
Li, P
 

 EVALUATION  AND  ANALYSIS  OF  EXERGOECONOMIC  

PERFORMANCE  FOR  THE  CALCINATION  PROCESS 

OF  GREEN  PETROLEUM  COKE  IN  VERTICAL  SHAFT  KILN 

by 

Peng LI 

a,b,c

, Baokuan LI 

a,b*

, Zhongqiu LIU 

a

, and Wenjie RONG 

a

 

a School of Metallurgy, Northeastern University, Shenyang, China 
b Key Laboratory of Data Analytics and Optimization for Smart Industry (Northeastern University), 

Ministry of Education, Shenyang, China 
c Shenyang Aluminum and Magnesium Engineering and Research Institute Co. Ltd,  

Shenyang, China 

Original scientific paper 
https://doi.org/10.2298/TSCI210609294L 

The main objective of this paper is to establish a mathematical framework to ana-
lyze the complex thermal economic performance of the calcination process. To 
find the factors affecting exergy efficiency loss, different exergy destruction is in-
vestigated in detail. Furthermore, the exergy flow cost model for exergy cost sav-
ing has also been developed. The results show that the vertical shaft furnace is a 
self-sufficiency equipment without additional fuel required, but the overall exergy 
destruction accounts for 54.11% of the total exergy input. In addition, the energy 
efficiency of the waste heat recovery boiler and thermal deaerator are 83.52% 
and 96.40%, whereas the exergy efficiency of the two equipment are 65.98% and 
94.27%. Furthermore, the import exergy flow cost of vertical shaft furnace, waste 
heat recovery boiler and thermal deaerator are 366.5197 RMB per MJ, 0.1426 
RMB per MJ, and 0.0020 RMB per MJ, respectively. Based on the result, several 
suggestions were proposed to improve the exergoeconomic performance. As-
sessing the performance of suggested improvements, the total exergy destruction 
of vertical shaft furnace is reduced to 134.34 GJ per hours and the exergy effi-
ciency of waste heat recovery boiler is raised up to 66.02%. Moreover, the im-
port exergy flow cost of the three different equipment is reduced to 0.0329 RMB 
per MJ, 0.1304 RMB per MJ, and 0.0002 RMB per MJ, respectively. 

Key words: calcinations process, vertical shaft furnace, exergy analysis,  
exergy flow cost, exergoeconomic analysis 

Introduction 

Green petroleum coke (GPC), as the by-product of petroleum refineries [1, 2], 
could be used as the unique material to manufacture calcined petroleum coke (CPC) through 
calcination process, which is one of the main raw materials used for anode in the aluminum 
electrolytic industry [3]. Although the traditional rotary kilns are still commonly employed 
in China [4, 5], the vertical shaft furnace (VSF) has become widely adopted for the calcina-
tion process, due to its higher level of product quality, less carbon burning loss and lower 
process energy consumption. Nevertheless, with the ever rising energy cost, large-scale ma-
terials and energy consumption have hindered the development of the calcination industry 
–––––––––––––– 
* Corresponding author, e-mail: libk@smm.neu.edu.cn 



Li, P
 

[6-8]. In order to improve the efficiency and rationality of energy utilization, it is crucial to 
evaluate and optimize the energy consumption of the calcination process coupling with the 
economic concepts. 

