

Proposition 10. The limit of expectation and variance in cooperative game
feedback equilibrium satisfy

E K tð Þð Þ ¼ μ1 þ μ2
ξ

þ e�ξt ~K0 � μ1 þ μ2
ξ

� �
, lim

t!∞
E K tð Þð Þ ¼ μ1 þ μ2

ξ
: (74)

D K tð Þð Þ ¼ φ2 μ1 þ μ2ð Þ � 2 μ1 þ μ2 � ξK0ð Þe�ξt þ μ1 þ μ2 � 2ξK0ð Þe�2ξt
� �

2ξ2
(75)

lim
t!∞

D E K tð Þð Þð Þ ¼ φ2 μ1 þ μ2ð Þ
2ξ2

, (76)

where μ1 ¼ α1þβ1ð Þ ρþξð Þþ Γþδð Þ ϑ1þϑ2ð Þ
ρþξð Þ and μ2 ¼ α2þβ2ð Þ ρþξð Þþ Γþδð Þ ϑ1þϑ2ð Þ

ρþξð Þ :

Proof. Poof of Proposition 10 is like the derivation of Propositions 6 and 8.
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6. Comparative analysis of equilibrium results

Proposition 11. The outcome of the game depends on the parameters of the game and
the type of the equilibrium one considers.

Proof. (i) Player I, will participate in a Stackelberg game to share more hybrid-
enabling technology under the condition that Player II pay much more extra cost for
hybrid-enabling technology

α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βR ρ2 þ ξð Þ ρ1 þ ξð Þ (77)

� 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑR2
~β
R
ρ2 þ ξð Þ

>0,

and

α2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βF ρ2 þ ξð Þ ρ1 þ ξð Þ (78)

� 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑF2
~β
F
ρ2 þ ξð Þ

>0:

(ii) Player I will prefer to participate in a cooperative game over a non-
cooperative game with Player II under the condition such that

α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβR � θ α1 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βR ρ1 þ ξð Þ >0, (79)

and

α2 þ β2ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβF � θ α2 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βF ρ1 þ ξð Þ >0: (80)

(iii) The total payoff for Player I under a Stackelberg game exceeds the total payoff
of Nash non-cooperative game with Player II under the condition such that

α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βR ρ2 þ ξð Þ ρ1 þ ξð Þ (81)

� α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβR >0,

and

α2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βF ρ2 þ ξð Þ ρ1 þ ξð Þ (82)

� α2 þ β2ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβF >0:

(iv). Player II will prefer to participate in a cooperative game over a non-
cooperative game with Player I under the condition such that
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α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβR � 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
R
ρ2 þ ξð Þ

>0, (83)

and

α2 þ β2ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβF � 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
F
ρ2 þ ξð Þ

>0: (84)

Proposition 12. For any K ≥ 0, under the condition that Player II pay an extra cost
for sharing hybrid-enabling technology. Then the optimal sharing payoff of hybrid-
enabling technology of Player I reaches higher than the optimal sharing payoff under the
condition that player II does not provide extra cost. This implies that V Ið Þ

S Kð Þ≥V Ið Þ
N Kð Þ.

Similarly, the optimal sharing payoff of hybrid-enabling technology of Player II reaches
higher than the optimal sharing payoff under the condition that Player II do not provide
extra cost, such that V IIð Þ

S Kð Þ≥V IIð Þ
N Kð Þ:

Proof. When 0≤ θ≤ 2
3, establish that

ΔV Ið Þ Kð Þ ¼ V Ið Þ
S Kð Þ � V Ið Þ

N Kð Þ ¼ θ Γþ δð Þ
ρ1 þ ξð Þ K þ b1 � θ Γþ δð Þ

ρ1 þ ξð Þ K þ b̂1

¼ b1 � b̂1 >0,

(85)

and

ΔV IIð Þ Kð Þ ¼ V IIð Þ
S Kð Þ � V IIð Þ

N Kð Þ ¼ 1� θð Þ Γþ δÞ
� �

ρ1 þ ξð Þ K þ b2 � 1� θð Þ Γþ δð Þ
ρ1 þ ξð Þ K þ b̂2

¼ b2 � b̂2 >0:

(86)

7. Concluding remarks

In this chapter a complete study of an energy market by considering a Bertrand
duopoly game with two power plants using endogenous hybrid-enabling technology
was presented. Numerous game paradigms were articulated and defined including
Stackelberg, Nash non-cooperative and cooperative games as well as their relevant
equilibria via a feedback control strategy. Mathematically, the necessary conditions
under which a power plant will move from taking part in a non-cooperative Nash
game to participate as a leader in a Stackelberg game was derived. In doing so,
this model allowed us to quantify the optimal level of subsidy for sharing the
hybrid-enabling technology. We then adopted the concept of limit expectation and
variance of the improvement degree to identify the influence of random factors of
external environment and limitations of the decision maker. It is found that for a
given level of payoff distribution the Stackelberg equilibria with technological
enhancements, the knowledge sharing paradigm dominates the Nash equilibria.
In both Stackelberg and Nash games, optimal technological enhancements for
power plants were found to be proportional to the government subsidy, but the
variance improvement degree of the Stackelberg game differed to the results of the
Nash non-cooperative game due to the influence of random factors.
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6. Comparative analysis of equilibrium results
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α1 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑR1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βR ρ2 þ ξð Þ ρ1 þ ξð Þ (77)

� 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑR2
~β
R
ρ2 þ ξð Þ

>0,

and

α2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βF ρ2 þ ξð Þ ρ1 þ ξð Þ (78)

� 1� θð Þ β2 ρ2 þ ξð Þ þ Γþ δð Þð ÞϑF2
~β
F
ρ2 þ ξð Þ

>0:

(ii) Player I will prefer to participate in a cooperative game over a non-
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ρþ ξð ÞβR � θ α1 ρ1 þ ξð Þ þ Γþ δð Þ½ �

βR ρ1 þ ξð Þ >0, (79)
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βF ρ1 þ ξð Þ >0: (80)
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2βR ρ2 þ ξð Þ ρ1 þ ξð Þ (81)

� α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβR >0,

and

α2 2� θð Þ ρ2 þ ξð Þ ρ1 þ ξð Þ þ ϑF1 Γþ δð Þ 2� 2θð Þ ρ1 þ ξð Þ þ θ ρ2 þ ξð Þð Þ
2βF ρ2 þ ξð Þ ρ1 þ ξð Þ (82)

� α2 þ β2ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβF >0:

(iv). Player II will prefer to participate in a cooperative game over a non-
cooperative game with Player I under the condition such that
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α1 þ β1ð Þ ρþ ξð Þ þ Γþ δð Þ ϑ1 þ ϑ2ð Þ
ρþ ξð ÞβR � 1� θð Þ β1 ρ2 þ ξð Þ þ Γþ δð Þ½ �

~β
R
ρ2 þ ξð Þ

>0, (83)
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~β
F
ρ2 þ ξð Þ

>0: (84)

Proposition 12. For any K ≥ 0, under the condition that Player II pay an extra cost
for sharing hybrid-enabling technology. Then the optimal sharing payoff of hybrid-
enabling technology of Player I reaches higher than the optimal sharing payoff under the
condition that player II does not provide extra cost. This implies that V Ið Þ

S Kð Þ≥V Ið Þ
N Kð Þ.

