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This paper proposes a technical viewpoint for the recovery of waste heat in aluminum electrolysis. The idea of combining heat-
generating electrolysis process and the heat-consuming alumina tube digestion process is discussed in detail. The structural design
of the heat-exchanging system as well as the matching problems between the heat exchanger and cell design are also mentioned.
Several major concerns including the automatic temperature regulation of the cell sidewall and the preferred selection principles
for the heat medium are introduced. A 2kA heat exchangeable cell is developed and a series of tests are carried out in the
laboratory. It is found that approximate 80% of the sidewall waste heat can be recovered while the cell behaves steadily. It is also
proved possible to control the thickness of the frozen ledge through adjusting the heat convection rate of the heat exchanger. The
heat-exchanging system is also suitable for aluminum cells when the fluctuating wind power is applied as a major energy supply.

1. Introduction

The total primary aluminum production in China for the
year 2020 has reached up to 37330 thousand metric tons,
accounting for 53.7% of the world’s primary aluminum
production [1]. Meanwhile, the huge electricity consump-
tion along with the primary aluminum industry covered
approximately 6.8% of the China’s overall electricity gen-
eration in 2020 [1]. However, the energy efficiency for the
aluminum electrolysis process is about 50%, which means
nearly half of the power consumption is converted and lost
in the form of heat in the aluminum electrolysis cells [2].
Thus, it is very meaningful to carry out the investigation on
the waste heat recovery in the aluminum reduction cells.
The heat loss in modern large-scale prebaked aluminum
reduction cell can be attributed to three major paths [3-5].
(1) Heat loss from the upper parts, generally, escapes with
the hot fume discharging and takes a proportion of more
than 50% of the overall heat generation. This part of waste
heat is difficult to recycle because the temperature of the
fume is quite low for 100-180°C. (2) Heat loss from the side

shells takes a proportion of nearly 30% of the overall heat
generation with a surface temperature of 250-350°C, which
is still not high enough for direct heat exchanging. (3) The
rest heat is lost from the cell bottom and cathode busbars,
which is too dispersive to recycle.

Many institutes including Hydro Aluminum [6],
Pechiney Aluminum [7], and Alcoa have carried out re-
search work on heat recycling from the side shells of the
aluminum reduction cell since 1980s (refer to Figures 1 and
2). However, these technologies have not been applied
widely on the commercial cells.

Siljan [6], in Hydro, proposed a method for recycling the
heat emission from the side shell by installing a cooling
molding SiC thermal transducer from inside of the steel shell.
Lamaze et al. [7], in Pechiney, developed another method by
mounting a layer of porous material on the outside surface of
the cell shell, and the heat transfer medium through the
porous layer was chosen as air and metallic vapor.

However, it is easy to tell the difference between these
two methods. The externally installed heat exchanger is
convenient for operation and maintenance and usually has a
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1-cathode, 6-air valve, 11-steel shell,
2-bath, 7-connector, 12-barometer,
3-anode, 8—thermotube, 13-heat conducting fin,
4-frozen ledge, 9-SiC material, 14-heat exchanger
5—steel shell, 10-connector,

FIGURE 1: A type of heat-exchanging aluminum reduction cell developed by Hydro Aluminum [6].

Air inlet

1-refractory brick, 6-gas outlet, 11-anode,
2-cathode busbar, 7-heat exchanger, 12-anode steel claw,
3-air inlet, 8-valve, 13-SiC brick,
4-porous material, 9-connector, 14—paste
5-container, 10-frozen ledge,

FIGURE 2: A type of heat-exchanging aluminum reduction cell developed by Pechiney Aluminum [7].
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simpler structure, but it also possesses a relatively low heat
transfer efficiency due to the low surface temperature of the
steel-made cell shell [8]. As a contrast, the built-in exchanger
enjoys higher surface temperature which could bring a
higher heat transfer efficiency as well. While a high tem-
perature and corrosive working conditions needs to be
supported by a more complicated structure and restricted
material selection [9]. The heat medium is usually chosen as
gas (basically air) and water [6, 7]. The heat capacity of the
gaseous medium is usually quite low, which means it would
not be suitable for a long distance transmission; thus, the
current application for the recycled heat is generally pre-
heating cold anode and alumina.

