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Keywords: As an important national basic industry in China, the production of calcium carbide faced with huge pressure on
Carbon-calcium compound conversion energy conservation and emission reduction because of the CO, emission and solid waste carbide slag. Therefore,
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it is necessary to realize the recycling of carbon and calcium in the production process of calcium carbide. A
novel system of carbon-calcium compound conversion for calcium carbide-acetylene production was proposed in
this work, which combines two-stage carbon capture and calcium carbide waste slag reuse processes to achieve
CO» enrichment and calcium cycle. Based on the simulation data, the proposed system was comprehensively
evaluated by material conversion, exergy and exergoeconomic analyses. It was found that the improved process
performed better with an effective C, H, Ca atomic conversion rate for carbide furnace of 85.41% and CO,
capture efficiency of 90.35%, compared with the referenced process of 64.51% and 0, respectively. The exer-
goeconomic analysis results suggested that more focus should be put on carbide furnace, acetylene reactor, re-
carbonization furnace, gasifier and calciner since they are the top five of capital investments and exergy
destruction. Besides, the carbide furnace, acetylene reactor, re-carbonization furnace and gasifier have relatively
lower exergoeconomic factor (fi) values of 1.00%, 0.93%, 2.27% and 3.07%, respectively, indicating that exergy
destruction costs of these components can be decreased with the improvement of system thermodynamic and
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equipment performance. Furthermore, the calcium looping process formed based on the improved oxy-thermal
method (OTM) process, using the captured CO, to mineralize carbide slag to form another calcification cycle for
the production of calcium carbide-acetylene, has a higher exergy efficiency of 48.97% than the referenced
process of 47.85%, and also achieves the lowest carbon emissions and the obvious reduction in CaO input.
Results revealed that the proposed calcium looping system with high-efficiency, low-carbon and clean for cal-
cium carbide-acetylene production, could be a promising process for carbon emission reduction in practical

applications.

Nomenclature Yk Exergy destruction ratio

Yi Relative exergy destruction ratio
Abbreviation V4 Cost of component, $
AR Acetylene reactor Zi Cost rate of component, $/h
C Calciner
CEPCI  Chemical engineering plant cost index Greek letters
CF Carbide furnace T Annual plant operating hours, h
COOL Cooler 7 Maintenance factor
G Gasifier 17 Mole flux, mol/s
H Heater Mk Exergy efficiency
HEX Heat exchanger . .
RF Re-carbonization furnace Superscripts an.d s@scmm
SEP Separator CI Capital investment
SPECO  Specific exergy cost ch Chemical .

D Exergy destruction
Symbols frac Fraction
c Specific exergy cost, $/GJ F Fuel
¢ Exergy cost rate, $/h . i-th component
Ey Exergy rate, kW m I.nlet
Exm Mole exergy, kW J j-th component
ex Specific exergy, kJ/mol k k-th component
fr Exergoeconomic factor m Raw m.aterlal )
AGY Standard generating Gibbs function oM Operating and maintenance
h; Specific enthalpy, kJ/mol out Outlet
i Interest rate p Target product
m Mass, kg P Product
n Operating years ph Pillysmsl
T Relative exergy cost difference q T erlma energy
si Specific entropy, kJ/(mol K) tot Tota. )
Y Ratio 0 Ambient environment or base year

1. Introduction

China’s abundant coal resources are the raw materials for the pro-
duction of many important chemicals, such as calcium carbide-acetylene
industry [1,2]. Currently, China is the largest producer and consumer of
calcium carbide in the world, and the actual output of calcium carbide
reached 28.88 million tons in 2020 [3,4]. As one of the important basic
chemical raw materials, calcium carbide is widely used in acetylene gas
production, organic synthesis, oxyacetylene welding, etc. [5-7]. It is
easy for CaCy to react with water to generate acetylene, which is an
indispensable raw material for coal chemical industry [8]. Therefore, as
the core part of acetylene production, coal-to-calcium carbide is worthy
of in-depth study [9].

At present, calcium carbide production includes electro-thermal
method (ETM) and oxy-thermal method (OTM). Electro-thermal
method (ETM) originated early, and calcium carbide is formed by the
reaction of calcium oxide and coke at a high temperature about 2000 °C
produced by electric arc [10,11]. Generally, the power consumption of
producing 1 ton of pure calcium carbide is about 3500 kWh [9].
Therefore, the ETM consumes a huge amount of electricity, which
basically relies on coal power, and the conversion efficiency of coal

power is about 40% [12,13]. In conclusion, high energy consumption,
high pollution and low efficiency restrict the development of ETM,
which demonstrates that the process needs to be improved [14]. Some
scholars turn to oxy-thermal method (OTM) as an alternative, which
directly uses the heat from combustion of coal for calcium carbide
production, avoiding the energy loss of electric arc discharge [15]. OTM
uses little electricity because part of the coke is burned to provide heat
for the reaction. The rest of the coke reacts with quicklime to produce
calcium carbide and a large amount of tail gas. In general, the purity of
CO in tail gas produced by calcium carbide process reaches as high as
90% through OTM [1]. Direct discharge or burning of this high purity
tail gas will cause waste and environmental pollution, and it can be used
as raw material for chemical products. Liu et al. [16] proposed a fixed-
bed oxy-thermal calcium carbide production process using oxygen as
gasification agent. Guo et al. [17] analyzed the thermodynamics of the
low rank coal-based oxy-thermal calcium carbide-acetylene system and
the results showed that a large amount of carbon consumption and en-
ergy discharge of off-gas played dominant role in CaCy production.
Regretfully, it is still in the experimental stage under the current limited
technical conditions [16,18]. The main drawbacks of the OTM are high
consumption of oxygen and coke, large amount of CO/Hy-rich gas, and
ineffectively utilized solid waste [19]. Whereas the OTM as a potential
new technical approach has attracted extensive research attention.
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Obviously, the calcium carbide production process needs to consume
a large amount of coal resources to provide energy, which will also lead
to serious pollution. It needs further investigation whether OTM can
overcome these defects and behave better in energy-saving and envi-
ronmental protection. Detailed data for the assessment of OTM are
insufficient at present stage. For example, Huo et al. [9] (2021) and Mi
et al. [1] (2014) etc. have done exergy analysis on a calcium carbide
system, but they do not give the exergy efficiency of the system in the
end. Huo et al. [20], Zhang et al. [21], and Ma et al. [19] also analyzed
the calcium carbide industry, but only evaluated and analyzed the sys-
tem from individual aspects such as life cycle assessment, energy anal-
ysis or exergy analysis. However, there is a lack of design improvement
of calcium carbide process and systematic and comprehensive analysis
of the whole process. To improve the energy utilization efficiency and
explore the energy saving potential, researchers did a lot of work on the
energy and exergy balance study of the system, meanwhile some energy
evaluation indicators were proposed [22-24]. Mi et al. [1] assessed the
energy use and carbon footprint for OTM and ETM calcium carbide
manufacturing processes and proposed three system indexes of multi-
product comprehensive energy consumption, exergy consumption and
carbon emission, results showed that OTM had significantly better
environmental performance. Huo et al. [9] made a techno-economic
analysis on the low rank coal to CaCy process. Ma et al. [19] analyzed
the energy and exergy flow of a new calcium carbide production process
and the comprehensive energy consumption and exergy consumption
were 10.22 kWh/kg-CaCy and 9.15 kWh/kg-CaCy, respectively. Zhang
et al. [21] made a life cycle assessment of the calcium carbide-acetylene
production process. These literatures analyze calcium carbide system
only from a few aspects, and comprehensive and systematic evaluation
is required. Therefore, it is aimed at establishing a comprehensive
evaluation system from the aspects of material conversion, energy uti-
lization, economy and carbon reduction capacity.