Similarly, the optimal sharing payoff of hybrid-enabling technology of Player II reaches
higher than the optimal sharing payoff under the condition that Player II do not provide
extra cost, such that V IIð Þ

S Kð Þ≥V IIð Þ
N Kð Þ:

Proof. When 0≤ θ≤ 2
3, establish that

ΔV Ið Þ Kð Þ ¼ V Ið Þ
S Kð Þ � V Ið Þ

N Kð Þ ¼ θ Γþ δð Þ
ρ1 þ ξð Þ K þ b1 � θ Γþ δð Þ

ρ1 þ ξð Þ K þ b̂1

¼ b1 � b̂1 >0,

(85)

and

ΔV IIð Þ Kð Þ ¼ V IIð Þ
S Kð Þ � V IIð Þ

N Kð Þ ¼ 1� θð Þ Γþ δÞ
� �

ρ1 þ ξð Þ K þ b2 � 1� θð Þ Γþ δð Þ
ρ1 þ ξð Þ K þ b̂2

¼ b2 � b̂2 >0:

(86)

7. Concluding remarks

In this chapter a complete study of an energy market by considering a Bertrand
duopoly game with two power plants using endogenous hybrid-enabling technology
was presented. Numerous game paradigms were articulated and defined including
Stackelberg, Nash non-cooperative and cooperative games as well as their relevant
equilibria via a feedback control strategy. Mathematically, the necessary conditions
under which a power plant will move from taking part in a non-cooperative Nash
game to participate as a leader in a Stackelberg game was derived. In doing so,
this model allowed us to quantify the optimal level of subsidy for sharing the
hybrid-enabling technology. We then adopted the concept of limit expectation and
variance of the improvement degree to identify the influence of random factors of
external environment and limitations of the decision maker. It is found that for a
given level of payoff distribution the Stackelberg equilibria with technological
enhancements, the knowledge sharing paradigm dominates the Nash equilibria.
In both Stackelberg and Nash games, optimal technological enhancements for
power plants were found to be proportional to the government subsidy, but the
variance improvement degree of the Stackelberg game differed to the results of the
Nash non-cooperative game due to the influence of random factors.

77

Impact of Hybrid-Enabling Technology on Bertrand-Nash Equilibrium Subject to Energy Sources
DOI: http://dx.doi.org/10.5772/intechopen.94016



Furthermore, we have shown that due to optimal price reaction functions being
upward sloping, the subsidy level plays a decisive role on the payoff function of
power plant II as the leader in a Stackelberg game. This model shows that cost
reducing R&D investments with efficient hybrid-enabling technology innovation/s
strengthens one’s competitive bargaining position via the level of subsidy for Power
Plant I to become a follower in the Stackelberg game. By analyzing this stochastic
differential game model, we capture the government subsidy incentive as well as
the subsidy that the leader (Power Plant II) pays the follower (Power Plant I) to
share hybrid-enabling technology.

The proposed quantitative framework could assist policymakers when deter-
mining the appropriate R&D incentives for the development of hybrid-enabling
technology within the energy market to achieve desired short and long-term envi-
ronmental objectives with respect to budget limitations and environmental consid-
erations.

A. Appendix

Proof. The optimal profit function for power plant I satisfies the following HJB
equation such that V Ið Þ

N Kð Þ:

ρ1V
Ið Þ
N Kð Þ ¼ max

LR
N ,L

F
Nf g≥0

θ α1LR
N tð Þ þ α2LF

N þ β1~L
R
N þ β2~L

F
N þ Γþ δð ÞKÞ

�h in

� 1
2
βR LR

N

� �2 � 1
2
βF LF

N

� �2

þ ∂V Ið Þ
N Kð Þ
∂K

ϑ1 LR
N,L

F
N

� �þ ϑ2 ~L
R
N, ~L

F
N

� �
� ξK

h i
þ 1
2
∂
2V Ið Þ

N Kð Þ
∂K2 φ2 Kð Þ

)
(A.1)

Via the first order conditions, first obtain the optimal values LR
N,L

R
Ið Þ

� �
for

power plant I as:

LR
N ¼ θα1 þ V 0 Ið Þ

N Kð ÞϑR1
βR

¼ θα1 þ a1ϑR1
βR

, (A.2)

LF
N ¼ θα2 þ V 0 Ið Þ

N Kð ÞϑF1
βF

¼ θα2 þ a1ϑF1
βF

(A.3)

where ∂V Ið Þ
N Kð Þ
∂K � V 0 Ið Þ

N Kð Þ: The HJB for power plant (II), using ∂V IIð Þ
N Kð Þ
∂K ¼ V 0 IIð Þ

N Kð Þ,
then obtain

ρ2V
IIð Þ
N Kð Þ ¼ max

~L
R
N , ~L

F
N

� � 1� θð Þ α1LR
N tð Þ þ α2LF

N þ β1~L
R
N þ β2~L

F
N þ Γþ δð ÞKÞ

�h in

� 1
2
~β
R ~L

R
N

� �2
� 1
2
~β
F ~L

F
N

� �2

þ ∂V Ið Þ
N Kð Þ
∂K

ϑ1 LR
N,L

F
N

� �þ ϑ2 ~L
R
N, ~L

F
N

� �
� ξK

h i
þ 1
2
∂
2V Ið Þ

N Kð Þ
∂K2 φ2 Kð Þ

)
:

(A.4)

Substituting Eqs. (A.2) and (A.3) results to Eq. (A.4) and via the first order

conditions, we obtain the optimal values ~L
R
N, ~L

F
N

� �
for power plant II as:
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~L
R
N ¼ 1� θð Þβ1 þ V 0 IIð Þ

N Kð ÞϑR2
~β
R ¼ 1� θð Þβ1 þ a2ϑR2

~β
R , (A.5)

~L
F
N ¼ 1� θð Þβ2 þ V 0 IIð Þ

N Kð ÞϑF2
~β
F ¼ 1� θð Þβ2 þ a2ϑF2

~β
F : (A.6)

Hence, the solution of the HJB equation is an unary function with K, such that
V Ið Þ

N ¼ â1K þ b̂1, V
IIð Þ
N ¼ â2K þ b̂2. Hence, finally â1, b̂1, â2, and b̂2 as:

â1 ¼ θ Γþ δð Þ
ρ1 þ ξð Þ , b̂1 ¼ Φ̂1

ρ1
, â2 ¼ 1� θð Þ Γþ δð Þ

ρ2 þ ξð Þ , b̂2 ¼ Φ̂2

ρ2
, (A.7)

where

Φ̂1 ¼ α1θ �
θα1 þ a1ϑR1
� �

2
þ ϑR1 a1

 !
θα1 þ a1ϑR1

βR

� �

þ α2θ �
θα2 þ a1ϑF1
� �

2
þ ϑF1a1

 !
θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �

þ β1θ þ ϑR2a1
� � 1� θð Þβ1 þ a2ϑR2

~β
R

 !
þ β2θ þ ϑF2a1
� � 1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0:

(A.8)

and

Φ̂2 ¼ 1� θð Þα1 þ ϑR1 a2
� � θα1 þ a1ϑR1

� �

βR 1� ω1ð Þ

þ 1� θð Þα2 þ ϑF1a2
� � θα2 þ a1ϑF1

� �

βF 1� ω2ð Þ

þ 1� θð Þβ1 �
1� θð Þβ1 þ a2ϑR2

� �
2

þ ϑR2a2

 !
1� θð Þβ1 þ a2ϑR2

~β
R

 !