In this paper, in order to obtain a relatively high surface
temperature that promotes the heat-exchanging efficiency, a
thermal insulation layer was installed inside of the side steel
shells in the laboratory 2 kA aluminum reduction cell. And,
the heat exchanger is mounted adjacent with the thermal
insulation layer to obtain a surface temperature of more than
300°C. NaNO,-KNO3-NaNO;-based molten salts was cho-
sen as the heat medium for the transportation of the
absorbed heat. The recycled heat can be directly used for the
tube digestion process during primary alumina production
(many aluminum plants are in proximity to alumina plants
in China) or provide heat for the steam boilers.

The development of the heat recycling system for the
aluminum reduction cell should be based on the existing
aluminum electrolysis technology. This paper discusses a
heat recovering method from inside of the side shells. It
should be noted that, with the high-efficient heat-ex-
changing method as presented in this work, the heat balance
of the reduction cell could be controlled quickly and ef-
fectively. One of the subsequent influences is that the heat-
exchanging system is able to control the formation and
melting of the frozen ledge by adjusting the heat flow rate
through the heat exchanger. This effect is very important
because the shape of the frozen ledge in the cell is very much
related to the cell stability of the electrolysis process [10] and
further on the current efficiency [11]. Obviously, there are
several key topics that need to be considered: (1) the
compatibility between the heat-exchanging system and cell
structures, (2) the maintenance of the thermal balance of the
cell, (3) the heat medium material and heat reapplication,
and (4) equipment reliability and failure diagnosis. This
work represents some innovative achievements from the
previous projects supported by the National High-tech R&D
Program of China (863 Program).

2. Development of the Heat-Exchanging
System on Aluminum Reduction Cell

2.1. Materials and Methods

2.1.1. Structural Design of the Heat-Exchanging Aluminum
Reduction Cell. Northeastern University in China started
research work on high efficiency heat-exchanging aluminum
reduction cell from 2002. The schematic diagram for the

new-designed heat-exchanging cell is shown in Figure 3. To
obtain a high surface temperature, the built-in heat ex-
changer was positioned close to the external surface of the
SiC brick (Figure 3) [12, 13]. The nitrate molten salts was
employed as the heat medium which could acquire an
operation temperature as high as 650°C.

2.1.2. Selection of the NaNO,-KNO3-NaNO; System Heat-
Transfer Medium. Table 1 shows a list of potential medium
materials. The NaNO,-KNO;-NaNQO;-based molten salts
can achieve a high operating temperature up to 600°C, while
the synthetic heat-transfer oil (Therminol VP-1) works
below 400°C. In fact, the NaNO,-KNO;-NaNO; system is
usually used in the area of solar energy utilization for its large
specific heat capacity and perfect thermostability under high
temperature. Some pervious research achievements on the
density, electric conductivity, and structure characterization
have been published on academic journals and conferences
[14-16].

Differential Thermal Analysis (DTA) and Thermogra-
vimetric Analysis (TGA) testing was conducted to investi-
gate the thermostability of the NaNO,-KNO;-NaNOj3-based
molten salts. The DSC-TGA curves for the 30 wt%NaNO,-
70 wt%KNO; mixed salts are shown in Figure 4. The results
in Figure 4 indicate that the mixed salts with this certain
composition behave at an acceptable decomposition rate at
150-650°C, an operable of which is wide enough for future
application.

2.1.3. Heat-Exchanging Experiments Conducted with the 2 kA
Laboratory Cell. A 2KkA lab-scale aluminum reduction cell
was built with the molten salts’ heat-exchanging system in
the Northeastern University since 2008. Several key research
topics were launched with this system intermittently in the
following years. Figure 5 shows photos of this heat-ex-
changing system.

With this self-designed system, the correlations between
several operational parameters, including the total power
input, medium flow rate, temperature variation of the
medium, surface temperature of the heat exchanger, heat
transfer efficiency, and heat exchange capability were in-
vestigated. Established on these fundamental research
studies, the design principles for large-scale heat-exchanging
cell and auxiliary thermal cycling system are proposed.

2.1.4. Establishment of the Simulation Models. The com-
mercial software ANSYS is employed for the computer
simulation of a 2kA laboratory-designed heat-exchanging
cell. A mathematical model of the temperature field was built
to investigate the effects of heat flux fluctuation on the
electrolysis process.

(1) Governing Equations. The governing equations for the
heat transfer and electrical potential distribution are [17]
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FIGURE 3: The schematic diagram of the heat-exchanging aluminum reduction cell developed by the Northeastern University of China
[12, 13].

TaBLE 1: Comparison of several selected heat-transfer mediums [14-16].