To develop an energy efficient, low-carbon and environmentally
friendly calcium carbide manufacturing technique, three cases of oxy-
thermal calcium carbide-acetylene process systems were proposed and
a comparison of their performance are comprehensively discussed in this
work. Firstly, the differences in the process flow composition of three
kinds of coal-carbide-acetylene process systems were compared. Then,
the indexes of material conversion of the three processes are analyzed to
reveal the atomic conversion, CO, capture rate, carbon emission.
Moreover, the exergy analysis of the three processes was done, and the
exergy efficiency of each process was compared. Exergoeconomic
analysis was made for the optimal process and the starting point for
energy saving and consumption reduction was revealed through the cost
analysis of each key component. Finally, a carbon emission reduction
system has been established based on improved process which coupling
two-stage carbon and calcium recycling to realize CO2 capture and solid
waste resource utilization. The results of this work are helpful to
improve the assessment of calcium carbide-acetylene evaluation system
and give meaningful suggestions for carbon emission reduction and
sustainable calcium recycling, leading to the further clean production
development of the existing oxy-thermal process.
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2. System description and assumptions

The current development of calcium carbide production by OTM is
not mature enough for industrial application, and researchers put a lot of
effort to improve it. In the early stage, the equipment and process
research on OTM of calcium carbide were mainly carried out by Liu’s
team in China [16,25-27]. Here, the OTM calcium carbide process
adopted by Ge et al. [25] (which is referred to as the referenced process
later) was compared with the process proposed in this paper, and the
schematic diagram of the referenced OTM process is shown in Fig. 1.
Case 1 is the basic process of OTM research and it reflects the basic
operation units of the OTM calcium carbide production process, and
mainly includes four modules: coal pyrolysis, calcination (preparation of
raw material CaO), calcium carbide furnace and acetylene generator.

Fig. 2 is the schematic diagram of the improved calcium carbide-
acetylene system proposed in this paper based on the referenced pro-
cess (Case 1), which consists of four main submodules, including
gasifier, coupling module of re-carbonization furnace and calciner,
carbide furnace and acetylene furnace. In this system, about 30 wt% of
the coal is used to provide energy through steam gasification, and the
other part of coal participates in the reaction of calcium carbide for-
mation. At the same time, the system coupled with the re-carbonization
and calcination module, which not only recycled carbide slag generated
by the system to achieve calcium circulation, but also captured part of
the CO» in the process, and the calcium carbide products are further co-
produced with the downstream product acetylene. The entire system
focuses on the efficient, clean, and high-value conversion of coal.

The detailed working principle of this improved system can be
summarized as follows. Part of the coal (point 1) enters the gasifier
through the preheater (Heater 2) and water (point 16) through heat
exchange as a steam gasification agent (point 17) to cause coal gasifi-
cation reaction. The syngas (point 5) and a small amount of preheated
quicklime CaO (point 3) enter the re-carbonization furnace. The CO; in
the syngas is absorbed by calcium and converted into CaCOs, and then
the syngas with high heating value (mainly CO, Hy, point 7) is separated
and sent to the calcium carbide furnace. The CaCO3 (point 8) is
decomposed into CaO and COs in the calciner, and CaO (point 11) is
separated from the gas (point 10) by a separator. A part of CaO (point
12) is then fed into the calcium carbide furnace for standby through the
separator, and the rest (point 13) is returned to the re-carbonization
furnace for recycling. The gas (point 10) is separated by the separator
to CO5 (point 14) and high-temperature steam (point 15). The steam is
used as the raw material (point 18) of the acetylene reactor after heat
exchange. Coal (point 21) and quicklime CaO (point 12) undergo cal-
cium carbide formation reaction under the action of high-calorific value
gas (point 7) (Eq. (3)), and the generated calcium carbide (point 27) is
sent to the acetylene reactor (Eq. (4)), and the remaining products (point
24) are separated by the separator to separate the tail gas (point 26) and
by-products (point 25) such as CaCOs and Ca(OH),. The product in the
acetylene generator is separated from the acetylene (point 30) and cal-
cium carbide slag (point 29) through a separator, and the calcium car-
bide slag (point 29) and the by-products (CaCO3 and Ca(OH),, point 25)

Coal
-
H,0 >
[

Ca(OH),

Case 1: Calcium carbide acetylene produced by partial coal oxy-thermal process

Tail gas (CO, H,, CO,, H,0)

4

+ C,H,
— Residual waste
(CaCOs, Ca(OH),, CaC,)

Carbide slag

Fig. 1. Schematic diagram of the referenced OTM process [25].
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Fig. 2. Schematic diagram of an improved coal to calcium carbide-acetylene system.

temperature calcination (Egs. (1)-(2)), then the generated CaO is used
for calcium recycling. Calcination decomposition:

Some basic assumptions are considered to simplify the modeling and

analysis:

(1) The system is in a steady-state operation and thermodynamic

CaCO; < Ca0 + CO,  AHY, = 178 kJ/mol

Ca(OH),~Ca0 + H,0  AHY, = 104 kJ/mol

equilibrium. Calcium carbide reaction:
(2) Kinetic and potential energy changes are omitted.

(3) Pressure losses and heat losses in all pipelines are neglected.

3C + CaO—CaC, + CO  AHj, = 464.52 kJ /mol

(a) Case 2: Calcium carbide acetylene produced by partial coal oxy-thermal process
CO, flow Tail gas (CO, H,, CO,, H,0)
Calcium cycle T
L2 o - -I
C(;ml | Recarbonization oA, CoH,
quO | furnace Slney Residual waste
- [, T. __________ T I (CaCO;, Ca(OH),,
Cac:)
CaO Carbide slag
(b) Case 3: Calcium carbide acetylene produced by partial coal steam gasification process
CO, flow Tail gas (CO, Hy, CO,, H,0)
Calcium cycle
| B o - -I
Coal— |, Recarbonization . C,H,
H,0— ! furnace gy Residual waste
Commmmme e T ot (CaCO;, Ca(OH),,
CaC,)
CaO Carbide slag

(4) The coal involved in this paper is coke with a purity of 100%.

