
Chapter 19
System Optimization

Abstract Since the accelerated mineralization process would consume additional
energy and generate more CO2 emissions, it should be critically assessed from the
view point of 3E (Engineering, Environmental, and Economic) aspects. From the
process design point of view, dissolution of reactive species (e.g., calcium ions) and
the water solubility of CO2 exhibit contradictory performances in the limiting
step. Therefore, the optimum operating conditions of the accelerated carbonation
process should be proposed to compromise the above conflicting phenomena. In this
chapter, two different approaches, i.e., (1) mathematical programming and
(2) graphical presentation, are illustrated for evaluating the engineering performance
of process. To provide a holistic assessment, the 3E triangle analysis is discussed
with a case study of high-gravity carbonation using steel slag. Furthermore, in this
chapter, the pilot studies and demonstration projects of accelerated carbonation
around the world are reviewed. The performance of accelerated carbonation is
illustrated from the engineering (CO2 capture scale and efficiency, and product
utilization), economic (energy consumption and operating cost), and environmental
(impacts and benefits) aspects.

19.1 Mathematical Programming Approach

19.1.1 Principles

A nonlinear program can be formulated to estimate the maximum (or minimum)
objective function, e.g., carbonation conversion of alkaline solid waste. For
example, the effect of different operating factors, such as reaction temperature
(noted as A) and liquid-to-solid ratio (noted as B), on the carbonation conversion of
alkaline solid waste (noted as d) can be expressed as follows:

d ¼ f A; Bð Þ ð19:1Þ
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Since the d is a function of various operating factors with interaction terms, the
optimality of d can be determined by a nonlinear program with several equations for
the operating factors.

According to the Weierstrass theorem [1, 2], d has a global optimality in set
S only if

• d is continuous on feasible S.
• S is closed and bounded.

Considering the objective of maximizing d (A, B) subject to equality constraint hi
(A, B) converting from inequality constants si

2, it is convenient to write these
conditions in terms of a Lagrange function defined as L (A, B, u) in Eq. (19.2):

L A;B; u; sð Þ ¼ d A;Bð Þþ
X
i¼1

uihi A;B; sð Þ ð19:2Þ

where ui is the Lagrange multipliers, which can be either positive, negative, or zero.
In Eq. (19.2), the maximum value of d(A, B) should be equal to maximum L(A, B,
u, s), if the constraints were satisfied. To meet the necessary conditions of the
Lagrange Multiplier Theorem (L′(x*) = 0 and L″(x*) < 0), the gradients of L(A, B,
u, s) function can be determined as follows:

LAðxÞjx¼x�¼
@dðx�Þ
@A

þ
X
i¼1

u�i
@hi x�ð Þ
@A

¼ 0 ð19:3Þ

rLBðxÞjx¼x�¼
@dðx�Þ
@B

þ
X
i¼1

u�i
@hi x�ð Þ
@B

¼ 0 ð19:4Þ

rLuðxÞjx¼x�¼ hi x
�ð Þ ¼ 0 ð19:5Þ

rLsðxÞjx¼x�¼ u�i
@hi x�ð Þ
@s

¼ 0 ð19:6Þ

where x* is the optimal solution for the carbonation of alkaline solid waste. Any
point that does not satisfy the conditions of the Lagrange multiplier theorem cannot
be a maximum point.

In addition, the obtained results should meet the sufficient conditions of opti-
mality by taking the Hessian matrix of Eq. (19.2), as shown in Eq. (19.7):

HðxÞjx¼x� ¼
@2L
@A2

@2L
@A@B

@2L
@B@A

@2L
@B2

2
664

3
775 ð19:7Þ
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19.1.2 Application: Case Study of Carbonation in a Slurry
Reactor

From the statistical point of view, the response surface methodology (RSM), as
illustrated in Chap. 9, can be used to evaluate the effect of the relating operational
parameters, including reaction time, temperature, and L/S ratio on the carbonation
conversion of alkaline solid wastes. For example, the carbonation conversion of
steel slag (i.e., basic oxygen furnace slag, BOFS) in a slurry reactor can be
expressed as Eq. (19.8) [3]:

d %ð Þ ¼ 45:56þ 8:97Aþ 6:45B� 2:55AB� 5:36A2 � 0:91B2 ð19:8Þ

where A is the reaction temperature and B is the L/S ratio. By solving Eqs. (19.3)–
(19.6), eight optimal candidate points may be theoretically obtained as a solution. In
the case of h1 = 0, for instance, the conditions can be determined by Eqs. (19.9)–
(19.11):

rLA;BðxÞ
��
x¼x�¼

@L
@A
@L
@B

" #
x¼x�

¼ �10:72A� 2:55Bþ 8:97
�2:55A� 1:82Bþ 6:45þ u1

� �
x¼x�

¼ 0
0

� �
ð19:9Þ

rLuðxÞjx¼x�¼
@L
@u1

¼ B� 1þ s21 ¼ 0 ð19:10Þ

rLsðxÞjx¼x�¼
@L
@s1

¼ 2u1s2 ¼ 0 ð19:11Þ

In this case, the temperature and L/S ratio can be determined to be 62 °C
(i.e., A = 0.6) and 20 mL g−1 (i.e., B = 1.0), respectively. The s1 and u1 values
were 0 and −3.1, respectively. Moreover, the obtained results should meet the
sufficient conditions of optimality by taking the Hessian matrix of Eq. (19.2), as
shown in Eq. (19.12):

HðxÞjx¼x�¼
@2L
@A2

@2L
@A@B

@2L
@B@A

@2L
@B2

" #
¼ �1:82 �2:55

�2:55 �10:72

� �
\0 ð19:12Þ

Since the function of carbonation conversion should be negative definite, the
determined condition of Eq. (19.9) results in the maximal value. As shown in
Fig. 19.1, it was predicted that the maximum carbonation conversion of BOFS in a
slurry reactor for 120 min should be 53.0%. It was noted that the carbonation
reaction of steel slag can be enhanced if the alkaline wastewater was introduced as a
liquid agent due to the presence of sodium and chloride ions in the wastewater
[4, 5].
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19.2 Graphical Presentation for Optimization

19.2.1 Maximum Achievable Capture Capacity (MACC)

The maximum achievable capture capacity (MACC) of solid wastes after acceler-
ated carbonation can be obtained by considering both the carbonation conversion
and energy consumption. It is noted that the carbonation kinetics can be expressed
by an “exponential growth to maximum” model due to the formation of product
layer, during the carbonation reaction, as reported in the above-mentioned results.
However, the overall energy consumption of batch carbonation process was found
to increase linearly with the increase in reaction time. Therefore, the MACC of solid
waste can be systematically determined and graphically presented in Fig. 19.2 by
balancing “exponential growth of capture capacity (positive capture)” and “linear
increase of energy consumption (negative capture).”

The major unit operation processes for accelerated carbonation typically include
grinding, transportation, stirring, pumps, blowers, reactor, and liquid–solid sepa-
ration. The power consumption for most of the unit operations can be determined
by multiplying the operating voltage to the operating amplitude of the existing
equipment, while the power consumption (W) for grinding (crushing) can be

Fig. 19.1 3D response surface plot of various operating factors and conversion of steel slag in a
slurry reactor
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calculated by Bond’s equation as shown in Eq. (19.13) [6]. The Bond’s equation
has been widely used in the literature [7, 8]:

W ¼ Wi
10ffiffiffiffiffiffiffiffiffiffi
WP80

p � 10ffiffiffiffiffiffiffiffiffiffi
WF80

p
� �

ð19:13Þ

where W (kWh/ton) is the power consumption, WF80 (lm) and WP80 (lm) are the
80% passing size of the feed and the product, respectively, and Wi (kWh/ton) refers
to the work index of ground material. For example, the work index for the slag
obtained from the ball-mill test is approximately 30.4 kWh/ton [8].

Since the energy consumption of processes increases as the operating time
increases, the overall MACC of solid wastes should be achieved at the “maximum
point” by considering both the carbonation rate and energy consumption. As shown
in Fig. 19.3, for example, in the case of steel slag using alkaline wastewater in a
high-gravity carbonation, the operating time for reaching the MACC should be
8.5 min (from Point 1 to Point 2, and then we can obtain the Point A). In that case,
the required amount of steel slag for capturing 1 ton of CO2 by the carbonation
process was estimated to be 5.13 ton (from Point 3 to Point 5, and then we can get
the Point B), under which the MACC was approximately 0.20 ton CO2 per ton steel
slag. The carbonation of steel slag coupled with alkaline wastewater (i.e.,
cold-rolling wastewater) with a particle size less than 125 lm exhibits a relatively

Fig. 19.2 Systematic approach to determining maximum achievable capture capacity (MACC)
via leaching and carbonation processes
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higher performance to achieve the lower energy consumption with higher CO2

capture capacity.
Accordingly, the energy consumption of the carbonation process using direct

carbonation of steel slag with various particle sizes under different reaction times
can be determined from Fig. 19.4. As mentioned before, the capture capacity of
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Fig. 19.3 Maximum achievable capture capacity (MACC) for steel slag in high-gravity
carbonation, as indicated by red line. CRMW cold-rolling mill wastewater; DI deionized water.
Reprinted with the permission from Ref. [4]. Copyright 2013 American Chemical Society
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steel slag at its maximum reaction rate (operated for 8.5 min using alkaline
wastewater) was estimated to be 0.195 ton CO2 per ton steel slag (from Point 6 to
Point 8, and then combined with the results of points A and B). The rotation of the
packed bed is found to be the most energy-intensive process (i.e., 47.5% of total).
Meanwhile, the fraction of energy consumption for the pumps and the grinding
process to the total energy consumption is 18.7% and 24.3%, respectively.
Although the carbonation process might require additional electricity, it could
effectively neutralize the alkaline wastewater (down to a pH value of 6.3) and
improve the properties of steel slag for further utilization, since the free CaO and Ca
(OH)2 in fresh steel slag could be totally eliminated after carbonation. The treatment
cost for waste stabilization is expected to decrease because the carbonation process
does not need to introduce additional chemicals or steam; it only needs to utilize
waste CO2 as a reaction agent.

