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Chapter

Microwave Carbonation of 
Thermal Power Plant Flue Gas/
CO�  by Fly Ash/Coal Char for 
Soil Remediation and Ground 
Stabilization
Y�ld�r�m �smail�Tosun

Abstract

In this research, the cementing filler material production by microwave carbonation 
of flue gas of coal combusting thermal power station of Silopi in ��rnak by fly ash/coal 
char, ��rnak asphaltite char, in molten alkali salts will be investigated. The optimum 
carbonation was managed in order to provide an overview of stabilization of founda-
tion grounds. In this study, the effect of microwave energy managed the carbonation by 
salt slurries with flue gas contents in the reactor. By the slurry character of salts in the 
furnace during that process, the flue gas of ��rnak thermal power plant, salt type and 
flue content were investigated for carbonation with weight and slurry performances. 
In this study, the toxic emitted contents were also determined in salt slurry, regard-
ing the amounts and type of salt contents as sorbent agents. As a result, a significant 
positive effect of microwave energy on the carbonation products was determined at 
lower gas flow rate and steam rates. Finally, ��� CO �  carbonation could be provided. 
The oil content in flue gas decreased carbonation fractions. The salt slurry content was 
primarily settled and coal humus char as by-product was also recovered as solid with a 
��.�� recovery rate in microwave carbonation in slurry salt with ��� solid/water rate. 
The strengths of the ground blocks were dispersed to �.�–�.��MPa in shear strength and 
�.�–�.��MPa in compression strength. Thus, with the ideal packing, the strength of the 
mixed cemented blocks produced from these fine fillers and waste mixtures can also 
reach ��.��MPa in compression strength and �.��MPa in shear strength.

Keywords:  carbonation, microwave carbonating, filler, filler blocks, fly ash/coal char, 
slope stability, ��rnak province, ground stabilization, salt reactor

�. Introduction

CO�  and HC containing flue gas emissions of thermal power stations pollute the 
environment and urbanized area, HC emissions of transportation threat hardly and 
carbonation of flue gas emissions need filtration and carbonization by pressurized 
water dissolution and reacting by natural alkali lime and magnesia or other alkali 
sources becomes an industrial advantageous in sequestration. The carbonation seques-
tration option resulting in green waste solutions or solid fines provided humus or 
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stabilizing filler materials for land. Mg and Ca containing minerals are commonly react-
ing with CO �  to form carbonates. Even by evaporation of salty solutions, similar carbon-
ates and sulfates were precipitated at low temperatures such as ��°C.�Various types of 
hot water sources may react with CO�  to form carbonate regarding salt composition 
and reaction parameters. Mineral carbonation of CO�  will also allow using the products 
in cement industry or as cement material in constructions with low cost. In this study, 
the supply of CO�  will be provided by nearby power stations. Other choice will be the 
purchase of a pure CO�  originating from flue gas and hydrocarbon dusty mist of coal 
combusting industrial furnace at a cement plant. For the pilot plant design, a carbon-
ation unit will contain the compressed flue gas tanks so that sequentially compressed 
CO�  will be delivered to carbonation reactor in gas phase, temporarily stored under-
ground at site, and conditioned before carbonation. The carbonation reactions to inject 
the CO�  at pressurized microwave radiated heating were effective in reaction gaseous 
phase with salty molten phase at a slightly high pressure and slightly under supercritical 
temperature. This paper discussed progress on reactor achieved by tests and search for 
fast reaction methods using exhaust gas containing sulfur and carbon gases at power 
stations [�–� ]. The alkaline sources containing alkali sodium and magnesium salts, 
under ��–���bar pressurized CO � , salt slurry, and additives were searched for micro-
wave carbonation method to enhance mineral reactivity and to analyze the structural 
changes to identify reaction kinetics and potential impurity and fouling barriers.

Carbonation products of CO�  gas were Ca and alkali carbonates even metal iron 
carbonates. Most distinct sequestration is that carbonization outputs a lower energy 
compound than calcination [�–� ]. Calcium and magnesium carbonates commonly 
occur in nature (i.e., the weathering of rock over geologic time periods). Moreover, the 
evaporation outputs such as magnesium-based minerals are dissolved by hot waters 
and then crystallized at ��–��°C coming out as evaporates on earth. The evaporate 
carbonates are resistively stable and thus do not re-evolve CO�  into the atmosphere as 
an issue. However, settling carbonation evaporates are crystallized very slow under 
warm temperatures and even saturated in effluent warm waters [�� –�� ].

Natural gas, internal engine combusting and coal fired combusting systems 
account for almost ��� of the total of world carbon emissions today. There is an 
important need for carbonation in eliminate carbon gases emission to nature, ease 
of use and storage, existing filler structure, and most low cost rather than amine 
absorption. Forty percent of global electricity is generated in fossil fuel power 
plants per�annum, with emissions of about ��� of global energy-related CO �  pol-
lutes (�.� billion metric tons) of about ��.��Gt in ���� [ �� , �� ]. Over a quarter of the 
electricity demand of Turkey is supplied by coal-fired power plants, with emissions 
of about � million metric tons of CO �  as pollutant, among about ��� energy-related 
polluting gas emissions [��, �� ].

Therefore, sequestration with effective CO�  carbonation method is one of the criti-
cal choices in addressing global warming and air pollution. It is improving the effi-
ciency of fuel utilization and curing the environment. The renewable energy sources 
will certainly play a very important role in reducing CO �  emissions [�� ]. Those carbon-
ization and amine absorption methods alone cannot address the greenhouse emission 
issue mainly because world energy consumption will increase significantly as the 
living standard improves in many parts of the world. The coal combusting boiler types 
of power plants and internal vehicle engines still emit over �� of the carbon dioxide, 
�� of the sulfur dioxide, and less than �� of the nitrous oxide emitted by a coal-fired 
plant. Similarly, injection of compressed gas to cold back injection to geothermal fields 
sequestrated less of the carbon dioxide as shown in Figure �  [�� ].

The method for storing CO�  in deep underground geological formations need 
adequate porosity and thickness for storage capacity, and permeability for gas injec-
tion that are critical as shown in Figure � . The storage formation should be capped by 
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extensive confining units such as shale, salt caves or anhydrite beds to ensure that CO�  
does not escape into overlying, shallower rock units and ultimately to the surface [�� ].

�.� CO �  capture and separation from flue gas thermal power plants

The abatement of greenhouse gases is becoming increasingly important. In the 
last decades, the government issued a White Paper on Energy outlining the national 
strategies for abating greenhouse gases and filtration systems use in thermal power 
plants. One of the key options highlighted was the eliminating fly ash and hazard-
ous toxic gas emissions cut and even CO�  from stack emissions and subsequent 
storage in geological reservoirs (carbon capture and storage can be retrofitted easily 
onto the tail end of power-plant flue gas streams without requiring complicated 
integration in Turkey) [ �� , ��].

Several technologies have been proposed to capture CO�  from power-plant flue 
gas including absorption, adsorption, cryogenic distillation, and membrane gas 
separation. The technology examined in this article is polymer-based membrane gas 
separation. The membranes have been used commercially to refine natural gas and 
biogas for CO�  [�� , ��].

Figure 1. 
Comparison of CO2 emissions by coal natural gas and geothermal source.

