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ABSTRACT

Calcium carbide is one of the important basic coal
chemical products in China. Oxy-thermal method is a
potential alternative to electro-thermal method to
overcome the disadvantages of high energy
consumption, high material consumption, and high
pollution. However, the traditional oxy-thermal method
is in the laboratory research stage due to the constraints
of high carbon consumption, low utilization rate of solid
waste and immature technology. Therefore, a novel
system of carbon-calcium compound conversion for
calcium carbide-acetylene production, which couples
carbon capture and calcium carbide waste slag reuse
process to achieve CO; enrichment and calcium cycle, is
proposed in this paper. Based on the simulation data, the
system is comprehensively evaluated by material
conversion, energy utilization, exergy analyses. It is
found that the proposed coupling process has the largest
effective atom vyield of carbon, hydrogen, and calcium,
which is 85.41%. In addition, the coupling module of this
process can recycle the solid waste carbide slag and the
carbon capture rate is more than 90%. It is worth noting
that the unit product carbon consumption of proposed
system is 2.02 t Coal- t C,H,, which is only 0.37 times
that of the traditional process. Moreover, although the
43.21% exergy efficiency of the proposed system with
steam gasification agent is slightly lower than the 49.37%
of traditional system, it was considered that the former
is a relatively superior process because of its
comprehensive better performance than the latter. From
above, the proposed system is high-efficiency, low-
carbon and clean for calcium carbide-acetylene
production, which could be a promising process as
innovative technology for carbon emission reduction in
practical applications.

Keywords: carbon-calcium compound conversion,
module coupling, material conversion, energy utilization,
exergy analysis

1. INTRODUCTION

Chinais currently the largest producer and consumer
of calcium carbide in the world, and the coal reserves are
adequate for coal based calcium carbide industry[1]. At
present, the electro-thermal method is mainly used in
industry to produce calcium carbide at 2000 °C, and the
power consumption for each ton of calcium carbide is
about 3500 kWh[2,3]. However, the production of
calcium carbide basically relies on coal electricity[3,4].
Considering that the thermal efficiency from coal to
electricity is less than 40%, the energy consumption of
calcium carbide production is more than 2.5 times of that
of electricity[5]. Moreover, only 40% of the large amount
of carbide slag produced in the calcium carbide industry
is effectively used, which seriously pollutes the
environment. From the above, the disadvantages such as
high energy consumption and pollution of calcium
carbide production by electro-thermal method slowed
its development, therefore, some scholars turn to oxy-
thermal method as an alternative, which directly uses
the combustion heat of coal for calcium carbide
production, avoiding the energy loss of electric arc
discharge[6,7,8]. Moreover the purity of CO in the tail gas
produced by oxy-thermal method is as high as 90%[4].
However, the oxy-thermal method is still in the
laboratory research stage due to the immature
technology, high carbon consumption and emissions,
and insufficient exhaust gas utilization. Therefore,
establishing a low-carbon circular economy calcium
carbide production model with carbon emission
reduction and solid waste resource utilization is the key
to promoting the development of oxy-thermal method.
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In view of the above problems, in this paper, the
process flow of calcium carbide-acetylene by coal based
oxy-thermal method was established, coupled with the
calcium recycling process of carbon capture and resource
utilization of solid waste carbide slag. The coupled
process enriches CO, for subsequent use, and at the
same time reuses carbide slag for the production of
calcium carbide. Furthermore, in order to establish a
better process route, the material conversion, energy
and exergy analysis were carried out to calculate and
evaluate the material consumption, energy consumption
and economy of the whole process.