19.2.2 Balancing Mass Transfer Rate and Energy
Consumption

To optimize the mass transfer rate in the high-gravity carbonation process, a sta-
tistical KGa model should be developed according to the experimental data. The
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important factors including rotation speed (coded as A), gas flow rate (B), slurry
flow rate (C), and L/S ratio (D) would affect the carbonation conversion of steel-
making slag in carbonation process. The analysis of the fitted response surface is
generally equivalent to the analysis of the actual system if the fitted surface is a
satisfactory estimation of the true response function. For instance, the developed
model associated with rotation speed (A), gas flow rate (B), slurry flow rate (C), and
L/S ratio (D) on overall gas-phase mass transfer coefficient (KGa) is presented in
Eq. (19.14).

KGa codedð Þ ¼ �0:13þ 1:32�A� 0:71�B� 0:16�C � 0:14�Dþ 2:04�AB� 0:13�A2 þ 0:11�C2

ð19:14Þ

In addition, a correlation between CO2 removal efficiency (η) and KGa value can
be expressed, based on the definition of KGa in two-film theory, as Eq. (19.15):

g %ð Þ ¼ gmax 1� exp �t0 � KGað Þ½ � ð19:15Þ

where the ηmax value represents the maximum CO2 removal efficiency of the car-
bonation process, which has a theoretically maximum value of 100%. The expo-
nential coefficient (t’) is the characteristic time of carbonation.

In the case of high-gravity carbonation, the estimated t′ value was 7.10 ± 0.45
(s), with a determination coefficient (r2) of 0.955 [9]. It is noted that the average
residence time of liquid flow in a high-gravity reactor should be approximately
0.2–0.8 s [10]. Although the carbonation reaction rate is generally fast enough
compared to the retention time of gas in a high-gravity reactor, an appropriate level
of gas-to-liquid (G/L) ratio should be maintained for the operation of high-gravity
carbonation. It is noted that an increase in gas flow rate, corresponding to a greater
G/L ratio, would reduce the retention time of gas in the packed bed zone.

To optimize the gas-phase mass transfer rate and energy consumption, the
favorable operating modulus could be systematically determined via graphical
presentation, as shown in Fig. 19.5. The energy consumptions could be expressed
in terms of kWh per ton CO2 capture by the process. In the case of the high-gravity
carbonation process, a centrifugal acceleration should be maintained at 475 m/s2 for
a relatively lower energy consumption (L1 ! L2) and greater KGa value
(L3 ! L4). The favorable G/L ratio should range between 40 and 55 for
high-gravity carbonation (determined by both L5 ! L6 and R1 ! R2 ! R3).
A further increase in G/L ratio up to 80 would lead to a low KGa value and high
energy consumption for rotation and pumps, resulting in a poor CO2 removal
efficiency and capacity.
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19.3 Comprehensive Performance Evaluation via 3E
Triangle Model: A Case Study

Accelerated carbonation technologies are a feasible approach to integrating alkaline
solid waste treatment with CO2 fixation. In this section, a case study of the
high-gravity carbonation (HiGCarb) process is assessed from the perspectives of
engineering, environment, and economy (3E) using a 3E triangle model. The
principles, key performance indicators, and data analyses and interpretation for the
3E triangle model are illustrated in Chap. 9. Several methods, such as response
surface methodology, life cycle assessment and cost benefit analysis (as discussed
in Chap. 9), can be utilized in the 3E triangle analysis for system optimization.

Fig. 19.5 Determination of optimal KGa value associated with favorable centrifugal acceleration
(i.e., rotation speed) and G/L ratio via graphical presentation for high-gravity carbonation process
(as indicated by red line). Reprinted by permission from Macmillan Publishers Ltd.: Ref. [9],
copyright 2015
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19.3.1 Scope and Scenario Setup

The performance of different carbonation processes should be critically evaluated
from the perspectives of process design, energy consumption, and environmental
benefits. Figure 19.6 shows the evaluation framework for the performance before
(i.e., business-as-usual case) and after integration of HiGCarb process. To critically
evaluate the benefits of integrating the HiGCarb process in the steelmaking
industry, a systematically evaluation from the 3E aspects is quite important.

Table 19.1 presents a comparison of business-as-usual (BAU) and integration of
the HiGCarb process in the steel industry from the 3E aspects. In the BAU case,
three existing waste sources are separately operated or treated: (1) CO2 emissions
from hot-stove stack without CO2 capture or fixation; (2) cold-rolling mill
wastewater (CRMW) is neutralized by chemical agents at a wastewater treatment
plant discharge; and (3) basic oxygen furnace slag (BOFS) stabilization and dis-
posal at a landfill plant. In contrast, in the integration of HiGCarb process case, the
CO2 emitted from the steel industry is directly used to neutralize alkaline CRMW.
At the same time, the contents of free-CaO and Ca(OH)2 in BOFS can be
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Fig. 19.6 Research framework of 3E assessment for high-gravity carbonation (HiGCarb) process
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eliminated. As a result, the physico-chemical properties of BOFS can be utilized as
cement replacement materials.

Furthermore, the carbonated product can be used as supplementary cementitious
materials (SCM) in a blended cement mortar or concrete block. As cement man-
ufacturing is an energy- and material-intensive process, with high annual produc-
tion, significant indirect environmental benefits by the accelerated carbonation
process can be realized.

19.3.2 Key Performance Indicators and Data Inventory

A 3E triangle model can provide a holistic assessment from the viewpoint of 3E
aspects using a graphical presentation. As exemplified in Table 19.2, a total of 15
key performance indicators (KPIs) are presented for evaluating the HiGCarb pro-
cess used in a 3E triangle model. Engineering performance (EP) is calculated using
three technology indicators (engineering aspect), where EP1, EP2, and EP3 represent
the HiGCarb capacities for CO2 removal, wastewater neutralization, and carbonated
product, respectively. To calculate the life cycle environmental impact (LCEI),
eight environmental indicators are selected from ReCiPe midpoint and endpoint
assessment because of their expected relevance for the HiGCarb process. The rest
of impact categories in ReCiPe were excluded for the 3E analysis since they did not
exhibit significant difference among the scenarios. Economic cost (EC) is deter-
mined using four economic indicators, including operating costs for capturing, end
product sale profit, waste treatment free avoided, and carbon credit profit.

Table 19.1 Remarks of business-as-usual (BAU) case and high-gravity carbonation (HiGCarb)
process in steel industry

Aspects System boundary

Business-as-usual (BAU) Integration of HiGCarb process

Engineering • No need to modify spec
or features of process

• Manufacture of RPB reactor
• Integration of RPB into industry
• Additional energy consumption for
HiGCarb process operation

Environmental • CO2 emission
• CRMW discharge
• BOFS landfill

• Reduction in CO2 emission
• Reduction in the use of chemicals for waste
treatment

• Increase in air pollutant emissions due to
electricity use

• Reduce cement production in cement
industry (carbonated product utilization)

Economic • Pay for BOFS treatment
fee

• Pay for CRMW
treatment fee

• Pay for CO2 emission fee

• Capital and O&M costs for RPB reactor
• Gain direct/indirect carbon credits
• Gain profits from product sales
• Avoidance of BOFS treatment fee
• Avoidance of CRMW treatment fee
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The weighting factors (Wi) of each KPI can be determined via Delphi method.
The Delphi study is typically conducted over a period of few months and comprised
at least two rounds. The participating experts, so-called ad hoc committee, could be
consulted through roundtable discussion or sequential (online) questionnaires. The
ad hoc committee should comprise highly informed academic and industrial experts
from diverse backgrounds as well as government officials from the region.

Table 19.3 presents the examples of operating information and life cycle data
inventory, including main material inputs and energy consumption, for nine sce-
narios. In this analysis, the CO2 used for the HiGCarb process was introduced from
the hot-stove gas at China Steel Corporation (Kaohsiung, Taiwan), where the
average CO2 concentration was 28–32%. Both the BOFS and alkaline CRMW were
used directly from the manufacturing process. The gas—(QG) and slurry—(QS)
flow rates were 0.38 m3/min and 0.33–0.56 m3/h, respectively. For these condi-
tions, the capture scale of the HiGCarb process ranged between 75 and 170 kg CO2

per day.
In this case study, data inventory is obtained from the experiment in field tests,

and the scale factor is assumed to be 0.8. Due to different operating conditions, a
total of nine scenarios are established based on various levels of CO2 removal ratio:

• Low level: <70% (noted as L)
• Medium level: 70–90% (noted as M)
• High level: >90% (noted as H)

The choice of functional unit reveals several issues such as net CO2 fixation
amounts per unit weight of BOFS within a certain operating period. The 3E per-
formance can be performed directly from the amounts of the materials and energy
used such as electricity. In the 3E triangle model, the total scores for the 3E aspects
are summed up after multiplying each KPI by its corresponding weighting factors
(Wi). The Wi can be determined by the ad hoc committee using the Delphi method.