Properties Solar salt Hitec Hitec XL LiNO; Therminol VP-1
KNO; 60 53 7 — —
Compositions NaNO, - 40 . B B
P NaNO, 40 7 45 — —
Ca(NO3)2 — — 48 — —
Melting point (°C) 220 142 120 120 13
Maximum service temperature ("C) 600 535 500 550 400
Density (kg-m™) 1899 1640 1992 — 815
Properties when operating at 300°C or below Viscosity (mPa-s) 3.26 3.16 6.37 — 0.20
Specific heat capacity (]~kg’1-K’1) 1495 1560 1447 — 2319
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FiGURrE 4: The DSC-TGA curves for the 30 wt%NaNO,-70 wt%KNO; mixed salts.
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FIGURE 5: Photos of the 2 kA lab-scale heat-exchanging aluminum reduction cell.
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where T is temperature, k is the thermal conductivity, r is
the electrical conductivity, V is the electrical potential, and
q is the heat generation rate per unit volume (Joule effect).
For a small volume, when the current flows, the Joule heat
per unit volume is given by the following equation:

q=0Xx (—VV)fZ. (2)

(2) Thermoelectric Coupled Model. A three-dimensional (3D)
model is necessary to analyze the thermoelectric field. Because
of the symmetry of the cell, only half of the geometric model
was built as a computational domain (Figure 4). The com-
mercial software ANSYS (Ansys Inc., Canonsburg, PA) was
used for the coupled thermoelectric calculation. The ther-
moelectric coupled element SOLID69 was used to transmit
heat and current as well as generate Joule heat. The thermal-
only element SOLID70 was used to simulate the heat transfer
for thermal insulating materials. CONTACT170 and TAR-
GET173 were used to simulate the thermal contact.

(3) Boundary Conditions.

Electrical. The end of the collector bar was at zero
potential. On the top surface of the anode rod, constant
current was entered at a constant floating potential.
This was achieved by coupling the voltage on the
surface nodes, whereas constant forcing current was
applied on one of its node [18].

Thermal. The temperature of the electrolyte and metal
pad was assumed to be uniform. Heat losses from the
shell surface to ambient air occurred by convection.
Moreover, the convective heat-transfer coefficient be-
tween the melt and ledge was defined as the thermal
contact conductance coeflicient [19, 20].

2.2. Results and Analysis

2.2.1. Optimization of the Temperature Fields for the Heat-
Exchanging Cell. Figure 6 shows the simulated temperature

distribution of the 2kA laboratory cell. The high-tempera-
ture zone of the cell concentrated at the anode and inter-
electrode regions, which made the electrolysis process
essentially be a quite stable course.

Figure 7 shows the simulated heat-flux vectors in the
2 KA cell. It demonstrates that a large proportion of the heat
generation was lost or transferred from the top and sides of
the cell, and the cathode busbar took away a certain portion
of heat as well.

For a typical industrial aluminum electrolytic cell, the
distribution of lost heat is approximately: 50% from the top,
30%-40% from the sides, and 10%-20% from the bottom
[21-24], and the similar results were also obtained with the
2 kA heat-exchanging cell by shutting off the heat medium.
As a contrast, for the heat-exchanging cells in this study, the
heat exchanger took away nearly 46% of the released heat
from the cell, about 32% of heat escaped from the top, 17%
escaped from the side, and 5% dismissed from the bottom.

2.2.2. Validation of the Numerical Models. Table 2 shows a
comparison between the simulated temperature results and
the corresponding measured values. It is found that these
results show good agreement with each other, indicating a
reliable calculation process.

As aresult of the heat exchanger installed on the cell side
wall, the temperatures of the cell side shell (58+2°C),
cathode busbar (108 +2°C), and cell bottom surface
(67 £2°C) are lower than that of the typical industrial cell. It
suggests that the heat exchanger has significant effect on the
heat balance of the cell; meanwhile, the employment of this
technology on the industrial cell requires systematic study
and redesign of the cell heat balance.

The recycled heat with a temperature of 370-380°C could
be used directly on the tube digestion process for primary
alumina production. And, it is also technically feasible to use
the waste heat for power generation when the heat-ex-
changing system works above 400°C. Through this system, a
large amount of energy saved in aluminum plants can be
reused in alumina plants, which guarantees a realistic
prospect for this technology.