®

(2)

3

Fig. 3. Schematic diagram of two cases of improved coal-based calcium carbide-acetylene process: (a) calcium carbide-acetylene produced by partial coal oxy-
thermal process; (b) calcium carbide-acetylene produced by partial coal steam gasification process.
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Acetylene reaction:
CaC, + 2H,0—C,H, + Ca(OH), AHY, = —127 kJ/mol @

Based on the improved system shown in Fig. 2, two process cases as
shown in Fig. 3 were established, which mainly includes five modules:
coal pyrolysis, re-carbonization, calcination, calcium carbide furnace
and acetylene generator. The process of Case 2 (Fig. 3a) is exactly the
same as that of Case 3 (Fig. 3b), except that the gasification agent of the
two coal pyrolysis modules is different (Case 2 is oxygen and water
vapor, the same as the referenced system, and Case 3 is water vapor).
Compared with Case 1, Case 2 and Case 3 add a calcium recycling
module coupled re-carbonization and calcination. It is worth noting that
this coupled module can not only capture the CO, generated in the
upstream, but also recycle the calcium carbide waste slag generated in
the downstream.

3. Methodology

The entire process is modeled and simulated using Aspen Plus V10.0
software, and the correlated equations for the exergoeconomic evalua-
tion are solved by the MATLAB. For the process model established in
Aspen, the process components and the corresponding state equations
are specified from the database. The process flow sheet is constructed by
selecting appropriate unit operation blocks and connecting materials.

3.1. Material conversion

For the evaluation of material conversion in polygeneration systems,
the conversion rate of raw materials and the yield of main products are
usually used to describe the utilization of raw materials. In order to
describe the utilization or conversion rate of a certain element in a
substance, Trost proposed the concept of atom economy, which refers to
how many reactant atoms are converted into target products [28]. After
that, the concept of atomic economy was widely used in chemical pro-
duction systems. Even if the yield of chemical products reaches 100%,
the atom economy of the process may be very low. Therefore, Patel et. al
believe that the atom economy is only one way to evaluate the chemical
process, and the process should be evaluated in conjunction with energy
consumption, pollutant emissions and product prices [29].

The material conversion process of coal-based co-production system
is actually the process of distribution, migration and utilization of car-
bon, hydrogen, oxygen and other elements in coal. In addition to the
material conversion characteristics of the poly-generation system, re-
searchers often pay attention to its energy utilization. Therefore, some
basic evaluation indicators have been established for the co-production
system of coal-based carbon-calcium compound conversion to calcium
carbide and acetylene, which preliminarily reveals the material con-
version characteristics of the system.

The effective atomic yield of carbide furnace module is defined as the
ratio of the total mass of carbon, hydrogen and calcium in the target
products to the total mass of carbon, hydrogen and calcium in the raw
material when the raw material is converted into the target products
CaCy, Hy and CO by chemical reaction, as expressed in Eq. (5)

v =3 (g ) / S (s iy + ) 5)
i J

where m¢ ., mt mgl“] are the masses of C, H, Ca elements in raw material

myj2 ' myj?
Jj, and mg i mﬁi, mg_? are the masses of C, H, Ca elements in the target

product i, respectively.
The CO; capture rate of the re-carbonization module is expressed as

mfrac.in - mfmr,oul
Yco, capure =—"———"""— (6)
m[mc,[n

where My i is the mass of CO; entering the re-carbonization module,
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Mfrac our iS the mass of CO, flowing out of the re-carbonization module.

The CO, reduction (which represents the amount of CO, emission
reduction achieved due to the carbon capture module in the improved
process) and CO; emissions per unit of CoHy product are respectively
expressed as

mc 'Oy reduction tot
Y('oz reduction = ————————— (7)
C2Hy Me,H, ot
Mco, ot
Ym: emission = —————— (8)
Gy M, H, tor

where Meo,reduction ot iS the mass of CO, enriched by the entire system,
Mco, o i the mass of CO4 emitted by the entire system, mg,u, tor is the
mass of the final target product CoHs of the system.

3.2. Exergy modeling

The usefulness of energy depends entirely on the convertibility of
this energy form. The part of energy that can theoretically be converted
into useful work in any form of energy under the ambient conditions is
known as the exergy or effective energy. That is, exergy can be used to
characterize the quality or grade of energy [30]. Relative to the com-
plete equilibrium state, the exergy possessed by the system is the sum of
physical exergy and chemical exergy, which are as Eqgs. (9)-(11):

E.x = Ex.[}h + Ex,ch (9)
Eva=Y . e + R, uxlny, 10
. k

Evpn = Zi:l [¢:(hi — ho) — $:To(si — o) ] an

where eff: is the standard chemical exergy of a pure component i, h; and s;
are the specific enthalpy and specific entropy of component i, hy and sy
are the specific enthalpy and specific entropy of component i in the
environmental state, respectively. ¢; is mole flux and x; is mole fraction.
The standard chemical exergy of gas can be found in reference [31]. The
specific enthalpy and entropy can be obtained from the result dataset of
Aspen. For some compounds of which standard chemical exergy cannot
be found in the literature, the generation reaction system can be used to
obtain the standard chemical exergy of the substance [31]. Assuming
that the compound A B,C. is generated from the elements or stable
elemental substances A, B and C, and its formation reaction is carried out
under py, Ty, the standard chemical exergy per mole of compound can be
obtained from the exergy balance equation:

(Exm,AMB;,C()" =Ng (Exm,A)n +ny (E)«m.B)n +n. (Exm,C)n + (AG}J> 12)

aBy Ce

where (AG}))A e is the standard generating Gibbs function of com-
aBpLc

pound A,B;,C,, which can be directly founded in the data book [31]. ng,
ny, n. are the number of atoms of each element in chemical formula
AyByC..

The exergy destruction Ej,,
ation is calculated at the component level, which is the difference be-

tween exergy of fuel and exergy of product, as described by Eq. (13).

within the component during the oper-

E

XDk

—E

XPk

=E

XF k

13

The exergy destruction ratio yx and relative exergy destruction ratio
yi* of each component are defined by Egs. (14) and (15) [32].

E

XDk
Yk = = 14)
EXF.k
* EXUk
v L as)
g Z EXIJ.k
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The exergy efficiency for k-th component can be expressed by Eq.
(16).

n _ EXPk —1— EXnL
ex.k E EXF*

XF k

(16)

Table 1 summarizes the definitions of exergetic fuel and exergetic
product of each component and lists the exergy destruction equation and
exergy efficiency expression of each component.