19.3.2.1 Engineering Consideration

The mass transfer rate of carbonation in the HiGCarb process could be significantly
greater than that using a fix packed bed. As a result, the HiGCarb process can offer
a high CO2 capture efficiency of greater than 98% with a relatively short reaction
time at ambient temperature and pressure [11]. The CO2 removal ratio (η, %) from
the flue gas via the carbonation process can be experimentally determined by
Eq. (19.16):

g ¼ qCO2;i Qg;i Cg;i � qCO2;o Qg;o Cg;o
� 	

qCO2;i Qg;i Cg;i
�% ð19:16Þ
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where qCO2;i
and qCO2;o

(g/L) are the CO2 mass densities at the temperature of inflow
and outflow gas streams, respectively. Qg,i (L/min) and Qg,o (L/min) are the volu-
metric flow rate of the inlet and outlet gas streams, respectively. Cg,i (%) and Cg,o (%)
are the CO2 volume concentration in the inlet and exhaust gas, respectively.

The CO2 capture process may involve energy-intensive units, such as stirring,
heating, blowers, air compressors, pumps, liquid–solid separation, and material
grinding. The power consumption of process could be directly determined by
multiplying the operating voltage by the operating current of the existing equip-
ment. Moreover, the energy consumption of material grinding (EG) can be esti-
mated by Bond equation [6], as shown in Eq. (19.17). It is noted that the Bond
equation should give the most accurate estimation of grinding energy requirement
within the conventional grinding range of 25,000 to 20 lm [12].

EG ¼ wi
10ffiffiffiffiffiffiffiffiffiffi
DP80

p � 10ffiffiffiffiffiffiffiffiffiffi
DF80

p
� �

ð19:17Þ

where DF80 (lm) and DP80 (lm) are the 80% passing size of feed and product,
respectively. The wi (kWh/ton) is the work index of ground material, which
expresses the resistance of the material to crushing and grinding. It is noted that the
work index is subject to variations because of variations in the inherent properties
of materials, variations in the grinding environment, and variations in the mecha-
nism of energy transfer from the grinding equipment to its charge [13].

19.3.2.2 Environmental Consideration

Figure 19.7 shows the LCA system boundaries of the BAU case and the integration
of the HiGCarb process into industry. The environmental impacts of the BAU
(without the HiGCarb process) and the HiGCarb process are compared by means of
LCA, including manufacturing and operation of the reactor and end product use as
green materials. The functional equivalent (unit) is assumed to be one ton of fresh
BOFS produced from steel industry or delivered to the carbonation process.

In the HiGCarb process, the unit operation processes include slag grinding,
stirring machines, blowers, air compressors, pumps, RPB reactor, and electricity
generation. Also, for the boundary system in the LCA, the stages of both raw
material extraction (i.e., RPB reactor manufacturing) and product use (i.e., substi-
tution in CEM I/42.5 Portland cement) are included. The life time of the system is
assumed to be 20 years. As suggested by the LCA method described in the ISO
14040:2006 and ISO 14044:2006 [15, 16], the environmental impacts of the pro-
cess could be quantified by Umberto 5.6 using the ReCiPe Midpont (E) and
Endpoint (E, A) methodology [17].
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19.3.2.3 Economic Consideration

The amount of revenue gained (RG), in terms of USD/t-BOFS, could be calculated
by Eq. (19.18):

RG ¼ Pcc;dir þPcc;ind
� 	þPta þPep � Cop ð19:18Þ

where Pcc,dir is the profit of direct carbon credit by the HiGCarb process, Pcc,ind is
the profit of indirect CO2 avoidance credit by-product use, Pta is the profit of BOFS
treatment avoidance, Pep is the profit of end product sale, and Cop is the operating
cost.

The price of stabilized BOFS was approximately US$6.0/ton [18], which could
be considered as the profit of carbonated BOFS product sales. Because the
physico-chemical properties of BOFS can be upgraded after the HiGCarb process,
no additional treatment of carbonated BOFS such as grinding and stabilizing pro-
cesses within the steelmaking industry is required [4]. The treatment fee of BOFS
was approximately US$10/ton [19], which can be saved in the case of HiGCarb
process. In addition, the price of carbon credit in the emission reduction unit
(ERU) market was approximately US$8.1/t-CO2 in 2014 [20].

Fig. 19.7 System boundaries of business-as-usual (top part of the figure) and HiGCarb (bottom)
process, which includes manufacturing of the reactor and substitution for cement. Reprinted by
permission from Macmillan Publishers Ltd: Ref. [14], copyright 2016
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19.3.3 Performance in 3E Perspectives

19.3.3.1 Engineering Performance

Energy consumption is one of the major concerns to the engineering performance
and cost effectiveness of a CO2 capture process. It is noted that the accelerated
carbonation by the HiGCarb is conducted at ambient temperature and pressure.
Therefore, no additional energy is required to maintain the reaction temperature and
pressure, in contrast to autoclave or slurry reactors [21–24]. Figure 19.8 shows the
energy consumption of unit processes among the nine scenarios, in terms of a
functional unit of “per t-CO2”. The results indicated that with a capture scale of
75–170 kg CO2 per day, the total energy consumption of the HiGCarb process
ranged from 205 to 440 kWh/t CO2. The preprocessing of material such as feed-
stock grinding was the most energy-intensive process, contributing 65–79% of total
energy consumption. Although the grinding process was energy-intensive, it was
required for effective carbonation reaction, as well as for subsequent utilization of
carbonated BOFS as SCM in Portland cement. In addition, the energy consumption
of the rotating packed bed reactor was the second highest, corresponding to
11–21% of total energy consumption. Furthermore, scenarios with low CO2

removal ratios (such as L1, L2, and L3) required a longer operating time to achieve
the same CO2 capture scale than other scenarios with high CO2 removal ratios.
Scenario H2 exhibited the lowest energy consumption of about 205 kWh for
capturing one ton of CO2. In this case, it met the criteria suggested by the US
Department of Energy (US-DOE): A cost-effective CO2 capture facility should
achieve a CO2 removal ratio of 90%, while maintaining less than 35% impact on
the cost of electricity [25]. In other words, this criterion corresponds to a maximal
energy consumption of 420 kWh/t-CO2 [26].

Regarding the engineering performance, the specific capture capacity of BOFS
(EP1) mainly depends on the operating conditions, but not directly correlated with
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CO2 removal ratio. Scenario H2 has the highest EP1 value, corresponding to
316 kg CO2 per ton BOFS. Among the nine scenarios, although CO2 removal ratio
in scenario H3 was the highest (i.e., 99.5%), the EP1 of scenario H3 was the second
lowest (i.e., 154 kg CO2/t-BOFS). On the other hand, the CO2 capture scale is
mainly related to the amount of BOFS introduced into HiGCarb system per unit
time period. In scenario H3, a relatively low L/S ratio (i.e., greater amount of
BOFS) and higher slurry flow rate were used, the CO2 capture scale of the entire
HiGCarb system was promoted, i.e., 56.8 t-CO2/year, becoming the top three high
in the nine scenarios.

For the amount of wastewater neutralization (EP2), scenario H3 exhibited the
highest treatment capacity, followed by scenarios L2 and M2. The EP2 was not
related to CO2 removal ratio but replied on the slurry flow rate and L/S ratio. Also,
for the amount of carbonated product (EP3), scenario 3 exhibited the highest
capacity, followed by scenario H1 and then scenario L3. The carbonated product
can be used as SCMs in blended cement mortar, where several mortar properties,
such as early-stage compressive strength and soundness could be enhanced [27].

19.3.3.2 Environmental Performance: Impacts and Benefits

From the environmental aspect, the global warming potential (GWP), for instance,
can be calculated by considering all the CO2-equivalent emissions of each element
or equipment from the life cycle point of view for the entire HiGCarb process.
Figure 19.9 shows the GWP of each scenario as determined by LCA. The impact of
the reactor manufacturing and its maintenance could be neglected since the mag-
nitude of environmental impacts by RPB production is 104 to 105 times less than
that of operating processes. The actual CO2 capture amounts could be offset by the
energy consumption due to the manufacturing and operation of equipment, causing
additional CO2 emissions. According to the direct measurement of CO2 reduction in
the flue gas, the capture capacity per ton of BOFS by carbonation reaction ranged
between 140 and 320 kg CO2. On the other hand, the carbonated BOFS product
from the HiGCarb process can be used as SCMs in blended cement, thereby
resulting in additional avoidance of CO2 (i.e., indirect CO2 reduction). Cement
manufacturing is a CO2-intensive process, where 0.73–0.99 tons of CO2 would be
generated for one ton of cement production [28]. To account for the environmental
benefits from product utilization, the avoided burden approach [15, 16] has been
applied in the LCA. The results indicated that a significant amount of 0.87–1.00 ton
of CO2 emission could be indirectly avoided by utilization of the carbonated BOFS
as SCMs.