Figure 2. 
General chemical carbonation or sequestration path.
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�.�.� Amine absorption

From Fick’s law (Eq. (�)), increasing the selectivity of CO � /N �  increases the mole 
fraction of CO �  in the permeate (yi) and decreases the mole fraction of CO�  in the 
retentate (xi). Consequently, the driving force across the membrane is also reduced. 
To obtain the same amount of CO�  recovered (Ji), the membrane area (Am) increases 
and thus the capital costs for membranes also increase. However, as the CO�  purity 
of permeate stream (yi) increases, the flow rate of the permeate decreases, resulting 
in a smaller post-separation compressor. It is the balance between the cost savings 
generated by the post-separation compressor and the increase in membrane costs 
that influences the cost trends [�� –�� ].

�.�.� Membrane separation

The effective force across a gas-separation membrane is the pressure differential 
( � P) between the feed side and the permeate net, and CO�  emissions exceeded ��� 
million tons in ����. Over ��� were from post-combustion coal-pulverized power 
plants, and because of this, it is likely that these will be the initial focus of CCS 
[ �� –��].

As given below with Fick’s law (Eq. (�)), increasing the content of CO � /flue gas 
increased the mole fraction of CO�  in the permeate (yi) and decreased the mole frac-
tion of CO�  in the retentate (xi). Finally, the efficiency of passage across the mem-
brane was decreased. In order to receive high of CO�  passage (Ji), the membrane 
area (Am) increased and thus the capital costs required membrane also increased. 
Meanwhile, the purity of CO �  stream (yi) increased, and the flow rate of the perme-
ate decreased the cost savings generated by the post-separation compressor and the 
increased the membrane costs that influenced the separation trends [�� –��].

Fick’s Law:

    Ji=Yi/Am=-Xi/Am=-Di�dCi/dt=-Di�dPi/dt     (�)

where mass diffusion rate Ji, mass rate of i per area A at diffusion rate constant 
Di, at pressure or concentrate of permeate change per thickness t.

As the membrane used at atmospheric pressure, compressed feed gas to a high 
pressure was feasible for CO�  capture in membrane technology. In our previous work, 
we have shown that the cost is high because of the high capital costs associated with 
compressors needed to compress the low-pressure flue gas and the low CO�  purity 
product stream. As the feed gas is compressed to ��–���bar, the recovery of CO�  was 
roughly managed [�� ]. Those case studies showed that the cost for CO�  capture was 
at least ��� higher than for CO �  recovered using amine chemical absorption.

�.  Production of reactive coal char and biomass char/char carbon in 
��rnak

The energy production by combusting asphaltite, a type of coal, by local alkali 
rocks such as limestone is advantageous for the development of the South-East 
Anatolian region and also the industrial construction and diversification [�–�]. 
As given in Table � , the thermal power station in the region combusting ��rnak 
asphaltite by addition of ��� limestone �n fluidized bed combustion system emit-
ting much clean exhaust gas out regarding mid power output [��–��].

Flexible and regional targets for a mobile solid waste incineration from an 
environmental and economic perspective were the following:
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• The mobile plant where the waste sorting process is performed can be processed 
to acquire secondary materials

• Biological treatment of biomass and conversion to compost, which is a market 
value or energy production by producing methane gas by anaerobic treatment

• Recycling and reducing the amount of waste storage following thermal sys-
tems, making it inert and obtaining energy as given in Table �

• Regular land filling and use of landfills for land reclamation and at least the 
reduction of pollution in the ��rnak Province

Biochar was beneficial in soils around the land as a result of vegetation fires 
and soil management practices. Intensive study of biochar-rich dark earths in the 
Amazon (terra preta) has led to a wider appreciation of biochar’s unique properties 
as a soil fertilizer [��–��].

The carbon in biochar resists degradation and can hold carbon in soils for 
hundreds to thousands of years. Biochar is produced through pyrolysis or torrefac-
tion processes that heat biomass in the absence (or under reduction) of oxygen.

In addition to using soil fertilizers, sustainable biochar dissociation can produce 
black liquor, oil by-products that can be used as fuel, providing thermal energy. 
When the biochar is buried in the ground as a soil improver, the natural system may 
be “carbon negative” [��–��].

Biochar and bioenergy co-production can help combat global climate change by 
displacing fossil fuel use and by sequestering carbon in stable soil carbon pools. It 
may also reduce emissions of nitrous oxide Figure � .

Mobile incineration and waste management in ��rnak included energy tech-
nologies from recycling, composting and baling waste in order to distribute to 
long distances. For this, collected waste was classified and iron scrap was send to 
Iskenderun steel plant. The debris parts were used in road pavements. The com-
bustible waste products controlled organics and plastics. The mayor was aware that 
the organic products to be obtained from urbanized site should be processed by the 
sorbent in incineration. These markets are also likely to be sensitive to the quality 
and quantity of the supply. The distribution of solid wastes in ��rnak Province is 
shown in Tables �  and � .

�.� Pellet char production

Mobile waste management was flexible in terms of incinerating small amounts 
of waste, as operation, even if it needed to adapt to existing waste type and environ-
mental conditions in the Southeastern Anatolia. Mobile incineration provided the 
flexible solid waste management of flexible transfer of small amounts of waste to 

Thermal power plant size (net) ����MW

Boiler type Supercritical

Coal type Asphaltite

Thermal efficiency (LHV) ���

Temperature ���

Pressure ���bar

Table 1. 
Processing conditions and composition of a typical supercritical bituminous power-plant flue gas in ��rnak.
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Total Landfill Incineration Energy 
recovery

Backfilling Recycling

(million tons) (�)

EU-�� ����.� ��.� �.� �.� ��.� ��.�

Belgium ��.� �.� �.� ��.� �.� ��.�

Bulgaria ���.� ��.� �.� �.� �.� �.�

Czech Republic ��.� ��.� �.� �.� ��.� ��.�

Denmark ��.� ��.� �.� ��.� �.� ��.�

Germany ���.� ��.� �.� ��.� ��.� ��.�

Estonia ��.� ��.� �.� �.� ��.� ��.�

Ireland ��.� ��.� �.� �.� ��.� ��.�

Greece ��.� ��.� �.� �.� �.� �.�

Spain ���.� ��.� �.� �.� ��.� ��.�

France ���.� ��.� �.� �.� ��.� ��.�

Croatia �.� ��.� �.� �.� �.� ��.�

Italy ���.� ��.� �.� �.� �.� ��.�

Cyprus �.� ��.� �.� �.� ��.� ��.�

Latvia �.� ��.� �.� �.� �.� ��.�

Lithuania �.� ��.� �.� �.� �.� ��.�

Luxembourg �.� ��.� �.� �.� ��.� ��.�

Hungary ��.� ��.� �.� �.� �.� ��.�

Malta �.� ��.� �.� �.� ��.� ��.�

The Netherlands ���.� ��.� �.� �.� �.� ��.�

Austria ��.� ��.� �.� �.� ��.� ��.�

Poland ���.� ��.� �.� �.� ��.� ��.�

Portugal �.� ��.� ��.� �.� �.� ��.�

Romania ���.� ��.� �.� �.� �.� �.�

Slovenia �.� �.� �.� �.� ��.� ��.�

Slovakia �.� ��.� �.� �.� �.� ��.�

Finland ��.� ��.� �.� �.� �.� ��.�

Sweden ���.� ��.� �.� �.� �.� �.�

The United 
Kingdom

���.� ��.� �.� �.� ��.� ��.�

Iceland �.� ��.� �.� �.� �.� ��.�

Norway ��.� ��.� �.� ��.� �.� ��.�

Montenegro �.� ��.� �.� �.� �.� �.�

Form. Yug. Rep. of 
Macedonia

�.� ��.� �.� �.� �.� �.�

Albania �.� ��.� �.� �.� �.� ��.�

Serbia ��.� ��.� �.� �.� �.� �.�

Turkey ��.� ��.� �.� �.� : ��.�

Table 2. 
Distribution of urban wastes conversion and energy generation by European countries, Eurostat waste 
management Statistics 2016 [40].
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direct treatment systems as much hard environmental conditions [�� ]. The� drying 
and torrefaction were packing and pelleting of biomass wastes managed for 
Biomass/Waste Drying System Pelleting System/Cooling /Sieving/Bagging System, 
Wood Char Pelleting (Figure � ).