Recently, several researches have been carried out on studying the calcination process. 
Firstly, Xiao et al. [9] established a two-fluid mathematical model to simulate the heterogene-
ous reacting flow of petroleum coke calcination in the shaft. Moreover, Elkanzi [10] adopted a 
numerical model, i.e. HYSYS, to simulate the petroleum coke calcination based on industrial 
data, and found the relationship between the real density of CPC and the calcination tempera-
ture. Morever, based on the First law of thermodynamics, Filkoski et al. [11] were devoted to 
the research of flue gas waste heat recovery from shaft kiln. As the condition of flue gas is simi-
larly with that from VSF, the five different options of waste heat utilization could give great 
reference significance for calcination process in order to improve the overall energy efficiency. 
In addition, Dolianitis et al. [12] developed a 3-D computational model to study the energy effi-
ciency of glass furnace, which is proven to be an excellent work in energy analysis area. Fur-
thermore, many studies on material and energy flow model have been proposed in the past, but 
mainly on the metallurgical process [13, 14], construction industry [15] and cement industry 
[16]. However, limited exergy and exergoeconomic studies have been directed towards the cal-
cination process, compared with the prosperity and development in other fields [17-19]. Laz-
zaretto et al. [20] applied the specific exergy costing, i.e. SPECO, approach to the calculation of 
exergy efficiency and the auxiliary costing equations for the thermal system. Gaggioliet et al. 
[21] proposed cost allocation equations for cogeneration system, based on the extraction method 
and equivalent method. In their research, the exergy cost of products should take various opera-
tional conditions into consideration. Furthermore, Regulagadda et al. [22] made a thermody-
namic analysis of a subcritical boiler with turbine generator and discovered that boiler and tur-
bine contributing to the highest exergy losses within the system. Therefore, there is a knowledge 
gap to evaluate the thermal and economic performance of calcination process. 

Calcination via VSF is a complex energy used and high energy consumption pro-
cess, therefore it needs to have a thermal evaluation. In addition, the exergy flow way is an 
advanced method and seldom applied in the calcinations process, so this work has great ne-
cessity and scientific value. Furthermore, based on the coupling exergy and economic princi-
ples, we can see whether the high quality energy is used in the high cost place. The main ob-
jective of this research is to find a suitable mathematical framework to analyze the complex 
thermal-economic performance of the calcination process. Then, the exergy efficiency and 
exergy flow cost must be calculated. At last, some improvements that aim at raising up the 
exergy efficiency and reducing the exergy flow cost should be recommended. Since the calcu-
lation process using VSF has been widely applied in China, a lot of calcination plants have 
adopted the method described in the paper 

Although the material and energy analysis has been widely applied in the calcination 
process, the exergy evaluation on this area, especially towards VSF is still not adopted. There-
fore, based on the coupling exergy and economic principles and firstly introduced it into cal-
cination process, this work has great necessity and scientific value. This paper presents a 
comprehensive methodology to analyze the exergy and exergoeconomic in the calcination 
process based on our previous research works [23, 24]. The subject matter of the present work 
has a distinct feature of process flow with unique physical reaction and chemical reaction, 
new methods of exergy and exergoeconomic evaluation, multiple perspective analysis of ex-
ergy destruction and ways on exergy flow cost saving, etc. As for the complex calcination 
process, an advanced mathematical model for the mass, energy and exergy flow has been de-
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veloped. Meanwhile, model of exergy destruction on combustion, heat transfer and dissipate 
heat was considered. Moreover, the new exergoeconomic model was set up to calculate the 
exergy flow cost of the calcination process and the exergy flow cost allocation equations 
based on the definition of exergy quality coefficient were firstly proposed and applied. Fur-
thermore, improvements on rationality of energy utilized and possibly exergy cost saving of 
the calcination process were also discussed. 

Methodology 

As the traditional energy analysis methods based on the First thermodynamic law 
only reveal the conservation of energy quantity, but ignore the difference of energy availabil-
ity due to the irreversibility occurred during the heat transfer process. The exergy model based 
on the Second thermodynamic law has been established in this article, and also defined exergy 
destruction to quantify the irreversible losses in the calcination process. Furthermore, consid-
ering the unequal cost of exergy and exergy destruction for each equipment, exergoeconomic 
analysis combining exergy and economic means was firstly introduced consequently. 