3.3. Exergoeconomic modeling

Exergoeconomic analysis is an effective method that combines
exergy and economic analysis to evaluate the cost of exergy. Its main
purpose is to calculate the unit exergy cost of the product flow by
revealing the cost formation process. Based on the energy and economic
analysis principles of the system components, the exergoeconomic
analysis can comprehensively analyze the costs associated with each
exergy flow and thermal system component. In this paper, the specific
exergy cost (SPECO) method is used because it provides a general, sys-
tematic and definite approach for developing exergy efficiency of ther-
mal systems and their components [33].

The cost balance equation for k-th system component can be
expressed as [34]

Z Cmu.k + Cw.,k = Z Ci/t,k + Cq,k + Zk (17)

where the terms ) Cin,k and ) Courx are the incoming and outgoing cost
rate of k-th component, C‘W,k and C'q_k are the cost rate associated with the
output power and the input thermal energy of k-th component. Mean-
while the cost rate € in the above equation can be written as

Table 1
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C=cE (18)

where c is the specific exergy cost for each stream. The term Z is the

. . 1 .l .
total cost rate associated with the capital investment Z;, operation and

. :OM .
maintenance costs Z,  for the k-th component, given by

Zo=20 4 2" 19

. CRF
zf_( )a
T
where 7 is annual plant operation hours, CRF is capital recovery factor,
as expressed in Eq. (21)

(20)

i(144)"
CRF = ——"— 21
(1+i) =1 (21)
The ZfM is given by Eq. (22)[23], in which y is maintenance factor.

72" = (%) Z (22)
Zy is the cost equation for each component, which is summarized in
Appendix A (Table Al). Among them, cost per unit exergy (cu), 130,
0.093, 0.78, 30, 1100 and 2200 are all constants, which can be obtained
directly from references [22,23], while heat power (Qc,r), heat transfer
area (Aggx), mass flow rate (1) and electrical power (Wsep) need to be
read from ASPEN and substituted into the cost equations in turn to
calculate the Z; of the corresponding component. It is worth noting that
the cost of each component must be based on the same referenced year.
Therefore, the Chemical Engineering Plant Cost Index (CEPCI) is used to
aggregate the cost data of all components to 2020. The detailed

The exergetic fuel, exergetic product, exergy destruction and exergy efficiency of each component of the improved system.

Eps +Epq —Ez

Wseps *(E3o + Epg — Ezs)

Component Exergetic fuel Ey,, Exergetic product Ey,, ];xergy destruction Exergy efficiency

Ex,, Nexk
Gasifier Ey + Eyy Es E + Ey7 —Es Es/ (Ez +E17>
Re-carbonization furnace E4 + Es + Ei3 Es E4 + Es + E13 —Ee E5/<E4 LEs +Els>
Calciner Eg + Eos + Ezo Eo Eg + Eps + Exg —Eo Eo/ (Eg +Ess +E29>
Carbide furnace E; + E1p + Exn Ex E; + E1a + B —Ep Ezz/(E7 4By +521>
Acetylene reactor Eig + Ei9 + Eyy Eg Eyg + Ero + Fay —Eng Ea/ (Ew T +Ez7>
Heat exchanger E1; —Ei6 Eis —Eg Fr7 —Fr6 —(Exs — Erg) <E15 ,Els) / (EH ,Em)
Separator 1 Wsepl E; + Eg —Eg Eg + Wseﬂl 7(E7 + Es) (E7 +Eg E6> / Wsepl
Separator 2 Wiep2 En + Eio —Eo Wigpz —(En1 + Exo — Eo) (En +E10 Eg)/wszpz
Separator 4 Wiepa Eas + Eps —E3 Wieps —(Ezs + Ezq — Ea1) (
Separator 5 Weeps Eso + Eao —Eag (
Separator 6 Wieps Eis + E1s —Exo
Separator 7 Wiepr Eng + Eos —Eas
Heater 1 Qteater E4—E3
Heater 2 Qeater2 By —F
Heater 3 Qtteates Ey —Epo
Cooler 1 Qeoott Eyp —E
Cooler 2 Qeool2 s —Epy

Wsep6 *(Els + E1q — Elo)

Eso +Eno Ezs) / Weeps

<E15 +E14 —E1o /Wseps

Wsep7 *(Eze + Eps — L‘%24)

Eng +E25 —524) / Wiepz

(£

8) o
(12-8.) /e
(£
(s
§

s (E 753)
QHeaterl - (E2 7El)
st — (E fE)

Qcoull *(EZZ - E31)

Exn Ezo) / Qtreate3
Ex *531> / Qeoott
Ezs _E27)/Qc0ul

Qeoot — (B3 — Ez7)
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conversion formula of component cost in different years is shown in Eq.
(23)[23].

7 CEPCI(of the present year)
KT CEPCI’(of the reference year)

(23)

Appendix A (Table A2) lists the cost balance equations and required
auxiliary equations of the components, which are based on the Fuel-
Product-Loss principle of the SPECO method. Meanwhile, it also stipu-
lates the appropriate boundary conditions for all imported streams. For
example, the costs of imported materials such as coal, water and
quicklime are listed in Table 2, including the values of some important
design and operating parameters used in the model.

Moreover, several evaluation parameters are employed to assess the
exergoeconomic behavior of a system, as listed in Table 3. ry describes
the relative cost difference between the exergetic fuel and exergetic
product of the component, f; denotes the contribution of capital in-
vestment on the total investment of components.

4. Model validation

The model verification is implemented at the component level in this
paper. In order to verify the proposed coal-based calcium carbide-
acetylene model, the gasification gas composition of the three afore-
mentioned models was compared. Fig. 4 shows the comparison of the
syngas composition produced by the gasifier in the three models. It can
be seen that the main components of gasification syngas (CO, Hy, CO2)
account for more than 80% in all the three cases, which is consistent
with the actual situation of coal gasification process. Among them, the
main components of Cases 1 and 2 account for 88.05% and 85.53%, and
the relative error is 2.8% which indicates that the model is reasonable.
The total proportions of high calorific value gases (CO, Hy) in Case 1
(60.70%) and Case 2 (58.36%) are basically the same, and the Case 3
(79.25%) is slightly higher than Cases 1 and 2. It is because the use of
steam as gasification agent in Case 3 will generate higher calorific value
gas Hy. Besides, the fluid state equations of three cases and the selection
and operation parameters of the other main reaction modules such as
carbide furnace and acetylene furnace are consistent. For example, the
selection of carbide furnaces in Case 1, Case 2 and Case 3 are all RGibbs,
and the reaction conditions of the carbide furnace are both 1927 °C and
101.325 kPa. Similarly, the selection of acetylene reactors in three cases
is also the same, which is RGibbs, the reaction temperature is 40 °C, and
the pressure is 101.325 kPa. Consequently, the modeling and simulation
results in this paper are basically reliable.