�.� Mobile coal char pelletization in ��rnak

In the Project, the scope of this study is ��MW with regional biomass waste and 
��rnak asphaltite primary energy source to evaluate ��rnak’s biomass for electric-
ity generation. The common burning of biomass resources within the special 
firearms is designed and proposed by providing legal and institutional, economic 
and environmental impact assessment. However, the use of ��rnak biomass energy 
source is to develop solutions against technological coal burning pollution. Biomass 
wastes for most of Anatolia, Southeastern Anatolia Region and ��rnak Province in 
Eastern Anatolia and Southeastern Anatolia region, which mostly contains high 
elevation figures in Turkey, and solid fuels are consumed. In addition, energy 
production is realized with thermal power plants especially ��rnak asphaltite and 
Af�in Elbistan lignite [��, �� ] in the analysis, as the coal slime S�rnak asphaltite 
slime samples was used and the char as shown in Figure � , the reduction of the coal 
samples was shown in semi pyrolysed fractions. The chemical analysis temperature 
was continuously weighed and the combustion analysis was carried out in the bath 
oven. The test results are shown in Figure �  for biomass pellets and coal sample. As 
shown in Figure � , the effect of addition is determined in combustion experiments, 
the lime on desulfurization and emission is hydrated, and the reactor temperature 
was ���°C and only ��� MgO char pellet at weight rate. The temperature varied 

Waste type Theoretical amounts, tons per annum

Regular � Heat value, kcal/kg

Agricultural waste ��,��� ��.� ����

Cardboard ��,��� �� ����

Poultry ���� � ����

Sewage ��,��� �� ����

Dairy ���� �.� ����

Forest ��,��� �� ����

Table 3. 
Biomass waste type of ��rnak Province and distribution in quality.

Biomass char C, � Ash, � Moisture, � S, � P, � Na + K, � Mg,� Ca

Agricultural 
waste char

�� �.� �� �.� �.� �.� �.� �.�

Cardboard char �� �.� �� �.� �.� �.� �.� �.�

Poultry char � �.� �� �.� �.� �.� �.� �.�

Sewage char �–� ��–�� ��–�� �.� �.� �.� �.� �.�

Dairy char � �–� �� �.� �.� �.� �.� �.�

Forest waste char �� � �� �.� �.� �.� �.� �.�

Table 4. 
Chemical carbonation quality of biomass waste char of ��rnak Province and distribution in quality.
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to ���°C and solid waste mixture samples were analyzed for sulfur content on semi 
pyrolysis char samples. Experimental results are shown in Figure � . For the produc-
tion of pyrolysis oil from a mixture of waste at weight rate, ��� animal manure 
and ��� human manure at three production stages were put in the kiln at ��h, ��h, 
���h and at total ���h pyrolysis completed. The pyrolysis oil product was in total 
over ��kg/����kg. The production was executed using a feed rate of ����kg/h, with 
average pyrolysis temperature of ���°C ( Figure � ).

The mass, energy and carbon balance for the pyrolysis of animal manure and 
human manure compared by ��rnak asphaltite in char production was presented in 
Table � . The pyrolysis oil and char yield (carbon basis) were significantly lower for 
the manure compared to coal. That was for the reason of higher moisture content 
of the type manure wastes so was over than ���, far optimal processing, which 
often resulted in greatly disturb the black liquor oil production. Especially the char 
yield was higher for the manure pyrolysis even providing phosphate ash, which 
could very likely be advantageous in emission control sorbent production. In a 
full-scale pyrolysis plant, the energy value from the char was not lost, but will be 
recovered via decantation systems. The high yield of water phase for the manure 
waste types was not a suitable indirect char output as the result of the weight 
of char next to high moisture content evaporated hardly from the feedstock. 
Indirectly, the phosphate content of manure types also increased high ash content 
of the char due to phosphate ash. Ash components such as phosphor and potassium 
were known to enhance the sorption gaseous components as the desulfurizing 
components. The gas yield was not higher for the manure pyrolysis case, and this 
was about the lower pyrolysis temperature, in combination with a lower mass 
balance output received as given in Table � . The analysis showed that soot formed 

Figure 3. 
Green gas CO2 emission to environment in EU28, Eurostat 2016 [40].

Figure 4. 
Biomass/waste drying system pelleting system/cooling /sieving/bagging system, wood char pelleting.
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from the light hydrocarbons within the reactor or unconverted char particles 
formed during the conversion of the pyrolysis oil. Animal manure and human 
manure could be converted into pyrolysis oil at laboratory scale. The pyrolysis oils 
were converted into syngas in a fluid bed flow gasifier, which was operated at a 
capacity of ��kg/h pyrolysis oil input. Temperatures around ���°C were obtained, 
yielding a methane-rich syngas product with volume fractions of ��� CO, ��� 
H�  and ��� CH � , ��� CO �  on dry, and N�  free basis for both pyrolysis oils. Animal 
and human manure-derived pyrolysis oil was successfully converted into methane-
rich syngas by ��rnak asphaltite.

In the pyrolysis experiments with addition of hydrated lime, reactor temperature 
changed between ���°C and ���°C and asphaltite samples mixed only by ��� lime. 
Products received from pyrolysis of coal specimens were subjected to analysis for 
sulfur holdup managed effectively (Tables �  and � ).

The reactive contents of produced semi carbon char pellets are given in Table � .
With the mobile pyrolysis system in ��rnak Province, the urbanization organic 

waste transformed into energy and fertilizer. For direct heating systems used in 
��rnak, thermal insulation and coal boilers feed reduced �–�� by weight of fuel. 
The boiler bottom ash could be used as filler material in cement and lime plants 
close to the locality, ��� by weight potentially. The fly ash of Silopi thermal coal 
power plant was used as sorbent in fluidized combusting system in order to reduce 
hazardous gas pollution at stack of plants.

Figure 5. 
Reactive biochar picture for carbonation and carbon use.

Figure 6. 
The component distribution of reactive char of different biomass waste sources for ��rnak biomass and asphaltite 
coal. (1) Coal Slime, (2) Municipal Sewage Sludge, (3) Forest Biomass Waste, and (4) Mixture semi Char.
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�. CO �  sequestration and carbonization

Sequestration deposits of CO�  require salt or geothermal space underground for 
compressed CO�  to allow injection. The compressed CO�  reaches a phase known 
as ‘supercritical.’ This state is achieved by exposing the CO�  to temperatures over 
��.�°C and pressure over ��.��bars. The sequestration density of CO �  will be man-
aged by geological deposition depth, until about ����m or over a dense supercritical 
state [�� , �� ].

The mineral carbonation, a process of converting CO�  into stable sequestration, 
was studied extensively to capture and store CO� . However, most of the Ca and 
Mg, forsterite sequestration studies were investigated at lab scale. Preliminary and 
pilot scale studies for accelerated mineral carbonation (AMC) were conducted at 

��rnak asphaltite +  
sewage content, �

P, g C, g N, g K, g Na + K, g Ca, g Mg, g

A. ���+��� ���.� ����.� ��.� ��.� ���.� ���.� ���.�

B. ���+��� ���.� ����.� ��� ��.� ���.� ���.� ���.�

C. ���+��� ����.� ����.� ���� ���.� ����.� ����.� ����.�

Table 6. 
The humus chemical contents for carbonation activity of produced semi char pellets from sewage sludge and 
��rnak asphaltite mixture chars used in microwave carbonation tests.