The HiGCarb process could be able to serve as a “real” CO2 fixation technique
from the viewpoint of LCA. As shown in Fig. 19.9, the highest GWP reduction was
found in scenario H2, i.e., a reduction of roughly 1.28 ton CO2-eq per t-BOFS
between the BAU and HiGCarb. In scenario H2, additional CO2 emissions from
HiGCarb due to electricity uses (i.e., 33.8 kg CO2-eq) were much lower than those
of being directly captured by HiGCarb (i.e., 316.7 kg CO2-eq).
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According to the LCA results, the HiGCarb process could reduce not only GHG
emission but also environmental impacts on ecosystem quality, human health, and
resource depletion. Figure 19.10 shows the results of the endpoint impact assess-
ment for different scenarios by the ReCiPemethodology. Because of the various
initial material flows such as wastewater discharge and CO2 emission, the endpoint
impacts of BAU (as indicated by the red bars) among the nine scenarios are quite
different. For the HiGCarb (as indicated by the yellow bars), the particulate for-
mation (PM) potential was found to be significantly higher than that of the BAU. It
was attributed to the fact that the HiGCarb process would consume additional
electricity, thereby resulting in a greater human health impact for all scenarios.
However, the adverse impacts on human health due to the process of electricity
usage could be compensated by the utilization of carbonated BOFS as SCM (as
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presented in green bars). For this reason, the net endpoint impact (as presented in
white bars) in the case of CO2 removal ratio higher than 75% (scenario M2) could
eventually be reduced by up to 12.4 points over that of BAU case. Nevertheless, the
net endpoint impact was still relatively higher in scenarios of low CO2 removal ratio
(such as L1 and L2).

19.3.3.3 Economic Performance: Cost and Benefits Analysis

For the economic performance, Fig. 19.11 shows the effect of CO2 removal ratio on
operating costs and revenue gained in three different cases of electricity prices.
Three different levels of average electricity price for industrial use in 2013 were
used for economic performance evaluation: (1) Case A represents a low industrial
electricity price of 0.091 USD/kWh; (2) Case B represents a medium industrial
electricity price of 0.168 USD/kWh; and (3) Case C represents a high industrial
electricity price of 0.319 USD/kWh. As shown in Fig. 19.11, the operating cost for
processing one ton of BOFS was roughly 5.4–5.9 USD in Case A, while increasing
to 19.0–20.8 USD per one ton of BOFS input in Case C. On the other hand, the
profits from direct and indirect carbon credits were estimated to be 8.3–10.1 USD
per ton of BOFS input to the HiGCarb process. Also, no additional CO2 storage
cost is needed for the HiGCarb because the CO2-based mineral product can be
directly used as SCMs for Portland cement in cement industry. As a result, the total
profits returned including carbon credit and BOFS-related returns were approxi-
mately 25.8–29.0 USD per ton of BOFS input to HiGCarb. According to the above
analysis, the highest revenue was gained with a CO2 removal ratio greater than
93%. In Case A, the revenue gained was estimated to be 20.2–23.2 USD per ton of
BOFS input.
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19.3.4 Optimization Using 3E Triangle Model

Figure 19.12 shows the results of performance evaluation for different scenarios of
HiGCarb process via 3E triangle model. The results indicated that the effects of
CO2 removal ratio (η) on economic costs were not significant since the LCC scores
typically ranged between 0.25 and 0.40. However, a poor engineering performance
(i.e., scenarios L1, L2, and L3) is typically accompanied by severe environment
impacts, with the LCEI scores ranging between 0.52 and 0.60. In other words, an
increase in CO2 removal ratio should effectively reduce the environmental impacts
and make integration of the HiGCarb process into the steel industry more envi-
ronmentally friendly. Among nine scenarios, scenario H2 exhibits a superior
engineering performance (as indicated by line 1) with a relatively lower environ-
mental impacts (as indicated by line 2) and a relatively lower economic costs (as
indicated by line 3). Although the CO2 removal ratio of scenario H3 was the highest
(i.e., 99%) among all scenarios, the large quantity of BOFS input eventually
resulted in medium environmental impacts and economic costs.

To evaluate the significance of HiGCarb process in an industry, data from China
Steel Corp (CSC) is used and combined with the results of 3E triangle model. The
annual production of BOFS in CSC is assumed to be 1.2 Mt [29], which should be
treated and/or utilized. By applying the scenario H2, the annual direct CO2 fixation
by HiGCarb process is estimated to be 0.33 Mt, corresponding to a reduction
potential of 1.5% in total CO2 emission from the studied industry. Meanwhile,

Fig. 19.12 Comprehensive performance evaluation of HiGCarb process for different scenarios via
3E triangle model
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based on the avoided burden approach, the annual indirect CO2 reduction from the
substitution of carbonated BOFS as cementitious materials is about 1.05 Mt,
accounting for *5% in total CO2 emission from the steel industry.

As a result, a reduction potential of up to 6.5% in total CO2 emission from the
steel industry could be realized, as shown in Fig. 19.13. The HiGCarb process can
establish a waste-to-resource supply chain between the steel and cement industries,
thereby reducing the overall CO2 emissions and resource consumption. At the same
time, the alkaline wastes from steel industry could be stabilized and converted into
valuable products such as green cement.

19.4 Technology Demonstration and Commercialization

Large-scale CO2 separation from flue gases in power and/or industrial plants would
make a huge volume of CO2 available on-site. As a result, the subsequent fate of
captured CO2 would be either storage in natural geological structures or direct
utilization and conversion. In practice, the suitable storage sites are few in number,
and the procedures still involve high energy and economic costs with high risk and
uncertainty in terms of long-term storage. Therefore, carbon utilization and con-
version technologies are preferred, which should be directly integrated with the
associated capture unit. Rather than the amount of CO2 used, the most important
consideration in CO2 utilization is the development of innovative technologies for
cleaner production, thereby directly leading to a reduction in the use of energy and
materials.

Industrial wastes (by-products) are generally produced near places of CO2

emissions. Accelerated carbonation using industrial alkaline wastes is attractive

Fig. 19.13 Comparison of performance for business-as-usual and integrated HiGCarb process
suggested by the results from 3E triangle model
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since an integrated approach to combining CO2 capture and utilization with waste
stabilization can be achieved. The potential environmental impacts caused by uti-
lization of those untreated wastes, such as (1) highly alkaline and active properties
and (2) heavy metal leaching, could be avoided. Therefore, using emitted CO2 to
carbonate industrial waste (i.e., accelerated carbonation) offers an improvement
over existing methods because it does not require the CO2 or the industrial waste to
be transported. It also allows better monitoring of total pollution emissions.

19.4.1 Worldwide Demonstration Plans

Accelerated carbonation may involve several energy-intensive processes, such as
material grinding, reactor heating, and gas pressurization. Energy and cost penalties
largely depend on plant scale, operation conditions, and operation modulus (such as
pretreatment and post-treatment processes). Several pilot studies and demonstration
projects of accelerated carbonation using alkaline wastes can be found around the
world, as summarized in Table 19.4. For example, since 2007, an accelerated
carbonation plant at the Rocks (Wyoming, the USA) has been demonstrated in a
2120-MW coal-fired power plant using fly ash [30]. Another pilot study in the USA
has been developed by Calera Corp. The Calera technology can fix approximately
30,000 t CO2 per year from fossil fuel power plants and other industrial sources.
The captured CO2 is sequestered in geologically stable substances suitable for
disposal, storage, and/or use as building materials. In 2009, Calera identified
another ideal demonstration site at a brown-coal power plant in the Latrobe Valley,
Victoria, Australia, for further demonstration [31].

In France, the Carmex project was initiated in 2007 and launched in 2009 to
utilize various materials (such as harzburgite, wehrlite, iherzolite, olivine, and slags)
through direct carbonation with and/or without organic ligand and mechanical
exfoliation. The Carmex experiences indicate that the use of mineral carbonation is
feasible for industries [34]. In this project, the accessible alkaline wastes are mat-
ched to large CO2 emitters through a dedicated geographic information system
(GIS). From the technical point of view, a high carbonation conversion of 70–90%
can be achieved without additional heat activation of feedstock.

In Australia, the MCi project has been carried out to transform CO2 into car-
bonates for use in building or non-fired products, such as bricks, pavers, and plas-
terboard replacements [35]. A total investment of US$9 million over four years was
provided to establish the pilot plant at the University of Newcastle. The serpentine
was used as the feedstock to mineralize CO2 from the Kooragang Island plant.

In San Antonio (Texas, the USA), the Capitol SkyMine® plant was under
construction by Skyonic on September 2013, and had been launched since October
2014. This plant can directly remove CO2 at a scale of 83,000 t-CO2 annually from
industrial waste streams. The carbonate and/or bicarbonate material products can be
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cogenerated for use in bioalgae applications to become a profitable process. Aside
from mineralizing CO2, the process can remove SOx, NO2, and heavy metals such
as mercury from existing power plants and/or industrial plants that can be retrofitted
with SkyMine®.

