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ABSTRACT: Currently, the traditional magnesium oxide produc-
tion process is facing exceptional challenges arising from carbon
emission restrictions and environmental protection. Waste
bischofite pyrolysis has attracted much attention as a promising
technology to address these challenges. Nonetheless, this process
has primarily been demonstrated on a laboratory scale, with limited
studies on an industrial scale. A comprehensive exergy analysis was
conducted for the entire process and individual subunits within the
pyrolysis process to identify potential areas for process enhance-
ment. A FORTRAN subroutine based on empirical correlations of
pyrolysis product yields was developed considering the impact of
decomposition reactions on the simulation. Furthermore, the
optimization of energy and exergy efficiency of the system was
discussed in terms of the carbon dioxide emission factor, equivalence ratio, and pyrolysis temperature. The results show that the
primary energy bottleneck lies in the combustion phase. In addition, the optimal energy and exergy efficiency conditions are a carbon
dioxide emission factor of 5.3, an equivalent ratio of 1.15, and a pyrolysis temperature of 1100 °C. In comparison to the pilot-scale
conditions, the energy efficiency and exergy efficiency increase by 2.55 and 3.61%, respectively. At this time, the MgO yield is 100%,
and the HCl concentration is above 9.33%.

1. INTRODUCTION
Due to rapid urbanization and industrialization in developing
countries, magnesium (MgO) remains in high demand globally
for applications in the iron and steel industry, cement
manufacturing, and nonferrous metallurgy.1,2 According to
data from the United States Geological Survey (USGS), China is
responsible for 90.00% of the global production of magnesium
refractories.3 The main raw material for manufacturing
magnesium refractories is magnesite, which accounts for
76.90% of the overall output.4 The production of magnesium
refractories from magnesite results in the release of carbon
dioxide from the combustion of fuels and the decomposition of
magnesite.1 Consequently, China, the global leader in the
magnesium metallurgical market, must assume the environ-
mental responsibilities associated with magnesium mining,
manufacturing, and smelting. Especially, the exploitation of
magnesite has been restricted due to carbon emission control
and environmental protection measures.5 Therefore, there is a
need for new ways to extract magnesium resources due to the
introduction of strict environmental legislation and growing
concerns about greenhouse gas emissions and climate change.
Within the salt lake industry, potassium chloride (KCl)

extraction generates industrial byproducts in evaporation ponds,
including bischofite.6,7 Generally, bischofite (MgCl2·6H2O) is a

magnesium chloride mineral with crystallization water.8

However, the accumulation of large quantities of bischofite
waste threatens the sustainable development and ecological
environment of the salt lake industry.5,9 Unfortunately, the
utilization rate of bischofite remains low, with less than 1% of the
total waste being effectively utilized.4 Statistical data from 2019
in China indicate that the production of potassium chloride was
804,000 tons, while solid waste bischofite exceeded an annual
volume of 80 million tons.10 In recent years, bischofite has
shown the potential to produce magnesium materials higher in
quality than magnesite, making it a promising and sustainable
alternative resource.
Researchers have recently developed techniques for convert-

ing bischofite to MgO by adding alkaline precipitants, such as
lime milk precipitation, sodium-base precipitation, and
ammonia precipitation.11−14 Among the various alkaline-based
precipitation methods, such as lime milk or ammonia
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precipitation, it has been demonstrated that they exhibit the
highest feasibility in treating bischofite wastes. Consequently, a
majority of pilot plants use lime milk or ammonia precipitation
systems. However, the commercial application of these methods
still needs to be improved due to their drawbacks. For example,
impurities in the precipitant and suboptimal filtration efficiency
can adversely impact the treatment process, increasing the
operating costs. Additionally, the precipitate magnesium-
containing solids require further calcination to produce MgO,
thereby introducing complexity into the production process.
To overcome the drawbacks of alkaline-based precipitation

techniques, high-temperature pyrolysis of bischofite has
emerged as the most promising MgO conversion technology
that may create reduced expenses in the near future. In the early
1960s, Dr. J. Aman from the Hebrew University began
investigating the “Aman process,” using pyrolysis technology
to convert bischofite into high-purity MgO.15,16 The pyrolysis
technology was pushed into the initial pilot phase by Dead Sea
Periclase Ltd. in Israel in the 1980s, with the increase in KCl
production.17 When the bischofite waste is exposed to
pyrohydrolysis/spray roasting at temperatures between 800
and 1000 °C, it yieldsMgO particles, HCl gas, and H2O vapor.18
This method offers many benefits over other techniques such as
reduced contamination of the final product and simplified
production and operation. In this sense, the substantial potential
of bischofite pyrolysis has ignited interest in its large-scale
industrial production.
Despite the promising potential benefits of bischofite