2.2.3. Aluminum Electrolysis Process under Variable Current.
Potline current fluctuation during the electrolysis process
tests the adjusting ability on the thermal balance of the
reduction cell [25-27]. A sudden change on the potline
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FIGURE 6: ANSYS simulation results of the temperature gradients in the 2kA laboratory heat-exchanging cell.
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FIGURE 7: ANSYS simulation results of the heat-flux vectors in the 2 kA laboratory heat-exchanging cell.
TaBLE 2: Comparison of the measured temperature values and ANSYS simulation results.
Position ANSYS simulated temperature ("C) Measured temperature on the 2kA cell (°C)
Average temperature of the heat exchanger 3792
Side shell
Top 46-51 46x2
Middle 56-64 58+2
Bottom 42-46 45+2
Cathode busbar 101-124 108 +2
Bottom of the cell 67+2
Lower surface of the cathode block 817+2
current directly influences the energy supply for the whole Wp=Wg+ Wy, (3)

process and usually causes a rapid temperature fluctuation in
the electrolyte, which essentially refers to a shift of the
previously established thermal balance.

The energy balance for the aluminum reduction cell can
be expressed as

where Wp refers to the total power supply for the reduction
cell, determined by cell resistance R and potline current I,
W refers to the energy consumption in the electrolysis
reaction, and Wi refers to the energy lost in the form of heat.
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The heat loss of the cell can be derived from
Wy=A-K-(T-T), (@)

where A is the equivalent heat conducting area, K is the total
heat conductivity coeflicient, Tand T are the temperatures
of the electrolyte and heat exchanger at I, respectively, and T
and Ty are the temperatures of the electrolyte and heat
exchanger at (I+ Al), respectively.

When the current varies from I to (I+ Al), the change in
the total power supply is

AW, =(I+AI)* R-I* - R=2I-Al-R+AI*-R.  (5)
Correspondingly, the variation in heat loss is
MWy =A-K-(T'-Tg)-A-K-(T-Tg). (6)

So, the net energy change of the cell can be expressed as

AWp— AWy =21-AI-R+AI* - R-[A-K- (T' =T} -[A-K- (T -Tj)]. (7)

This energy, (AWp—AWp), is stored in the cell, causing
temperature changes of the electrolyte and metal pad. As-
suming that a new thermal balance state is established after a
time period of 7, the temperature change of the melts can be
deduced as

(21-AI~R+A12~R)
T -T = -1, (8)
(Cpims + Cpoma + A-K - 7)

where Cp,; and C,, are the specific heat capacity of liquid
aluminum and molten electrolyte, respectively, and m, and
m, are the mass of the aluminum and electrolyte in the cell,
respectively.

Equation (6) can also be transformed to

C 2I-AI-R+AI*-R
Lm+A.K=( i ) (9)
T AT

where C,m = C,ym; +Cpymy, AT =T' ~T.

In equation (9), the component (2I-AI'R + AP-R)/AT, W/
°C, indicates the required extrapower supply for one unit
change of the melts temperature. The component C,m/z, W/
°C, indicates the energy increase of the melts for one unit
increase in temperature. The component A-K, W/°C, indi-
cates the extrathermal power of the cell for one unit change
of the melts temperature, describing the heat releasing/
adjusting ability of the cell.

It can be derived that the influences of the current
fluctuation on the melts’ temperature depend on three
major aspects:

(1) The extrathermal power of the cell (component A-K
in equation (9), or named as “extrathermal power of
the cell” in this paper, indicating the ability of heat
releasing or adjusting for the specific cell)

(2) The (A-K) value in equation (9) is a variable that is
strongly related to the cell structure design; with a
heat-exchanging system, the (A-K) value can easily
be adjusted to match the variation of potline current

(3) The heat absorption rate of the melts (component
Cpm/7 in equation (9))

Since the degree of tolerance for the potline current
variation essentially lies within the reasonable temperature
range of the electrolyte [27, 28], the amplitude of the current

variation is able to be calculated through the data obtained
from experimental measured data and numerical
simulation.

The ANSYS model, as previously described, was used to
obtain the thermoelectric fields under different cell oper-
ating conditions for both nonheat-exchanging condition
(traditional cell) and heat-exchanging condition. The elec-
trolyte temperatures were chosen as 955°C, 960°C, 965°C,
970°C, and 975°C, respectively. Potline currents were ex-
tended to 270 kA, 300kA, 315kA, and 330 kA, respectively,
to investigate the effect of cell operation temperature and
potline current on the heat-exchanging ability.