þ 1� θð Þβ2 �
1� θð Þβ2 þ a2ϑF2

� �
2

þ ϑF2a2

 !
1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0:

(A.9)

Substituting a1&a2 into Eqs. (A.2), (A.3), (A.5) and (A.6) and simplifying,
obtain the optima effort level of technological improvements. By substituting the
above results into Eqs. (A.1) and (A.4) we obtain the optimal sharing payoff
functions, for power plant (I) and power plant (II).
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Furthermore, we have shown that due to optimal price reaction functions being
upward sloping, the subsidy level plays a decisive role on the payoff function of
power plant II as the leader in a Stackelberg game. This model shows that cost
reducing R&D investments with efficient hybrid-enabling technology innovation/s
strengthens one’s competitive bargaining position via the level of subsidy for Power
Plant I to become a follower in the Stackelberg game. By analyzing this stochastic
differential game model, we capture the government subsidy incentive as well as
the subsidy that the leader (Power Plant II) pays the follower (Power Plant I) to
share hybrid-enabling technology.

The proposed quantitative framework could assist policymakers when deter-
mining the appropriate R&D incentives for the development of hybrid-enabling
technology within the energy market to achieve desired short and long-term envi-
ronmental objectives with respect to budget limitations and environmental consid-
erations.

A. Appendix

Proof. The optimal profit function for power plant I satisfies the following HJB
equation such that V Ið Þ

N Kð Þ:

ρ1V
Ið Þ
N Kð Þ ¼ max

LR
N ,L

F
Nf g≥0

θ α1LR
N tð Þ þ α2LF

N þ β1~L
R
N þ β2~L

F
N þ Γþ δð ÞKÞ

�h in

� 1
2
βR LR

N

� �2 � 1
2
βF LF

N

� �2

þ ∂V Ið Þ
N Kð Þ
∂K

ϑ1 LR
N,L

F
N

� �þ ϑ2 ~L
R
N, ~L

F
N

� �
� ξK

h i
þ 1
2
∂
2V Ið Þ

N Kð Þ
∂K2 φ2 Kð Þ

)
(A.1)

Via the first order conditions, first obtain the optimal values LR
N,L

R
Ið Þ

� �
for

power plant I as:

LR
N ¼ θα1 þ V 0 Ið Þ

N Kð ÞϑR1
βR

¼ θα1 þ a1ϑR1
βR

, (A.2)

LF
N ¼ θα2 þ V 0 Ið Þ

N Kð ÞϑF1
βF

¼ θα2 þ a1ϑF1
βF

(A.3)

where ∂V Ið Þ
N Kð Þ
∂K � V 0 Ið Þ

N Kð Þ: The HJB for power plant (II), using ∂V IIð Þ
N Kð Þ
∂K ¼ V 0 IIð Þ

N Kð Þ,
then obtain

ρ2V
IIð Þ
N Kð Þ ¼ max

~L
R
N , ~L

F
N

� � 1� θð Þ α1LR
N tð Þ þ α2LF

N þ β1~L
R
N þ β2~L

F
N þ Γþ δð ÞKÞ

�h in

� 1
2
~β
R ~L

R
N

� �2
� 1
2
~β
F ~L

F
N

� �2

þ ∂V Ið Þ
N Kð Þ
∂K

ϑ1 LR
N,L

F
N

� �þ ϑ2 ~L
R
N, ~L

F
N

� �
� ξK

h i
þ 1
2
∂
2V Ið Þ

N Kð Þ
∂K2 φ2 Kð Þ

)
:

(A.4)

Substituting Eqs. (A.2) and (A.3) results to Eq. (A.4) and via the first order

conditions, we obtain the optimal values ~L
R
N, ~L

F
N

� �
for power plant II as:
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~L
R
N ¼ 1� θð Þβ1 þ V 0 IIð Þ

N Kð ÞϑR2
~β
R ¼ 1� θð Þβ1 þ a2ϑR2

~β
R , (A.5)

~L
F
N ¼ 1� θð Þβ2 þ V 0 IIð Þ

N Kð ÞϑF2
~β
F ¼ 1� θð Þβ2 þ a2ϑF2

~β
F : (A.6)

Hence, the solution of the HJB equation is an unary function with K, such that
V Ið Þ

N ¼ â1K þ b̂1, V
IIð Þ
N ¼ â2K þ b̂2. Hence, finally â1, b̂1, â2, and b̂2 as:

â1 ¼ θ Γþ δð Þ
ρ1 þ ξð Þ , b̂1 ¼ Φ̂1

ρ1
, â2 ¼ 1� θð Þ Γþ δð Þ

ρ2 þ ξð Þ , b̂2 ¼ Φ̂2

ρ2
, (A.7)

where

Φ̂1 ¼ α1θ �
θα1 þ a1ϑR1
� �

2
þ ϑR1 a1

 !
θα1 þ a1ϑR1

βR

� �

þ α2θ �
θα2 þ a1ϑF1
� �

2
þ ϑF1a1

 !
θα2 þ a1ϑF1
βF 1� ω2ð Þ

� �

þ β1θ þ ϑR2a1
� � 1� θð Þβ1 þ a2ϑR2

~β
R

 !
þ β2θ þ ϑF2a1
� � 1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0:

(A.8)

and

Φ̂2 ¼ 1� θð Þα1 þ ϑR1 a2
� � θα1 þ a1ϑR1

� �

βR 1� ω1ð Þ

þ 1� θð Þα2 þ ϑF1a2
� � θα2 þ a1ϑF1

� �

βF 1� ω2ð Þ

þ 1� θð Þβ1 �
1� θð Þβ1 þ a2ϑR2

� �
2

þ ϑR2a2

 !
1� θð Þβ1 þ a2ϑR2

~β
R

 !

þ 1� θð Þβ2 �
1� θð Þβ2 þ a2ϑF2

� �
2

þ ϑF2a2

 !
1� θð Þβ2 þ a2ϑF2

~β
F

 !
>0:

(A.9)

Substituting a1&a2 into Eqs. (A.2), (A.3), (A.5) and (A.6) and simplifying,
obtain the optima effort level of technological improvements. By substituting the
above results into Eqs. (A.1) and (A.4) we obtain the optimal sharing payoff
functions, for power plant (I) and power plant (II).
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Eggshell and Seashells 
Biomaterials Sorbent for Carbon 
Dioxide Capture
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Abstract

This review aims to explore the application of natural and renewable  
bioceramics such as eggshell and seashells in carbon dioxide (CO2) capture from 
power plant flue gas. CO2 capture, utilisation and storage (CCUS) is considered 
a means to deliver low carbon energy, decarbonising industries, power plants 
and facilitates the net removal of CO2 from the atmosphere. The stages involved 
include CO2 capture, transport of the captured CO2, utilisation and secure storage 
of the captured CO2. This chapter reports the use of eggshell and seashells bioma-
terials as an adsorbent to separate CO2 from other gases generated by power plants 
and industrial processes. The capture of carbon dioxide by adsorption is based 
on the ability of a material to preferentially adsorb or carbonate CO2 over other 
gases. In light of this, calcined eggshell and seashells biomaterial rich in calcium 
carbonate from which calcium oxide (94%) can be obtained have demonstrated a 
strong affinity for CO2. These biomaterials are abundant and low-cost alternative 
to zeolite, activated carbon and molecular sieve carbon. The mechanism of CO2 
capture by eggshell and seashells derived CaO adsorbent comprises of a series of 
carbonation-calcination reactions (CCR): calcium oxide (CaO) reacts with CO2 
resulting in calcium carbonate (CaCO3), which releases pure CO2 stream upon 
calcinations for sequestration or utilisation, and as a consequence, the biomaterial 
is regenerated. Findings reveal that these biomaterials can hold up to eight times 
its own weight of CO2 from flue gas stream. It was also found that the combina-
tion of 2 M acetic acid and water pretreatment improved the reactivity and 
capture capacity of the biomaterial for successive regeneration over four cycle’s 
usage. Unlike activated carbon, these biomaterials are considered stable for  
high-temperature adsorption through carbonation.

Keywords: carbon dioxide capture, eggshell, seashells, adsorption, carbonation, 
calcination

1. Introduction

The combustion of fossil fuels such as coal, oil and natural gas for energy gener-
ate a large amount of carbon dioxide (CO2) emission, causing global warming and 
climate change. Presently, legislation such as the Paris Agreement of 2015, provided 
a framework on dealing with greenhouse-gas-emissions (GHG) mitigation, and 
it is anticipated across the industrialised world to cut down the amount of CO2 
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1. Introduction

The combustion of fossil fuels such as coal, oil and natural gas for energy gener-
ate a large amount of carbon dioxide (CO2) emission, causing global warming and 
climate change. Presently, legislation such as the Paris Agreement of 2015, provided 
a framework on dealing with greenhouse-gas-emissions (GHG) mitigation, and 
it is anticipated across the industrialised world to cut down the amount of CO2 
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emissions and limit global warming to less than 2°C [1]. Additionally, the demand 
for energy is expected to increase by 50% in 2030, and also oil and gas are consid-
ered the principal feedstock of about 90% of chemicals produced worldwide, and it 
is forecasted that petrochemical industries will become the largest driver for global 
oil consumption by 2050 [2]. In this light, it is therefore important to mitigate the 
environmental impact of burning carbon-based fuels, in which potential progress 
has already been made in CO2 capture, utilisation and storage (CCUS) technologies 
[3]. The CCUS is considered a means to deliver low carbon energy, decarbonising 
industries, and facilitates the net removal of CO2 from the atmosphere. The stages 
involved include CO2 capture, transport of the captured CO2, utilisation and secure 
storage of the captured CO2.

Carbon dioxide capture will play a significant role as fossil fuel will continue to 
meet world energy needs during this transition to sustainable low-carbon energy 
system [4]. It has also been reported that this transition phase will linger for a long 
time, providing sufficient time for the development and commercialisation of 
renewable energy systems. The transportation sector especially logistics opera-
tions majorly depend on fossil fuels, resulting in large carbon footprint on the 
environment. Based on World Bank data, the shift into low-carbon energy such 
as renewable energy in logistics operations prove to minimise carbon emission and 
other greenhouse gases, create sustainable environment as well as improve economic 
performance [5, 6]. In 2018, the global CO2 emissions increased to 37.1 Gt which is 
forecasted to rise by about 10% in 2040, majorly due to the combustion of fossil 
fuels from industrial processes and transportation sector [7]. Hence, the impact of 
carbon emissions from logistics operations on the environment, global warming, 
climate change and health can be reduced remarkably by adopting renewable 
energy and green vehicles [6]. Therefore, government policy and legislations such 
as the Paris Agreement of 2015 are necessary to drive research and development into 
low-carbon energy and environmental sustainability. As a result of these policies, 
renewable energy and carbon capture technologies are being developed, and their 
implementation is expected to improve environmental quality and sustainability 
[5, 8, 9]. Unlike fossil fuels, renewable energies promote eco-friendly environ-
ment. Hence, CCUS technologies will enable the use of fossil fuels in a cleaner way 
when integrated with power plants to mitigate global warming and climate change 
effects. CO2 has found utilisation in the following areas mineralisation, biological 
utilisation, food and beverages, energy storage media, chemicals, enhanced oil 
recovery, coal bed methane and hydraulic fracturing processes [7]. However, public 
awareness and acceptance of CCUS is still low in spite of the attention shown by 
the scientific communities, industries and governments. Findings by Tcvetkov et 
al. [10] show that most studies on CCUS are dedicated to carbon dioxide storage in 
geological formation with less attention on capture and transportation. Hence, this 
study focuses on carbon dioxide capture using natural and renewable biomaterials 
such as eggshells and seashells.

The essence of carbon capture is to separate carbon dioxide from other gases 
produced as a result of the combustion of fossil fuels for power generation and 
industrial processes. Figure 1 shows the three main approaches to accomplish 
this, which are pre-combustion capture, post-combustion capture and oxy-fuel 
combustion methods.

Before now, the capture of carbon dioxide is commonly achieved in the industry 
through absorption using liquid solvents such as selexol, rectisol, and mono-
ethanol-amine, MEA [11]. The absorption process involves the use of two columns, 
namely the absorber and the stripper. This makes the process cost intensive in 
addition to corrosion issues. Consequently, a large amount of energy is needed 
to absorb CO2 [12]. On the other hand, physical adsorption via solid adsorption 
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processes can selectively separate carbon dioxide from flue gas mixture. The 
advantages of adsorption include high selectivity, operation simplicity, low-cost, 
ease of regeneration, and low corrosiveness of adsorbent compared with solvent 
processes [11, 12].

The carbon dioxide adsorption approaches rely on the ability of the adsorbing 
material to preferentially adsorb CO2 over other gases. This is achieved through 
a packed bed system of the adsorbent materials. The adsorbent materials will 
continue to absorb CO2 until it is saturated, which is its adsorptive capacity. At this 
point, the packed bed undergoes desorption either through pressure swing adsorp-
tion (PSA) or temperature swing adsorption (TSA), which causes the release of the 
adsorbed CO2 to the point where the adsorbent material is at equilibrium [12, 13]. 
The commonly used adsorbent materials include zeolites, activated carbon, micro-
porous/mesoporous silica, carbonates, carbon molecular sieves and metal organic 
frameworks. These materials possess adequate surface area and pore network struc-
tures that are highly microporous to accommodate and capture CO2 [12, 13]. The 
adsorbent materials are evaluated on the basis of adsorption capacity, preferential 
adsorption affinity for carbon dioxide over gases from flue gas stream, adsorption 
and desorption kinetics, low-cost, tolerance of impurities, mechanical strength, 
multicycle durability and regeneration of stability [13]. Additionally, the porous 
structure of the adsorbent material is engineered to improve mass transport by 
reducing diffusional resistance, and the microstructure and morphological texture 
must demonstrate the capacity to hold captured CO2 during multi cycling between 
the absorption and regeneration steps [13, 14]. However, since the process is based 
on gas-solid interaction, operational conditions such as gas flow rate, temperature 
and vibration could cause disintegration of adsorbent material due to crushing and 
abrasion, and consequently collapse pore network structures. It is also rare to find 
a single adsorbent material that maximises all the above highlighted attributes. 
Therefore, this review explores the use of other materials such as eggshell and 
seashell rich in calcium carbonate through reactive adsorption, which involves 
carbonation – calcination of CaO/CaCO3 for carbon dioxide capture.

Figure 1. 
Three common carbon dioxide capture approaches for coal fired power plant.
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Alkaline earth metal oxides have demonstrated a strong affinity for acidic gas 
such as carbon dioxide and sulphur oxides. These metal oxides, particularly calcium 
oxide (CaO), are effective for the removal of CO2 via carbonation at moderate 
temperatures of less than 700°C [11]. Hence, calcium oxide has proven a good 
sorbent material for carbon dioxide capture. With regards to availability and cost, 
an excellent source of CaO is calcium carbonate (CaCO3). The most widely natural 
source of CaCO3 includes dolomite and limestone. However, these natural resources 
are non-renewable, energy intensive to exploit, their mining cause damage to the 
environment as well as landscape. More also, CaO sorbent derived from natural 
limestone decreases in its reactivity over a number of cycles of reaction with CO2 
[15]. As a result of this, attention has been shifted to renewable sources such as 
eggshells, seashells and snail shells. These waste biomaterials provide sustainable 
source of calcium carbonate (CaCO3) in the range of 90–96% [16]. Calcined egg-
shell and seashells such as oyster shell are rich in lime (CaO) and can be combined 
with post-combustion and pre-combustion systems to separate CO2 through cyclic 
carbonation of CaO (calcined eggshell/seashell) to CaCO3, and subsequently the 
calcination of CaCO3 to release pure CO2 and regenerate back to CaO, as shown in 
Figure 2 [15, 17–19]. This reversible reaction between CaO and CO2 is a promis-
ing approach of removing CO2 from flue gas from power plants, producing a pure 
stream of CO2 ready for geological sequestration [15, 19]. To achieve this objective, 
the material should exhibit sufficient reactivity and thermal stability. Eggshell and 
seashell are a low-cost and abundant alternative to synthetic calcium carbonate and 
lime sorbents.

The poultry and seafood industries generate millions of tonnes of waste shells 
annually, which are disposed of in landfills. These biomaterials are rich in calcium 
carbonate, and subsequently, a large source of calcium oxide. The discarded egg-
shells and seashells after consumption of their food content, the heap waste shell is 
a habitat for microbes which causes environmental and air pollution due to emission 
of intensive odour especially during microbial decomposition [16]. These waste 
shell biomaterials can be recycled and used as a source of calcium oxide material 
for carbon dioxide capture purposes. Remarkable costs can be saved when these 
waste shells biomaterials are re-used, with emphasises on economic and sustainable 

Figure 2. 
Carbonation – calcination process in calcium looping cycle application for carbon capture.
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environmental benefits of recycling instead of disposing. However, the carbon 
dioxide capture capacity of synthesised calcium oxide sorbents from eggshell and 
seashells decreases, as cycles of carbonation and calcination increases because of 
sintering over time [17]. To remedy this, it is important to generate more porous sur-
face structure in the biomaterials through pre-treatment and regeneration processes.

2. Physicochemical properties of eggshell and seashells biomaterials

The major solid mineral component of eggshells and seashells is calcium carbonate 
in the range of 92–96% and minor trace elements such as silica, alumina, phosphorous, 
magnesium, sodium, potassium, zinc, manganese, iron, and copper. A detail composi-
tion of eggshell and seashells has been reported elsewhere [16]. The physical properties 
of some calcined eggshells and seashells biomaterials such as surface area, pore volume 
and pore diameter are shown in Table 1. These waste shells biomaterials exhibit the 
type-IV isotherm which an attribute of mesoporous texture morphology characterised 
with a network of micropores. The pore size re-affirms their microstructure charac-
teristics to accommodate captured CO2. During calcination, the specific surface area 
and pore volume of the crushed eggshells and seashells biomaterials increases, as the 
calcination temperature increases. This is because of the evolution of porosity within 
the material as a result of the release of CO2 from CaCO3, leading to the formation of 
CaO [16, 20]. However, at a temperature greater than 900°C, the surface area and pore 
volume decreased due to prolonged thermal effect, resulting in sintering [16, 20].

Figure 3 shows the X-Ray Diffraction (XRD) patterns of uncalcined (natural) 
and calcined (thermally treated) eggshell (quail) and seashell (oyster shell). The 
major component visible on the XRD pattern of the natural crushed shells is CaCO3 

Parameter Mussel 
shell

Oyster 
shell

Chicken eggshell Ostrich eggshell

Surface area (m2/g) 89.91 24.00 54.60 71.00

Pore volume (cm3/g) 0.130 0.04 0.015 0.022

Pore size (nm) 3.5 6.6 0.54 0.61

Reference [21] [22]

Table 1. 
Surface area, pore size and volume of calcined seashells and eggshells biomaterials.

Figure 3. 
XRD pattern of shells natural and calcined: (a) quail eggshell (*CaCO3, natural + CaO, calcined at 900°C) 
[23] and (b) oyster shell (symbols: ●CaCO3, ▲CaO, and ♦Ca(OH)2) [21].
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Alkaline earth metal oxides have demonstrated a strong affinity for acidic gas 
such as carbon dioxide and sulphur oxides. These metal oxides, particularly calcium 
oxide (CaO), are effective for the removal of CO2 via carbonation at moderate 
temperatures of less than 700°C [11]. Hence, calcium oxide has proven a good 
sorbent material for carbon dioxide capture. With regards to availability and cost, 
an excellent source of CaO is calcium carbonate (CaCO3). The most widely natural 
source of CaCO3 includes dolomite and limestone. However, these natural resources 
are non-renewable, energy intensive to exploit, their mining cause damage to the 
environment as well as landscape. More also, CaO sorbent derived from natural 
limestone decreases in its reactivity over a number of cycles of reaction with CO2 
[15]. As a result of this, attention has been shifted to renewable sources such as 
eggshells, seashells and snail shells. These waste biomaterials provide sustainable 
source of calcium carbonate (CaCO3) in the range of 90–96% [16]. Calcined egg-
shell and seashells such as oyster shell are rich in lime (CaO) and can be combined 
with post-combustion and pre-combustion systems to separate CO2 through cyclic 
carbonation of CaO (calcined eggshell/seashell) to CaCO3, and subsequently the 
calcination of CaCO3 to release pure CO2 and regenerate back to CaO, as shown in 
Figure 2 [15, 17–19]. This reversible reaction between CaO and CO2 is a promis-
ing approach of removing CO2 from flue gas from power plants, producing a pure 
stream of CO2 ready for geological sequestration [15, 19]. To achieve this objective, 
the material should exhibit sufficient reactivity and thermal stability. Eggshell and 
seashell are a low-cost and abundant alternative to synthetic calcium carbonate and 
lime sorbents.

The poultry and seafood industries generate millions of tonnes of waste shells 
annually, which are disposed of in landfills. These biomaterials are rich in calcium 
carbonate, and subsequently, a large source of calcium oxide. The discarded egg-
shells and seashells after consumption of their food content, the heap waste shell is 
a habitat for microbes which causes environmental and air pollution due to emission 
of intensive odour especially during microbial decomposition [16]. These waste 
shell biomaterials can be recycled and used as a source of calcium oxide material 
for carbon dioxide capture purposes. Remarkable costs can be saved when these 
waste shells biomaterials are re-used, with emphasises on economic and sustainable 

Figure 2. 
Carbonation – calcination process in calcium looping cycle application for carbon capture.

87

Eggshell and Seashells Biomaterials Sorbent for Carbon Dioxide Capture
DOI: http://dx.doi.org/10.5772/intechopen.93870

environmental benefits of recycling instead of disposing. However, the carbon 
dioxide capture capacity of synthesised calcium oxide sorbents from eggshell and 
seashells decreases, as cycles of carbonation and calcination increases because of 
sintering over time [17]. To remedy this, it is important to generate more porous sur-
face structure in the biomaterials through pre-treatment and regeneration processes.

2. Physicochemical properties of eggshell and seashells biomaterials

The major solid mineral component of eggshells and seashells is calcium carbonate 
in the range of 92–96% and minor trace elements such as silica, alumina, phosphorous, 
magnesium, sodium, potassium, zinc, manganese, iron, and copper. A detail composi-
tion of eggshell and seashells has been reported elsewhere [16]. The physical properties 
of some calcined eggshells and seashells biomaterials such as surface area, pore volume 
and pore diameter are shown in Table 1. These waste shells biomaterials exhibit the 
type-IV isotherm which an attribute of mesoporous texture morphology characterised 
with a network of micropores. The pore size re-affirms their microstructure charac-
teristics to accommodate captured CO2. During calcination, the specific surface area 
and pore volume of the crushed eggshells and seashells biomaterials increases, as the 
calcination temperature increases. This is because of the evolution of porosity within 
the material as a result of the release of CO2 from CaCO3, leading to the formation of 
CaO [16, 20]. However, at a temperature greater than 900°C, the surface area and pore 
volume decreased due to prolonged thermal effect, resulting in sintering [16, 20].

Figure 3 shows the X-Ray Diffraction (XRD) patterns of uncalcined (natural) 
and calcined (thermally treated) eggshell (quail) and seashell (oyster shell). The 
major component visible on the XRD pattern of the natural crushed shells is CaCO3 
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Pore size (nm) 3.5 6.6 0.54 0.61

Reference [21] [22]

Table 1. 
Surface area, pore size and volume of calcined seashells and eggshells biomaterials.

Figure 3. 
XRD pattern of shells natural and calcined: (a) quail eggshell (*CaCO3, natural + CaO, calcined at 900°C) 
[23] and (b) oyster shell (symbols: ●CaCO3, ▲CaO, and ♦Ca(OH)2) [21].
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and a small amount of Ca(OH)2. Both the quail eggshell and the oyster shell share 
identical diffraction patterns for both the natural and calcined forms.

This suggests a similar mineralogical identity. After calcination (thermal treat-
ment process), the diffraction lines attributed to rhombohedral phase for CaCO3 
disappeared, with new diffraction patterns arising around 2θ = 32.3°, 37.4°, 53.7°, 
63.9°, and 67.3° assigned to cubic phase for lime (CaO) appeared (Figure 3). It is 
worthy to note that the quail eggshell exhibited a crystallite size of 315 nm (CaCO3), 
while its calcined counterpart showed a size of 240 nm, CaO [23]. This crystallite 
size decrease can be ascribed to the exothermic natures of the calcination process. 
However, the lower intensity peaks for calcined eggshell and oyster shell could be 
related to the reduction in the crystallite size [21, 23]. Hence, the changes in the 
XRD pattern as a result of calcination are because of the release of carbon dioxide 
from the decomposition of CaCO3 into CaO.

3. Methods of sorbent preparation

The associated complexity and high cost for the production of carbon dioxide 
capture adsorbent materials such as activated carbon or zeolite has shifted atten-
tion to exploiting and developing cheap and renewable materials such as eggshells 
and seashells biomaterials. Figure 4 shows the procedure involved in the prepara-
tion of sorbent material from eggshells and seashells. The waste eggshells and 
seashells first undergo pre-treatment, which begins with acetic acid treatment 
with a concentration in the range of 1–10 molar to remove dirt, membrane layer, 
fibrous matters, proteins and other impurities as well as improve pore structure of 
the biomaterial [24]. Exposing the waste shells to acetic acid promotes the detach-
ment of protein-collagen membrane depending on the extent, concentration and 
duration. At the end of this process, the sample is filtered and rinsed with distilled 
or deionised water. The separated eggshell or seashell is dried at 100–200°C for 5 h 
[16]. The dried biomaterials are crushed and then sieved into different particle size 
ranges depending on the application. The particles are calcined; the calcination 
process involves heat treatment to decompose the major component CaCO3 into 
CaO. The temperature of calcination could range from 500 to 1000°C depending on 
the application. It has been reported that at 900°C, the CaCO3 undergoes complete 
conversion into CaO [21]. The material produced after calcination is the sorbent 
material, which is placed in a desiccator to curtail the chances of coming in contact 
with humidity and carbon dioxide in the air.

In the pre-treatment phase, the reaction of acetic acid with CaCO3 results in 
the formation of calcium acetate, which has a larger molar volume than CaCO3 
and CaO [25]. The acetic acid treatment helps to expand and improve particle 
pore structure. As a result of the expanded and enhanced pore network structure, 
improve performance is achieved over multiple carbonation-calcination reaction 

Figure 4. 
Adsorbent material preparation procedure from eggshell and seashells.
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(CCR) cycles [24, 26, 27]. Hence, the increased porosity within the microstructure 
of the synthesised CaO sorbent biomaterial from eggshell or seashells leads to 
increased reactivity over time.

4. Adsorbent performance

The continuing reliance on fossil fuels such as coal, natural gas and crude oil 
emits greenhouse gas (GHG) especially carbon dioxide (CO2), a major contributor 
to global warming. The application of physical and chemical absorption using 
solvents such as selexol, rectisol, and mono-ethanol-amine (MEA) to remove 
carbon dioxide from flue gas streams is limited by low-temperature, cost and 
energy-intensive to regenerate [11]. Produced CaO sorbent material from eggshells 
or seashells through the method outlined in Figure 4, has proven a good candidate 
for carbon dioxide capture from flue gas stream of power plants. This is owing to 
their affinity to carbonate in the presence of CO2; resulting in the formation of 
CaCO3 which is regenerated back to CaO via calcinations while pure CO2 is released 
for sequestration in the process as shown in Figure 5.

Unlike the adsorption process for CO2 capture using activated carbon or zeolite 
adsorbent materials, eggshells and seashells biomaterials are low-cost and offer exclu-
sive environmental and economic benefits. Additionally, eggshell or seashell-derived 
CaO sorbent are abundant, renewable, simple to prepare and also possesses excellent 
thermal stability. The mechanism of CO2 capture by these biomaterials comprises of a 
series of carbonation-calcination reactions (CCR): calcium oxide (CaO) derived from 
eggshell or seashell reacts with CO2 in the flue gas stream, leading to calcium carbon-
ate (CaCO3), which then undergoes calcination resulting in the release of a pure CO2 
stream for sequestration, and at the same time is regenerated into CaO as shown in 
Figure 5 [24]. The pilot-scale demonstration of the concept has been reported for 
eggshell and oyster shell in the literature [24, 26–29]. The reactions are summarised 
as follows: carbonation (CaO + CO2 → CaCO3) of the eggshell-derived CaO through 
reaction with CO2 forms calcium carbonate (CaCO3), while the calcination process 
(CaCO3 → CaO + CO2), regenerates the CaO bio-composite material, and liberate 
pure stream of CO2 for sequestration. Sacia et al. [27] investigated CaO sorbents 
derived from chicken eggshell for CO2 from coal-fired power plants. In the work, 
they discovered that the pre-treatment of the eggshell with acetic acid enhanced 

Figure 5. 
Schematic of the eggshell or seashell carbonation – calcination processes for carbon dioxide capture.
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and a small amount of Ca(OH)2. Both the quail eggshell and the oyster shell share 
identical diffraction patterns for both the natural and calcined forms.
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while its calcined counterpart showed a size of 240 nm, CaO [23]. This crystallite 
size decrease can be ascribed to the exothermic natures of the calcination process. 
However, the lower intensity peaks for calcined eggshell and oyster shell could be 
related to the reduction in the crystallite size [21, 23]. Hence, the changes in the 
XRD pattern as a result of calcination are because of the release of carbon dioxide 
from the decomposition of CaCO3 into CaO.
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The associated complexity and high cost for the production of carbon dioxide 
capture adsorbent materials such as activated carbon or zeolite has shifted atten-
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seashells first undergo pre-treatment, which begins with acetic acid treatment 
with a concentration in the range of 1–10 molar to remove dirt, membrane layer, 
fibrous matters, proteins and other impurities as well as improve pore structure of 
the biomaterial [24]. Exposing the waste shells to acetic acid promotes the detach-
ment of protein-collagen membrane depending on the extent, concentration and 
duration. At the end of this process, the sample is filtered and rinsed with distilled 
or deionised water. The separated eggshell or seashell is dried at 100–200°C for 5 h 
[16]. The dried biomaterials are crushed and then sieved into different particle size 
ranges depending on the application. The particles are calcined; the calcination 
process involves heat treatment to decompose the major component CaCO3 into 
CaO. The temperature of calcination could range from 500 to 1000°C depending on 
the application. It has been reported that at 900°C, the CaCO3 undergoes complete 
conversion into CaO [21]. The material produced after calcination is the sorbent 
material, which is placed in a desiccator to curtail the chances of coming in contact 
with humidity and carbon dioxide in the air.

In the pre-treatment phase, the reaction of acetic acid with CaCO3 results in 
the formation of calcium acetate, which has a larger molar volume than CaCO3 
and CaO [25]. The acetic acid treatment helps to expand and improve particle 
pore structure. As a result of the expanded and enhanced pore network structure, 
improve performance is achieved over multiple carbonation-calcination reaction 
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(CCR) cycles [24, 26, 27]. Hence, the increased porosity within the microstructure 
of the synthesised CaO sorbent biomaterial from eggshell or seashells leads to 
increased reactivity over time.

4. Adsorbent performance

The continuing reliance on fossil fuels such as coal, natural gas and crude oil 
emits greenhouse gas (GHG) especially carbon dioxide (CO2), a major contributor 
to global warming. The application of physical and chemical absorption using 
solvents such as selexol, rectisol, and mono-ethanol-amine (MEA) to remove 
carbon dioxide from flue gas streams is limited by low-temperature, cost and 
energy-intensive to regenerate [11]. Produced CaO sorbent material from eggshells 
or seashells through the method outlined in Figure 4, has proven a good candidate 
for carbon dioxide capture from flue gas stream of power plants. This is owing to 
their affinity to carbonate in the presence of CO2; resulting in the formation of 
CaCO3 which is regenerated back to CaO via calcinations while pure CO2 is released 
for sequestration in the process as shown in Figure 5.

Unlike the adsorption process for CO2 capture using activated carbon or zeolite 
adsorbent materials, eggshells and seashells biomaterials are low-cost and offer exclu-
sive environmental and economic benefits. Additionally, eggshell or seashell-derived 
CaO sorbent are abundant, renewable, simple to prepare and also possesses excellent 
thermal stability. The mechanism of CO2 capture by these biomaterials comprises of a 
series of carbonation-calcination reactions (CCR): calcium oxide (CaO) derived from 
eggshell or seashell reacts with CO2 in the flue gas stream, leading to calcium carbon-
ate (CaCO3), which then undergoes calcination resulting in the release of a pure CO2 
stream for sequestration, and at the same time is regenerated into CaO as shown in 
Figure 5 [24]. The pilot-scale demonstration of the concept has been reported for 
eggshell and oyster shell in the literature [24, 26–29]. The reactions are summarised 
as follows: carbonation (CaO + CO2 → CaCO3) of the eggshell-derived CaO through 
reaction with CO2 forms calcium carbonate (CaCO3), while the calcination process 
(CaCO3 → CaO + CO2), regenerates the CaO bio-composite material, and liberate 
pure stream of CO2 for sequestration. Sacia et al. [27] investigated CaO sorbents 
derived from chicken eggshell for CO2 from coal-fired power plants. In the work, 
they discovered that the pre-treatment of the eggshell with acetic acid enhanced 

Figure 5. 
Schematic of the eggshell or seashell carbonation – calcination processes for carbon dioxide capture.
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and expanded the derived-sorbent material pore structure and surface area, which 
favoured CO2 diffusion as mass transport is improved.

Figure 6 shows the effect of acetic acid concentration and treatment time on 
CO2 capture over multiple cycles. It is clear that the acetic acid treated eggshell 
outperformed the untreated counterpart. On the other hand, derived CaO from 
eggshell treated with a low concentration of acetic acid exhibited better reactivity 
and CO2 capture capacity than that treated with higher concentration. This can be 
attributed to the improved reactivity and porous surface structure within the bio-
materials when treated with an optimised concentration of acetic acid [24, 26, 27].

Figure 6 also demonstrates that subjecting the eggshell or seashell to a higher 
strength acetic acid solution or for a longer treatment time could affect the pore 
structure, strength and stability of the derived CaO sorbent biomaterial. This is 
consistent with the result of the investigation reported by Sacia [17], on the use of 
eggshell for CO2 capture. Hence, the observed decrease in the reactivity and CO2 
capture capacity under this condition. More also, the data shows that the derived 
sorbent from eggshell or seashell cannot be continuously regenerated over multiple 
cycles, as a result, fresh sorbent would be added as make-up during the process to 
sustain capture capacity (Figure 6). Depending on the acetic pre-treatment time, it 
has been reported that the CO2 capture ranges from 70 to 80% in the first cycle, and 
gradually drop to about 40% in the fifth cycle [27].

Figure 7 shows simulated thermogravimetric analyser (TGA) results to 
prove CO2 capture capacity of eggshell-derived sorbent using a typical flue gas 
stream (10% CO2 for 60 min cycles at 700°C). The weight of the sample indicates 
reactivity, while the weight increase signifies carbonation due to CO2 capture; 
the decrease represents the calcination process because of CO2 liberation. It is 
clear that the CO2 capture performance and reactivity gradually diminishes for 
multicycles over time.