5. Results and discussion
5.1. Material conversion analysis

In this section, some evaluation indexes related to material conver-
sion are calculated for the three cases, including the C, H, Ca effective
atom yield of calcium carbide furnace module (Y¢ycq), CO2 capture rate
(Yco,caprure), and CO2  reduction  (Yco,reduction/cor,)> CO2  emissions
(Yco,emission/c,H, )- Table 4 lists the calculation results of each index. It can

Table 2
Values of some important parameters used in the model of the pro-
posed system [22,23].

Parameter Value
Operation year (n) 20
Annual plant operating hours (z) 8000
The interest rate (i,) 0.12
Maintenance factor (y) 0.06
Coal cost ($/GJ) 1.5
Quicklime cost ($/GJ) 0.006944
Water cost ($/GJ) 0.1222
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Table 3
Exergoeconomic evaluation parameters.

Items Functions

Average costs per unit exergy of fuel crx = Cri/Erk
cok = Cox/Epk

Cpj = cri-Epk

Average costs per unit exergy of product
Cost rate of exergy destruction

Relative cost difference Cpx + Zk
Te = (Cp.k *CF.k)/CF,k = m

Exergoeconomic factor P /(Zk n Cﬂ}() o

1.0

0,
88.05% 85.53% 88.92%
3 MmIX

0.8 - Jjco
5 N H,
$0.6- dco,
&=
2
[}
€ 0.4
(]
©
o

0.2 -

0.0 I

Case 1 Case 2 Case 3

Fig. 4. Comparison of main components of gasification syngas in three cases.

Table 4
Comparison of material conversion and energy utilization index values in three
cases.

Index Case 1 Case 2 Case 3

Yepica 64.51% 81.75% 85.41% max

Y co,capture rate — 92.62% max 90.35%
Yco,reduction/c,H,/ CO2(t"CoHy) — 2.06 2.81 max
Yeo,emission/Cata/ t CO2: (£ C2Hp) 2.25 2.90x103 5.26x10° min

be seen that Case 3 shows the highest C, H and Ca effective atom con-
version rate of 85.41%. As the Case 2 and Case 3 systems combine re-
carbonization and calcination coupled calcium recycling processes,
these two systems can capture part of the COy generated in the up-
stream, and the carbon capture rate is above 90%. Due to the charac-
teristics of the coupled calcium cycle process of Case 2 and Case 3, these
two cases can capture CO5 of 2.06 and 2.81 t CO-(t"! CoHy) respectively,
for further CO-, utilization to create possible economic benefits. The CO4
emissions per unit acetylene product of Case 2 and Case 3 are low, which
is owing to the excellent carbon capture performance of these two cases.

5.2. Exergy analysis

Based on the thermodynamic properties and gas composition of each
stream in Appendix A (Table A3), the exergy at each point of Case 3 can
be calculated according to the stream numbers as shown in Fig. 2. The
exergy performance of each component and the overall system,
including exergy efficiency and exergy destruction, can be obtained by
the exergy balance equation. The results are summarized in Table 5.

Case 3 finally reached the target of annual output of 170000 tons of
calcium carbide, and the further production of acetylene can reach an
output of 50000 tons/year. It can be seen that the overall exergy flow
destruction of Case 3 is 117501.73 kW. The exergy destructions of the
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Table 5

The exergy results of the proposed coupling system (Case 3).
Component Exy, (kW) Ey, (kW) Ey,, (kW) 1 (%) Yi(%) ¥;.(%)
Component level results
Gasifier 31321.22 18715.27 12605.95 59.75 40.25 11.03
Re-carbonization furnace 26693.66 17043.66 9650 63.85 36.15 8.44
Calciner 21291.84 18292 3000 85.91 14.09 2.63
Carbide furnace 107440.53 53524.54 53915.99 49.28 50.18 47.18
Acetylene reactor 56494.3 36362.37 20131.93 64.36 35.64 17.62
Heat exchanger 1060.4734 637.33 423.1434 60.10 39.90 0.37
Separator 1 13151.92 12548.13 603.79 95.41 4.59 0.53
Separator 2 9406.95 7971.85 1435.1 84.74 15.26 1.26
Separator 4 46151 44495.59 1655.41 96.41 3.59 1.45
Separator 5 29874.73 28549.5 1325.23 95.56 4.44 1.16
Separator 6 1741.21 1615.86 125.35 92.80 7.20 0.11
Separator 7 19090.19 18238.19 852 95.54 4.46 0.75
Heater 1 639.761 297.19 342.571 46.45 53.55 0.30
Heater 2 1098.22 586.87 511.35 53.44 46.56 0.45
Heater 3 2112.95 1088.5 1024.45 51.52 48.48 0.90
Cooler 1 21327.5 16915 4412.5 79.31 20.69 3.86
Cooler 2 4802.31 2534 2268.31 52.77 47.23 1.98
System level results

212046.73 94545 117501.73 44.59

Table Al Table A2

The cost equations and CEPCI from the base years of components in the
proposed system [22,23].

Component Cost equation

Gasifier

Re-carbonization furnace

Zg = Cin ¥ onre
Zgr = Cin ¥ Qcore
Zg = cin X Qeore
Zer = Cin X Qeore
ZpR = Cin ¥ Qcore
AHEX ) 0.78
0.093

Calciner
Carbide furnace
Acetylene reactor

Heat exchanger
Zux =130 x (

Heater 1 Zm = 30 x my
Heater 2 Zyz = 30 x my
Heater 3 Zys = 30 x my
Cooler 1 Zcoor1 = 30 x ny
Cooler 2 Zcoora = 30 x niy
Separator 1 Zsgp1 = 1100 x Wgpy
Separator 2 Zsgpy = 2200 x Wigpo
Separator 4 Zsgps = 1100 x Wsep4
Separator 5 Zsgps = 1100 x Wseps
Separator 6 Zsgps = 2200 X Wieps

Separator 7 Zsgpy = 1100 x Wigp7

Notes: CEPCI2°20=612.36[40] CEPCI°=468.2[32 23]cy, = 2838/kWy,.

carbide furnace, acetylene reactor, gasifier and re-carbonization furnace
are 53915.99 kW, 20131.93 kW, 12605.95 kW, and 9650 kW, which
account for 47.18%, 17.62%, 11.03%, and 8.44% of the total exergy
destruction, respectively.

Since these components are the key energy-consuming modules in
the system, it is recommended that these units should be optimized
during design and analysis. As shown in Table 5, the exergy destruction
of the carbide furnace is 53915.99 kW, which is 4.28 times and 2.68
times that of the gasifier and acetylene reactor, respectively. This is
mainly because the operating temperature of the carbide furnace (1927
°C) is far outweigh than gasifier (700 °C) and acetylene reactor (40 °C),
leading to a larger heat loss occurs in the carbide furnace.

For the heat exchange device such as Heat exchanger, Heater 1,
Heater 2, Heater 3, Cooler 1 and Cooler 2, the relative exergy destruc-
tion of Cooler 1 is comparatively large, which is 3.86%. That is mainly
because of the extremely large temperature difference between the inlet
and the outlet fluids. For example, the inlet and outlet temperatures of
Cooler 1 are 1927 °C and 800 °C, with a temperature difference up to
1127 °C. Large temperature differences result in the exergy loss during

Cost balance and auxiliary equations for the components of the proposed system.

Component Exergetic cost rate balance Auxiliary equation
equation
Gasifier Cs = Co + Cr7 + Zgas Co=C
Re-carbonization Co =Cs +Cs + Ci13 + Z,f nil
furnace
Calciner Cs = Cs + Cao + Cos + Zear nil
Carbide furnace Cop =C7 + Cia + Co + Zcf nil
Acetylene reactor Cag = Cig + Cro + Coy + Zgg nil
Heat exchanger Ca6 + C1s = Ci6 + C15 + Zpgex Cas =C16 =0
Separator 1 C7 + Cs = Co + Cusepr + Zisgpt C; =G
Separator 2 Ci +Cio =Cs + Cusgpz + Zspz €11 = Cio
Separator 3 Ciz + Ci3 = C11 + Cuseps + C12 = Ci3
Zeps
Separator 4 Co3 + Coq =Ca1 + Cw.sep4 + Ca3 = Cos
Zsepa
Separator 5 C30 + Ca9 = Cog + Cuseps + Cso = Cao
Zseps
Separator 6 C15 + C14 = Cm + Cw.sepé + Cls = Cl4
Zseps
Separator 7 Cas + Cas = Cos + Cusepr + Cas = Cas
Zepr
Heater 1 Cs =C3 + Cq1 + Zitea Cs/Es = Ca/Eq =
0.025
Heater 2 Ca = C1 + Cp2 + Zitear C1/E1 = CyJEy =5.4
Heater 3 Co1 = Ca0 + Cq3 + Ztteas Ca0/E20 = C [En =
5.4
Cooler 1 Cgl = C22 + ZCuolerl sz/Ezz = Csl /E31
Cooler 2 Co7 = Cas + Zcooler2 Czs/Ez3 = C27/Ez7

fluid passes through the Cooler 1, which is the source of exergy
destruction for this component.

In addition, an exergy diagram of the improved system Case 3 is
depicted in Fig. 5, where the black blocks represent module components,
the red blocks represent heaters, the blue blocks represent cooler and
heat exchanger, and the yellow lines represent the exergy flow of the
stream. In the improved system Case 3, the exergy flow starts mainly
from the coal fuel source with Ey ;oq=29584 kW, then sequentially en-
ters into gasifier, re-carbonization furnace, calciner and carbide furnace
and so on. In each component block, the exergy of fuel and product and
the corresponding exergy destruction can be visually obtained through
the Sankey diagram. For example, the exergy of fuel flows into gasifier is
No. 2 and 17 streams, which is 31321 kW in total. The corresponding
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Table A3
Thermodynamic properties and costs of exergy streams for the calcium carbide acetylene system (Case 3).
State P (bar) T (°C) m (kg/h) h (kJ/kg) s (kJ/(kg-K)) Epp(kW) Ep(KW) EkW) Cost
&($/h) c ($/GJ)
1 1 25 3600.00 0.00 0.0000 0 29583.88 29583.88 159008.62 19.3494
2 1 700 3600.00 1098.22 1.7151 586.87 29583.88 30170.75 159313.60 19.0094
3 1 25 4037.57 —11325.24 —1.8888 0 2208.1 2208.1 51.05 0.0832
4 1 650 4037.57 —10754.81 —0.8643 297.19 2208.1 2505.29 228.71 0.3287
5 1 700 11382.60 —4693.76 4.4943 2161.62 16553.65 18715.27 161913.95 31.1452
6 1 650 23612.80 —9777.55 —0.2829 2986.46 14057.2 17043.66 187477.98 39.5995
7 1 650 1660.45 2604.45 10.6949 994.35 23805.66 24800.01 160180.89 23.2521
8 1 650 21952.40 —-10714.14 -1.1721 2067.36 2724.42 4791.78 30953.93 23.2553
9 1 900 59421.60 —9420.24 0.4742 8746.23 10545.61 19291.84 126434.69 23.5936
10 1 900 19498.00 —8642.44 1.4657 3662.17 1340.5 5002.67 23694.51 17.0509
11 1 900 39923.60 —9800.10 —0.0950 5126.74 17134.28 22261.02 105359.05 17.0384
12 1 900 31731.00 —9615.47 0.0443 4134.09 13260.76 17394.85 80143.05 16.5862
13 1 900 8192.54 —10515.18 —0.6347 992.64 4480.46 5473.1 25216.00 16.5861
14 1 900 15842.00 —7966.33 1.5296 2371.73 2013.75 4385.48 16549.05 13.5850
15 1 900 3654.75 —11573.27 0.3515 1537.18 484.98 2022.16 7630.21 13.5839
16 1 25 7782.60 —15972.08 —9.3240 —0.0034 90 89.9966 39.59 1.5838
17 1 102 7782.60 —15545.16 —8.0748 117.75 1032.72 1150.47 2441.86 7.6410
18 1 500 3654.75 —12482.36 —0.5921 899.85 484.98 1384.83 5227.97 13.5906
19 1 25 4143.51 —15972.08 —9.3240 —0.00179 47.92 47.91821 21.12 1.5867
20 1 25 7807.15 0.00 0.0000 0 64157.17 64157.17 342845.67 19.2378
21 1 650 7807.15 974.314 1.5844 1088.5 64157.17 65245.67 343432.44 18.9493
22 1 1927 41198.60 —3755.15 1.8857 23543.27 29981.27 53524.54 583998.38 39.2791
23 1 800 18489.40 16.87 1.7955 2536.25 55059.70 57595.94 831427.12 51.9679
24 1 800 22709.20 —10207.4 —0.3873 4092.48 19417.16 23509.64 339491.63 51.9859
25 1 800 21430.48 —11226.9 —1.2972 2607.77 1071.21 3678.99 37781.73 36.9705
26 1 800 1278.33 6885.86 14.8667 1484.71 28178.65 29663.36 304700.56 36.9790
27 1 40 18489.25 —918.17 0.3145 1.85 55059.7 55061.55 831427.12 54.3599
28 1 40 26287.52 —6385.05 —1.8260 1.47 36360.9 36362.37 836775.21 82.8436
29 1 40 16036.23 —13290.78 —3.9065 1.97 4412.9 4414.87 57466.06 46.8593
30 1 40 10251.29 4417.68 1.4286 -0.5 60497.5 60497 787615.78 46.8687
31 1 800 41198.59 —5618.86 0.5923 6628.73 29981.27 36610 583998.38 57.4268
Exergy efficiency: 44.59% Unit: kW 204415
13:5473 /4 N\
Ca0-3:2208 RS 251120852 '\
Heater 1 ‘
Calciner 3
10,5003
Coal CO2 flow
Heater 2 Gasifier 1572022 ,
Sep 6 Heat exchanger
H20 16:90
17:1150 |
7- 24800 18:1385

Coal

Heater 3 Carbide furnace Cooler1  Sep4

H20 19: 58

Cooler2 Acetylene furnace

Flue gas

Sep7

Fig. 5. Sankey diagram to show the exergy flow through the improved system (Case 3).

exergy of product is No. 5 stream, which is 18715 kW. As a result, the
exergy destruction of the gasifier is calculated to be 12606 kW. For the
heat exchanger component, the fuel exergy is defined as the difference
between the exergy of inlet stream 16 and the outlet stream 17, which is
calculated to be 1060 kW. Similarly, the exergy of product is 637 kW,
which is the exergy difference between No. 15 and 18 streams.
Accordingly, the exergy destruction of the heat exchanger is 423 kW.
In the same way, the exergy flow diagrams of Case 1 and Case 2

processes have been drawn, as shown in Figs. 6 and 7 in the Appendix. In
summary, we draw the yield and conversion indexes of the three cases in
radar chart Fig. 8. Wherein the indexes of chart more outward repre-
sented that the process was better, so it can be seen that the process
performance order of the three cases were Case 3 > Case 2 > Case 1. And
Case 3 used steam as gasifier to avoid using air separation unit compared
with Case 2, and since it was previously known that the Case 3 gasifi-
cation module produces more high thermal value gases, and Case 3 is
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Exergy efficiency: 47.85% Unit: kW

C- 41220 C-H-1- 41352 C-H-2° 41920 P-MIX: 25016 P-MIXC: 18679.

C2: 12576

Cooler

Carbide

furnace P-GAS: 20742

02: 175
CAC2-MIX: 3825

C2H2: 10663

CAOH2-H: 1034 AC2-H- 7000 S2H2-MIX: 5960

CAOH2: 41

Cooler Acetylene  Sep
furnace

Heater Calciner Sep

H20: 16
SOLID: 2096.1

SOLID-M: 650

Fig. 6. Sankey diagram to show the exergy flow through the referenced system (Case 1).

Exergy efficiency: 36.99% Unit: kW
13: 3539
Ca03:2208 g4 2505 25:6860  \

Heater 1

14,2549,
Coal 4 CO2 flow

15711
Sep 6 Heat exchanger

18. 778

02 174
H20 1610

12: 12939

Coal CH2

Heater 3 Carbide fumace Cooler1 gep 4

H20 19:58
Flue gas

Fig. 7. Sankey diagram to show the exergy flow through the proposed improved system (Case 2).

CH.C considered to be a relatively superior process. Therefore, in the next
Yll ’h ca —Case 1 section, an exergoeconomic economic analysis is further conducted on
0 ~Case 2 the improved OTM system (Case 3) process.

—Case 3

5.3. Exergoeconomic analysis

Appendix (Table A3) also depicts the system cost associated with the

\ Y|CO2 capture exergies of the fluid streams in the basic design case for the improved

’ rate carbon-calcium compound conversion system according to the stream
numbers shown in Fig. 1.

Appendix (Table A4) presents the main results of the exer-
goeconomic analysis for the improved system (Case 3). Nowadays, in
some research work, CD,k +Z; is used to evaluate the importance of the
system components in terms of the exergoeconomic aspects, and a large
C'D,k +Zk value means that this component is more important [35,36].

“qu The exergoeconomic factor fi is an important index used to identify the

reduction major cost resource (capital investment, operation and maintenance cost
Fig. 8. Radar diagram of process performance comparison of three cases. or exergy destruction cost), which is defined as the ratio of the non-
exergy-related cost rate to the total cost rate [34]. A low value of fj
for a major component suggests that cost savings in the entire system can

10
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Table A4
The exergoeconomic analysis results of the improved system (Case 3).

Components Average cost of Average cost of per Cost rate of Cost rate of Sum cost rate of exergy Relative cost Exergoeconomic
per unit exergy of  unit exergy of exergy capital destruction and capital difference factor
fuel product destruction investment investment
crx ($/GJ) cpi ($/GJ) Cpx ($/h) 7 ($/h) Cpx +Zx ($/h) (%) fr(%)

Gasifier 18.5919 31.15 65102.23 158.4929 65260.72 67.52 0.2429

Re-carbonization 25.2678 39.60 67731.86 119.3122 67851.17 56.72 0.1758

furnace

Calciner 21.3380 24.88 17781.70 232.9726 18014.67 16.62 1.2932

Carbide furnace 19.5599 39.28 292941.62 241.9973 293183.62 100.81 0.0825

Acetylene reactor 53.3157 56.28 298152.33 99.0006 298251.33 55.38 0.0332

Heat exchanger 8.1550 13.57 958.54 0.0263 958.56 66.39 0.0027

Separator 1 0.0771 1.05 12.94 4.5504 17.49 6.50 26.0197

Separator 2 0.0771 1.18 30.75 6.5605 37.31 21.84 17.5830

Separator 4 0.0771 47.49 35.47 2.8026 38.27 4.01 7.3224

Separator 5 0.0771 1.05 28.40 10.4174 38.81 6.34 26.8392

Separator 6 0.0771 1.08 2.69 1.2143 3.90 11.26 31.1337

Separator 7 0.0771 0.59 18.26 3.7506 22.01 5.63 17.0427

Heater 1 0.0771 2.15 7.34 0.0011 7.34 115.29 0.0145

Heater 2 0.0771 1.87 10.96 0.0010 10.96 87.14 0.0087

Heater 3 0.0771 1.94 21.95 0.0021 21.95 94.12 0.0094

Cooler 1 0.0771 0.0000008 94.55 0.0037 94.55 26.09 0.0039

Cooler 2 0.0771 0.0000118 48.60 0.0083 48.61 89.53 0.0171

be obtained by improving the component efficiency (reducing the
exergy destruction). For example, improve the performance of equip-
ment through proper technical retrofit to reduce losses. On the other
hand, if a major component has a high value of fj, it means that the
investment cost of this component is high, and it is necessary to reduce
the investment cost to improve the economy [23].

From Appendix (Table A4), it is worth mentioning that the carbide
furnace, acetylene reactor, re-carbonization furnace, gasifier and
calciner have the top five high values of C‘D,k +Z; in the overall system,
which means that these components are the most important modules.
Moreover, the f; values of these components are 0.08%, 0.03%, 0.18%,
0.24% and 1.29%, respectively (as shown in Fig. 9), most of these fi
values are relatively small, indicating that Cpj are dominant among the
exergy destruction costs and the capital investment costs of these com-
ponents, which can be decreased at the expense of their capital invest-
ment. In addition, the f; values of the separators components are
relatively high over the system, but the Cpx and Z; values are much
lower than the key components such as gasifier, calcium carbide, acet-
ylene reactor, etc., suggesting that both the small values CD,k and Zy, Z
are more dominant. Moreover, the heat exchanger, heater and cooler
have a very small f; value, which indicates that these components have a
large exergy destruction cost. Therefore, the exergy destruction cost can
be reduced by improving the exergy efficiency of these components, so
as to achieve the purpose of cost saving.