In Taiwan, the first small-scale high-gravity carbonation (HiGCarb) process was
launched at China Steel Corporation (CSC) in 2013 to stabilize basic oxygen
furnace slag (BOFS) and alkaline wastewater. The CO2 removal efficiency of
hot-stove gas was greater than 95%, with total elimination of CaOf and Ca(OH)2
content in the BOFS. The annual capture scale was *60 tons CO2 at a gas inflow
rate of 0.9 m3/min. Moreover, the carbonated BOFS was used as green cement
substitutes in mortar. In 2016, the second HiGCarb process was established at
Formosa Petrochemical Corporation (FPCC) using by-product lime to capture CO2

in the flue gas. The capture scale of this plant was about 0.6 tons CO2 per day, at a
gas inflow rate of 1.8 m3/min. Moreover, the carbonated by-product could be used
as supplementary cementitious materials (SCM) in cement mortar or concrete.

19.4.2 Engineering Performance

19.4.2.1 CO2 Capture Scale and Efficiency

Scale-up of the post-combustion CO2 capture process is possible without significant
developments or costs [37]. However, deployment of the post-combustion carbon
capture process in industries is still challenging because the CO2 emissions nor-
mally come from “multiple” sources. For example, in the steel industry, an inte-
grated steelmaking process is composed of numerous facilities from the entire life
cycle of iron ore to steel products including raw material preparation (such as coke
production, ore agglomerating plant, and lime production), iron-making (such as
blast furnace, hot metal desulphurization), steelmaking (such as basic oxygen fur-
nace, ladle metallurgy), casting and finishing mills. The largest part of direct CO2

emissions in steel mills is from power plants (about 48% in total CO2 emissions),
followed by blast furnaces at around 30% [38].

In large-scale tests, process integration should be considered to improve the
performance of the entire industrial plant, thereby reducing the energy requirement
for the capture process. Also, the selection of appropriate site for CO2 capture
should be referred to the management of the use of by-product gases, as well as on
the definition of boundary limits.

19.4.2.2 Product Utilization

Accelerated carbonation technology of alkaline wastes could be moved toward
commercialization, only if the produced carbonates can be used as a valuable
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product such as a substitute for components of cement [37]. In addition to the
product utilization, the current challenges in the application of the process still
include the following:

• Effect of impurities on removal performance
• Acceptance of the product by the cement industry
• Ability to capture large amounts of CO2

• Energy requirements
• Finding an appropriate water source
• Production of alkalinity
• Having sufficient demand for the end product

For the product utilization, it was reported that both cement kiln dust (CKD) and
fly ash (FA) have been successfully used to produce a green Portland ash [31, 39].
The suitability of the calcareous material as a partial replacement for cement clinker
in cement has been documented in some non-structural applications in the USA, but
the suitability of the calcareous material as a cement ingredient in concrete appli-
cations has not yet been demonstrated publicly [31].

19.4.2.3 Integrated Approach to CO2 Fixation and Solid Waste
Utilization

Figure 19.14 shows an integrated approach to deploying the high-gravity carbon-
ation (HiGCarb) process, which could be considered for CO2 fixation in flue gas
and solid waste utilization within an industrial plant. It is noted that the CO2

removal rate by the HiGCarb process could meet the timescale in industrial plants.

Fig. 19.14 Integrated approach to applying high-gravity carbonation (HiGCarb) process for CO2

capture in flue gas and solid waste utilization within an industrial plant
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19.4.3 Economic Perspectives

19.4.3.1 Energy Consumption

Accelerated carbonation might involve several energy-intensive processes, such as
grinding of solid wastes, reactor heating, and gas pressurization. From the per-
spective of energy consumption, the extensive uses of electricity for any unit
process in carbonation could easily diminish the credits from carbon fixation. A life
cycle assessment for different types of direct carbonation processes indicates that
energy consumption is responsible for the increase in additional CO2 emission and
offsets the overall CO2 capture efficiency Xiao et al. [40]. In comparison, although
the energy consumption of indirect carbonation is typically less than that of direct
carbonation, the manufacturing of chemicals for the extraction step may generate
additional CO2 emission and lead to other environmental issues. This suggests that
the recovery of the extractants (valuable chemicals) with low energy consumption
should be included for implementing indirect carbonation [40, 41].

As suggested by the US Department of Energy (DOE) [25], a cost-effective CO2

capture facility should meet the following criteria:

• Achieve a removal efficiency (η) of 90%
• Maintain <35% impact on the cost of electricity (COE)

Consequently, heat recovery is an important unit process for accelerated car-
bonation (exothermic reaction), which could not only improve carbonation per-
formance but also reduce energy loss. For example, the temperature of flue gas
streams is high enough for carbonation since it is usually above the dew point.
Therefore, heat can be directly obtained from the gas streams or other
heat-regenerating systems. To achieve this goal, Santos et al. [42] developed an
integrated process where the high pressure is obtained by pumping liquid in an
autoclave reactor through a long reaction chamber. Moreover, the heat generated by
the carbonation reaction (i.e., exothermal) can be recovered via the integrated
process.

Pan et al. [4, 43] introduced a high-gravity carbonation (HiGCarb) process for
direct carbonation, where high micromixing between the slurry and gas phases
could enhance the overall mass transfer, thereby improving the carbonation con-
version and reducing the residence time. In the HiGCarb process, the slurry was
first pumped into the center of the reactor, after which it flowed outward motivated
by centrifugation. In the meantime, the CO2 gas entered the reactor from the tangent
direction and moved inward due to the pressure gradient.

Figure 19.15 shows the effect of CO2 removal efficiency on energy consumption
and CO2 capture capacity of the HiGCarb process. Both steel slag grinding and
HiGCarb (air compressors, stirring machines, blowers, pumps, and rotating packed
bed reactor) processes were considered in energy consumption calculation. The
scale of the HiGCarb process was operated at a capture capacity of *170 kg CO2

per day, producing *690 kg of C-BOFS per day. The energy consumption for the
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high-gravity carbonation include grinding, pumps, blowers, stirring machines, air
compressors, and rotation packed bed. The results indicate that the overall energy
consumption of the HiGCarb process increases with the decrease in CO2 capture
efficiency. The total energy consumption of the HiGCarb process with CO2 removal
efficiency (η) > 90% was estimated to be 270 ± 60 kWh/t-CO2 captured (with a
95% confidence interval). It is noted that this value was lower than the DOE
requirement, i.e., 420 kWh/t-CO2 [26]. In addition, the corresponding capture
capacity was estimated at 150 kg of CO2 per day. In this case, the COE of the
HiGCarb process was estimated to be 22.4 ± 0.1%, which met the goal of main-
taining <35% impact on COE set by the US DOE [25].

19.4.3.2 Operating Cost

Accelerated carbonation using industrial alkaline wastes should be an important
part to the reduction in CO2 from the industrial sector and the use of industrial
wastes as cement replacement. Technology may not be the only barrier to the
deployment of accelerated carbonation process in the industrial sector. Market
competitiveness and the global nature of some of these industries are important
issues that should be addressed. From an economic perspective, costs for grinding
feedstock can be reduced using the slag in the as-received condition. If the grinding
process is needed to improve efficiency of carbonation, it should be done only to the
optimum particle size for carbonation to save energy costs. Similarly, the costs of
CO2 pressure can be reduced by using it at atmospheric pressure, and the costs of

Fig. 19.15 Influence of CO2 removal efficiency (η) on energy consumption and capture capacity
in the case of high-gravity carbonation (HiGCarb) process. Adaption with the permission from
Ref. [27]. Copyright 2015 American Chemical Society
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transportation can be reduced by equipping the slag-producing industry with the
carbonation process.

Energy and cost penalties largely depend on plant scale, operation conditions,
and operation modulus including pretreatment (e.g., grinding and thermal activa-
tion) and post-treatment processes (e.g., product separation and disposal) [44, 45].
Due to lack of commercialized plant studies, cost estimations of accelerated car-
bonation are based roughly on pilot- or laboratory-scale operations. As presented in
Table 19.5, the energy consumption and cost evaluation of direct carbonation were
relatively lower than those of indirect carbonation. In the case of direct carbonation,
the energy requirement of the grinding process was the major cost in the overall
process [4, 46]. Depending on the types of feedstock and operating modulus, the
cost of ex situ direct carbonation typically ranged between US$54/t-CO2 and US
$133/t-CO2. The handling of solid particles (powders) in the process has the
potential to raise the operation and maintenance (O&M) costs, compared to CO2

absorption technologies using ammonia and amine [47].
In contrast, for indirect carbonation using chemical extraction (such as

CH3COOH, HCl, HNO3, and NaOH) without regeneration of chemicals, a fairly
high cost of US$600–4500 would be required for capturing one ton of CO2 [52].
However, with the regeneration of the chemicals, the recovery process would
generate more than 2.5 times the amount of CO2 fixation in the carbonation process
[53]. The operating costs depend largely on the purity of the precipitated calcium
carbonate (PCC) product. An average cost of US$80 is required per ton of the PCC
production from two-stage indirect carbonation using cement wastes at 50 °C and
30 bar. The major energy consumption processes include pulverization, carbona-
tion, CO2 separation, CO2 pressurization, and stirring process for both extraction
and carbonation, which are considered at a total of 52.8 MW [54].