pyrolysis, there are several challenges that hinder its
commercialization, for example, high energy consumption,
incomplete product decomposition, and equipment corro-
sion.18,19 However, current studies have focused on the pyrolysis
mechanism, product value addition, and pyrolysis furnace design
to overcome these challenges. Li et al.8 used thermogravimetry
and X-ray diffraction to investigate the bischofite pyrolysis
mechanism and products at different temperatures, heating
rates, and ambient atmospheres. The findings showed thatMgO,
a stable product, was formed at a calcination temperature of 700
°C. Additionally, ultrasonic washing and secondary calcination
might further improve the purity of MgO. Zhang et al.18

investigated the feasibility of the bischofite toMgO using a radio
frequency induction thermal plasma process. Their results
demonstrated the capability of this process to yield two high-
purity MgO structures: spherical MgO nanoparticles with
dimensions of 20−40 nm and one-dimensional MgO nanorib-
bons measuring 100 nm. Du et al.20 designed and investigated a
spray pyrolysis furnace to produce MgO from bischofite using
computational fluid dynamics. Their study facilitated the
acquisition of temperature and species distribution data within
the continuous phase and the separation efficiency (%) and
residence time (s) of the dispersed particles.
Despite the numerous laboratory studies, the commercializa-

tion of the bischofite pyrolysis process still requires a while due
to the lack of engineering scaled-up data. Currently, a typical
thermodynamic equilibrium study was conducted by Bakker et
al.21 The key node parameters of the process were determined
based on the thermal decomposition mechanism obtained from
thermogravimetric experiments and X-ray diffraction (XRD)
characterization. Meanwhile, the molar fractions of gaseous
products, including CO2, HCl, and H2O, were estimated. The
pyrolysis furnace temperature and the rate of decomposition
reactions can influence the production of gaseous products.
Consequently, the thermodynamic equilibrium model em-

ployed by Bakker et al.21 would lead to overestimating CO2,
HCl, and H2O yields. In addition, Luong et al.

22 assessed CO2
emissions resulting from the bischofite pyrolysis process,
considering the theoretical reaction enthalpy (kJ/mol) and the
thermal efficiency (%). Compared with other alternative process
routes for MgO production, the bischofite pyrolysis process has
the lowest environmental burden. However, previous studies
had focused only on the conceptual designs of energy
assessment and environmental impacts of the bischofite
pyrolysis process, overlooking an analysis of the quantities and
variations in the energy of the process components or devices
along with incorporating experimental data into process
simulation software. As a result, previous findings face challenges
in providing engineering guidance on production energy
consumption and improvements at the level of individual
process plants.
Comprehension of energy consumption throughout the

entire process is of paramount importance. Exergy analysis is a
powerful energy analysis tool, reflecting the potential loss of
work due to the irreversibility of the second law of
thermodynamics. It facilitates the identification and quantifica-
tion of exergy destruction, enabling the calculation of the exergy
efficiency. It is understood that there is a lack of information
about the design, construction, and operation of facilities for
large-scale production of the bischofite pyrolysis process. To this
end, modeling and exergy analysis with the help of the Aspen
Plus tool has proven beneficial in assessing the energy efficiency
(η%) and exergy efficiency (ε%) of engineering processes. This
tool has been widely used in studies of other industrial systems,
such as the process of synthesizing monochloromethane by
methanol hydrochlorination, where the energy loss (MW),
exergy destruction (MW), and exergy efficiency (ε%) of the
process components were analyzed. The findings revealed that
the reactor, followed by the absorber, had the maximum exergy
destruction.23 In another study, Mohamadi-Baghmolaei et al.24

developed a simulation platform and thermodynamic modeling
methodology for a sour gas recovery plant. The analysis showed
that the stripper and absorber towers were key pieces of
equipment with significant potential for improvement, offering
the prospect of mitigating substantial carbon dioxide emissions.
In addition, Aspen Plus modeling can also replicate precise unit
activities and reliably estimate the physical properties and
connections of pure substances and complex mixtures. Thus,
Aspen Plus modeling and exergy analysis also serve as the first
step in evaluating emerging processes under sustainability
criteria.25,26 For example, Chen et al.27 proposed a novel
concentrating solar power plant using calcium ring-based
thermochemical energy storage to eliminate the dependence
of power generation on the carbonization reaction in sunlight.
The results showed a global storage exergy efficiency (ε%) of
over 37% and a global power efficiency of about 48%,
comparable to those of state-of-the-art systems. Liu et al.28