Animal manure Human manure Asphaltite

Pyrolysis oil

Mass (g�kg� � ) ��.� ��.� ���

Energy (J�J� � ) �.��� �.��� �.��

Carbon (mol�mol � � ) �.��� �.��� �.���

Water phase

Mass (g�kg� � ) ��� ��� ��

Gas

Mass (g�kg� � ) ��� ��� ���

Energy (J�J� � ) �.��� �.��� �.���

Carbon (mol�mol � � ) �.��� �.�� �.���

Char

Mass (g�kg� � ) �� �� ���

Energy (J�J� � ) �.��� �.��� �.���

Carbon (mol�mol � � ) �.��� �.��� �.���

Ash (g�kg� � ) �� �� ���

Total

Mass (g�kg� � ) ��� ��� ���

Energy (J�J� � ) �.��� �.��� �.���

Carbon (mol�mol � � ) �.��� �.��� �.���

Table 5. 
Mass, energy and carbon balances for the products in char production for carbonation/carbon use of flue gas of 
thermal power plants.
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one of the largest coal-fired power plants (�����MW) in the USA by reacting flue 
gas with fly ash particles in a fluidized bed reactor. In the preliminary experiments, 
flue gas CO�  and SO�  concentrations decreased from ��.� to �.�� and from ���.� 
to ��.��ppm, respectively, during the first ��min of reaction. The flue gas treated 
by fly ash particles, even mineralization hold high mercury (Hg) concentration of 
�.���mg/kg in flue gas ( Figure � ) [ �� , �� ].

Fly ash utilization and using CO�  as feed material in mineral carbonation pro-
duce various environmentally benign products. However, many challenges to any 
solution include technical feasibility, economic viability, environmental soundness 
and long-term sustainability for mineralization of CO �  [��– �� ].

�. Method of microwave carbonation

Mineral carbonation reactions are known to geologists and occur spontane-
ously on geological time scales [�� –��]. For example, the reaction of CO �  with 
common mineral silicates to form carbonates like calcite and magnesite or calcite is 
exothermic and thermodynamically favored [��–��]. The design for carbonation 
microwave furnaces is shown in Figure � .

The reactions given below transformed as that the CO�  gas to Ca carbonates 
by Reaction � has the potential to convert naturally occurring silicate minerals 
to hydrated and carbonated minerals of silica and silicates. The process followed 
natural chemical formations such as altering of rocks to form carbonates over 
million year time periods. Reaction � illustrates the transformation of the common 
silicate mineral serpentine, Mg� Si� O� (OH) � , and CO�  into magnesite, MgCO� , silica 
and hydrate. At theoretical case, a unit of serpentinite can dispose of approximately 
one-half of CO� . Reaction � illustrated the conversion of forsterite and was the final 
common silicate mineral olivine. A unit of olivine can dispose of approximately 
two-thirds of CO � . Again, the reaction is exothermic and releases ���kJ/mole of CO� .

   (Mg, Ca)    x    Si  y    O  x   +  �  y   +  zH  �    O +  xCO  �    � x (Mg, Ca)    CO  �    +  ySiO  �    +  zH  �    O      (�)

 � /  �Mg  �     Si  �     O  �      (OH)    �    +  CO  �    �  MgCO  �    + � /  �SiO  �    + � /  �H  �    O + �� kJ / mole      (�)

  � / �  Mg  �     SiO  �    +  CO  �    �  MgCO  �    + � /  �SiO  �    + �� kJ / mole                 (�)

An illustrated in the process shown in Figure �  of the searched the carbonization 
process as presented in Figure � . CO�  from one or more power plants is transported 
to a carbonation reactor, combined with fly ash slurry treated at certain appropri-
ate reaction conditions until the desired degree of carbonation was reached. The 
resulted solution chemistry yielded olivine conversions of ��� in ���h and ��� 
within ��h. The study shows that further modifications of the same basic reaction 
can achieve ��� conversion in ��h and ��� conversion in ��h [ �� ]. A recent litera-
ture review indicated that weak carbonic acid treatments had also been suggested 
for Mg extraction in the prior literature [ �� ]. Carbonation tests at ARC resulted in 
heat pretreated serpentinite conversion up to ��� conversion in ���min lower than 
����bars [ �� ]. By increasing sodium bicarbonate concentration, the carbonation 
reaction of serpentinite can reach ��� conversion under ���bars.

The products of carbonation, which were slurries of hydrated and carbonated 
minerals and lean gas CO�  in aqueous, were followed by decantation separation. 
The exhaust CO�  is recycled. The finer solid matter was transferred as filler for 
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Figure 9. 
(a) Microwave laboratory steel jar CO2 carbonation by fly ash/coal char and (b) microwave ash laboratory 
furnace.

Figure 7. 
Types of CO2 microwave carbonation furnace for sequestration path by fly ash.

Figure 8. 
CO2 carbonation or sequestration path by fly ash.
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construction works or the carbonated materials were returned to the caving in 
mine site. Almost calcium and magnesium oxide (MgO) content in the magnesium 
silicate minerals were of ��� and ��–��� reactive efficiency for the carbonation 
regarding mass balance of Eq.��. A ����MW power plant in � �rnak, generating 
approximately ����tons/day of CO � , would require just over ����tons/day of 
calcium and magnesium containing fly ash. Several fly ash types in Turkey contain 
sufficient calcium and magnesium oxide quantity in silicate mineral to provide raw 
materials for the mineral carbonation (Figure �a  and b).

�. Experimentation method of microwave carbonation

In this research, representative specimens of the different types of Turkish fly 
ash/coal char sources in ��rnak were classified to calcium content and bicarbon-
ate by chemical analysis. Gas samples of ��–���kg tubes from Silopi coal power 
stations were used. Chemical analyses of salt mixtures used in the experiments are 
given in Table � .

Chemical reaction of molten salt sources is illustrated in Figure � . Carbonation 
salt mixtures contain reactive ��, �� and ��� hydrated lime and rest reactive caus-
tic, respectively. Salt mixtures contained microwave radiation emitter �.�, and �.�� 
serpentinite and also non reactive, respectively. The crystal waters and moisture 
of salt hydrates dissociate under microwave radiation and salt mixtures resulted in 
various sulfate compounds. Substantial fractions of these compounds in carbonates 
could be stuck during clay dissociation to pore leaks. Fifty–sixty percent of arsenic, 
lead, manganese, mercury and selenium could be removed by solid salt oxides in 
transforming during cooling.

Screen analysis of Turkish lignite fly ash samples was done by standard 
Tyler screens and particle size distributions and normal distributions of lignite 
samples were tested. Specific surface area fly ash/coal char samples were about 
�.��–�.��m � /g determined by BET surface analyzer and highly sufficient in order 
to react with gaseous CO� . About ��� of weights of samples were �.��mm. Ash 
particles in lignite samples were mainly distributed below �� and ���� � m size 
fractions. Main reactive silicate structure is widely distributed and pore structures 
are associated with ash minerals. Coarse alkali oxides are also seen in the picture 
shown in Figure �� .