To make ex situ carbonation more economically feasible, a breakthrough on the
use of carbonated solid wastes or products should be sought in the aspects of
technology, regulation, institution, and finance. The global cement market is large:
with *3.5 billion metric tons used in 2011 at the processing cost of *US$100 per
ton [37]. It is noted that the carbonated solid waste could potentially be used as
partial cement replacement materials (i.e., SCM) [55, 56]. As a result, the benefits
returned from carbonation product utilization should be considered in the fiscal
analysis of the overall process. From the viewpoint of energy consumption, fine fly
ash (FA) should be a good candidate for low-cost carbonation since no grinding
process is needed in advance. Moreover, waste heat from manufacturing processes
could be integrated instead of electrical heating to reduce the overall energy
requirement and operating cost [57].

In comparison, without taking into account long-term monitoring costs, it is
estimated that the total cost of in situ carbonation should be at US$72–129 per
t-CO2, if transportation and storage cost was assumed to be *US$17 per t-CO2 in
basaltic rocks [58]. All of these costs are by far greater than the recent carbon price
in European carbon market, i.e., *US$7 per t-CO2 in 2014 [52]. However, it is
noted that the CO2 price may increase to US$35–90 per t-CO2 by 2040 [59]. In
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another scenario estimated by the International Panel on Climate Change (IPCC),
the carbon price would give *US$55 per t-CO2 as a lower bound estimate.

19.4.4 Environmental Impacts and Benefits

The effect of accelerated carbonation should be carefully weighed and compared
according to changes in the environmental impacts. A life cycle assessment
(LCA) of the accelerated carbonation process is of particular importance to maxi-
mize CO2 capture capacity while minimizing additional CO2 emissions due to the
process energy consumption. Several operation units, such as material grinding,
sieving, and heating, for accelerated carbonation are energy-intensive processes,
thereby leading to additional CO2 emissions. In particular, more than half of the
process power consumption may come from the material grinding [8]. These unit
processes may also increase other environmental impacts, such as eutrophication
(midpoint), acidification (midpoint), and resource depletion (endpoint), due to
increases in the concentrations of other pollutants.

19.4.4.1 Reduction in Greenhouse Gas Emission

Deployment of accelerated carbonation in industries and/or power plants will
contribute to greenhouse gas (GHG) emission reduction and create additional
environmental benefits. For instance, conventionally, precipitated calcium carbon-
ate (PCC) is manufactured by carbonating calcined limestone; therefore, the pro-
duced CO2 is greater than that bound during the carbonation process [60].
Traditional PCC manufacturing resulted in an additional 0.21 kg of CO2 emissions
per kg of PCC [61], mainly caused by oil combustion for lime calcinations. In the
indirect carbonation process, the PCC can be produced from a carbon-free feed-
stock, being a more environmentally sustainable method for producing PCC since
no calcination step is required. In this case using acetic acid with wollastonite, a net
fixation of 0.34 kg CO2 per kg of PCC can be achieved, indicating a substantial
reduction in GHG emission. Since PCC can be used in the paper industry, a paper
mill plant integrated with the indirect carbonation process can transform its CO2

emissions into PCC toward carbon neutrality.
Similarly, the direct carbonation process can attain huge environmental benefits

by taking the use of carbonated solid wastes as SCMs into account. The demand of
cement could be reduced if the carbonated solid waste is used as substitutes to
replace Portland cement in cement mortar or concrete. Cement production is
energy- and material-intensive, which accounts for 4–5% annual CO2 emission
around the world [62]. China accounts for more than 60% of global cement pro-
duction, where the carbon footprint of cement production in China in 2011 was
0.545 ton-CO2/ton-cement [63]. The main contributors to CO2 emission from
cement production are
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• Clinker process: The production of raw cement material lime (CaO) from
limestone (CaCO3), which produces *0.5 ton CO2 per ton cement [62].

• Intensive heat required during the cement production.

In addition, a huge amount of natural resources is used for cement production. For
instance, Kumar et al. [64] estimated that 1.3–1.5 tons of limestone, 0.2–0.4 tons of
clay, and 0.11–0.13 tons of coal are used per ton of cement clinker production.

19.4.4.2 Leaching Behavior of Heavy Metals from Alkaline
Solid Wastes

The leaching potential of heavy metals from alkaline solid wastes is of great
concern, in terms of human health and environmental impact. Extensive studies
have been carried out to evaluate the effect of pH of the solution, carbonation
reaction, and mineral structure on the leaching behavior of heavy metals from the
solid wastes [55, 65, 66]. Also, different oxidant states of heavy metals in alkaline
solid wastes would result in different leaching behaviors, especially for Cr species
[67]. It has been demonstrated that accelerated carbonation could effectively reduce
the leaching behaviors of most heavy metals from various types of solid wastes,
such as steel slag [27], bottom ash [68], and fly ash [69].

As indicated in a few reports [65], the dissolution of calcium silicate minerals
(e.g., C2S) might break down the mineral structure during carbonation, as shown in
Eq. (19.19), thereby potentially releasing heavy metals (e.g., vanadium), chlorine
and fluoride ions into solution.

CaOð Þ2�SiO2 þmH2O ! CaO � SiO2 � H2Om�1 þCa OHð Þ2 ð19:19Þ

Calcium-bearing components are the major alkalinity contributors in the alkaline
solid wastes. For instance, the pH of the solution containing steel slag typically
ranges between 11 and 13. Conversion of the CaO species in solid wastes into
CaCO3 with CO2 gas could effectively decrease the pH of the solution to about 6–8.
In parallel with the decrease in pH, the leaching potential of most heavy metals
from wastes, such as Pb, Cr, Cu, Zn, Cd, and V ions, could be properly restricted
due to the formation of insoluble carbonates [65, 66].

References

1. Stone MH (1948) The generalized weierstrass approximation theorem. Math Mag 21(4):
167–184

2. Weierstrass K (1885) Über die analytische Darstellbarkeit sogenannter willkürlicher
Functionen einer reellen Veränderlichen. Erste Mitteilung 633–639

3. Pan SY, Liu HL, Chang EE, Kim H, Chen YH, Chiang PC (2016) Multiple model approach
to evaluation of accelerated carbonation for steelmaking slag in a slurry reactor. Chemosphere
154:63–71. doi:10.1016/j.chemosphere.2016.03.093

19.4 Technology Demonstration and Commercialization 435

http://dx.doi.org/10.1016/j.chemosphere.2016.03.093


4. Pan SY, Chiang PC, Chen YH, Chen CD, Lin HY, Chang EE (2013) Systematic Approach to
determination of maximum achievable capture capacity via leaching and carbonation
processes for alkaline steelmaking wastes in a rotating packed bed. Environ Sci Technol 47
(23):13677–13685. doi:10.1021/es403323x

5. Krevor SCM, Lackner KS (2011) Enhancing serpentine dissolution kinetics for mineral
carbon dioxide sequestration. Int J Greenhouse Gas Control 5(4):1073–1080. doi:10.1016/
j.ijggc.2011.01.006

6. Bond FC (1961) Crushing and grinding calculations. Part 1 Br Chem Eng 6:378–385
7. Huijgen WJJ, Ruijg GJ, Comans RNJ, Witkamp GJ (2006) Energy consumption and net CO2

sequestration of aqueous mineral carbonation. Ind Eng Chem Res 45(26):9184–9194
8. Kodama S, Nishimoto T, Yamamoto N, Yogo K, Yamada K (2008) Development of a new

pH-swing CO2 mineralization process with a recyclable reaction solution. Energy 33(5):
776–784. doi:10.1016/j.energy.2008.01.005

9. Pan SY, Eleazar EG, Chang EE, Lin YP, Kim H, Chiang PC (2015) Systematic approach to
determination of optimum gas-phase mass transfer rate for high-gravity carbonation process
of steelmaking slags in a rotating packed bed. Appl Energy 148:23–31. doi:10.1016/
j.apenergy.2015.03.047

10. Guo K, Guo F, Feng Y, Chen J, Zheng C, Gardner NC (2000) Synchronous visual and RTD
study on liquid flow in rotating packed-bed contactor. Chem Eng Sci 55:1699–1706

11. Pan SY, Chiang PC, Chen YH, Tan CS, Chang EE (2013) Ex situ CO2 capture by carbonation
of steelmaking slag coupled with metalworking wastewater in a rotating packed bed. Environ
Sci Technol 47(7):3308–3315. doi:10.1021/es304975y

12. Hukki RT (1961) Proposal for a solomonic settlement between the theories of von Rittinger,
Kick, and Bond. Transl Soc Mining Eng AIME 220:403–408

13. Ipek H, Ucbas Y, Hosten C (2005) The bond work index of mixtures of ceramic raw
materials. Min Eng 18(9):981–983. doi:10.1016/j.mineng.2004.12.014

14. Pan S-Y, Lorente Lafuente AM, Chiang P-C (2016) Engineering, environmental and
economic performance evaluation of high-gravity carbonation process for carbon capture and
utilization. Appl Energy 170:269–277. doi:10.1016/j.apenergy.2016.02.103

15. International Organization for Standardization (2006) ISO 14040—environmental manage-
ment—life cycle assessment: principle and framework. Management environnemental —
Exigences. Switzerland. ISO 14044:2006(E)

16. International Organization for Standardization (2006) ISO 14044—environmental manage-
ment—life cycle assessment: requirements and guidelines. management environnemental —
principes, vol ISO 14040:2006(E). Switzerland. doi:ISO Store order #:783769/
Downloaded:2006–11-06

17. Goedkoop M, Heijungs R, Huijbregts M, De Schryver A, Struijs J, van Zelm R (2013)
ReCiPe 2008: A life cycle impact assessment method which comprises harmonised category
indicators at the midpoint and the endpoint level. Ruimte en Milieu, The Netherlands

18. Zhang T, Yu Q, Wei J, Li J, Zhang P (2011) Preparation of high performance blended
cements and reclamation of iron concentrate from basic oxygen furnace steel slag. Resources,
Conservation and Recycling 56(1):48–55. doi:10.1016/j.resconrec.2011.09.003

19. Chen C-S (2014) Price fight of product. Taiwan Environmental Information Center. http://
boot-topping5.rssing.com/browser.php?indx=3994084&item=3708. Accessed 28 Sept 2014

20. Carbon Place (2014) http://www.carbonplace.eu/
21. Chang EE, Chiu A-C, Pan S-Y, Chen Y-H, Tan C-S, Chiang P-C (2013) Carbonation of basic

oxygen furnace slag with metalworking wastewater in a slurry reactor. Int J Greenhouse Gas
Control 12:382–389. doi:10.1016/j.ijggc.2012.11.026

22. Chang EE, Pan SY, Chen YH, Tan CS, Chiang PC (2012) Accelerated carbonation of
steelmaking slags in a high-gravity rotating packed bed. J Hazard Mater 227–228:97–106.
doi:10.1016/j.jhazmat.2012.05.021

23. Chang EE, Pan S-Y, Chen Y-H, Chu H-W, Wang C-F, Chiang P-C (2011) CO2 sequestration
by carbonation of steelmaking slags in an autoclave reactor. J Hazard Mater 195:107–114.
doi:10.1016/j.jhazmat.2011.08.006

436 19 System Optimization

http://dx.doi.org/10.1021/es403323x
http://dx.doi.org/10.1016/j.ijggc.2011.01.006
http://dx.doi.org/10.1016/j.ijggc.2011.01.006
http://dx.doi.org/10.1016/j.energy.2008.01.005
http://dx.doi.org/10.1016/j.apenergy.2015.03.047
http://dx.doi.org/10.1016/j.apenergy.2015.03.047
http://dx.doi.org/10.1021/es304975y
http://dx.doi.org/10.1016/j.mineng.2004.12.014
http://dx.doi.org/10.1016/j.apenergy.2016.02.103
http://dx.doi.org/10.1016/j.resconrec.2011.09.003
http://boot-topping5.rssing.com/browser.php%3findx%3d3994084%26item%3d3708
http://boot-topping5.rssing.com/browser.php%3findx%3d3994084%26item%3d3708
http://www.carbonplace.eu/
http://dx.doi.org/10.1016/j.ijggc.2012.11.026
http://dx.doi.org/10.1016/j.jhazmat.2012.05.021
http://dx.doi.org/10.1016/j.jhazmat.2011.08.006


24. Chang EE, Wang Y-C, Pan S-Y, Chen Y-H, Chiang P-C (2012) CO2 Capture by using
blended hydraulic slag cement via a slurry reactor. Aerosol Air Q Res 12:1433–1443.
doi:10.4209/aaqr.2012.08.0210

25. Matuszewski M, Ciferno J, Marano JJ, Chen S (2011) Research and development goals for
CO2 capture technology. U.S. Department of Energy, Washington, DC

26. Datta S, Henry MP, Lin YJ, Fracaro AT, Millard CS, Snyder SW, Stiles RL, Shah J, Yuan J,
Wesoloski L, Dorner RW, Carlson WM (2013) Electrochemical CO2 capture using
resin-wafer electrodeionization. Ind Eng Chem Res 52(43):15177–15186. doi:10.1021/
ie402538d

27. Pan SY, Chen YH, Chen CD, Shen AL, Lin M, Chiang PC (2015) High-gravity carbonation
process for enhancing CO2 fixation and utilization exemplified by the steelmaking industry.
Environ Sci Technol 49(20):12380–12387. doi:10.1021/acs.est.5b02210

28. Hasanbeigi A, Price L, Lin E (2012) Emerging energy-efficiency and CO2 emission-reduction
technologies for cement and concrete production: A technical review. Renew Sustain Energy
Rev 16(8):6220–6238. doi:10.1016/j.rser.2012.07.019

29. China Steel Corp (2014) Corporate sustainability report. CSR, CSC, Kaohsiung, Taiwan
30. Reynolds B, Reddy K, Argyle M (2014) Field application of accelerated mineral carbonation.

Minerals 4(2):191–207. doi:10.3390/min4020191
31. Zaelke D, Young O, Andersen SO (2011) Scientific synthesis of calera carbon sequestration

and carbonaceous by-product applications. University of California, Donald Bren School of
Environmental Science and Management, Santa Barbara

32. Reddy KJ, Reddy KJ, Weber H, Bhattacharyya P, Morris A, Taylor D, Christensen M,
Foulke T, Fahlsing P (2010) Instantaneous capture and mineralization of flue gas carbon
dioxide: pilot scale study. nature preceding available from nature preceding. http://dx.doi.org/
10.1038/npre.2010.5404.1. doi:10.1038/npre.2010.5404.1

33. Calera (2011) Calera process: green cement for a blue planet
34. Bodénan F, Bourgeois F, Petiot C, Augé T, Bonfils B, Julcour-Lebigue C, Guyot F,

Boukary A, Tremosa J, Lassin A, Gaucher EC, Chiquet P (2014) Ex situ mineral carbonation
for CO2 mitigation: evaluation of mining waste resources, aqueous carbonation processability
and life cycle assessment (Carmex project). Min Eng 59:52–63. doi:10.1016/j.mineng.2014.
01.011

35. Mineral Carbonation International (2013) http://mineralcarbonation.com/
36. Skyonic (2014) Technology: capitol SkyMine. Skyonic. http://skyonic.com/skymine/
37. IEA (2013) Post-combustion CO2 capture scale-up study. International Energy Agency
38. Santos S (2013) Challenges to the development of CCS in the energy intensive industries.

Paper presented at the 7th IEAGHG International Summer School, Cheltenham, UK
39. Shah SPW, Kejin (2004) Development of “green” cement for sustainable concrete using

cement kiln dust and fly ash 15–23
40. Xiao L-S, Wang R, Chiang P-C, Pan S-Y, Guo Q-H, Chang EE (2014) Comparative life cycle

assessment (LCA) of accelerated carbonation processes using steelmaking slag for CO2

fixation. Aerosol Air Q Res 14(3):892–904. doi:10.4209/aaqr.2013.04.012
41. Azdarpour A, Asadullah M, Junin R, Manan M, Hamidi H, Mohammadian E (2014) Direct

carbonation of red gypsum to produce solid carbonates. Fuel Process Technol 126:429–434.
doi:10.1016/j.fuproc.2014.05.028

42. Santos RM, Verbeeck W, Knops P, Rijnsburger K, Pontikes Y, Van Gerven T (2013)
Integrated mineral carbonation reactor technology for sustainable carbon dioxide sequestra-
tion: ‘CO2 energy reactor’. Energy Procedia 37:5884–5891. doi:10.1016/j.egypro.2013.06.
513

43. Pan S-Y, Chiang P-C, Chen Y-H, Tan C-S, Chang EE (2014) Kinetics of carbonation reaction
of basic oxygen furnace slags in a rotating packed bed using the surface coverage model:
maximization of carbonation conversion. Appl Energy 113:267–276. doi:10.1016/j.apenergy.
2013.07.035

References 437

http://dx.doi.org/10.4209/aaqr.2012.08.0210
http://dx.doi.org/10.1021/ie402538d
http://dx.doi.org/10.1021/ie402538d
http://dx.doi.org/10.1021/acs.est.5b02210
http://dx.doi.org/10.1016/j.rser.2012.07.019
http://dx.doi.org/10.3390/min4020191
http://dx.doi.org/10.1038/npre.2010.5404.1
http://dx.doi.org/10.1038/npre.2010.5404.1
http://dx.doi.org/10.1038/npre.2010.5404.1
http://dx.doi.org/10.1016/j.mineng.2014.01.011
http://dx.doi.org/10.1016/j.mineng.2014.01.011
http://mineralcarbonation.com/
http://skyonic.com/skymine/
http://dx.doi.org/10.4209/aaqr.2013.04.012
http://dx.doi.org/10.1016/j.fuproc.2014.05.028
http://dx.doi.org/10.1016/j.egypro.2013.06.513
http://dx.doi.org/10.1016/j.egypro.2013.06.513
http://dx.doi.org/10.1016/j.apenergy.2013.07.035
http://dx.doi.org/10.1016/j.apenergy.2013.07.035


44. Sanna A, Dri M, Hall MR, Maroto-Valer M (2012) Waste materials for carbon capture and
storage by mineralisation (CCSM)—a UK perspective. Appl Energy 99:545–554. doi:10.
1016/j.apenergy.2012.06.049

45. Pan S-Y, Chang EE, Chiang P-C (2012) CO2 capture by accelerated carbonation of alkaline
wastes: a review on its principles and applications. Aerosol Air Q Res 12:770–791.
doi:10.4209/aaqr.2012.06.0149

46. Gerdemann SJ, O’Connor WK, Dahlin DC, Penner LR, Rush H (2007) Ex situ aqueous
mineral carbonation. Environ Sci Technol 41(7):2587–2593

47. Yu C-H, Huang C-H, Tan C-S (2012) A review of CO2 capture by absorption and adsorption.
Aerosol Air Q Res 12:745–769. doi:10.4209/aaqr.2012.05.0132

48. Rayson M, Magill M, Sault R, Ryan G, Swanson M (2008) Mineral sequestration of CO2.
Chemical Engineering. The University of Newcastle, Newcastle, NSW

49. Christensen MH (2010) An economic analysis of the Jim Bridger Power Plant CO2

mineralization process. University of Wyoming, Laramie, Wyoming
50. Stolaroff J, Lowry G, Keith D (2005) Using CaO- and MgO-rich industrial waste streams for

carbon sequestration. Energy Convers Manage 46(5):687–699. doi:10.1016/j.enconman.2004.
05.009

51. Huijgen WJJ, Comans RNJ, Witkamp G-J (2007) Cost evaluation of CO2 sequestration by
aqueous mineral carbonation. Energy Convers Manage 48(7):1923–1935. doi:10.1016/
j.enconman.2007.01.035

52. Sanna A, Uibu M, Caramanna G, Kuusik R, Maroto-Valer MM (2014) A review of mineral
carbonation technologies to sequester CO2. Chem Soc Rev 43(23):8049–8080. doi:10.1039/
c4cs00035h

53. Teir S, Eloneva S, Fogelholm C, Zevenhoven R (2009) Fixation of carbon dioxide by
producing hydromagnesite from serpentinite. Appl Energy 86(2):214–218. doi:10.1016/
j.apenergy.2008.03.013

54. Katsuyama Y, IIizaka A, Yamasaki A, Fujii M, Kumagai K, Yangagisawa Y (2005)
Development of a new treatment process of wastes concrete for CO2 reduction in cement
industry. Greenhouse Gas Control Technol 2:1433–1439

55. Salman M, Cizer Ö, Pontikes Y, Santos RM, Snellings R, Vandewalle L, Blanpain B, Van
Balen K (2014) Effect of accelerated carbonation on AOD stainless steel slag for its
valorisation as a CO2-sequestering construction material. Chem Eng J 246:39–52. doi:10.
1016/j.cej.2014.02.051

56. Liang XJ, Ye ZM, Chang J (2012) Early hydration activity of composite with carbonated steel
slag. J Chinese Ceram Soc 40(2):228–233 (in Chinese)

57. Balucan RD, Dlugogorski BZ, Kennedy EM, Belova IV, Murch GE (2013) Energy cost of
heat activating serpentinites for CO2 storage by mineralisation. Int J Greenhouse Gas Control
17:225–239. doi:10.1016/j.ijggc.2013.05.004

58. Gislason SR, Oelkers EH (2014) Carbon storage in Basalt. Science 344:373–374.
doi:10.1126/

59. Wilson R, Luckow P, Biewald B, Ackerman F, Hausman E (2012) 2012 Carbon dioxide price
forecast. Synapse Energy Economics, Inc., Cambridge

60. Teir S, Eloneva S, Fogelholm C-J, Zevenhoven R (2007) Dissolution of steelmaking slags in
acetic acid for precipitated calcium carbonate production. Energy 32(4):528–539.
doi:10.1016/j.energy.2006.06.023

61. Teir S, Eloneva S, Zevenhoven R Co-utilization of CO2 and calcium silicate-rich slags for
precipitated calcium carbonate production (part I). In: Proceedings of the 18th international
conference on efficiency; cost; optimization; simulation and environmental impact of energy
systems (ECOS 2005), Trondheim, Norway, 20–22 June 2005

62. Gibbs MJ, Soyka P, Conneely D (2001) CO2 emissions from cement production. good
practice guidance and uncertainty management, National Greenhouse Gas Inventories.
Intergovernmental Panel on Climate Change (IPCC)

63. Shen W, Cao L, Li Q, Zhang W, Wang G, Li C (2015) Quantifying CO2 emissions from
China’s cement industry. Renew Sustain Energy Rev 50:1004–1012

438 19 System Optimization

http://dx.doi.org/10.1016/j.apenergy.2012.06.049
http://dx.doi.org/10.1016/j.apenergy.2012.06.049
http://dx.doi.org/10.4209/aaqr.2012.06.0149
http://dx.doi.org/10.4209/aaqr.2012.05.0132
http://dx.doi.org/10.1016/j.enconman.2004.05.009
http://dx.doi.org/10.1016/j.enconman.2004.05.009
http://dx.doi.org/10.1016/j.enconman.2007.01.035
http://dx.doi.org/10.1016/j.enconman.2007.01.035
http://dx.doi.org/10.1039/c4cs00035h
http://dx.doi.org/10.1039/c4cs00035h
http://dx.doi.org/10.1016/j.apenergy.2008.03.013
http://dx.doi.org/10.1016/j.apenergy.2008.03.013
http://dx.doi.org/10.1016/j.cej.2014.02.051
http://dx.doi.org/10.1016/j.cej.2014.02.051
http://dx.doi.org/10.1016/j.ijggc.2013.05.004
http://dx.doi.org/10.1016/j.energy.2006.06.023


64. Kumar S, Kumar R, Bandopadhyay A (2006) Innovative methodologies for the utilisation of
wastes from metallurgical and allied industries. Resour Conserv Recycl 48(4):301–314.
doi:10.1016/j.resconrec.2006.03.003

65. van Zomeren A, Van der Laan S, Kobesen H, Huijgen W, Comans R (2011) Changes in
mineralogical and leaching properties of converter steel slag resulting from accelerated
carbonation at low CO2 pressure. Waste Manage 31:2236–2244

66. Baciocchi R, Corti A, Costa G, Lombardi L, Zingaretti D (2011) Storage of carbon dioxide
captured in a pilot-scale biogas upgrading plant by accelerated carbonation of industrial
residues. Energy Procedia 4:4985–4992. doi:10.1016/j.egypro.2011.02.469

67. Baciocchi R, Costa G, Di Bartolomeo E, Polettini A, Pomi R (2010) Carbonation of stainless
steel slag as a process for CO2 storage and slag valorization. Waste Biomass Valorization
1:467–477

68. Chang EE, Pan SY, Yang L, Chen YH, Kim H, Chiang PC (2015) Accelerated carbonation
using municipal solid waste incinerator bottom ash and cold-rolling wastewater: performance
evaluation and reaction kinetics. Waste Manage 43:283–292. doi:10.1016/j.wasman.2015.05.
001

69. Pan S-Y, Hung C-H, Chan Y-W, Kim H, Li P, Chiang P-C (2016) Integrated CO2 fixation,
waste stabilization, and product utilization via high-gravity carbonation process exemplified
by circular fluidized bed fly ash. ACS Sustain Chem Eng 4(6):3045–3052. doi:10.1021/
acssuschemeng.6b00014

References 439

http://dx.doi.org/10.1016/j.resconrec.2006.03.003
http://dx.doi.org/10.1016/j.egypro.2011.02.469
http://dx.doi.org/10.1016/j.wasman.2015.05.001
http://dx.doi.org/10.1016/j.wasman.2015.05.001
http://dx.doi.org/10.1021/acssuschemeng.6b00014
http://dx.doi.org/10.1021/acssuschemeng.6b00014

	19 System Optimization
	Abstract
	19.1 Mathematical Programming Approach
	19.1.1 Principles
	19.1.2 Application: Case Study of Carbonation in a Slurry Reactor

	19.2 Graphical Presentation for Optimization
	19.2.1 Maximum Achievable Capture Capacity (MACC)
	19.2.2 Balancing Mass Transfer Rate and Energy Consumption

	19.3 Comprehensive Performance Evaluation via 3E Triangle Model: A Case Study
	19.3.1 Scope and Scenario Setup
	19.3.2 Key Performance Indicators and Data Inventory
	19.3.2.1 Engineering Consideration
	19.3.2.2 Environmental Consideration
	19.3.2.3 Economic Consideration

	19.3.3 Performance in 3E Perspectives
	19.3.3.1 Engineering Performance
	19.3.3.2 Environmental Performance: Impacts and Benefits
	19.3.3.3 Economic Performance: Cost and Benefits Analysis

	19.3.4 Optimization Using 3E Triangle Model

	19.4 Technology Demonstration and Commercialization
	19.4.1 Worldwide Demonstration Plans
	19.4.2 Engineering Performance
	19.4.2.1 CO2 Capture Scale and Efficiency
	19.4.2.2 Product Utilization
	19.4.2.3 Integrated Approach to CO2 Fixation and Solid Waste Utilization

	19.4.3 Economic Perspectives
	19.4.3.1 Energy Consumption
	19.4.3.2 Operating Cost

	19.4.4 Environmental Impacts and Benefits
	19.4.4.1 Reduction in Greenhouse Gas Emission
	19.4.4.2 Leaching Behavior of Heavy Metals from Alkaline Solid Wastes


	References