The relative cost difference ry is another parameter to evaluate the

exergoeconomic performance of components. A small ry value indicates
that the cost of capital investment and operating and cost of exergy
destruction contribute less to the increase of specific cost of the exergetic
product. Therefore, the components with the greater relative cost dif-
ference should be paid more attention. For instance, the f; and ry of
carbide furnace are 0.08% and 100.81% (as shown in Fig. 9), revealing
that the relatively high cost rate of exergy destruction dominates the ry,
which confirms that the reduction in the exergy destruction cost is
significant.

5.4. Process carbon emission reduction optimization

The improved OTM system (Case 3) enriches the COy produced by
the process. If these flue gases can be further converted into chemicals, it
will not only reduce carbon emissions, but also improve the added value
of the system [37].

Therefore, the carbide slag produced by the Case 3 system is used to
absorb the enriched CO5 and convert it into CaCOs to enter the calci-
nation module for calcium recycling, as shown in Fig. 10, this is the so-
called CO4 mineral storage, also known as CO, mineralization [38,39].
In summary, we refer to this new Case 4 as the calcium looping process,
which has been improved layer by layer to achieve two-stage cyclic
capture of CO5 and the resource utilization of the solid waste carbide
slag. To note that, this process not only uses the CO, produced by the
system, but also the minerals produced can be further recycled for the
production of calcium carbide-acetylene, which is an energy conversion

0.0171 Cooler 2
0.0039 Cooler 1
0.0094 Heater 3
0.0087 Heater 2
0.0145 Heater 1 115.29
17.0427] Separator 7
31.1337 Separator 6
26.8392[ Separator 5
7.3224] Separator 4
17.583 | Separator 2
26.0197 Separator 1
0.0027] Heat exchanger
0.0332] Acetylene reactor
0.0825] Carbide furnace 100.81
1.2932[] Calciner
0.1758 Recarbonization furnace|
i .0‘2429 Gasifier

30 25 20 15 10 5 0
Exergoeconomic factor f, (%)

0 20 40 60 80 100 120

Relative cost difference r, (%)

Fig. 9. Exergoeconomic factor and relative cost difference of the components for the improved system (Case 3).
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Case 4: Calcium looping process

CaCo,

CO, flow

Calcium cycle

—— e - ———

Tail gas (CO, H,, CO,, H,0)

Ca(OH),

C,H,
Residual waste
(CaCOs;, Ca(OH),,
CaC:)

Carbide
slag

Fig. 10. Schematic diagram of the calcium looping process (Case 4).

technology for energy conservation and emission reduction.
In order to investigate the performance of this calcium looping
process, the performances of the referenced OTM process (Case 1) and

Compared with the re
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Effective atom yield of C, H and Ca
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Referenced process

[ Effective atom yield of C, H and Ca
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the calcium looping process (Case 4) were compared. Fig. 11(a) displays
the effective atom yield and exergy efficiency of these two systems.

ferenced OTM system (Case 1), the calcium
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(a) Comparison of effective atomic yield and exergy efficiency of referenced OTM process

and calcium looping process (Case 4)
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Fig. 11. Performance comparison of referenced OTM process (Case 1) and calcium looping process (Case 4).
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looping process has the better effective atom yield and exergy efficiency.
Moreover, calcium looping process improves the exergy efficiency of
Case 3, and the exergy efficiency of Case 4 reaches 48.97%. From Fig. 11
(b), the calcium looping process has lower CO2 emission than the
referenced process.

Further, the direct equivalent carbon footprint and the carbon foot-
print in the form of CO3 among the referenced OTM system (Case 1) and
calcium looping system (Case 4) were compared, as shown in Fig. 12.
Among them, the CO5 emission of the Case 4 is lower than the referenced
OTM process (Case 1). Fig. 12 also shows the emission reduction of
carbide slag (CS) in the system for per ton of target product acetylene
produced, and the reduction in the input of CaO raw materials for per
ton of carbide slag recycled. Finally, Case 4 achieves the lowest carbon
emissions and the significant reduction in CaO input. Therefore, the
improved calcium looping process (Case 4) can not only improve the
efficiency of the system and reduce carbon emissions, but also convert
waste gases into high value-added products, which is indeed a clean and
efficient potential production process.

6. Conclusions

In summary, a novel carbon-calcium compound conversion process
of calcium carbide-acetylene production is proposed, which has satis-
factory effect of carbon capture and calcium carbide waste slag reuse.
Then, the material conversion, exergy, exergoeconomic and carbon
emission analyses are conducted to comprehensively compare the pro-
posed system with the referenced process. From the evaluations and
discussions, the conclusions are drawn below:

(1) Compared with the referenced calcium carbide-acetylene pro-
duction system (Case 1), the proposed improved novel carbon-
calcium compound conversion processes (Case 2 and Case 3)
can capture the upstream CO; and utilize the downstream carbide
waste slag, and the CO4 capture efficiencies reach up to 92.62%
and 90.35%, respectively.

The proposed process especially Case 3 performed better with C,
H, Ca effective atom yield 85.41% and CO, capture efficiency
90.35%, compared with the referenced process (Case 1) of
64.51% and 0, respectively. Case 4 is a further improved process
based on Case 3 process, which shows better performance, such
as with the highest effective atom yield 98.5% etc.
Exergoeconomic analysis indicated that the carbide furnace,
acetylene reactor, recarbonization furnace, gasifier and calciner
are the most important components of the improved system due
to the fact that these are the top five high values of sum cost rate

2

(3)

(C‘D,k + Zk). Besides, the carbide furnace, acetylene reactor,
recarbonization furnace and gasifier have relatively lower f
values of 0.08%, 0.03%, 0.18% and 0.24%, respectively, showing
that efforts should be made to improve system thermodynamic
and equipment performance and reduce exergy destruction.

The improved calcium looping process has a higher exergy effi-
ciency of 48.97% than the referenced process of 47.85%. Besides,
calcium looping process achieves the lowest carbon emissions
and the significant reduction in CaO input. In the end, it is
believed that the calcium looping process is a powerful process to
better realize the high efficiency, energy conservation and two-
stage emission reduction of the calcium carbide production
process.
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Appendix A

Thermodynamic properties and costs of exergy streams for the sys-
tem of coal-based carbon-calcium composite conversion to calcium
carbide and acetylene are listed in Table A3.
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