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h i g h l i g h t s

� Studying in thermodynamics the vacuum carbothermal-chlorination reduction for Al production.
� Studying the reaction efficiency and exergy efficiency with the temperature.
� The optimal reaction temperature region was obtained for carbothermal-chlorination reduction.
� Heat recovery was key to improve the energy consumption and exergy efficiency.
� Carbothermal-chlorination reduction performs better than electricity aluminum.
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a b s t r a c t

Carbo-thermal reduction aluminum is regarded as the future aluminum production method for its low
energy consumption. A thermodynamics analysis is performed, taking the Al–C two-step model as the
objective. High temperature is beneficial to the reaction efficiency, but harmful to the exergy efficiency
of the first reaction (Al2O3 + 3C + AlCl3 = 3AlCl + 3CO, R1). The second reaction (3AlCl = AlCl3 + 2Al, R2)
presents an opposite pattern. An optimal reaction temperature window exists for the AlCl mediated car-
bon reduction method. The temperature of R1 is above 1520 K and that of R2 is 398–798 K in the optimal
window. Heat recovery is significantly important in enhancing both exergy efficiency and energy con-
sumption in actual processes. Energy consumption is reduced from 11,335 kW h/t(Al) to 8063 kW h/t
(Al) when an ideal heat recovery is performed. Compared with electrolytic aluminum, carbothermol-
chlorination reduction presents a significantly better performance in some condition. Energy consump-
tion is 10,151 and 13,200 kW h/t(Al) in carbothermol-chlorination reduction and electrolytic aluminum,
respectively. Moreover, 67% of the exergy efficiency of the carbothermol-chlorination reduction is greater
by 1.7 times than that of the electrolytic aluminum.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminum is one of the most widely used metals all over the
world [1]. This metal is applied widely in construction, manufac-
ture, telecommunication, aeronautics, energy and other fields
because of its characteristics of low density, corrosion resistance,
high strength and energy density [2–5]. Aluminum industry plays
an extremely important role in the human development processes
and a total of 5 � 1011 t aluminummetal was produced in 2015 [6].
Therefore, a large-scale use of aluminum demanded a high-
efficiency aluminum production industry. The modern aluminum
production is mainly based on the Bayer and Hall–Héroult pro-
cesses (Electrolytic aluminum, 2Al2O3 + 3C = 4Al + 3CO2, electroly-

sis, 1223.15–1263.15 K) invented about 100 years ago [7,8]. The
appearance of the electrolytic aluminum (EA) reduced the diffi-
culty in Al production and greatly improved the aluminum yield.
However, high energy consumption and pollution still remain as
the main faultiness of electrolytic aluminum, which causes diffi-
culty in obtaining further development [7,9].

Researchers invented some new methods, such as using room
temperature ionic liquids (RTILs) in aluminum production, to solve
the energy consumption and pollution problems of the aluminum
production industry [10]. The electrolytic reaction temperature is
greatly reduced because the melting point of ionic liquids is usu-
ally below 373.15 K [11]. Thus this approach can save much heat
energy than the traditional aluminum production method. Pouli-
menou et al. [8] examined the possibility of dissolving metallurgi-
cal alumina, hydrated alumina, and bauxites in [Emim]HSO4. The
results showed that hydrated alumina can be dissolved relatively

http://dx.doi.org/10.1016/j.applthermaleng.2016.09.156
1359-4311/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: yangwj@zju.edu.cn (W. Yang).

Applied Thermal Engineering 111 (2017) 876–883

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier .com/locate /apthermeng

http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2016.09.156&domain=pdf
http://dx.doi.org/10.1016/j.applthermaleng.2016.09.156
mailto:yangwj@zju.edu.cn
http://dx.doi.org/10.1016/j.applthermaleng.2016.09.156
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng


easily at 483 K. RTILs are still far away from industrial application
because some important problems remain to be solved for electro-
deposition, such as the deposition is easily affected by temperature
and atmosphere [12]. Another promising aluminum production
technology is the carbo-thermal reduction (CTR) derived from blast
iron making. The method uses coal or carbon as a reducing agent to
reduce oxide from alumina at high temperature. The reaction
equation can be summarized into Al2O3 + 3C = 2Al + 3CO, which
is thermodynamically favorable above 2320 K [13]. The advantages
of the CTR are lower energy consumed and less GHG (greenhouse
gas) emission than the electrolytic aluminum. However, the direct
CTR has the two following shortcomings: (1) the reaction needs an
extremely high temperature that only electric-arc furnaces or
highly concentrated solar can obtain [14]; (2) some extra products,
such as Al4C3 and Al4O4C [13], which are difficult to separate from
solid aluminum, exist. These weaknesses limit the development
and utilization of the CTR. Investigators have performed different
studies on improving the reaction effects of the direct CTR. Yoko-
kawa et al. [15] summarized the three complicated features of
the alumina reduction: (1) severe volatilization of aluminum com-
ponents; (2) carbide formation and high carbon solubility in liquid
metals; and (3) complicated reaction path to metals. Different
methods [16–18] have been determined to overcome these diffi-
culties. Halmann et al. [13] investigated CH4 as an reductant to
reduce Al2O3, and they found that the presence of oxygen could
raise the Al yield, produce useful by-products (H2–CO mixture),
and reduce the generation of Al4C3 or C(gr). A hot and reductive
zone can be formed at the center of a blast furnace. Ujiie et al.
[19] realized that the use of large cokes at a high oxygen blast rate
can enhance its stability. Solar energy was designed to provide
energy for the system [20,21]. Kruesi et al. [21] found that consid-
erable energy was saved and concomitant CO2 emissions was
reduced when the concentrated solar energy was used as the
source of high-temperature process heat. The solar reactor temper-
ature can reach up to 2000 K. The solar-driven CTR is CO2-neutral if
the reducing agent is derived from a biomass source. The reaction
pressure was studied in the experiments. Yu et al. [22] found the
gaseous reduction product, (Al(g) or Al2O(g), in the CTR of Al2O3