Salt mixture composition, g/kg Ca� Ca� Ca� Mg� Mg�

Ca�+ ��� ��� ��� �� ��

Fe�+ �.�� �.�� �.� �.� �.�

K+ �� �� �� ��� ���

Mg�+ ��.� �.� �.� ��� ���

Mn �+ �.� �.�� — �.�� �.��

Na+ �� �� � �� �

F� �.�� �.�� �.�� — —

Cl� �� ��� ��� ��,��� ���,���

NO�
� �.�� �.� �.�� — —

SO�
� � ��.�� ��.� �� ��.�� ��.��

Table 7. 
Chemical analyses of salt mixtures used in the microwave carbonation experiments.
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�. Results and discussions

The major technical challenge was hindering the use of carbonation method for 
CO�  due to low reaction rate. The reactivity of rock was extremely slow. The priority 
was given to improving faster reaction pathways. The optimized process should be 
economical. Although the carbonation reactions were exothermic, it is generally 
very low-grade heat with the long reaction time and demanding uncontaminated 
reaction conditions (Figure �� ).

The environmental impact from mining, mineralization and carbonation 
processes must be considered in carbonation. We succeeded in achieving shortened 
carbonation reaction times employing fly ash/coal char containing lime and calcium 
magnesium silicates such as gehlenite and mehlenite. Reaction took ��h to reach 
��–��� completion of carbonation with fly ash/coal char. The reaction required 
microwave temperatures of ���–���°C, pressures of ��–���bar ( Figure �� ), and 
mineral particles in the � ���� � m size range.

Because the high pressure requirement of the carbonation reaction will cer-
tainly lead to high process costs, the team is modifying solution chemistry to allow 
reaction to proceed at a lower pressure and temperature. The research showed that 
the concentration of sud caustic in the solution was critical to the reaction rate. 
The high CO�  pressure will lead to increased CO�  absorption in the solution and 
thus enhance the liquid concentration. Adding bicarbonate such as sodium bicar-
bonate in the solution will significantly increase the liquid concentration even at a 
relatively lower CO �  pressure (Figure �� ).

In the carbonation experiments with addition of fly ash/coal char, reactor tem-
perature changed between ���°C and ���°C and Silopi fly ash/coal char samples 
mixed only by ��� rate. Products received from carbonation of ash specimens were 
subjected to analysis for gas holdup determination. Test results of carbonation by 
fly ash/coal char and also salt mixtures are seen in Figure �� .

Figure 10. 
Particle size distributions and normal size distributions of fly ash/coal char samples tested.

Figure 11. 
Reaction diagram of molten salt mixtures and fly ash/coal char used in carbonation process.
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From the point of view of carbonation experimentation, Silopi flue gas carbon-
ation value was significant. The quantity in the carbonation chambers for flue gas 
samples was determined for different source evaluation and for reducing the effect 
of ash content of coal samples in order to optimize carbonation rates of fly ash/coal 
char samples. As given in Figure �� , gas conversion yield for salt mixtures and alkali 
caustic acts were distinctly improved.

Figure 12. 
Pressure-temperature steps for microwave carbonation process.

Figure 13. 
Piper diagram of salt mixtures used in microwave carbonation process.

Figure 14. 
Effect of carbonation time for microwave carbonation over conversion yield rates in salt mixtures used.
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�. The column reactor of microwave carbonation process

In the carbonation experiments with addition of fly ash/coal char, reactor tem-
perature changed between ���°C and ���°C and Silopi fly ash/coal char samples 
mixed only by ��� rate. Products received from carbonation of ash specimens were 
subjected to analysis for gas holdup determination. Test results of carbonation by 
fly ash/coal char and also salt mixtures are seen in Figure �� .

From the point of view of carbonation experimentation, Silopi carbonation 
value was significant. The quantity in the carbonation chambers for Ca � samples 
were determined for different source evaluation and for reducing the effect of ash 
content of coal samples in order to optimize carbonation rates of fly ash/coal char 
samples. As given in Figure �� , gas conversion yield for salt mixtures and alkali 
caustic acts were distinctly improved.

The tests with the microwave carbonation by fly ash packed bed under the high-
pressure feed column process were carried out. As shown in Figure �� , for column 
permeate systems, the gases were recycling at three steps. As shown in Figure �� , 
the melted salt types affected greatly carbonation conversion under microwave 
radiation as giving the products of �� gr sodium and Ca carbonates by fly ash added 
at weight rate of ���.

At the design stage of the unit, it was decided that the overall capital cost of the 
sequential column system was much higher than that for the high-pressure feed 
packed bed column method (Figure �� ). The column permeates on the recycling gas 
stages were at the largest cost, accounting for over ��� of the total equipment costs . 
In comparison, for the high-pressure feed process, the cycling time cost accounts for 
less than ��� of the total equipment costs. For the microwave carbonation by coal 
char tests under column gas flow conditions, the results were shown in Figure �� . As 
shown in figure, the melted salt types affected greatly carbonation conversion under 
microwave radiation giving the products of �� gr sodium and Ca carbonates by coal 
char, ��rnak asphaltite char type A, added at weight rate of ���.

Over ���bar pressure, the weight percent increases in salt mixtures for pressur-
ized column processes. First, without the feed-gas compression, the overall total 
carbonate conversion decreased. Second, the column pressure difference in caustic 
permeate steps was less than ��bar that for the high-pressure feed process at ���bar. 
In this analysis, the amount of CO�  recovered per second (Ji) was fixed at ��–��� 
of the flue gas or �.���kmol/s. In addition, Pi* and �  were constant. Because � P is 
reduced for the column rough stage, Fick’s law (Eq. (�)) showed that the required 
membrane area (Am) should increase to maintain a fixed value for Ji. Hence, the 
cost of the microwave carbonation three step stream column unit increased under 
pressurized cycling conditions.

The second-largest conversion step was the post-cycling conversion, also shown 
in Figure �� . The rough column unit and scavenger CO�  column together accounted 

Figure 15. 
Simplified diagram of caustic washing and following microwave carbonation with pressurized conditions.
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for approximately ��� of the total salt melting system. Figure ��  illustrates that 
the two most expensive items are replacing the membranes and the energy required 
for compression. The results from Figures ��  and ��  indicate that carbonate weight 
could be achieved by the following:

The effect of CO�  content was ascertained as depended on flue gas type. The CO�  
content will influence the rate at which CO �  is carbonated from the feed gas. For a 
fixed flux of CO �  across the column, increasing the membrane’s CO�  conversion will 
decrease the required melting area and thus reduce the conversion time.

The main parameters that affect carbonation under microwave-radiated salt 
mixtures were the CO�  purity and the impact on capture cycling time.

The parameters that affect the CO�  purity are the pressure ratio and the column 
CO� /HC selectivity. Regarding Fick’s law, the ratios of the fluxes for the CO�  are deter-
mined as ���g carbonate conversion under �� bar in ���h cycling time ( Figure �� ).

Figure 16. 
Percentage melted salt carbonate product by column pressurized feed in microwave carbonation by ��rnak 
asphaltite char at 10�wt% systems under high pressure (HP) feed conditions.

Figure 17. 
Percentage melted salt carbonate product by column pressurized feed in microwave carbonation by ��rnak 
asphaltite char at 10�wt% systems under high pressure (HP) feed conditions.
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The effect of CO�  selectivity was not as effective on carbonation due to pressurized 
carbonation system. By changing to column permeate conditions, the salt/coal char 
carbonation CO� , especially for the ���h column scavenge ring configuration, was 
significantly improved. However, one disadvantage was that the purity of the CO�  in 
the column gas stream was low. It was less than ��� for the rough salt column and less 
than ��� for scavenger. In the sorption column with salt mixtures, to compete with 
other CO�  capture technologies such as chemical absorption and man should also pro-
duce high conversion by microwave salt melting and carbonation of CO�  in coal char.