2. SYSTEM DESCRIPTION AND ASSUMPTION

Fig. 1 illustrates the schematic diagram of the
proposed coal to calcium carbide-acetylene system for
partial coal steam gasification, which consists of the four
main submodules including gasifier, coupling module of
recarbonization furnace and calciner, carbide furnace
and acetylene furnace. The entire system focuses on the
efficient, clean, and high-value conversion of coal. The
detailed working principle of this system can be
summarized as follows. Part of the coal (point 1) enters
the gasifier through the preheater and water (point 26)
through heat exchange as a steam gasification agent
(point 27) to cause coal gasification reaction. The
gasification gas (point 28) and a small amount of
preheated quicklime CaO (point 3) enter the
recarbonization furnace. The CO; in the gasification gas
is absorbed by calcium and converted into CaCOs, and
then the gasification gas with high heating value (mainly
CO, H,, point 6) is separated and sent to the calcium
carbide furnace. The CaCOs (point 7) is decomposed into
Ca0 and CO; in the calciner, and CaO (point 9) is
separated from the gas (point 10) by a separator. A part
of CaO (point 11) is then fed into the calcium carbide
furnace for standby through the separator, and the rest
(point 29) is returned to the recarbonization furnace for
recycling. The gas (point 10) is separated by the
separator to CO; (point 23) and high-temperature steam
(point 22). The steam is used as the raw material (point
24) of the acetylene reactor after heat exchange. Coal
(point 12) and quicklime CaO (point 11) undergo calcium
carbide formation reaction under the action of high-
calorific value gas (point 6), and the generated calcium
carbide (point 18) is sent to the acetylene reactor, and
the remaining products (point 15) are separated by the
separator to separate the tail gas (point 16) and by-
products (point 17) such as CaCO; and Ca(OH),. The
product in the acetylene generator is separated from the
acetylene (point 20) and carbide slag (point 21) through
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a separator, and the carbide slag (point 21) and the by-
products (CaCOs and Ca(OH),, point 17) of the calcium
carbide furnace are sent to the calciner to continue high-
temperature calcination, then the generated CaO is used
for calcium recycling.
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Fig. 1. Schematic diagram of a coal to calcium carbide-
acetylene system for partial coal steam gasification

3. MODEL DESIGN
3.1 Model comparison

Here the traditional oxy-thermal calcium carbide
process adopted by the team of Beijing University of
chemical technology and the process proposed in this
paper were compared. We have established three
process cases, and the process diagram is shown in Fig.
2. Case 1is the oxy-thermal process adopted by the team
of Beijing University of chemical technology[9], Case 3 is
the process proposed in this paper (Fig. 1), and the
process flow of Case 2 is exactly the same as that of Case
3, except that the gasification agent of the two coal
pyrolysis modules is different (Case 2 is oxygen and water
vapor, and Case 3 is water vapor).

Case 1: Calcium carbide acetylene produced by partial coal oxy-thermal process (Literature)
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Fig. 2. Schematic diagram of three cases of coal-based
calcium carbide acetyvlene process
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3.2 Material conversion and energy utilization

Some basic evaluation indicators to preliminarily
reveals the material conversion and energy consumption
characteristics of the system are established. The carbide
furnace effective atomic yields, the CO; capture rate of
the recarbonization module, the CO, emissions, carbon
consumption and energy consumption per unit of C;H;
product are respectively expressed as Egs. (1) to (5).

Y = Z(mg’i +mf; + mf,‘f)/Z(mg” +my ; + mfn‘fj) (D
i j

_ mfrac,in - mfrac,out

Y CO, capture — (2)
mfrac,in
Mco,,tot
2y
YCOZemission = (3)
C2H2 mCsz,tDt
mCoal,tot
Yc consumption — (4)
CZHZ mCsz,tOt
Z minhin - Z mouthout
Yenergy = (5)
C2H; mCsz,tOt
Cc H Ca
where My j» My js My are the masses of C, H, Ca

; o c H Ca
elements in raw material j, and m;;, m,;, m;; are

the masses of C, H, Ca elements in the target product j,
respectively. Mgrq¢in is the mass of CO; entering the
recarbonization module, Mgyqc oy is the mass of CO,
flowing out of the recarbonization module. mco, tor is
the mass of CO, emitted by the entire system, M¢yq tot
is the mass of coal consumed by the entire system,
M, h, tor 1S the mass of the final target product C;H, of
the system, my,, Myys, hin, hoyr is the mass and
mass enthalpy of the system input and output logistics
respectively.