The heat-releasing/-adjusting ability (described as
component A-K in equation (9)) of the heat-exchanging cell
and traditional cell are then compared in Figures 8 and 9,
respectively, with the change of cell operating temperature
and potline current.

The relationships between (A-K) value and electrolyte
temperature for the traditional cell and heat-exchanging cell
are shown in Figure 8, respectively.

From Figure 8, it is obvious that the heat-releasing/-
adjusting ability (described as A-K) of the heat-exchanging
cell is significantly higher than that of the traditional cell
without heat-exchanging technology at 955-975°C. The
(A-K) value increases with the increase of electrolyte tem-
perature, which indicates that the affordability to current
fluctuation of the cell gets better at higher operating
temperature.

Figure 9 shows the relationships between the (A-K) value
and potline current for the traditional cell and heat-ex-
changing cell, respectively.

From Figure 9, it is found that the (A-K) value increases
linearly with increasing potline current under the same
electrolyte temperature. And, it is also apparent that the
heat-releasing/-adjusting ability (described as A-K) of the
heat-exchanging cell is significantly higher than that of the
traditional cell.

Based on the results shown in Figures 8 and 9, the C,m/t
value in (7) approximates to constant when the temperature
change (AT) is regarded as zero in a very short period, while
the sudden rise in potline current can be compensated by
quickly adjusting to the heat-exchanging system.

Further calculation proved that the tolerance against
current fluctuation for the traditional 300 kA commercial
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cell is approximately 0-10%, to ensure the electrolyte
temperature fluctuation less than 10°C. However, this value
is significantly promoted to 20%-40% for the heat-ex-
changing cell proposed in the present paper.

2.2.4. Economy and Social Benefit Expectation. The em-
ployment of heat-exchanging technology on aluminum
electrolytic cell has several benefits [29, 30]. For the oper-
ation of the heat-exchanging cells, the local heat balance
could be managed correspondingly, and the electrolysis
process could remain stable regardless the heat variation due
to the changes in potline current [31-33]. For the same
mechanism, the local cell condition could be managed and
improved to obtain a higher current efliciency.

According to the research work carried out in the
present paper, cell with this kind of heat-exchanging
technology could undertake current fluctuation of 40% in
maximum, which enables the introduction of clean energy

Advances in Materials Science and Engineering

such as unstable wind and solar power into the energy
system for industrial aluminum electrolysis. It is estimated
that the wind power utilization coeflicient of the matched
wind farm can be increased from 0.177 to 0.27. Meanwhile,
the average price of the power for the aluminum smelter
can be reduced due to the usage of the nongrid wind
power.

At the same time, the aluminum plant works as the
adjustable load (since the potline current of the cell can be
adjusted) at the demand side of the power grid. In this way,
the fluctuation from the unstable wind and solar power
could be greatly reduced; subsequently, the ratio of the
unstable energy is able to be increased to some extent.

Besides, the recycled heat with a temperature of
370-380°C could be used directly on the tube digestion
process for primary alumina production, and it is also
technically feasible to use the waste heat for power gener-
ation when the heat-exchanging system works above 400°C.

3. Conclusions

Years of investigation confirmed that it is feasible to employ
a molten salt heat-exchanging system for the waste heat
recovery in the aluminum electrolysis cell. This work pro-
vides fundamental basis for the future tests on industrial
cells. Five major conclusions are derived from this work:

(1) Heat transfer medium based on the NaNO,-KNOs-
NaNOj system is suitable for recycling high-temper-
ature waste heat, which can be used to the tube di-
gestion process during primary alumina production.

(2) The molten salt circulating system was designed as
well as the built-in heat exchanger on the 300 kA
commercial aluminum reduction cell.

(3) The composition of the heat transfer medium was
proposed based on systematic research studies on the
physiochemical properties of NaNO,-KNO3-NaNOj;
system molten salts.

(4) Laboratory tests were carried out on a self-designed
2 kA heat-exchanging cell. The results displayed that
nearly 80% (maximum) of the waste heat from the
side shell could be recovered in terms of steady
operation. Referring to the prospects of this tech-
nology, the artificial control on the frozen ledge
could be realized by adjusting operational parame-
ters of the heat-exchanging system.

(5) The heat-exchanging aluminum reduction cell is
essentially suitable for unstable energy source such as
wind power, copping with differential power prices
policy, or consuming excessive power from nuclear
power station instead of prevailing reservoir hy-
dropower plant.
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