�. Stabilization quality: geotechnical properties carbonate filler

American Standard (ASTM ����) experiments were carried out in the fill area. 
The specimens were tested to determine the geotechnical properties based on the 

Figure 18. 
Effect on CO2 content with changes in the CO2/HC of misty flue gas selectivity at pressure ratios of 2–14�bar.

Figure 19. 
Change in the capture cost gas sequential cycling time, a function of the three-step column systems under  
high-pressure carbonation system.
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representative masses in the study area, where the soundings of content are given in 
Table � . The grain size distributions of the carbonate output material used in sta-
bilization is shown in Figure �� . The stabilization cementing blocks of ��cm cubes 

Component� ��rnak carbonate Volcanic slag Tatvan pumice

SiO� ��.�� ��.�� ��.��

Al � O� �.�� ��.�� ��.��

Fe� O� �.�� ��.�� �.��

CaO ��.�� �.�� �.��

MgO �.�� �.�� �.��

K� O �.�� �.�� �.��

Na� O �.�� �.�� �.��

Ign. loss. ��.� �.�� �.��

SO� �.�� �.�� �.��

Table 8. 
The chemical composition values of ��rnak carbonate, volcanic cinder and Tatvan pumice.

Figure 20. 
The grain size distributions of the carbonate output material.

Figure 21. 
The tensile and compressive strength of the carbonate cemented block materials.
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were subjected to uniaxial compression strength tests at �� curing time period. The 
results for stabilization as bottom layer in the landfill were shown in Figure �� . The 
cemented blocks used ��rnak carbonate and volcanic cinder and pumice were tested 
as seen from Figure �� .

The stability by cement type puzzolane, but local wastes such as fly ash or mid 
ash of power plants, was used for ground strengthening. The discharge hazardous 
risk landfill was practiced for contaminated soil area for preventing stabilization 
and remediation. The strengths of the ground blocks were dispersed to �.�–�.��MPa 
in shear strength and �.�–�.��MPa in compression strength. Thus, with the ideal 
packing, the strength of the mixed cemented blocks produced from these fine fillers 
and waste mixtures can also reach ��.��MPa in compression strength in �.��MPa in 
shear strength.

�. Conclusions

This study reveals suitable large-scale operating units in order to achieve the 
carbonation method as a viable carbonation tool at industrially relevant scales 
by using fly ash/coal char. Carbonation liquid and gaseous products with fly ash/
coal char may change to near ��–��� yield performances with time increase from 
��h to ���h.

While there is a potential to utilize other types of flue ashes in mineralization, 
lime or similar alkali can be evaluated to sequester CO�  allowing clearly significant 
amounts. There are even researches that succeeded using serpentine and olivine 
[��–��]. Consequently, the flue gas should be continuously monitored to measure 
flue gas flow at depleted gas outlet in order to reprocess it.

Other harmful emissions caused by flue gas containing high sulfur (S) and mer-
cury (Hg) content can be eliminated by this method. In that study, results suggested 
that an appreciable amount of flue gas CO�  and significant amounts of SO�  and Hg 
can be directly captured and mineralized by the fly ash/coal char particles.

Even with progress made so far, to develop an economical method to 
sequester CO�  with minerals is still a challenging task, because the process is 
still relatively slow, and most reactions require high pressure and moderately 
elevated temperature.

Figure �  illustrates for the ���h carbonation period show that cost of carbonation 
of CO�  with increasing CO�  salt carbonation at ���g by coal char. The results show 
that the capture cost can be reduced to almost U.S. ���/ton CO�  avoided when the 
CO�  permeability was at high pressure columns ����bar in the CO � /N �  selectivity.

Coal char with CO� /soot preference of ��–���mg soot and tar content reduces 
the carbonation from flue gas to salt reaction below ���. After the tests, a small 
quantity of char and soot material was found in the melted salt column scavenger 
due to coal dissolution reactivity. This material was mainly soot carbon (���C). 
Further work is required to determine the soot concentration and compare that with 
the soot use into gas carbonation.



��

Microwave Carbonation of Thermal Power Plant Flue Gas/CO2 by Fly Ash/Coal Char for Soil…
DOI: http://dx.doi.org/10.5772/intechopen.91342

Author details

Y�ld�r�m �smail�Tosun
Mining Engineering Department, Engineering Faculty, ��rnak University,  
��rnak, Turkey

*Address all correspondence to: yildirimismailtosun@gmail.com

© ���� The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative 
Commons Attribution - NonCommercial �.� License (https://creativecommons.org/
licenses/by-nc/�.�/), which permits use, distribution and reproduction for  
non-commercial purposes, provided the original is properly cited. 



��

Carbon-Based Material for Environmental Protection and Remediation

[�] EEA.�European Environmental 
Agency Waste Statistics. Municipal 
Waste Management. ����. Available 
from: http://www.eea.europa.eu/data-
and-maps/indicators/waste-recycling-�/
assessment

[�] IEA.�World Energy Outlook. Clean 
Air Report. ����

[�] Coady AB, Davis JA.�CO�  recovery by 
gas permeation. Chemical Engineering 
Progress. ����; �� :��

[�] Mazur WH, Chan MC.�Membranes 
for natural gas sweetening and CO�  
enrichment. Chemical Engineering 
Progress. ����; �� :��

[�] Spillman RW, Grace WR.�Economics 
of gas separation membranes. Chemical 
Engineering Progress. ����:��

[�] Feron PHM.�CO�  capture: The 
characterisation of gas separation/
removal membrane systems applied to 
the treatment of flue gases arising from 
power generation using fossil fuel. IEA 
Greenhouse Gas R&D Program. Report 
No. IEA/��/OE�:��-���. Cheltenham, 
UK; ����

[�] Hendriks C.�Carbon Dioxide 
Removal from Coal-Fired Power Plants. 
Dortecht, The Netherlands: Kluwer 
Academic Publishers; ����

[�] Van Der Sluis JP, Hendriks CA, Blok K. 
Feasibility of polymer membranes for 
carbon dioxide recovery from flue gas. 
Energy Conversion and Management. 
����; �� :���

[�] TKI.�The Turkish Ministry of Energy. 
Energy, Dept. Lignite Coal Report; ����

[��] TTK.�The Turkish Ministry of 
Energy. Energy, Dept. Hard Coal 
Report; ����

[��] ASTM ����, D-����

[��] ASTM.�Standard Test Method for 
Ash in Biomass E����-��. PA, USA: 
ASTM; ����

[��] ASTM.�Standard Test Method for 
Water Using Volumetric Karl Fischer 
Titration E���-��. PA, USA: ASTM; ����

[��] ASTM.�Standard Test Method for 
Ash from Petroleum Products D���-��. 
PA, USA: ASTM; ����

[��] Bell DA, Towler BF, Fan M.�Coal 
Gasification and Applications. 
Oxford: Elsevier Inc.; ����. ISBN: 
���-�-����-����-�

[��] Bridgwater AV.�Review of fast 
pyrolysis of biomass and product 
upgrading. Biomass and Bioenergy. 
����; �� :��-��

[��] Bridgwater AV.�Upgrading fast 
pyrolysis liquids. Journal Environmental 
Progress & Sustainable Energy. 
����; �� :���-���

[��] Bridgwater AV.�Fast pyrolysis for 
bioenergy and biofuels. In: International 
Congress and Expo on Biofuels & 
Bioenergy, August ��-��, ���� Valencia, 
Spain. ����. Available from: http://
slideplayer.com/slide/�������/