suggested a waste heat-driven system coupled with electricity
and refrigeration. An improvement strategy combining the self-
improvement of components, improvement of other compo-
nents, and system optimization was proposed using exergy
analysis and advanced exergy analysis. However, there is no
relevant literature on the simulation prediction of the process of
MgO preparation by bischofite pyrolysis. Simulation modeling
and analysis of the pyrolysis process are crucial for large-scale
industrial production as they allow decision-makers to enhance
and assess the sustainability criteria of the process.
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This work aims to enhance energy efficiency (η%) and
minimize exergy destruction (MW), considering the quality of
MgO production and HCl concentration in the example of the
Liaoning Dongda Powder pilot-scale system plant. The principal
contribution is the simulation of the bischofite pyrolysis process
by implementing the Aspen Plus simulator. A comprehensive
assessment of the quantitative alterations in the energy of the
pyrolysis process unit components was performed by exergy
analysis. Meanwhile, the primary areas with potential for
enhancement were identified. In addition, the energy efficiency
(η%) and exergy efficiency (ε%) of the systemwere optimized in
terms of the carbon dioxide emission factor, equivalence ratio,
and pyrolysis temperature to fulfill the requirements of both
MgO yield and HCl concentration. Considering the influence of
the decomposition reaction on the simulation accuracy, the
Aspen Plus model was developed in combination with the
FORTRAN subroutine based on the empirical correlation of the
experimentally obtained pyrolysis product yields. This work will
provide an effective way for the large-scale production of

bischofite pyrolysis technology to improve the energy efficiency
of the whole thermal system.

2. SYSTEM MODELING AND ANALYSIS
2.1. Bischofite Pyrolysis Process Description. This

investigation measured the exergy destruction (MW) and
exergy efficiency (ε%) of a pilot-scale bischofite pyrolysis unit
at the Dongda Powder Plant in Liaoning Province, China.
According to the laboratory data from the authors, the plant was
able to capture around 30,000 tons of MgO per year, with a
bischofite flow rate of 4.83 kg/s. The raw materials for the plant
were sourced from Qinghai Western Magnesium Co., Ltd., and
bischofite accounted for 86.5% of the composition.29

Figure 1 depicts a typical schematic of the bischofite pyrolysis
pilot-scale process. Generally, bischofite is a large solid crystal
formed in evaporation ponds. If bischofite is fed directly into the
pyrolysis furnace, it is not conducive to pyrolysis, heat transfer,
and mass transfer. Therefore, a saturated precursor solution is
prepared by mixing bischofite with liquid water, taking

Figure 1. Schematic of the bischofite pyrolysis process.

Figure 2. Continuous reaction mechanism in the pyrolysis furnace.
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advantage of the water-soluble nature of bischofite. First, the
prepared saturated precursor solution is delivered into a flash
dryer, where the water in the saturated precursor solution is
evaporated, leaving uniformly sized solid particles. The heated
flue gases produced during pyrolysis provided the heat for the
flash drying unit. A filter removes fine bischofite particles from
the flue gas exiting the flash dryer. Therefore, the saturated
precursor evaporation system raises the temperature of
bischofite entering the furnace and homogenizes the particles.
Then, dried bischofite enters the pyrolysis furnace as a raw
material and undergoes dehydration and hydrolysis. Graded
combustion of gaseous fuels maintains an even temperature in
the pyrolysis furnace for dehydration and hydrolysis. Finally, a
cyclone separator separates the MgO particles produced during
bischofite pyrolysis from the fuel gas. In addition, hydrochloric
acid may also be made using the HCl gas produced during
pyrolysis. Detailed information on the operating conditions and
the composition of the fuel gas are provided in Table S1
(Supporting Information).
2.2. Process Simulation. The bischofite pyrolysis furnace

plays a crucial role in the entire system, as several processes
occur consecutively within the furnace, including dehydration
and hydrolysis reactions. To simulate bischofite pyrolysis, a
sequential modular modeling technique has been proposed,
which has already been applied to simulate biomass pyrolysis
gasifiers.26,30 The technique involves dividing the pyrolysis
furnace system into dehydration and hydrolysis modules,
enabling simulation convergence. In this section, Aspen Plus
V11 software is used to model the bischofite pyrolysis pilot-scale
process by describing the reactionmechanismwithin the furnace
and modeling it using the Aspen Plus simulator.

2.2.1. Dehydration Reaction. Figure 2 depicts the dehy-
dration and hydrolysis reactions that occur while bischofite
passes through the pyrolysis reactor. At temperatures ranging
from 300 to 500 °C, bischofite is transformed into H2O vapor
and solid MgCl2·H2O.31,32 The required heat for this reaction is
produced by hot flue gases that are generated from the
combustion of gaseous fuels and can reach temperatures
between 800 and 1000 °C. As a result, the dehydration reaction
occurs immediately at the top of the pyrolysis reactor. Published

studies29 by our team have shown that the dehydration reaction
involves at least three subreactions. We estimated the reaction
enthalpies and formulated the total dehydration equation to
simplify the system modeling.