The reactivity and CO2 capture capacity of the eggshell or seashell derived CaO 
sorbent decline over time, so regeneration of sorbents in-situ is pivotal to maintain-
ing CO2 capture. The regeneration can be carried out using deionised water and 
acetic acid solutions [27]. The effect of regeneration of the eggshell derived CaO 
sorbent on CO2 capture is shown in Figure 8. It is clear that regeneration with 
acetic acid is more effective than with water. Sacia [17] ascribed this observation to 
two factors. First, the use of acetic acid resulted in calcium acetate, which exhibited 
a higher molar volume than only Ca(OH)2 formed when water is used. Also, the 
combination of water and acetic acid allows for a surface structure rearrangement 
due to the solubility of calcium acetate in water. It has been found that the use of 

Figure 6. 
Effect of acetic acid and treatment time on weight per cent CO2 capture using chicken eggshell [24].
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2 M acetic acid offers the best performance after multiple cycle regeneration in 
terms of reactivity and CO2 capture [17, 24]. It can be observed that over three 
regenerations, all of the sorbent showed similar results trend.

In the investigation of Sacia et al. [27], it was found that regeneration restored 
the reactivity of the eggshell-derived CaO sorbent, and subsequently, CO2 capture 
capacity in the range of 70–80% was achieved. The CO2 capture capacity increased 
on average after successive regeneration, as can be seen in Figure 8. This suggests 
that periodic regeneration can effectively increase the reactivity of the spent egg-
shell or seashell-derived CaO sorbent. In another study by Banerjee et al. [30], it 
was reported that after four successive regenerations over multi-cycles usage, the 
carbon dioxide capture capacity of the eggshell-derived sorbent material decreased 
from 6824 mg CO2/g to 1608 mg CO2/g an average compared to the fresh material. 
This indicates that the eggshell-derived CaO sorbent biomaterial could hold about 
eight times its own weight of CO2 from flue gas. Furthermore, Ma and Teng [31] 
investigated and reported the carbonation – calcination loop of CaO/CaCO3 process 
for CO2 capture using CaO derived sorbent from oyster shells. Though compared to 
reagent grade CaO from CaCO3, the oyster shell derived CaO possess bigger crystal-
lite size and lower specific surface area. It was reported that at 740°C carbonation 
temperature, the oyster shell-derived CaO sorbent in cyclic carbonation exhibited 
superior performance to the reagent-grade CaO obtained from CaCO3. Therefore, 
utilising this waste biomaterial in CO2 capture encourages the reuse of materials in 
the industries, which will reduce the risk, cost and energy associated with mining 

Figure 7. 
Weight vs. time of eggshell-derived adsorbent for CO2 capture using TGA [24].

Figure 8. 
Conversion vs. regenerations of eggshell derived CaO sorbent treated with a 1 M acetic acid for 30 min [17].
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attributed to the improved reactivity and porous surface structure within the bio-
materials when treated with an optimised concentration of acetic acid [24, 26, 27].

Figure 6 also demonstrates that subjecting the eggshell or seashell to a higher 
strength acetic acid solution or for a longer treatment time could affect the pore 
structure, strength and stability of the derived CaO sorbent biomaterial. This is 
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acetic acid is more effective than with water. Sacia [17] ascribed this observation to 
two factors. First, the use of acetic acid resulted in calcium acetate, which exhibited 
a higher molar volume than only Ca(OH)2 formed when water is used. Also, the 
combination of water and acetic acid allows for a surface structure rearrangement 
due to the solubility of calcium acetate in water. It has been found that the use of 
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2 M acetic acid offers the best performance after multiple cycle regeneration in 
terms of reactivity and CO2 capture [17, 24]. It can be observed that over three 
regenerations, all of the sorbent showed similar results trend.

In the investigation of Sacia et al. [27], it was found that regeneration restored 
the reactivity of the eggshell-derived CaO sorbent, and subsequently, CO2 capture 
capacity in the range of 70–80% was achieved. The CO2 capture capacity increased 
on average after successive regeneration, as can be seen in Figure 8. This suggests 
that periodic regeneration can effectively increase the reactivity of the spent egg-
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limestone and dolomite for CaCO3 and CaO, and subsequently offers economic and 
environmental benefits. However, these benefits will be significant if the system is 
scaled-up to industrial standards.

5. Conclusion

There are large tonnes of eggshells and seashells discarded in landfill annually 
from poultry and food industries. Most of the seashells and eggshells are piled up 
on the seashore and thus would cause risks to water resources and public health. 
The applications of these biomaterials in construction such as concrete and cement 
production, catalyst manufacture, adsorbent for wastewater treatment, source of 
calcium in animal feed, manufacture of hydroxyapatite biomaterial, and additive in 
plastic manufacture has been explored extensively in the literature. These biomaterials 
contain about 96% calcium carbonate mineralogical component from which calcium 
oxide can be produced through thermal treatment. The carbonation – calcination 
loop of CaO/CaCO3 process has been investigated for CO2 capture potentials. Herein, 
the application of eggshell and seashell derived-CaO sorbent in the capture of carbon 
dioxide from flue gas is reviewed. The utilisation of this waste shell offers economic 
as well as environmental benefits because they are abundant, renewable and cheap. 
The CaO sorbent derived from eggshell and seashell has demonstrated the potential 
for carbon dioxide capture. It was also found that pre-treatment and regeneration 
provide means of restoring reactivity and CO2 capture capacity over multicyclic 
usage. Although this ensured sustainability and sorbent recyclability, the performance 
decreases ten cycles after regeneration. The future outlook will be to improve the 
carbon dioxide capture capacity and thermal stability of these biomaterials over 
multicycles operations.
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limestone and dolomite for CaCO3 and CaO, and subsequently offers economic and 
environmental benefits. However, these benefits will be significant if the system is 
scaled-up to industrial standards.

5. Conclusion

There are large tonnes of eggshells and seashells discarded in landfill annually 
from poultry and food industries. Most of the seashells and eggshells are piled up 
on the seashore and thus would cause risks to water resources and public health. 
The applications of these biomaterials in construction such as concrete and cement 
production, catalyst manufacture, adsorbent for wastewater treatment, source of 
calcium in animal feed, manufacture of hydroxyapatite biomaterial, and additive in 
plastic manufacture has been explored extensively in the literature. These biomaterials 
contain about 96% calcium carbonate mineralogical component from which calcium 
oxide can be produced through thermal treatment. The carbonation – calcination 
loop of CaO/CaCO3 process has been investigated for CO2 capture potentials. Herein, 
the application of eggshell and seashell derived-CaO sorbent in the capture of carbon 
dioxide from flue gas is reviewed. The utilisation of this waste shell offers economic 
as well as environmental benefits because they are abundant, renewable and cheap. 
The CaO sorbent derived from eggshell and seashell has demonstrated the potential 
for carbon dioxide capture. It was also found that pre-treatment and regeneration 
provide means of restoring reactivity and CO2 capture capacity over multicyclic 
usage. Although this ensured sustainability and sorbent recyclability, the performance 
decreases ten cycles after regeneration. The future outlook will be to improve the 
carbon dioxide capture capacity and thermal stability of these biomaterials over 
multicycles operations.
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