[��] Çakal GÖ, Yücel H, Gürüz AG. 
Physical and chemical properties 
of selected Turkish lignites and 
their pyrolysis and gasification rates 
determined by thermogravimetric 
analysis. Journal of Analytical and 
Applied Pyrolysis. ����; �� (�):���-���

[��] Dahmen N, Henrich E, Dinjus E, 
Weirich F.�The BIOLIQ® bioslurry 
gasification process for the production 
of biosynfuels, organic chemicals, and 
energy. Energy, Sustainability and 
Society. ����; � (�):�

[��] Donskoi E, McElwain DLS. 
Approximate modelling of coal 
pyrolysis. Fuel. ����; �� :���-���

References



��

Microwave Carbonation of Thermal Power Plant Flue Gas/CO2 by Fly Ash/Coal Char for Soil…
DOI: http://dx.doi.org/10.5772/intechopen.91342

[��] Higman C, Burgt M.�Gasification. 
Boston: Elsevier/Gulf Professional Pub; 
����

[��] Jess A, Andresen A-K.�Influence of 
mass transfer on thermogravimetric 
analysis of combustion and gasification 
reactivity of coke. Fuel. ����. DOI: 
��.����/j.fuel ����.��.���

[��] Kajitani S, Suzuki N, Ashizawa M, 
et�al. CO�  gasification rate analysis of 
coal char in entrained flow coal gasifier. 
Fuel. ����; �� :���-���

[��] Kajitani S, Suzuki N, Ashizawa M, 
Hara S.�CO�  gasification rate analysis of 
coal char in entrained flow coal gasifier, 
����. Fuel. ����; �� (�):���-���

[��] Liu G, Benyon P, Benfell KE, 
Bryant GW, Tate AG, Boyd RK.�The 
porous structure of bituminous coal chars 
and its influence on combustion and 
gasification under chemically-controlled 
conditions. Fuel. ����; �� :���-���

[��] Milne TA, Evans RJ, Abatzoglou N. 
Biomass gasifier—Tars� : Their nature, 
formation, and conversion. In: Contract 
No. NREL/TP-���-�����. Golden, 
Colorado: National Renewable Energy 
Laboratory; ����

[��] Minchener AJ, McMullan JT.�Clean 
Coal Technology. London: IEA Coal 
Research Ltd; ����

[��] NBSC, National Bureau of Statistics 
of China. China Statistical Yearbook. 
Beijing, China: China Statistics Press; 
����

[��] Öhrman OGW, 
Weiland F, Pettersson E, Johansson 
A-C, Hedman H, Pedersen M. 
Pressurized oxygen blown entrained 
flow gasification of a biorefinery lignin 
residue. Fuel Processing Technology. 
����; ��� (����):���-���

[��] Schora FB.�Fuel gasification. In: 
���nd Meeting of American Chemical 
Society, New�York. ����

[��] Schurtz R, Fletcher TH.�Pyrolysis 
and gasification of a sub-bituminous 
coal at high heating rates. In: ��th 
Annual International Pittsburgh Coal 
Conference; ��-�� Sept.  ����

[��] Shadle LJ, Monazam ER, 
Swanson ML. Coal gasification in 
a transport reactor. Industrial and 
Engineering Chemistry Research. 
����; �� :����-����

[��] Sharma A, Saito I, Takanohashi T. 
Catalytic steam gasification reactivity 
of hypercoals produced from different 
rank of coals at ���-���°C.�Energy & 
Fuels. ����; �� :����-����

[��] Siefert NS.�US patent �,���,���, 
production of methane-rich syngas 
from hydrocarbon fuels using multi-
functional catalyst/capture agent. ����. 
Available from: http://patents.com/
US-�������.html

[��] Tosun YI.�Semi-fused salt-caustic 
mixture leaching of turkish lignites-
sorel cement use for desulfurization. 
In: Proceedings of XIIIth International 
Mineral Processing Symposium, 
Bodrum, Turkey. ����

[��] US EPA.�Facts and Figures 
of Waste Management. ����. 
Available from: https://www.epa.
gov/sites/production/files/����-��/
panelizersidemswimage����_�.jpg

[��] Venderbosch RH, Prins W. 
Entrained flow gasification of bio-oil 
for syngas. In: Knoef HAM, editor. 
Handbook Biomass Gasification. �nd 
ed. Enschede, The Netherlands: BTG 
Biomass Technology Group BV; ����. 
pp.����-���

[��] Wei-Biao F, Quing-Hua W.�A 
general relationship between the 
kinetic parameters for the gasification 
of coal chars with CO�  and coal 
type. Fuel Processing Technology. 
����; �� :��-��



Carbon-Based Material for Environmental Protection and Remediation

��

[��] Eurostat. Energy, transport and 
environment indicators—���� edition. 
In: Environment and Energy Statistical 
Books. ����. DOI: ��.����/�����. 
Product Code: KS-DK-��-���. Available 
from: https://ec.europa.eu/eurostat/web/
products-statistical-books/-/KS-DK-��-
��� . ISBN: ���-��-��-�����-�,  
ISSN: ����-����

[��] Weiland F, Nordwaeger M, 
Olofsson I, Wiinikka H, Nordin A. 
Entrained flow gasification of torrefied 
wood residues. Fuel Processing 
Technology. ����; ��� :��-��

[��] Wheelock TD.�Chemical Cleaning, 
Coal Preparation. �th ed. New�York: 
AIME; ����

[��] Wiktorsson LP, Wanzl W.�Kinetic 
parameters for coal pyrolysis at low 
and high heating rates—A comparison 
of data from different laboratory 
equipment. Fuel. ����; �� :���-���

[��] Yoon RH.�Advanced Coal Cleaning, 
Part �. Coal Preparation. �th ed. 
Colorado: AIME; ����

[��] Chapel DG, Mariz CL, Ernest J.  
Recovery of CO�  from flue gases: 
Commercial trends. In: Proceedings 
of the Canadian Society of Chemical 
Engineers, Sakatoon, Saskatchewan, 
Canada. ����

[��] Allinson G, Ho MT, Neal PN, 
Wiley DE.�The methodology used 
for estimating the costs of CCS.�In: 
Proceedings of the Eighth International 
Conference on Greenhouse Gas 
Technologies (GHGT-�), Tronheim, 
Norway. ����

[��] Shindo Y, Hakuta T, Yoshitome H,  
Inoue H. Calculation methods for 
multicomponent gas separation by 
permeation. Separation Science and 
Technology. ����; �� :���

[��] Burruss R.�Geologic sequestration 
of carbon dioxide in the next �� to �� 

years: An energy resource perspective. 
In: Prepared for The ��-�� Solution: 
Technologies and Policies for a Low-
Carbon Future, Pew Center on Global 
Climate Change and the National 
Commission on Energy Policy, March 
��-��, Washington, DC. ����

[��] Butt DPK, Lackner S, Wendt CH, 
Park YS, Benjamin A, Harradine DM, 
et�al. A method for permanent disposal 
of CO�  in solid form. World Resource 
Review. ����; � (�):���-���

[��] Davis. Gasification and carbon 
capture and storage: The path forward. 
In: Prepared for The ��-�� Solution: 
Technologies and Policies for a Low-
Carbon Future, Pew Center on Global 
Climate Change and the National 
Commission on Energy Policy March 
��-��, Washington, DC. ����

[��] Drägulescu C, Tribunescu P, 
Gogu O. Lösungs gleichgewicht von 
MgO aus Serpentinen durch Einwirkung 
von CO�  und Wasser. Revue Roumaine 
de Chimie. ����; �� (�):����-����

[��] DOE.�Vision ��, Clean Energy for 
the ��st Century. U.S.�Department of 
Energy, Office of Fossil Energy DOE/
FE-����. November ����. Available 
from: www.fetc.doe.gov/publications/
brochures/

[��] Goff F, Guthrie G, Counce D, 
Kluk E, Bergfeld D, Snow M.�Preliminary 
Investigations on the Carbon Dioxide 
Sequestering Potential of Ultramafic 
Rocks. Los Alamos, NM: Los 
Alamos National Laboratory; ����; 
LA-�����-MS

[��] Goldberg PM, Chen Z-Y, 
O’Connor W, Walters R, Lackner K, 
Ziock H.�CO�  mineral sequestration 
studies. In: Paper presented at GlobeEx 
����, August, Las Vegas, NV. ����

[��] Gunter WD, Perkins EH, 
McCann TJ. Aquifer disposal of CO�  rich 
gases reaction design for added capacity. 