3.3 Exergy modeling

The usefulness of energy depends entirely on the
convertibility of this energy form. In order to evaluate
the energy utilization efficiency, the exergy or effective
energy is used in this paper. That is, exergy can be used
to characterize the quality or grade of energy[10,11].
Relative to the complete equilibrium state, the exergy
possessed by the system is the sum of physical exergy
(Ex_ph) and chemical exergy (Ex,ch ), which are the
expressions (6-8):

Ex = Expn t+ Ex,ch (6)

k k
Exen = ) duies! +RTy ) g, (7)
i=1 i=1
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k
Eepn = ) [$iChi = ho) = $iTo(si = 5] (8)
i=1

where e,ﬁf’ is the standard chemical exergy of
composition i, h; and s; are the specific enthalpy and
specific entropy of composition i, hp and s, are the
specific enthalpy and specific entropy of composition i in
the environmental state, respectively. ¢; is mole flux
and x; is mole fraction.

The exergy destruction (ExD,k) within the component
during the operation is calculated at the component
level, which is the difference between exergy of fuel
(Exy ) and exergy of product (Ey,, ), as described by Eq.
(10).

ExD,k = ExF,k - ExP,k (10)

The exergy destruction ratio yx and relative exergy
destruction ratio y,* of each component are defined by
Egs. (11) and (12)[12].

E

Yk = .XD'k (11)
ExF,k
Eka

Vi =i (12)
ZEXD,k

The exergy efficiency for k-th component can be
expressed by Eq. (13).

Nexx = E— =1-= (13)
XF k XF k

4. RESULTS AND DISCUSSION
4.1 Material conversion and energy utilization

Table 1 shows that Case 3 has the highest effective
atom conversion rate of C, H, and Ca for the calcium
carbide furnace module, which is 85.41%. Because there
are combined recarbonization and calcination coupled
calcium recycling processes in Case 2 and Case 3 systems,
these two systems can capture part of the CO; generated
upstream in this module, and the capture rate is above
90%. Secondly, the CO, emission per unit acetylene
product of Case 3 is 2.81t, which is 1.25 times that of
Case 1 and 1.36 times that of Case 2. However, due to
the characteristics of the coupled calcium cycle process
of Case 2 and Case 3, the CO;-enriched gas stream is
generated, which we will store for further use to create
economic benefits rather than as emission gas, and this
is also our next research work. In particular, one of the
key problems that the current oxy-thermal calcium
carbide process fails to be industrialized is that the C
consumption is too high. Table 1 indicates that the C
consumption per unit product of Case 3 is the lowest at
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2.02 t, while the C consumption of Case 1 is much greater
than that of Case 2 and Case 3, and the C consumption of
Case 1 is 2.69 times that of Case 3.

Table 1 Comparison of material conversion and energy
utilization index values in three cases.

Index Casel Case 2 Case 3
Yeinica 64.51% 81.75% 85.41%
Y €0, capture — 92.62% 90.35%
YCOZ emission 2.06 2.81
CyH; 2.25 (COz-enriched  (COj-enriched

/t COz-t'lcsz gas) gas)
Yc consumption

C2H; 5.43 2.55 2.02
/t Coal-t‘1C2H2
Yenergy

C2H, 22060.83 32529.91 29672.93

/MJ't_1C2H2

4.2 Exergy analysis

For the aforementioned process system 3, the
thermodynamic properties and composition of each
stream calculated by ASPEN can calculate the exergy
performance of each component of the system, including
exergy efficiency, exergy loss and relative exergy loss
rate. The results of several important components of the
system are summarized in Table 2.

It can be seen that the overall exergy flow
destruction of the proposed system is 129268.72 kW.
The exergy efficiency is calculated to be 43.21%. The
exergy destructions of the gasifier, recarbonization
furnace, carbide furnace, and acetylene reactor are
12605.95 kW, 9650 kW, 63216.01 kW, and 20131.93 kW,
which account for 9.75%, 7.47%, 48.90%, and 15.57% of
the total exergy destruction, respectively. Because these
components are the key energy-consuming modules in
the system, their exergy destructions account for the
main part of the total exergy loss, accounting for 81.69%.

As shown in Table 2, the exergy destruction of the
carbide furnace is 12605.95 kW, which is 5.01 times and
3.14 times that of the gasifier and acetylene reactor,
respectively. This is mainly because the operating
temperature of the carbide furnace (2000 °C) is far
outweigh the gasifier (700 °C) and acetylene reactor
(40 °C), from which the large heat loss occurs in the
carbide furnace. Therefore, it could be concluded that
the carbide furnace has a small contribution to the
efficient energy utilization but exhibits a large exergy
destruction in the system.

For the heat exchange device, the relative exergy
destructions of Heater 3 and Cooler are relatively large,
which are 2.49% and 3.05%. 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 Heater 3 are 25 °C and 2000 °C,
respectively, with a temperature difference up to
1975 °C. Similarly, the temperature difference of Cooler
reaches 1887 °C.
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Fig. 3. Sankey diagram to show the exergy flow through
the proposed system (Case 3).
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In addition, Fig. 3 is the exergy flow diagram of the
aforementioned proposed system (Case 3). Through this
Sankey diagram, the fuel and product exergy of each
component and the corresponding exergy loss can be

Table 2 The exergy results of the proposed coupling system (Case 3).

component Exp,k EXP'k EXD‘k 71k (%) yk(%) y;;(%)
(kw) (kw) (kw)

Component level results

Gasifier 31321.22 18715.27 12605.95 59.75 40.25 9.75
Recarbonization furnace 26693.66 17043.66 9650 63.85 36.15 7.47
Calciner 20954.58 19291.84 1662.74 92.07 7.93 1.29
Carbide furnace 116740.55 53524.54 63216.01 45.85 54.15 48.90
Acetylene reactor 56494.3 36362.37 20131.93 64.36 35.64 15.57
Heater 3 13603.3 10388.52 3214.78 76.37 23.63 2.49
Cooler 11515.9 7569.36 3946.54 65.73 34.27 3.05
System level results

227624.72 98356 129268.72 43.21
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obtained intuitively. For example, the exergy of fuel
flows into gasifier is No. 2 and 27 streams, which is 31321
kW in total. The corresponding exergy of product is No.
28 stream, which is 18715 kW. As a result, the exergy
destruction of the gasifier is calculated to be 12606 kW.
In the same way, the exergy flow diagrams of Case 1 and
Case 2 processes were calculated and plotted, and the
exergy efficiencies were 49.37% and 37.43%,
respectively. Thus the Case 3 was considered to be a
relatively superior process with higher atomic yield and
CO; capture rate, as well as lower C consumption and CO,
emissions as described earlier. Therefore, the Case 3
process was finally chosen as the follow-up research
system.

5. CONCLUSIONS

In this paper, a novel carbon-calcium compound
conversion system of calcium carbide-acetylene
production coupled with the carbon capture and calcium
carbide waste slag reuse process was proposed. Then,
the material conversion, energy utilization, exergy
analyses are conducted to comprehensively compare the
proposed system with the traditional process. The
results show that, compared with the traditional calcium
carbide-acetylene production system (Case 1), the
proposed 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 CO, capture efficiency reach up to 92.62% and
90.35%, respectively. The proposed process Case 3 has
the largest effective atom yield of carbon, hydrogen, and
calcium, which is 85.41%. It is worth noting that the unit
product carbon consumption of Case 3 is 2.02 t Coal- t*
C,H,, which is only 0.37 times that of the traditional
process Case 1. The exergy efficiencies of three cases are
49.37%, 37.43% and 43.21%, respectively. Although the
exergy efficiency of Case 3 is slightly lower than Case 1,
Case 3 is considered to be a feasible process because of
its novel coupling module of carbon capture and waste
slag reuse and its comprehensive better performance
with its higher atomic yield and CO; capture rate, as well
as lower C consumption and CO; emissions. Therefore,
the Case 3 proposed in this paper is a more feasible,
efficient, and conducive to carbon emission reduction
calcium carbide-acetylene production system.
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