H

bischofite(MgCl 6H O) MgCl H O 5H O

322.81 kJ/mol
2 2 2 2 2· · +

= (1)

2.2.2. Hydrolysis Reaction. Subsequently, the MgCl2·H2O
solid particles fall to the bottom of the pyrolysis reactor.
Similarly, the energy for the hydrolysis reaction is supplied
through the combustion of gaseous fuel. At temperatures over
500 °C, MgCl2·H2O undergoes further pyrolysis, yielding the
pyrolysis gases H2O and HCl and the solid product MgO. In
addition, the pyrolysis gases also include CO2, CO, and H2O
produced by fuel combustion. The following equation
represents the hydrolysis reaction

HMgCl H O MgO 2HCl 180.43 kJ/mol2 2· + =
(2)

Bischofite pyrolysis is a highly complicated phenomenon
characterized by numerous physicochemical transformations
and the formation of intermediate products.31,33 However, we
are concerned about the ultimate production of MgO and HCl
in engineering. Therefore, only the conversion reaction of
MgCl2·H2O to MgO is focused. Based on thermogravimetric
analysis (TGA), we obtained the product yield in the range of
500−800 °C. Empirical equations relating temperature to the
yields of YMgCl2·H2O, YMgO, and YHCl were fitted to the bischofite
hydrolysis reaction by drawing on Trninic ́ et al.34 The results
were obtained as follows

Y T T( 4.48 10 ) 0.058 17.91MgCl H O
5 2

2 2
= × × + ×·

(3)

Y T T(1.59 10 ) 0.021 6.69MgO
5 2= × × × + (4)

Y T T(2.89 10 ) 0.037 12.22HCl
5 2= × × × + (5)

Figure 3. Aspen Plus flowsheet for the bischofite pyrolysis system: (1) combustion heating-dehydration reaction; (2) combustion heating-hydrolysis
reaction; (3) flash evaporation; (4) dehydration reaction; (5) hydrolysis reaction; (6) dehydration module; (7) hydrolysis module; S1−S22 material
stream.
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2.3. Aspen Plus Modeling. This section describes the
establishment of a simulation platform using Aspen Plus
software, which considers the actual operating conditions. The
Aspen Plus simulation mainly comprises identifying the
chemical composition, establishing the thermodynamic equa-
tions, selecting the appropriate operating units, and configuring
the input specifications.26 The simulations employed the Peng−
Robinson−Boston Mathias method, extensively used for
pyrolysis and hydrocarbon fuel combustion.30 Since the
pyrolysis furnace contains solid and gas phases, MCINCPSD
depicts streams, including the solid MgO and the gas-phase
mixture.
Figure 3 depicts the Aspen Plus flowsheet for the bischofite

pyrolysis system. First, bischofite waste S7 and water S8 are
mixed into a saturated liquid in a mixer (MIX1). The heat
transported by decomposition gases S10 is used as a heat source
in the flash dryer (FLASR) to dry saturated liquids S9. The
produced dry particles S13 are separated from water vapor S14
using a separator (SSPLIT1). In this situation, separated water
vapor S14 can offer the heat consumer, which is sent into the
heater (HEATX1) and cooled to ambient temperature to
compute the available sensible heat. Then, dried bischofite S3 is
fed to the pyrolyzer reactor. Considering the chemical events
inside the pyrolysis furnace, the pyrolysis furnace can be divided
into a (6) dehydration module and (7) hydrolysis module. The
dehydration module contains decomposition and heat transfer
units, of which the decomposition unit utilizes a dehydration
reactor (RSTOIC1) to convert the bischofite to MgCl2·H2O
and H2O with 100% conversion. The heat exchange unit
(HEATX2) performs heat exchange between decomposition
products S16 and hot flue gases S3 generated by combustion.
Following the heat exchange, flue gas S3 and decomposition
product S16 are separated in a cyclone separator (SSPLIT2).
Like dehydration, hydrolysis comprises a reaction module
(RSTOIC2) and a heat transfer (HEATX3) module. To further
analyze theMgCl2·H2O decomposition as a function of pyrolysis
temperature, eqs 3−5 are integrated into the internal
FORTRAN subroutine of the calculator module. The pyrolysis
temperature refers to the temperature that leaves the heat
transfer module. Finally, the MgO solid product S19 and
decomposition gas S20 are sent through a cyclone separator
(SSPLIT3). The decomposition flue gas and solid product MgO
are directed to the HEATX2 and TANK model and cooled to
ambient temperature to determine heat loss. The dehydration
and hydrolysis processes are heated in a gas-fuel combustion
reactor (RGIBBS1,2). In addition, the simulation results were
verified by using the operational data collected from the pilot
experiment. The simulation phase is defined by the concen-
trations of HCl, CO2, N2, and H2O in the pyrolysis gas, as well as
the dehydration and hydrolysis temperatures. The operational
and simulation data are reported in Table 1.

2.4. Exergy Analysis. A comprehensive analysis of the
bischofite pyrolysis energy consumption is essential for the
commercial-scale process. Exergy analysis provides a practical
tool for exploring the system irreversibility.35 Irreversibility is
defined principally by the degree of insufficiency produced by
thermodynamic defects or chemical processes. Therefore,
exergy analysis assists engineers in detecting the position and
quantity of exergy destruction, allowing the application of
process improvement measures.36 The following expression
gives the exergy equity of a control volume.

E
T
T

Q E E E E1
i i

i
i

0
work in out D= +

i
k
jjjjj

y
{
zzzzz

(6)

where Ė is the exergy rate; the temperatures of the surrounding
and boundary air are T0 and Ti, respectively; the heat flux across
the control volume border is measured as Q̇i; Ėwork denotes the
mechanical or electrical work; the exergy of the input and output
streams is represented by Ėin and Ėout, respectively; and ĖD is the
exergy destruction. It should be emphasized that Ėin and Ėout
involve physical and chemical exergy.

2.4.1. Physical Exergy. Physical exergy refers to themaximum
amount of thermodynamic work that can be generated by a state
when it interacts with a reference state. Pressure potential energy
is not considered because the pyrolysis occurs at atmospheric
pressure. The enthalpy and entropy values required for
calculating the physical exergy are derived through the Aspen
Plus simulation. The physical exergy equations for gaseous
exph‑gas or solid−liquid exph‑sol/liq are as follows.37,38

ex h h T s s( ) ( )ph gas 0 0 0= (7)

ex c T T T
T
T

( ) (lnph sol/liq P 0 0
0

= [
y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (8)

h0 and s0 denote the enthalpy and entropy at a standard state
temperature of 298 K and pressure of 1.01325 bar. The specific
heat capacity cp values of MgCl2·6H2O and MgCl2·H2O are
determined using the best-fitting curve supplied by Weck et
al.;39 the cp of MgO is given as 1.22 kJ/kg·K.40

2.4.2. Chemical Exergy. The chemical exergy of a material in
a nonequilibrium environment is calculated to establish the
standard exergy of a component. The chemical exergy of ideal
gas mixtures is determined as follows38

ex x ex RT x xln( )
i

i i
i

i ich mix ch, 0= +
(9)

where xi is the mole fraction of component i, R is the universal
gas constant, and ech,i is the chemical exergy of component i. The
chemical exergy of each component is calculated by eq 10, where
nj is the atomic number of element j in component i, ech,j is the
chemical exergy of element j, and ΔGf,i is the Gibbs free energy.

ex G n exi ich, f,
j

j ch,j= +
(10)

The chemical exergy of a gaseous fuel can be expressed as

ex LHVch,fuel fuel= × (11)

The factor β represents the ratio of the lower heating value
(LHV) of the fuel to ech, fuel chemistry exergy as a function of the
C, H, and O atomic ratios.41 The LHVfuel is determined by the
molar proportion of each gas-phase component.

Table 1. Comparison of the Operation and Simulation Data1

parameter operation simulation error %

HCl outlet concentration (mol %) 6.85 6.88 0.43
CO2 outlet concentration (mol %) 8.14 8.48 4.18
N2 outlet concentration (mol %) 66.00 66.90 1.36
H2O outlet concentration (mol %) 16.30 17.00 4.29
dehydration temperature (K) 858.8 869.6 1.26
hydrolysis temperature (K) 1090.3 1075.4 1.36

1Error% = |xop−xsim|/xop × 100%
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( )1.0414 0.0177 0.3328 1 0.0537

1 0.4021

H
C

O
C

H
C

O
C

=
+ +

(12)

y iLHV LHV, CH , CO, C H
i

i ifuel
1

3

4 2 6= × =
= (13)

LHVfuel denotes the lower heating value of the gas fuel (47.87
MJ/kg), and the factor β for the gas fuel is 1.10.

2.4.3. Performance Index. Considering the industrial
applications, it is crucial to consider the system energy efficiency
(η%) and exergy efficiency (ε%). Additionally, the yield of MgO
(γ%) is an important indicator of industrial production. The
following equations can be used to determine these parameters

Q Q Q

LHV
100%py hc tr

fuel
=

+ +
×

(14)

E
E

1 100%D

total
= ×

(15)

m

m
100%

MgO

solid
= ×

(16)

Qpy is the heat required for the bischofite pyrolysis, Qhc is the
heat supplied to the heat consumer after flash, and Qtr is the
temperature rise for the MgO. ED and Etotal represent system
exergy destruction and total input exergy, respectively. γ
represents the MgO content in the solid product.

3. RESULTS AND DISCUSSION
3.1. Exergy Analysis of the System. In this section, we

discuss the bischofite pyrolysis pilot-scale system exergy analysis.
The goal of exergy analysis is to identify the component that
causes the most exergy destruction. The process is complicated,
involving heat transfer and complex chemical reactions of the
material flow. We need to provide critical thermodynamic
parameters such as standard chemical exergy and Gibbs energy
to evaluate chemical exergy. Table S2 illustrates the standard
chemical exergy derived for the process components. However,
the physical exergy can be calculated from the enthalpy and
entropy values obtained from the Aspen Plus software. Table S3
displays the thermodynamic parameters of the primary process
streams.
The exergy destruction and efficiency for the bischofite

pyrolysis are shown in Table S4 (Supporting Information). The
pyrolysis process is separated into five components: flash
evaporation (FE), dehydration reaction (DR), hydrolysis
reaction (HR), combustion heating-dehydration reaction
(CHDR), and combustion heating-hydrolysis reaction
(CHHR). The bischofite pyrolysis system has an overall fuel
exergy of 114.80 MW and a product exergy of 32.00 MW. The
calculations reveal that overall the exergy destruction is 82.80
MW, leading to an exergy efficiency of 27.90%.
Notably, the larger destruction of the CHHR and CHDR

units is mainly due to higher steam energy consumption and
exothermic reactions. A large amount of water vapor produced
during bischofite pyrolysis increases the exergy destruction of
the combustion heating unit. Besides, the published literature
has also established that exothermic processes and steam
consumption heat significantly impact the extent of exergy

Figure 4. (a) Exergy destruction for each component in the bischofite pyrolysis pilot-scale system. (b) Exergy efficiency for each component in the
bischofite pyrolysis process. (c) Effect of the carbon dioxide emission factor on exergy destruction. (d) Effect of the carbon dioxide emission factor on
the production parameters.
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destruction in a system.24 The other components are ranked in
the following order, shown in Figure 4a: DR unit 3.66 MW
(4.42%), FE unit 3.37 MW (4.07%), and HR unit 3.32 MW
(4.01%). The DR and HR units have lower exergy destruction
because dehydration and hydrolysis reactions are heat-
absorbing. However, the enhanced physical and chemical exergy
destruction of the decomposition products could be responsible
for the residual exergy destruction.
Exergy efficiency is an important metric in exergy analysis

used to evaluate the efficiency of the usable energy transfer in
individual subunits. Figure 4b illustrates the exergy efficiency of
each component in the pyrolysis system. The results show that in
the CHDR and CHHR units, only 29.24 and 29.33% of the
combustion heat is utilized for dehydration and hydrolysis,
respectively. This indicates that a portion of the combustion heat
is used for the pyrolysis reaction and heating of the product
magnesium oxide, while the remainder is exergy destruction in
the form of physical exergy. In contrast, the FE, HR, and DR
units had relatively high exergy efficiency with low exergy
destruction. Additionally, the overall system exergy efficiency of
27.87% is mainly influenced by the CHHR and CHDR units,
which exhibit higher exergy destruction and lower exergy
efficiency. As a result, retrofitting the CHHR and CHDR units
presents a higher potential for improving the overall exergy
efficiency relative to the other units.
A system exergy analysis revealed that the combustion heating

unit is responsible for 86% of the total exergy destruction.
Improving the combustion heating units can significantly
enhance the overall exergy efficiency. The combustion stage is
primarily impacted by the carbon dioxide emission factor,
equivalent ratio, and pyrolysis temperature. This study

conducted parametric analysis (including carbon dioxide
emission factor, equivalent ratio, and pyrolysis temperature) to
estimate their effects on system exergy destruction and
efficiency. In addition, the MgO yield, HCl concentration, and
system energy efficiency were discussed to satisfy the production
demands.
3.2. Effects of Carbon Dioxide Emission Factor. One of

the prevalent parameters considered in bischofite pyrolysis is
carbon dioxide emission factors, dividing the amount of carbon
dioxide produced by the combustion of the gaseous fuel by the
amount of bischofite converted to magnesium oxide (100%).
The higher the carbon dioxide emission factors, the greater the
fuel consumed, given a constant magnesium oxide production
target. This ratio is generally considered in the range of 3.8−6.3
due to recent restrictions on carbon dioxide emissions from
magnesium production.21 Figure 4c shows the effect of the
carbon dioxide emission factor on the exergy destruction for
each component. The other parameter settings are kept
consistent with those of the pilot-scale system. The carbon
dioxide emission factor of the pilot-scale system is 5.8. As
demonstrated in Figure 4c, the overall exergy destruction
increases as the carbon dioxide emission factor decreases and
then increases. The reason for the increase in exergy destruction
is that an increase in the fuel volume can lead to inadequate
combustion and irreversible chemical exergy destruction when
the air volume is constant. However, it is also necessary to
investigate the effect of the carbon dioxide emission factor on
MgO yield and HCl concentration, as shown in Figure 4d.
Considering only exergy and energy efficiency, the carbon
dioxide emission factor of 4.3 is the best option. However, a
carbon dioxide emission factor of less than 5 causes only a 25%

Figure 5. (a) Effect of carbon dioxide emission factor and equivalence ratio on exergy efficiency and energy efficiency. (b) Comparison of pilot
conditions and the conditions with the carbon dioxide emission factor 5.3 and equivalence ratio 1.15. (c) Effect of pyrolysis temperature on exergy
destruction at carbon dioxide emission factor 5.3 and equivalence ratio 1.15. (d) Effect of pyrolysis temperature on industrial parameters.
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MgO yield and less than 7% HCl concentration, the lowest
amount at which hydrochloric acid can be produced industrially.
Therefore, the carbon dioxide emission factor should be
between 5.3 and 6.3 for optimal MgO yield and HCl
concentration.
3.3. Effects of Equivalence Ratio. The equivalence ratio is

a standard parameter in combustion processes, generally defined
as the experimental air-to-fuel ratio to the stoichiometric air-to-
fuel ratio, and is calculated using the following26

ER
(Air/Fuel)

(Air/Fuel)
exp

stoich
=

(17)

The equivalence ratio is usually set at 1.05−1.3 to ensure
complete fuel combustion. Figure 5a shows the influence of the
carbon dioxide emission factor and equivalent ratio on the
exergy efficiency and energy efficiency. The carbon dioxide
emission factor ranges from 5.3 to 6.3, and the equivalent ratio
ranges from 1.05 to 1.3. The results indicate that, for the same
equivalent ratio, the smaller the carbon dioxide emission factor,
the higher the exergy and energy efficiencies. For the same
carbon dioxide emission factor, the exergy efficiency increases
with the equivalent ratio, while the energy efficiency decreases.
Therefore, the intersection point A is theoretically optimal when
the carbon dioxide emission factor is 5.3 and the equivalent ratio
is 1.15. Figure 5b compares pilot-scale conditions and the
carbon dioxide emission factor of 5.3 to better illustrate the
effect of each component’s exergy destruction and industrial
parameters. The increase in exergy efficiency is mainly attributed
to the reduction in exergy destruction during combustion
heating units (CHHR and CHDR units) and the decrease in
chemical exergy destruction through complete combustion. The
increase in exergy destruction in the HR and DR units is caused
by a rise in flue gas temperature due to complete combustion.
This increase in temperature affects the product’s exergy in the
pyrolysis and hydrolysis process, leading to an increase of
physical exergy in these units. Industrially, the MgO yield was
22.35% with a HCl concentration of 5.09% at a carbon dioxide
emission factor of 5.3 and an equivalence ratio of 1.15. This
contrasts the pilot case, which produced 100% MgO yield and
8.77% HCl concentration. This is mainly attributed to the
reduced fuel input, which provides less heat for the
decomposition reaction and cannot fully satisfy the bischofite
pyrolysis.
3.4. Effects of Pyrolysis Temperature. According to the

parametric study of the carbon dioxide emission factor and
equivalence ratio, the carbon dioxide emission factor is 5.3, and
the equivalence ratio is 1.15, higher than the exergy and energy
efficiency under the pilot-scale conditions. Unfortunately, the
current industrial production data are insufficient to meet
production requirements. To tackle this challenge, it is crucial to
examine the impact of various parameters within the pyrolysis
furnace on the exergy, energy efficiency, and industrial
parameters. Among these parameters, the pyrolysis temperature
significantly affects the MgO yield, HCl concentration, and the
quality of MgO. Industrial data and research suggest that
pyrolysis temperatures range from 800 to 1200 °C.42 The
aforementioned parameters, carbon dioxide emission factor, and
equivalence ratio were tested at a pyrolysis temperature of 1000
°C. Further investigation is required to determine the impact on
exergy destruction, system energy efficiency, and industrial
parameters at a carbon dioxide emission factor of 5.3, an
equivalence ratio of 1.15, and decomposition temperatures

between 800 and 1200 °C, as illustrated in Figure 5c. The results
show that exergy destruction gradually decreases as the pyrolysis
temperature rises. This is primarily due to a decrease in the
exergy destruction caused by an increase in the thermal
efficiency of the combustion process. However, the exergy
destruction of FE, DR, and HR tends to increase. These are
caused by the high pyrolysis environment, which enhances the
physical exergy of the exit flue gases and byproducts by raising
the temperature of decomposition products. Based on the
industrial production data analysis, it has been revealed that a
decomposition temperature above 1000 °C leads to better
results, as shown in Figure 5d. The main performance is that the
conversion rate of magnesium oxide is 100%, and the
concentration of hydrogen chloride is above 9.33%. Above
1000 °C, the energy efficiency decreases with increasing
temperature, while exergy efficiency increases with increasing
temperature. Thus, 1100 °C is the preferred temperature.
Compared to 1000 °C, the energy efficiency decreased by
3.73%, the exergy efficiency increased by 2.79%, the yield of
MgO increased by 77.6%, and the concentration of HCl
increased by 4.24%. In addition, the energy efficiency was
increased by 3.66%, and the utilization efficiency was increased
by 2.51% compared with the pilot conditions.

4. CONCLUSIONS
In this work, the pilot-scale pyrolysis process from bischofite
industrial waste was simulated by using Aspen Plus software, and
exergy analysis was conducted to quantify the exergy destruction
in the process. Given the complexity of the bischofite
decomposition process, a continuous modular modeling
approach was used to simulate the dehydration and hydrolysis
reactions in a pyrolysis furnace. These reactions were
implemented by integrating a FORTRAN subroutine within
Aspen Plus. In addition, the exergy efficiency and energy
efficiency were optimized regarding the carbon dioxide emission
factor, equivalence ratio, and pyrolysis temperature. The
conclusions are as follows.
1. Under pilot-scale conditions, the bischofite pyrolysis
system has an exergy efficiency of 27.9% and exergy
destruction of 82.8 MW. CHHR and CHDR units
contribute significantly to exergy destruction, accounting
for 46.73 and 40.77%, respectively. This indicates that the
combustion phase is the main bottleneck in terms of
energy consumption.

2. With the increase of the carbon dioxide emission factor,
the system exergy destruction shows a trend of first
decreasing and then increasing. The increase in system
exergy destruction is mainly due to the rise in irreversible
chemical exergy caused by inadequate combustion. As a
result, the carbon dioxide emission factor of 4.3 is
considered adequate, but the MgO yield and HCl
concentration will not fulfill the objectives of industrial
production. It is advised that the carbon dioxide emission
factor be between 5.3 and 6.3 to match the actual
production conditions.

3. For carbon dioxide emission factors between 5.3 and 6.3,
the effect of equivalence ratios on energy efficiency and
exergy efficiency was investigated. The smaller the
emission factor, the higher the energy and exergy
efficiencies. Increasing the equivalent ratio under the
same emission factor can improve exergy efficiency but
reduce energy efficiency. The optimal energy and exergy
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efficiency values occur at a carbon dioxide emission factor
of 5.3 and an equivalence ratio of 1.15. Nevertheless, heat
absence causes bischofite to decompose incompletely,
with the MgO yielding only 22.35% and a HCl
concentration of 5.09%.

4. When the carbon dioxide emission factor is 5.3, and the
equivalence ratio is 1.15, the overall exergy destruction is
steadily reduced as the pyrolysis temperature increases.
Because of increased combustion process thermal
efficiency, there was less exergy destruction. Based on
the MgO yield and HCl concentration, 1100 °C is the
ideal temperature for pyrolysis.

5. The optimal pilot-scale conditions consist of a carbon
dioxide emission factor of 5.3, an equivalence ratio of 1.15,
and a pyrolysis temperature of 1100 °C. Under the
optimal conditions, energy efficiency is notably improved
by 3.66% and exergy efficiency by 2.51%. Additionally, the
carbon dioxide emission factor decreases from 5.8 to 5.3.
Furthermore, the process yields 100% MgO production
and a HCl concentration exceeding 9.33%. Overall, the
study demonstrated the potential for converting bischo-
fite waste into valuable MgO through pilot-scale experi-
ments and thermodynamic analyses, which could guide
future commercialization and scale-up.
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