at 1623 K under a pressure of 5–30 Pa, which led to further reac-
tions with CO to produce Al4O4C, Al4C3, and C. The experiment
indicated that low pressure could debase the onset temperature.

A method using AlCl3 as a transitional agent was investigated by
the National Engineering Laboratory of VacuumMetallurgy in Kun-
ming [22,23]. AlCl3 can react with alumina and carbon at given
temperatures and can generate CO and AlCl. AlCl would decompose
into Al and AlCl3 at a lower temperature than the first step. The
carbothermol-chlorination reduction of alumina (CCRA) avoids
the direct contact of Al and C and decreases the reaction tempera-
ture at the same time. Further experiments on a vacuum furnace
have been performed by Yuan, Feng, and Yu et al. [23–25], and they

discovered Al4O4C and Al4C3, instead of Al2O3, participate in the
chlorination reaction. This finding indicated that two step reac-
tions or more occur in the AlCl generation. The reaction possibly
occurs at a temperature of 1573.15 K under 5–50 Pa, and the aver-
age purity of the aluminum metal reaches 95.32%. The experiment
results of the CCRA point out a feasible method of reducing the
temperature of CTR.

Exergy analysis was one of normal methods to evaluate systems
or devices from the view of available energy. Energy and exergy
analysis has been applied to combined cogeneration system, com-
pression ignition engine by researchers [26–29], otto engine and
diesel cycle, and got significant results. It was effective to apply
this method to aluminum production, and the job had been done
by Efthymios et al. [7]. They found that the Bayer process was char-
acterized by low exergy yield (31%) and the high energy and exergy
cost of Hall–Héroult process is related primarily to the cost of elec-
tricity generation. It was pointed out that high temperature carbo-
thermal reduction of alumina was a possible way to replace elec-
trolytic process [7]. Exergy method was utilized to quantify the
natural resource consumption of aluminum production, and to
analyze the exergy change of the holding process in the aluminum
holding furnace [30,31].

Summarily experiments on CCRA have been conducted and
exergy analysis has been introduced to aluminum production pro-
cess. However, the exergy analysis of aluminum production is
mainly concentrated on traditional electrolytic aluminum process,
and the CCRA development is unsatisfactory without a strong sup-
port from theoretical bodies of research. The thermodynamics
analyses of the whole CCRA process were performed in this study,
concerning reaction efficiencies, energy and exergy analysis, and
comparison to electrolytic aluminum. This research studied on
CCRA process to reveal the energy and exergy characteristics of
the CCRA processes from the global perspective, which will provide
some theoretical support and guide to the CCRA development.

2. Method

The two-step reactions are shown as Eqs. (R1) and (R2) as fol-
lows [25]:

Al2O3 þ 3Cþ AlCl3 ¼ 3AlClþ 3CO ðp1;T1;DH1 > 0Þ ðR1Þ

3AlCl ¼ AlCl3 þ 2Al ðp2;T2;DH2 < 0Þ ðR2Þ
A reaction model was built according to the two chemical equa-

tions (Eqs. (1) and (2)) to show the detailed aluminum production
process. Carbon and alumina were heated and reacted with AlCl3 in
a reactor to produce aluminum chloride and carbon oxide. The
products of R1 were transferred into the other reactor and were
then converted into Al and AlCl3 through disproportion. The CCRA

Nomenclature

CCRA carbothermal-chlorination reduction aluminum
CTR carbo-thermal reduction
GHG greenhouse gas
EA electrolytic aluminum
Ex exergy
Ex0 standard chemical exergy
Ep,T thermomechanical exergy of matter
EH exergy transfer accompanying heat
EE electricity exergy
DH enthalpy change
DS entropy change

DG gibbs free energy change
i exergy efficiency
g reaction efficiency
x, y, z stoichiometric number
AxByCz compound formed by chemical elements A, B, and C
T reacting temperature

Subtext
1 reaction 1
2 reaction 2
E electrolytic reaction
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