Briefly description of the calcination process 

The calcination process of GPC in the VSF has been studied in the past years. A 
schematic of the process is shown in fig. 1. The process consists of three major equipment, in-
cluding the VSF, the waste heat recovery boiler (WHRB) and the thermal deaerator (TD). Af-
ter crushed to the specified size and blended according to the blending ratio, GPC is then cal-
cined via VSF with the complex chemical reactions happened inside as shown in tab. 1. Af-
terwards, CPC is cooled to a temperature below 80 °C by the cooling water jacket installed 
under the VSF and then delivered to the user. Meanwhile, the flue gas from VSF with high 
heat content is recovered in WHRB by exchanging heat with boiler feeding water to generate 
steam for energy saving and then sent to the flue gas treatment system. Furthermore, as the 
important equipment in the process, TD is used to remove the oxygen out of the demineral-
ized water to reduce the corrosion on the interface of the equipment. 

 
Figure 1. A schematic of the calcination process 

Mathematical model of exergy flow 

To analyze the exergy flow of the calcination process, the formulation of the exergy 
flow balance is introduced and expressed in eq. (1). The input exergy flow of the control unit 
must be identical to the exergy flow output together with the exergy destruction generated 
within the control unit: 

 ,IN ,OUT
i i

( )i i iEx Ex ED= +   (1) 
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where Exi,IN, Exi,OUT, and EDi denote the total exergy input, output, and destruction within the 
control unit, respectively. 

Table 1. Reactions occurred in VSF 

The exergy of a flow consists of physical exergy and chemical exergy as expressed 
in eq. (2). The physical exergy is generated due to the imbalance by the difference tempera-
ture and pressure from the environment. While, the chemical exergy is produced by the im-
balance of the chemical composition towards the standard reference material: 

 ,PE ,CEk k kEx Ex Ex= +  (2) 

where Exk,PE and Exk,CE denote the physical exergy and chemical exergy of the exergy flow, 
respectively. Meanwhile, based on the exergy generation principle [25], the physical exergy is 
closely related with the enthalpy and entropy change, which expressed: 
 ,PE 0 0 0( ) ( )kEx H H T s s= − − −  (3) 

 0 0( )PH H mC T T− = −  (4) 

 ,PE 0
0 0

( ) ln R lnk P P

T P
Ex mC T T m C

T P

    
= − − −    

     
 (5) 

where H, s, P, and R denote the enthalpy, entropy, pressure, and gas constant, respectively. 
The chemical exergy of element and ideal gas mixtures is calculated based on the 

standard chemical exergy, i.e. tab. 2, and expressed in eq. (6) [26]. 

Table 2. Standard chemical exergy 

 ,CE 0
1 1

R ln
N N

k n n n n

n n

Ex x e T x x

= =

= +    (6) 

where xn and R' denote the gas, i.e. n, volume content and gas constant, i.e. 0.371 kJ/m3K. 

Reaction Equation Number of reaction equation 

Carbon combustion reaction C + O2 = CO2 Reaction 1 

Sulfur combustion reaction S + O2 = SO2 Reaction 2 

Volatile matter combustion reaction 2H2 + O2 = 2H2O Reaction 3 

 CH4 + 2O2 = CO2 + 2 H2O Reaction 4 

 2C2H6 + 7O2 = 4CO2 + 6 H2O Reaction 5 

Element Standard chemical exergy eθn  [kJmol–1] Ideal gas Standard chemical exergy eθn  [kJN–1m–3] 

S 602.79 CH4 35665 

C 410.53 C2H4 58814 

  CO 11470 

  H2 10380 
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Based on the Second law of thermodynamics, entropy can be created but cannot be 
destroyed. Therefore, the exergy destruction is defined, which is the counterpart of the in-
crease of entropy principle, and is expressed: 

 0 geniED T s=  (7) 

where sgen is the entropy generation in the process. 
Combustion exergy destruction, i.e. ExCED, is produced due to the irreversibility of 

the combustion reaction, which generates irreversible work. On the conditions of no preheated 
fuel or combustion, combustion exergy destruction is expressed: 

 0 ad
CED 0 L

ad 0 0
ln

T T
Ex T s Q

T T T
=  +

−
 (8) 

Exergoeconomic model of the process 

Although the mathematical model of exergy flow could analyze the quantity and 
quality of the energy, the unequal cost caused by the irreversibility loss of the process is in-
soluble. Thus, the exergoeconomic theory is applied to analyze the calcination process for 
calculating the exergy flow cost based on the energy quality difference. 

According to the cost balance equation in the field of economics, the exergy flow 
cost equation for one unit is: 

 IN, IN, NE OUT, OUT,( ) ( )k k j jc Ex c c Ex+ =   (9) 

where cIN,k, ExIN,k, cNE, cOUT,j, and ExOUT,j denote the unit exergy inlet flow cost, exergy flow 
inlet, non-energy cost, unit exergy outlet flow cost, exergy flow outlet of the unit, respective-
ly. 

Meanwhile, non-energy cost is simplified to comprise the equipment cost, i.e. cEQ, 
and resource cost, i.e. cR. Furthermore, cEQ is prorated: 

 EQ 3600
CRF Z

c
N


=  (10) 

where CRF, , Z, and N denote equipment cost recover factor, equipment maintenance factor, 
equipment cost, and annual operation hours of equipment, respectively. 

In addition, CRF is defined: 

 (1 )
(1 ) 1

Y

Y
CRF

 



+
=

+ −
 (11) 

where ω and Y denote equipment discount rate and equipment running time, respectively. 
However, when the number of exergy flow, i.e. m, is more than the number of exer-

gy flow cost equation, i.e. i, it is obliged to establish exergy flow cost allocation equation to 
seal off the whole cost calculation equations, so as to calculate the exergy flow cost of the 
system. It should be noted that the number of exergy flow cost allocation equation is m – i. In 
addition, due to the fact that different quality of exergy flow should have different exergy 
flow cost, the exergy quality coefficient, i.e. θx,y, is firstly defined to reflect the difference on 
quality between the two exergy flows and support the establishment of exergy flow cost allo-
cation equation, which is expressed: 
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x

x
x y

y

y

Ex

m

Ex

m

 =  (12) 

where Exx, mx, Exy, and my denote the exergy flow and mass flow of medium x and y, respec-
tively. 

Consequently, the exergy flow cost allocation equation is follow: 

 ,x x y yc c =  (13) 

where cx and cy denote the exergy flow cost of medium x and y, respectively. 

Results 

In the present study, evaluations are performed based on the operational data and 
boundary conditions obtained from on-site industrial measurements and the corresponding 
control parameters. Other information is specified based on the average values commonly 
adopted during practical productions. The ambient temperature and environment pressure re-
main constant during the process, which is taken as 298.15 K and 1 atm, respectively. Some 
technological parameters used in the present study are summarized in tab. 3. 

Table 3. Technological parameters related to the operational condition of the calcination process 

Parameter Value Unit Instrument 

CPC production capacity per hour 34.56 [th–1] Weigh feeder 

Specification of GPC 

Moisture 8 [wt.%] Muffle furnace 

Volatile matter 11 [wt.%] Muffle furnace 

Ash content 0.3 [wt.%] Muffle furnace 

Sulfur content 3 [wt.%] Muffle furnace 

Fixed carbon content 88.7 [wt.%] Calculation 

Composition of volatile matter 

H2 37.33 [vol%] Gas composition analyzer 

CH4 28.00 [vol%] Gas composition analyzer 

C2H4 34.67 [vol%] Gas composition analyzer 

Vertical shaft furnace 

Shaft number per VSF 72 Shaft/Num.  

Actual furnace number 4 Num.  

Temperature of GPC 25 [°C] Infrared thermometer 

Temperature of CPC 80 [°C] Infrared thermometer 

Temperature of flue gas outlet 925 [°C] Temperature sensor 
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Table 3. Continuation 

 
It should be noted that the air leakage coefficient of flue before WHRB is calculated 

by the O2 content and flow volume of the flue gas out of VSF and into WHRB. Similarly, the 
air leakage coefficient of WHRB is calculated by the O2 content and flow volume of the flue 
gas into WHRB and out of WHRB. Usually these two parameters are standard and stable if 
the negative pressure is unchanged. 

Exergy flow analysis of the calcination process 

The results of exergy balance calculation of VSF, WHRB and TD are summarized in 
tab. 4. 

 
Figure 2. The schematic of the exergoeconomic model 

Temperature of circulating cooling water inlet 25 [°C] Thermometer 

Temperature of circulating cooling water outlet 33 [°C] Thermometer 

Combustion rate of volatile matter in VSF 96 [wt.%] Standard data 

Combustion rate of sulfur in VSF 17 [wt.%] Standard data 

Carbon loss in VSF 2.5 [wt.%] Standard data 

Evaporation rate of moisture in VSF 100 [wt.%] Standard data 

Waste heat recovery boiler 

Temperature of outlet steam 450 [°C] Temperature sensor 

Pressure of outlet steam 3.82 [MPa] Differential pressure transmitter 

Temperature of WHRB feeding water 105 [°C] Temperature sensor 

Temperature of flue gas out of WHRB 190 [°C] Temperature sensor 

Discharge rate of WHRB 5 [wt.%] Standard data 

Air leakage coefficient of flue before WHRB 20 [vol%] Standard data 

Air leakage coefficient of WHRB 2 [vol%] Standard data 

Thermal deaerator 

Temperature of inlet steam 104 [°C] Temperature sensor 

Pressure of inlet steam 0.025 [MPa] Differential pressure transmitter 

Temperature of desalted water inlet 25 [°C] Thermometer 

Coefficient of steam loss in TD 2 [wt.%] Standard data 
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Table 4. Exergy flow balance of VSF, WHRB, and TD 

Table 5. Technological parameters related to the calculation of exergy flow cost 

NOTE: The currency ratio of US dollar against RMB is 1 USD = 6.461 RMB when calculated. 

Exergy flow balance of VSF Exergy flow balance of WHRB 

ExVSF,IN [GJh–1] ExVSF,OUT [GJh–1] ExWHRB,IN [GJh–1] ExWHRB,OUT [GJh–1] 

ExVSF,GPC 0.00 ExVSF,FG 96.66 ExWHRB,FG 84.26 ExWHRB,ST 55.59 

ExVSF,CA 0.00 ExVSF,CPC 0.13 ExWHRB,LA 0.00 ExWHRB,FG 7.53 

ExVSF,VMCE 233.35 ExVSF,MEE 1.57 ExWHRB,BFW 1.79 ExWHRB,WW 0.00 

ExVSF,SCE 3.83 ExVSF,CCWO 1.44·10-4  ExWHRB,DHED 4.22 

ExVSF,CCE 29.22 ExVSF,CCWHE 23.85  ExWHRB,HTED 17.66 

ExVSF,CCWI 0.00 ExVSF,DHED 14.66  ExWHRB,EED 1.05 

 ExVSF,CED 114.41 Total 86.05 Total 86.05 

 ExVSF,HTED 11.23 Exergy flow balance of TD 

 ExVSF,EED 3.88 ExTD,IN [GJh–1] ExTD,OUT [GJh–1] 

   ExTD,ST 1.90 ExWHRB,BFW 1.79 

   ExTD,DW 0.00 ExTD,LS 0.04 

    ExTD,DHED 0.06 

    ExTD,EED 0.01 

Total 266.40 Total 266.40 Total 1.90 Total 1.90 

Parameter Value Unit 

Equipment cost recover factor,  1.05  

Annual operation hours, N 8322 hours 

Equipment discount 0.05  

Equipment running time 25 years 

Replenishment rate of circulating cooling water 3 wt.% 

Resource cost   

GPC 2000 RMB per tone 

CPC 2600 RMB per  tone 

Demineralized water 2 RMB per  tone 

Water 1.3 RMB per  tone 

Equipment cost   

VSF 13000000 RMB per numero 

WHRB 8000000 RMB per numero 

TD 2000000 RMB per numero 
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Exergoeconomic model evaluation of the calcination process 

By integrating the exergy flow in the calcination process, the schematic of the exer-
goeconomic model is shown in fig. 2, where Ex1 to Ex11 denote the exergy flow of volatile 
matter, circulating cooling water exergy flow, CPC, flue gas from VSF, flue gas to WHRB, 
boiler feeding water, flue gas out off WHRB, steam from WHRB, residual steam, steam to 
TD and loss steam of TD, respectively. In addition, the parameters related to the calculations 
of exergy flow cost are summarized in tab. 5. 

Based on the calculation structure of mentioned exergy flow cost equations, the re-
sults of the exergy flow cost are shown in tab. 6. 

Table 6. The calculated exergy flow cost of calcination process 

Discussion 

Evaluation and analysis of exergy flow 

According to the calculated results of the exergy flow balance towards the calcina-
tion process in tab. 3, the major exergy destruction is the combustion exergy destruction, 
i.e. ExVSF,CED, in VSF, which is caused by the volatile matter combustion during the calcina-
tion. The total exergy destruction of VSF is 54.11%, which accounts for more than 50% of the 
total exergy output. Furthermore, the heat transfer exergy destruction of WHRB, ExWHRB,HTED, 
is the second largest exergy destruction, which depends on the temperature difference be-
tween flue gas and steam. As for the TD, the exergy destruction is very low, because it is a 
system with only one exergy flow input and multi exergy flow output. Moreover, the energy 
efficiency of the WHRB and TD are 83.52% and 96.40%, whereas the exergy efficiency of 
the two equipment are 65.98% and 94.27%. 

Evaluation and analysis of economic performance 

The import exergy flow cost of the three different equipment is calculated according 
to tab. 6, and the equipment with the biggest import exergy flow cost is VSF, 
i.e. 366.5197 RMB per MJ. In addition, the import exergy flow cost of WHRB and TD are 

Exergy flow cost Parameter Value Unit 

c1 Exergy flow cost of volatile matter in GPC 0.0329 RMB per MJ 

c2 Exergy flow cost of circulating cooling water  366.4868 RMB per MJ 

c3 Exergy flow cost of CPC 712.8328 RMB per MJ 

c4 Exergy flow cost of flue gas from VSF 0.0619 RMB per MJ 

c5 Exergy flow cost of flue gas to WHRB 0.0855 RMB per MJ 

c6 Exergy flow cost of boiler feeding water 0.0571 RMB per MJ 

c7 Exergy flow cost of flue gas out off WHRB 0.9764 RMB per MJ 

c8 Exergy flow cost of steam from WHRB 0.0005 RMB per MJ 

c9 Exergy flow cost of residual steam 0.0005 RMB per MJ 

c10 Exergy flow cost of steam to TD 0.0020 RMB per MJ 

c11 Exergy flow cost of loss steam of TD 0.0020 RMB per MJ 



Li, P
 

0.1426 RMB per MJ and 0.0020 RMB per MJ, respectively. Therefore, the energy consump-
tion of the calcination process is accordance with the principle that high quality goods should 
be with high price in economics. However, the exergy flow cost of the flue gas from VSF is 
0.0629 RMB per MJ, which is increased to 0.0855 RMB per MJ when it flows into WHRB. 
Hence, it is necessary to save this part of cost increasing, which is caused by the decrease of 
energy quality. Similarly, the exergy flow cost of steam coming from WHRB (i.e. 0.0005 
RMB per MJ) is much lower than that into TD. Subsequently, due to the low energy quality, 
the exergy flow cost of circulating cooling water is high, i.e. 366.4868 RMB per MJ.  

Possible improvements 

In order to improve the thermal and economic performance of the calcination pro-
cess, several suggestions are proposed in the present study. Firstly, due to the high tempera-
ture difference between the flue gas from the outlet of VSF, i.e. 925 °C, and inlet of WHRB, 
i.e. 757 °C, this is a great potentiality for energy and exergy saving, as well as exergy flow 
cost reduction. Thus, it should enhance the insulation performance of flue duct between VSF 
and WHRB to reduce temperature drop of the flue gas. On the other hand, the sealing of flue 
duct gate on the outlet of VSF and inlet of WHRB should be optimized which could reduce 
the air leakage coefficient of flue duct before WHRB from 20% to 10% and raise the flue gas 
temperature of the boiler inlet from 757 °C to 838 °C. 

Secondly, the cooling method of CPC by adopting circulating cooling water with 
cooling water jacket has been successfully applied in many anode plants in China, however, 
some problems have also been exposed, including low heat transfer efficiency, high net water 
consumption and fouling rate on the inner surface of the cooling water jacket. Therefore, it is 
suggested to make use of the vaporization cooling method instead of the traditional cooling 
way. As a result, the high heat contained in the CPC is fully recycled, which is converted in 
the form of steam to be utilized by TD. Meanwhile, it can cancel the transportation path of the 
steam from WHRB to TD, which could avoid the high quality steam used in the low function-
al operation place, i.e. TD, with the temperature and pressure reduction. 

Thirdly, the internal structure of VSF could be optimized by adding the preheating 
channel of combustion air, which could not only raise the temperature of flue gas on the outlet 
of VSF to 950 °C, but also reduce the combustion exergy destruction in VSF. 

Based on the discussion, considering all improvement measures are implemented, as 
depicted in figs. 3-5, the mass, energy and exergy balance are then re-calculated. Thereby, the 
total exergy destruction of VSF is reduced to 134.34 GJ per hours and the exergy efficiency of 
WHRB is raised up to 66.02%. In addition, the resultant exergy flow cost has also been un-
dated, as shown in tab. 7. Obviously, the import exergy flow cost of the three different 
equipment are reduced to 0.0329 RMB per MJ, 0.1304 RMB per MJ and 0.0002 RMB per 
MJ, respectively. Moreover, the exergy flow cost of the flue gas into WHRB is optimized to 
0.0758 RMB/MJ, which reduce the exergy flow cost of waste heat recovery system. 
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Figure 3. Sankey diagram of the material flow with the suggested improvements 

 
Figure 4. Sankey diagram of the energy flow with the suggested improvements 

 
Figure 5. Sankey diagram of the exergy flow with the suggested improvements 
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Table 7. The calculated exergy flow cost of calcination process with suggested improvements 

Conclusions 

• The present paper provides a comprehensive analysis of the calcination process using a 
thermal model based on the First and Second thermodynamic law in conjunction with the 
exergoeconomic theory. All three major equipment involved in the process are discussed 
in detail, including the VSF, WHRB boiler and TD. 

• For the thermal analysis, the VSF is a self-sufficiency equipment without additional fuel 
required, but the overall exergy destruction accounts for 54.11% of the total exergy input. 
In addition, the energy efficiency of the WHRB and TD are 83.52% and 96.40%, whereas 
the exergy efficiency of the two equipment are 65.98% and 94.27%. 

• In order to evaluate the cost of the system, the exergy flow cost mathematical model is es-
tablished based on the exergoeconomic theory. The import exergy flow cost of VSF, 
WHRB, and TD are 366.5197 RMB per MJ, 0.1426 RMB per MJ, and 0.0020 RMB per 
MJ, respectively. 

• Several possible improvements are proposed to improve the calcination process on ra-
tional energy utilization and exergy cost saving. Flue duct between VSF and WHRB are 
recommended to enhance insulation performance. Moreover, it is proposed to adopt the 
vaporization cooling method instead of the traditional cooling way on the cooling water 
jacket. Furthermore, the internal structure and control mode of the VSF is recommended 
to optimize. With the suggested improvements, the total exergy destruction of VSF is re-
duced to 134.34 GJ per hours and the exergy efficiency of WHRB is raised up to 66.02%. 
Moreover, the import exergy flow cost of the three different equipment are reduced to 
0.0329 RMB per MJ, 0.1304 RMB per MJ, and 0.0002 RMB per MJ, respectively. 

• Based on our previous work, the present study has extended the model considerations and 
forwarded the formulations combining the exergy and economic principle. The exergy 
and exergoeconomic analysis also obtain new findings and conclusions on the calcination 
process. With the advanced mathematical model and considerations of exergoeconomic, 
it provides new sights and a more rational energy-using and comprehensive cost-saving 

Exergy flow cost Parameter Value Unit 

c1 Exergy flow cost of volatile matter in GPC 0.0329 RMB per MJ 

c2 Exergy flow cost of steam from VSF 0.002 RMB per MJ 

c3 Exergy flow cost of CPC 712.8328 RMB per MJ 

c4 Exergy flow cost of flue gas from VSF 0.0621 RMB per MJ 

c5 Exergy flow cost of flue gas to WHRB 0.0758 RMB per MJ 

c6 Exergy flow cost of boiler feeding water 0.0547 RMB per MJ 

c7 Exergy flow cost of flue gas out off WHRB 1.1350 RMB per MJ 

c8 Exergy flow cost of steam from WHRB 0.0006 RMB per MJ 

c9 Exergy flow cost of residual steam 0.0002 RMB per MJ 

c10 Exergy flow cost of steam to TD 0.0002 RMB per MJ 

c11 Exergy flow cost of loss steam of TD 0.0002 RMB per MJ 
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route for other researchers. In addition, the results come from several CPC plants which 
have been rectified for 2-3 years and operated smoothly now. 
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Nomenclature 

c – exergy flow cost 
CP – specific heat, [kJkg–1K–1] 
CCWI – circulating cooling water inlet 
CCWO – circulating cooling water outlet 
CRF – cost recover factor 
en

θ – standard chemical exergy, [kJmol–1] 
ED – exergy destruction, [GJh–1] 
Ex – exergy flow, [GJh–1] 
H – enthalpy 
P – pressure 
Q – quantity of heat 
R – gas constant, [Jmol–1K–1] 
R' – gas constant, [kJm–3K–1] 
s – entropy 
T – temperature, [K] 
x – gas volume content 
Y – equipment running time 

Greek symbols 

ω – equipment discount rate 
θ – exergy quality coefficient 

Subscripts 

CCE – carbon combustion exergy 
CPC – calcined petroleum coke 
CCWHE – heat exergy of circulating cooling 
water 
CE – chemical exergy 
CED – chemical exergy destruction 

DHED – dissipate heat exergy destruction 
EED – else exergy destruction 
EQ – equipment 
FG – flow gas 
HTED – heat transfer exergy destruction  
G/gen – generated 
GPC – green petroleum coke 
IN – input 
L – low 
LA – leakage air 
LS – loss steam 
MEE – moisture evaporation exergy 
NE – non-energy 
OUT – output 
PE – physical exergy 
ST – steam 
SCE – sulfur combustion exergy 
VM – volatile matter 
VMCE – volatile matter combustion exergy 
WW – waste water 
WHRB – waste heat recovery boiler 

Acronyms 

BFW – boiler feeding water 
CA – combustion air 
HYSYS – name of a process simulation software 
TD – thermal deaerator 
VSF – vertical shaft furnace 
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