��

Microwave Carbonation of Thermal Power Plant Flue Gas/CO2 by Fly Ash/Coal Char for Soil…
DOI: http://dx.doi.org/10.5772/intechopen.91342

Energy Conversion and Management. 
����; �� :���-���

[��] Hepple R, Benson S.�Implications of 
surface seepage on the effectiveness of 
geologic storage of carbon dioxide as a 
climate change mitigation strategy. In: 
Gale J, Kaya Y, editors. Proceedings of 
Greenhouse Gas Control Technologies � 
International Conference (GHGT-�), Vol. 
�. Elsevier Science Ltd.; ����. pp.����-���

[��] IEA.�World Energy Outlook; ����

[��] IPCC.�IPCC special report on carbon 
dioxide capture and storage. In: Metz B, 
Davidson O, de Coninck HC, Loos M, 
Meyer LA, editors. Prepared by Working 
Group III of the Intergovernmental 
Panel on Climate Change. Cambridge, 
United Kingdom/New York, NY, USA: 
Cambridge University Press; ����. 
pp.����

[��] Keeling CD, Whorf TP, Wahlen M, 
van der Plicht J.�Interannual extremes 
in the rate of rise of atmospheric 
carbon dioxide since ����. Nature. 
����; ��� :���-���

[��] Kojima T, Nagamine A, Ueno N, 
Uemiya S.�Absorption and fixation of 
carbon dioxide by rock weathering. 
Proceedings of the Third International 
Conference on Carbon Dioxide 
Removal, Cambridge Massachusetts, 
September �-��. Energy and 
Conservation Management. ����, 
����; �� (Suppl):S���-S���

[��] Lackner KS, Wendt CH, Butt DP, 
Sharp DH, Joyce EL.�Carbon dioxide 
disposal in carbonate minerals. Energy 
(Oxford). ����; �� (��):����-����

[��] Lindeberg E.�The quality of a 
CO�  repository: What is the sufficient 
retention time of CO �  stored 
underground. In: Gale J, Kaya Y, editors. 
Proceedings of Greenhouse Gas Control 
Technologies � International Conference 
(GHGT-�), Vol. �. Elsevier Science Ltd; 
����. pp.����-���

[��] Myer L.�Sensitivity and cost of 
monitoring geologic sequestration 
using geophysics. In: Gale J, Kaya Y, 
editors. Proceedings of Greenhouse Gas 
Control Technologies �th International 
Conference (GHGT-�), Vol. �. Elsevier 
Science Ltd.; ����. pp.����-���

[��] O’Connor WK.�Investigations 
into carbon dioxide sequestration 
by direct mineral carbonation. In: 
Presentation at Second Meeting of 
Mineral Sequestration Working Group, 
November �, Albany Research Center, 
Albany, Oregon. ����

[��] O’Connor WK, Dahlin DC, 
Nilsen DN, Walters RP, Turner PC. 
Carbon dioxide sequestration by direct 
mineral carbonation with carbonic acid. 
In: Presentation at ��th International 
Technical Conference on Coal 
Utilization & Fuel Systems, March �, 
Clearwater, Florida; ����

[��] Oldenburg C et�al. Process modeling 
of CO�  injection into natural gas 
reservoirs for carbon sequestration and 
enhanced gas recovery. Energy & Fuels. 
����; �� (�):���-���

[��] Pacala S.�Global constraints on 
reservoir leakage. In: Gale J, Kaya Y, 
editors. Proceedings of Greenhouse Gas 
Control Technologies �th International 
Conference (GHGT-�), Vol. �. Elsevier 
Science Ltd.; ����. pp.����-���

[��] Plasynski SI, Bose CB, Bergman PD, 
Dorchak TP, Hyman DM, Loh HP, et�al. 
Carbon mitigation: A holistic approach 
to the issue. In: Paper presented at 
the ��th Intl. Tech. Conf. On Coal 
Utilization and Fuel Systems, March 
�-��, Clearwater, FL. ����

[��] Rubin E, Rao A.�Uncertainties in 
CO�  capture and sequestration costs. In: 
Gale J, Kaya Y, editors. Proceedings of 
Greenhouse Gas Control Technologies 
� International Conference(GHGT-�), 
Vol. �. Elsevier Science Ltd.; ����. 
pp.�����-����



Carbon-Based Material for Environmental Protection and Remediation

��

[��] Seifritz W.�CO �  disposal by means 
of silicates. Nature. ����; ��� :���

[��] Siegenthaler U, Oeschger H.  
Biospheric CO�  emissions during 
the past ��� years reconstructed by 
deconvolution of ice core data. Tellus. 
����; ��B :���-���

[��] Simbeck D.�CO�  capture economics.  
In: Prepared for The ��-�� Solution: 
Technologies and Policies for a Low-
Carbon Future, Pew Center on Global 
Climate Change and the National 
Commission on Energy Policy, March 
��-��, Washington, DC. ����

[��] Solomon S.�Carbon Dioxide Storage: 
Geological Security and Environmental 
Issues—Case Study on the Sleipner Gas 
Field in Norway. Oslo, Norway: The 
Bellona Foundation; ����. Available 
from: http://www.bellona.no/artikler/
notat_solomon

[��] Stangeland A.�A model for the CO�  
capture potential. International Journal 
of Greenhouse Gas Control. ����; � :����. 
Available from: http://www.bellona.no/
artikler/notater_stangeland_solomon

[��] Stevens S et�al. Sequestration 
of CO in depleted oil and gas fields: 
Global � capacity, costs, and barriers. 
In: Williams D, McMullan P, Smith, 
editors. Proceedings of Greenhouse Gas 
Control Technologies � th International 
Conference (GHGT-�). ����. 
pp.����-���

[��] Stevens S et�al. CO�  sequestration 
in deep coal seams: Pilot results 
and worldwide potential. In: 
Eliasson R, Wokaun, editors. 
Proceedings of Greenhouse Gas 
Control Technologies �th International 
Conference (GHGT-�). ����. 
pp.����-���

[��] Torp TA, Gale J.�Demonstrating 
storage of CO�  in geological reservoirs: 
The Sleipner and SACS projects. Energy. 
����; �� :����-����

[��] Zweigel P et�al. Prediction of 
migration of CO �  injected into and 
underground depository: Reservoir 
geology and reservoir modeling in 
the Sleipner case (North Sea). In: 
Williams D, Mcmullan P, Smith, 
editors. Proceedings of Greenhouse Gas 
Control Technologies �th International 
Conference (GHGT-�). ����. 
pp.����-���


