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PUBLICATION THESIS OPTION

This thesis consists of the following two articles, formatted in the style used by
the Missouri University of Science and Technology:

Paper I: A Mimic Dynamic Simulation of a High Temperature Aluminum
Smelting process to analyze Aluminum Smelter and to identify the Alternative Uses of
Nuclear Power Small Modular Reactor, Pages 2-30 are intended for submission to
INTERNATIONAL JOURNAL OF METALCASTING, American Foundry Journal.

Paper II: High Temperature Steam/CO. Co-electrolysis for the Utilization of
Carbon Dioxide from Aluminum Smelting process for the production of Synthetic Gas,
Pages 31-66 are intended for submission to INTERNATIONAL JOURNAL OF

METALCASTING, American Foundry Journal.



ABSTRACT

This thesis focuses on design and analysis of an Aluminum Smelting process
using computer simulation which performs a dynamic state computation. The objective is
to develop a Dynamic Simulation Model of an Aluminum Smelter using Mimic
Simulator to analyze the dynamic behavior of an Aluminum Smelter to evaluate
strategies for alternative design or uses of Nuclear Power Small Modular Reactor to
improve the efficiency of the process and to reduce the heat losses.

Increasing energy needs, decrease of the availability of cheap electricity and the
need to reduce the greenhouse gases emissions are the biggest hurdles for running
Aluminum smelters efficiently in industries. Developing a dynamic process model
identifies different process parameters by performing a steady state and dynamic mass
and heat balance. Mimic Simulation is an effective process modeling tool which can
predict system ideal and non-ideal condition behavior and optimize the overall process.

The design and simulation approach for this process is similar to chemical
processes with electrical heating and ionization effects of the chemical compounds are
not considered. This work identifies the critical impact of Smelter temperature on
Aluminum production and carbon dioxide emission and optimizes the electric heating
require for the process. This system also employs a high temperature Steam/CO. Co-
electrolysis unit for the utilization of carbon dioxide from Aluminum smelting for the
production of synthetic gas using nuclear heat to support Missouri’s Aluminum industry.

A Kinetic based dynamic model is developed to simulate a real system. Mimic
predicted values which can be further validated with experimental results from real

systems or industrial data.
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1. INTRODUCTION

This thesis is presented as two papers on Aluminum Smelting process and
supportive Syngas production unit by High Temperature Steam/CO. Co-electrolysis.
Detailed literature survey on both processes has been presented in each paper. In this
introduction section, the focus will be on process design, modeling and simulation which
form the basis for both papers.

Development and commercialization of any process requires extensive study,
design, redesign and rebuilding. Each process has multiple steps and sometimes multiple
routes to reach final product. Process Simulation is an important tool in process
development and commercialization which helps right from screening new process to
optimize existing process. A model transfers information from research to engineering to
manufacturing and business team. The research goal is to design, simulate and develop
the current and new system for two major chemical processes: Aluminum Smelting
process and Syngas production process unit.

While modeling starts from a generic point, there are different Mimic advanced
and standard unit models to account for additional mechanism to make the simulation
better. Depending on what effects has to be studied, different approach can be considered
for modeling but what is important is to target the unique aspect of any process. Key to
this research is modeling a high temperature process and utilizing the byproduct to
produce value-added product. Once a model is developed, how it can be used to further
set design specification and perform a technical process optimization is another important

part of the research which is presented in the following two papers.



PAPER

I. AMIMIC DYNAMIC SIMULATION OF A HIGH TEMPERATURE
ALUMINUM SMELTING PROCESS TO ANALYZE ALUMINUM
SMELTER AND TO IDENTIFY THE ALTERNATIVE USES OF
NUCLEAR POWER SMALL MODULAR REACTOR

ABSTRACT

Increasing energy needs and decrease of the availability of cheap electricity are
the biggest hurdles for running Aluminum Smelters efficiently in industries. Aluminum
reduction cells are used to produce aluminum by electrolysis of aluminum oxide, a
process known as the Hall-Heroult process. Due to energy intensive process and a
limiting number of operational parameters that can be measured in an operating cell, the
dynamics of the cell operation are really complicated to understand and improve.

In this work, the principles of Aluminum Smelting process are presented and a
dynamic simulation model is developed to analyze and predict the dynamic behavior of
an aluminum smelter and to evaluate strategies for alternative design or uses of a nuclear
power SMR to explore intensive process heat energy requirement and to improve process
efficiency. The model is based on an existing cell design which was being used by
Noranda Inc. New Madrid, MO and some measurements data gathered from published
articles by Noranda to do real-time simulation. The model is constructed in three parts; a
material balance model, energy balance model and control model. The three parts are
then combined into one overall model which may aid in the future improvements in
control strategies and cell operation, as well as developing a predictive tool for the

process itself.



1. INTRODUCTION AND BACKGROUND

Alumina is insoluble in all ordinary chemical reagents at room temperature and
has a high melting point (above 2000 °C). These properties make conventional chemical
processes used for reducing oxides difficult and impractical for conversion of alumina
into aluminum. The commercial primary aluminum is produced by the electrochemical
reduction of alumina. This process, commonly referred to as the Hall- Heroult process, is
the primary method for aluminum production. The Hall-Heroult process takes place in an
electrolytic cell or pot. In Figure 1.1, the cell consists of two electrodes (an anode and a
cathode) and contains a molten bath of Sodium Aluminum Fluoride (NasAlFs), known as
Cryolite, which serves as an electrolyte and solvent for alumina. An electric current is
passed through the bath, which reduces the alumina to form liquid aluminum and oxygen
gas. The oxygen gas reacts with the carbon anode to form carbon dioxide. Molten

aluminum collects at the cathode in the bottom of the cell and is removed by siphon.

Carbon anode: C(s) + 202 (aq) — €O, (g) + de~

Citade 50
Carbon-lining
.y & B L 8 cathode:
Allﬂl in i A|;+|:|:| 43— A“:l:l
Ma, AlF (1) i
< 3 Electrofyte
o L)
Al outlet ' Molten Al
.‘_

Figure 1.1. Electrolytic Reduction of Alumina to Aluminum [4]



The capacity and growth of Aluminum production in the US has decreased over
the past 15 years. A significant process heat requirement is the biggest problem for
running Aluminum smelters. In 2013, 5 companies operated 10 primary aluminum
smelters; 3 smelters were closed for the entire year. Based on published market prices,
the value of primary metal production was $4.07 billion. The Figure 1.2 shows U. S.

Production of Primary Aluminum from 2000 to 2015 (in Thousand Metric Dry Tons).
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Figure 1.2. U. S. Production of Primary Aluminum from 2000 to 2015

In Aluminum industries, the process carbon consumption is in the range of 0.42
kg — 0.43 kg for each kg of aluminum production in most modern Hall-Heroult cells.
Compared to the theoretical value of 0.33 kg of C/kg of Al, it is clear that electrochemical
smelting technology is approaching a technological limit for the reduction of carbon
consumption and the consequent emission of CO2. The production of electricity used in

the smelting process is another major, though indirect, source of CO: generation.



According to Environmental Protection Agency (EPA) and International Aluminum
Institute (1Al), ‘the current average electricity requirement for smelting purposes is about
15.25 kWh per tons of aluminum’.

Motivation of this Research Study:

This research project is modeling the operations of primary aluminum smelting
operation (with an electrical load of approximately 480 MW) and the 225 MWh
Westinghouse Small Modular Reactor (WSMR). The Noranda site produced 260,000
metric tons of aluminum each year and was a major employer in the southeastern
Missouri area.

In early 2016, Noranda Aluminum Inc. announced that it would stop operations of
two of the three potlines due to technical operational issues, along with low commodity
prices for aluminum and other business considerations. This action resulted in the layoff
of 350 of its 900 employees, a huge economic impact in southeastern Missouri. In the
intervening months, Noranda has ceased all operations, further reducing the site’s
workforce and initiating Missouri Division of Workforce Development actions to support
transition of workers to other jobs. In recent discussion with Noranda site personnel, the
thought was expressed that if Noranda had access to energy costing 3 cents/kWh,

Noranda’s New Madrid site would still be in business.



2. METHODOLOGY

The alumina reduction occurs in a vessel, which consists of several parts. There is
an outer steel shell and some layers of thermally insulating bricks on the bottom to reduce
heat losses from the bath. On top of these, there are some layers of refractory bricks
which are very resistant to the high cell temperatures. The molten bath and aluminum are
in a container made of carbon. The bottom part of the carbon container is called cathode.
Under each cathode there is an iron bar, called collector bar, which transports the current
out of the cell. A schematic representation of the aluminum reduction electrolysis pot is

shown in Figure 2.1.

anode ro crust Treakey
and aluming

_/jl.’i"lll’.'

1

aluming bin

pat fover

side bloiks

Ccrusl

anode

almminium

vathode

collector bar | | vollector bar
e e v TR
e e e e

siee] eol |ri1'11u-r-"! refractory bricks insitlating hircks

Figure 2.1. A Schematic Representation of an Aluminum Reduction Pot [6]



The bath and the aluminum are liquid due to the high temperature and they are
separated because of different densities. The chemical reactions for the alumina reduction
occur in the molten bath. The electrical current necessary for the electrolysis is
transported to the bath through the carbon anodes which are partially immersed into the
bath. Since the carbon of the anodes takes part in the chemical reaction, the anodes are
slowly consumed and have to be replaced regularly. Between the anodes and the
boundary of the cell, there is a protective layer, consisting of solidified bath and alumina,
to prevent heat losses. It is called crust.

The CO2 generated during the reaction escapes from the bath as gas bubbles.
Since most of the surface of the bath is covered by the anodes, a bubble layer of CO> is
built underneath the anodes in the bath. The aluminum formed by the reduction of
alumina sinks to the bottom and increases the height of the liquids in the cell as the
production goes on. The aluminum at the bottom has to be siphoned out regularly. During
the electrolysis, the alumina dissolved in the bath is consumed and has to be restored
periodically. Therefore, the cell is equipped with an alumina bin and a feeding system
which delivers alumina to the electrolyte. In an aluminum production plants, there are
usually hundreds of aluminum cells connected electrically in series.

In order to keep the bath at liquid state, the temperature of the bath has to be at
about 967°C. This temperature is created by the electric resistance (Joule effect), mainly
in the bath. To reach the right temperature with a current of about 325 kA, the height of
the bath under the anode is only about 4 cm. The electric resistance is partly due to the
gas bubble layers underneath the anodes, and depends also on the alumina concentration

in the bath.



3. MIMIC DYNAMIC SIMULATION

3.1 PRINCIPLES OF ALUMINUM SMELTING ELECTROLYSIS

The Net electrochemical reaction of aluminum smelting inside the pot is

Cryolite,T= 967 °C @)

2 Alz 03 (dissolved) + 3C (dissolved) 4 Al (lig) +3 Coz(g)
At Cathode: 4 Al + 127 = 4 Algg (2)
At Anode: 3 Cdissotved) + 6 0lagy = 3 COyg + 12€” 3)

Modeling Principles & Approach:

1) lonization effects of the chemical compounds and electrolytes are not considered

2) Aluminum oxide and Carbon are considered to be dissolved in the electrolyte at
the initial ambient conditions

3) Dissociation rate of Al2Os is kinetically dependent on activation energy and the
concentration

4) Electrochemical deposition potential of Al.Oz electrolyzed with carbon anodes is
considered to be known, Eq= (- 1.223/2) = - 0.6115 V at 967°C (from literature)

5) Dynamic Electrical heating is provided to the electrolytic reduction pot

6) Reaction temperature, pressure and volume variables are dynamic

7) Equilibrium Constant is varying with respect to temperature

8) Initial condition for Al Smelter are ambient (i.e. 1 atm pressure, and 25 °C temp.)
The Heat of reaction is calculated by the equation

AH?reaction) AH?product) - AH?reactant) (4)

[(4 % AHp) + (3 % AHY )] — [(2 * AH0,)) + (3 AHE,)]  (B)



[(4 % 0) + (3 * —394.838)] — [(2 * —1692.437) + (3 = 0)]
= +2,200.36 kJ/mol
As AH of the reaction is positive, it means that reaction is endothermic and heat is
absorbed by the system. The Gibbs free energy for the electrochemical reaction of
alumina with carbon anodes in cryolite electrolyte is,
AGley = — NFE(y, (6)
Where, E?cell) = Standard Electrode Potential at 25°C and 1 atm

n = Number of moles of electrons per mol of products
F = Faraday’s constants = 96,485 Coulombs/mol
The larger the value of the standard reduction potentials (E°), the easier it is for
the element to be reduced (accept electrons). In other words, they are better oxidizing

agents. Hence, the Gibb’s free energy of formation at 967°C is

AG?cell) = AG?(product) - AG?(reactant) (7)

= [(4%AGgap) + (3 % AGfico,))] = [(2  AGRaL0,) + (3% AGHy)]  (8)
= [(4%0)+ (3%—396.098)] — [(2 * —1282.255) 4 (3 % 0)]
= +1,376.216 kJ/mol
The Gibb’s free energies of formation of Aluminum and Carbon components are
zero because they are pure elements and free energies of CO, and Al,Os are taken from
JANAF data table. As AG of the electrolytic reduction cell is positive, it means forward
reaction is non-spontaneous. The electrochemical reaction of Al.O3 electrolyzed with

Carbon Anode in cryolite is given by

ECely = (—AG(eeqy/nF) 9)
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= (—1,376,216 J/mol) / ((4*3)*96485 J/gm.eq.volt)
= —1189V
Where n = Number of electrons per mole of products i.e. 4 Ala’{q): (4*3) =12
F = Faraday’s constant = 96,485 Coulombs/mol
The Aluminum, Carbon and CO; are nearly in the pure phase i.e. standard state,
but Al>Os is in standard phase only when it is at saturation. The Nernst Equation in the
form of electro-chemical deposition potential (E;), to calculate equilibrium

constant (Keq),

AG = AG®+ RT*InKeq (10)
—nFEq = — nFE® + RT * InK¢,q (11)
RT [0xd] RT [Red] (12)
— RO _ (= — RO o
Ba = E (nF>*ln Rea] = % (nF)*ln [0xd]
T 13
Eq = E°+ (—F)*aneq (13)
0.6115 1189+(8'3l4*T) InK
- 0. = — 1 —_— | *
12 % 96485/ " ed
1 (14)
INKeq = — 2367.445 * (T)

This is an equation of Equilibrium constant with respect to varying temperature.
In this, AG® = Standard Gibb’s free energy of formation of the cell and AG = Gibb’s free
energy of formation for Al.Oz electrolyzed with Carbon Anode. Comparing this with
standard Mimic phase equilibrium constant equation,

InKeq = Ay + (%) + (As *In(T)) + (A, * T) (14

It gives A1 =0, A> =-2367.445, A3 =0and A4 =0.
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3.2 KINETICS AND MECHANISM OF THE REACTION

In the literature, the overpotentials for the anodic reaction in the electrolysis of
alumina dissolved in molten fluoride electrolytes have been measured by a steady-state
technique using C, CO>+CO/Al>Osiq) reference electrode. The overpotentials for the
discharge of oxygen-containing anions in the systems NasAlFs+CaF2+Al,O3 and
(NasAlFs+Li)—(AlFs+Al203) are reported as a function of current density, temperature
and solvent composition. The Heat of activation evaluated from the temperature
dependence is 13 * 4 kcal/mole, which is in excellent agreement with the value
determined by potentio-static means. A theoretical kinetic analysis of possible anodic
reactions leading to the evolution of CO> is presented. In each possible route, it appears
that the rate-determining step is a two-electron transfer reaction in which oxide ions or
oxygen-containing anions are discharged.

The heat of activation or activation energy, E,cy = 13 T 4 kcal/mol

= 54.4 % 16.7 ki/mol
=54,400 * 16,700 kJ/kmol
In this experimental study, anodic overpotentials for the electrolytic
decomposition of alumina at a carbonaceous anode were determined with several partial
pressures of COz in Cryolite solvents represented by 3NasAlFes+CaF2, 2NazAlFs, and
NasAlFe+LizAlFs. The concentration of alumina was 17.1 mole % which is (approx. = 2/
(2+3+4+3) = 16.7 mole %) in all of these electrolytes. The measurements are carried out
in the temperature range of 960°C to 1030°C.
There are several possible anions resulting from the salvation of alumina e.g.

Al3*0%7, AlO;, Al,0,F37,AIOF3~, AIOF%~ etc., may be represented by the general
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3x—2y—2”
yA

anionic formula, Al,0,Al . The following mechanisms would equally well apply

to these anions. This case is considering Aluminum oxide, AI3*03".
The steps for the electrolysis of Aluminum oxide Al3* 0%~ to Aluminum are

Step I) Dissociation of dissolved Aluminum Oxide

_ K1 _ 16
2 Al§+O§ (dissolved) — 4 Al?t-)l-ath) + 6 O%aq) (16)

Step I1) Cathodic reaction of Aluminum ions

k2
4AB g + 12 € —— 4 Algig (17)
Step I11) Anodic reaction of Carbon and Oxygen ions
~ k3 _ 18
6 0%y + 3 Cdissolvedy — 3 €Oz, + 12 (18)
Step 1V) Net reaction for the formation of Aluminum
967°C (19)
2 Al; O3 (dissolved) T 3C (dissolved) ——— 4 Al (lig) T 3 Coz(g)
Reaction IV is a rate determining step.
The net reaction rate, r=r¢— Iy (20)
The expression for forward rate r; of the overall reaction is
_Facte (21)
= (ko) e
(22)

( Eactf)
— TRT 2 3
rf (kf *e ) * (CA1203(dissolved) * Cc(dissolved))

The expression for backward rate ry, of the overall reaction is

k
ry = f (1_[ Ciab) (23)

*
Keq
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_ kr

o= g * (Chigig * Céoz(g)) (24)

4 3 2 3 _ ke 25
(CAl(liq) * CCOZ(g))/(CAIZOS(dissolved) * Cc(dissolved)) " kp (25)

Eact; (Eact,) = Activation energy of the forward (reverse) reaction, KJ/kmol
R = Universal gas constant, kJ/(kmol*K) = 8.314 kJ/(kmol*K)

ke¢(ky) = rate constants for the forward (reverse)

C; = Concentration of “i” component, molar fraction or kmol/m?

aj, (a;,) = partial order of the i component in forward (reverse) direction

IT = multiplication operator

f = characterizes the forward reaction

b = characterizes the backward reaction

The Activation energy (E,,) = 54,400 kJ/kmol (from the literature) and

Pre-exponential factor or forward reaction rate constant (k¢) = 0.05 sec™® (assumed).

3.3 MATERIAL AND ENERGY BALANCE

Material Balance:

The Aluminum Smelter plant capacity at Noranda New Madrid, MO = 260,000 MT/yr.
Basis: 260,000 MT/yr of Al production

Average operating rate of plant = 97%, where 3% is plant breakdown and shutdown

0.97 * 260 * 10°
12 % 30 * 24

Hence, Primary Al operating capacity = (0.97 * 260 * 10°) kg/yr = ( ) kg/hr

= 29,190 kg/hr = (31,435 kg / 26.98 kg/kmol)

= 1082 kmol
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2 kmol of Al, O3 =4 kmol of Al, therefore for 1082 kmol of Al,
Al, O5 required = (2/4) * 1082 = 541 kmol
= (541 kmol * 101.96 kg/kmol) = 55,160 kg/hr
C required = (3/4) * 1082 = 811.5 kmol
= (811.5 kmol * 12 kg/kmol) = 9,738 kg/hr
CO2 produced = (3/4) * 1082 = 811.5 kmol
= (811.5 kmol * 44 kg/kmol) = 35,706 kg/hr
In actual practice, feed Raw Materials will be excess, hence considering 5% excess RM
Al, O5 required = (1.05 * 55160 kg/hr) = 57,918 kg/hr

C required = (1.05 * 9738 kg/hr) = 10,225 kg/hr

Mass
Volume = -
Density
_10225kg 3 _ 3
Ve dissolved) = Teriraims a/ms 6.35m®> Where, Peaiqy = 1611 kg/m
_ _57918kg _ 3 _ 3
VA1203(dissolved) = 3Jos3 kg/m> =18.97 m Where, pA1203(1iq) = 3053 kg/m

Hence, Total Vestr gy, = (6.35 + 18.97) = 25.32 m3
Cryolite (NasAlFs) Liquid Density = 2 g/cm® = 2 * 10° g/m?®
Considering the Cryolite bath volume as same as Raw Material volume

Hence, Cryolite quantity = (2 * 10°)g/m3 = 25.32 m3 = 50,640 kg

NaF

Cryolite (NasAlFs) Electrolyte Ratio = (AlF3 )=+

(Initial Concentration)

Therefore, NaF quantity required = % * 50,640 kg = 37,980 kg, where Total = (3+1) =4

AlF3 quantity required = (50640—37980) = 12,660 kg

Total Liquid Volume of CSTR VesTRgig) = (VA1203(dissolved) Ve aissotveay T VNas AlFg)
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=(18.97 + 6.35 + 25.32) m® = 50.64 m®

Considering 50% excess volume, Actual VCSTR (rotany = (1.50 * 50.64) = 75.96 m3

Reactor Sizing Configuration:

As vessel operating pressure 0 < P <17 bars, recommended L/D = 3.5. Now, for

calculating the vessel sizing, the vessel diameter is given by

1/3 (26)
Vir

1 L
(7)m=(5)
Reactor Diameter D = 3.023 m, Reactor radius r = 1.511 m

Reactor Length L = (D + 7) = (3.023 * 3.5) = 10.581 m

Initial Boundary Conditions: Pressure = 1.01325 atm, Temperature = 25°C

L _ mp _ 29190kg 3
Boot Volume (Heavy Liquid (Al) Volume) = o 7375 kg 12.29 m>, where

Figure 3.1 and 3.2 shows the Aluminum Smelter sizing and initial start-up configuration.

Reactor Configuration
[Units | Settings 1 [ Gettings 2 [ Agitator [ Elevations [ Heat Source [ Compsition | Azaction |
Feactor Type
@ ertical Horizontal

Spherical Ends

[l Top | Bottarn

Mumber of Inputs [1-8] 3 =

Murmber of Outputs (1-8) 3 =

Reactor F adius 1.511

Reactor Height 10.58

Reactor Minor R adius o

Initial Conditions

@ Pressure - Temp [Calc Level] Pressure - Level [Calc Temp]
Iritial Temperature 25 5

o

Initial Pressure 1.01325 atrn

Two Liguid Phazes

[¥] Two Liquid Phases

Select Heavy Component(s] | Setup

Boot VYolume 1229 m™3

Figure 3.1. Aluminum Smelter Reactor Sizing Configuration
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Reactor Configuration

. tl-n.i.t-s ‘Settlngs ‘I _Sett-lngsé: .%g.i-tatoriéjé-lévat.i.o-ns E_-__H-eat Eourcef Composition Ejl_.:.!_eac:t.i-on -

Component Set
AL_PLANT | Change
Activity Coefficients Fraction type
) External ) Male Fraction
@ Corstant @ Mass Fraction
Solid Component Fraction Aictivity
Mo ALUMINUM_aL 0.000000 0.001000
Mo CARBON_C 0.000000 0.001000
Mo ALU_OXIDE_aL203 0.000000 0.0071000
Mo CARBON DIOXIDE 0.000000 200.000000
Mo SOD_FLUORIDE_MAF 0.000000 0.001000
Mo AlLU_FLUORIDE_ALF3 0.000000 0.001000
Mo MITROGEM 0.730000 200.000000
Mo O=vGEN 0.210000 200.000000
Mo CARBON MONOXIDE 0.000000 200.000000
Totak 1.000000 [ Zeo |[ Nomalize |

Figure 3.2. Aluminum Smelter Reactor Initial Configuration at the start-up

The activities of components are calculated based on the component phases i.e.

liquid or gas phase. Table 3.1 shows feed inlet stoichiometric composition at the start-up.

Table 3.1. Feed Inlet Stoichiometric Composition at the initial start-up

Components MW Feed Flow | Feed Flow | Mass Frac. | Mole Frac. Activity
(kg/kmol) (kg/hr) (kmol/hr) (wt %) (mol %)

Al 26.98 2.72E-04 | 1.01E-05 1.01E-05 4.19E-09 0.001

C 12 9,738 811.5 0.0843 0.3370 0.001

Al2O3 101.96 55,160 541 0.4774 0.2247 0.001
CO2 44 2.61E-08 | 5.94E-10 | 5.9356E-10 | 2.47E-13 200

NaF 41.99 37,980 904.5 0.3287 0.3757 0.001
AlF; 83.98 12,660 150.75 0.1096 0.0626 0.001
N2 28.01 1.13E-03 | 4.03E-05 | 4.0289E-05 | 1.67E-08 200
07) 32 3.80E-04 | 1.19E-05 | 1.1873E-05 | 4.93E-09 200
CO 28.01 2.08E-08 | 7.41E-10 | 7.4090E-10 | 3.08E-13 200
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The total energy associated with the primary aluminum production from bauxite

ore was approximately 23.78 kWh/kg of aluminum in 2003. This consisted of

e 8.20 kWh/kg of aluminum for raw materials (Bayer process), and

e 15.58 kWh/kg of aluminum for electrolytic reduction (Hall-Heroult process).

The Aluminum Smelter energy calculation standard model shows the heat duty required

to run the aluminum production electrolytic reduction cell in kWh as shown in Figure 3.3.

Ingput Parameter

CURREMT_| E
el
_— Current in &mp i
#
325000 000

Input Parameter
SMELTER_REAC_TEMP
out [~
#5
A_SMELTER_REAC/SMELTER_REAC/TEMPERATURE

Tetmp in oC

Input Parameter
MASS_FRAC_AL
T
#1
A_SMELTER_REAC/SMELTER_REACLIG_COMP_O1

Input Parameter
TOTAL_MASS REACTOR

A_SMELTER_REAC/SMELTER _REACTOTAL_MASS

Input Parameter
CELL_EFFICIENCY :

Typical Modern Cell out_|
T Etficiency n3

0.925000

Output Parameter
EMERGY _CONS_HKWY
=it Energy Consumpt.
in Ky

perator
#10

out [

#9 Analog Input

P> Muttiplication Oy
PIC1 E MULT2
[ BHCALIN BICALOUT _| ™ mm
_|cesn ouT [ ™ omm
m ™ N3
_lsp
| FF_ENBLE
_IFFuaL
_| TRACK_ENAELE Input Parameter
| TRack AL CONY_FACTOR_TO Ky
_|mane out [
_ K Energy Factar
#E #
0.0m

Muttiplication Cperstor

MULT1 Ei

=

™ mm auT ™
™ me

#3

Calculation
IDEAL_ELEC_EMERGY_REAC_KwH
ouT_t _|
— Calc Block 1 o
Calculation
ACTUAL ENERGY_CONS_KWH
auT_t |
Calg Blogk 2
#14

Al ﬁ
rm out _|
_| ENsBLE wpv |
_| TRaCK
_| FILTER_TIME
| TRACK_FILTER_TIME

#11

Cutput Parameter
AL_PROD_KG

2 Actual &1 Praduction

inky #4

Calculation

HEAT | 0SS _RATE_TCAMBIENT_K
out [
——CaloBlock3  ————

Cutput Parameter
K_LOsS E
rm

#16

Figure 3.3. Al Smelter Energy Balance Mimic Standard Model

The electrochemical reaction potential of Al>Os electrolyzed with carbon anodes

in cryolite electrolyte is found to be 4 - 4.5 Volts considering 92.5% efficiency of the

electrolytic cell and the actual electrical energy require for the electrolytic reduction cell

is in the range of 14.5 — 16 kWh per kg of aluminum production in the simulation results.
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The theoretical (ideal) electrical heat energy in kWh required per kg of Al
produced to run the electrolytic cell at 100% efficiency found to be approximately 13-14

kWh and is calculated in Mimic simulator as shown in Figure 3.4.

B Calc Block (Read Cnly) = (B ][=]

1 1F§1 := VAL(["ENERGY CONS KW/ IN"); oK.
2 E //considering Actual eff. 100 % of the cell
5 4 | Cancel
4 {F§2 := F33;
L Check Syntax
£ IF§3 := VAL("AL PROD KG/IN"); —
et i~ = Function List
B 1OUT 1 := F$1/3600/(F33 - F3$2); 16 Ther .. Else
=] //Electrical energy in EWh/kg of Al produced

iy Repeat Until..

References

Figure 3.4. Ideal Electrical Energy Required in KWh for Figure 3.3 Calc Block 1

The calculation for actual in-plant electrical heat energy in kWh required per kg

of Al produced for the electrolytic cell at 92.5% efficiency is shown in Figure 3.5.

5] Calc Block = [(= ] =]

FEl := VAL ["ENERGY CONS_KW/IN™) /VAL ("CELL_EFFICIENCY/OUT"); (] |

//Considering actual eff. 9Z.5% of the cell
|
EF$2 1= F§3;

Check Spntas

1
Z
3
4
5 !
£ !F§3 := VAL("AL PROD EG/IN"); —

§ 1OUT 1 := F$1/3600/(F$3 - F$2Z); If) Then ... Else
9

//BElectrical energy in KEWh/kg of ALl produced
Repeat Lrtil...

Figure 3.5. Actual Electrical Energy Required in KWh for Figure 3.3 Calc Block 2

The heat energy tends to distribute itself evenly until a perfectly diffused uniform
thermal field is achieved. Heat tends to flow from higher temperature zones by

conduction, convection and radiation. The rate of heat flow by any of these forms is
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determined by the temperature difference between the zones or area considered. The
greater the temperature difference, the faster the rate of heat flow. The Specific Rate of
Heat loss to Ambient is the rate of heat exchange to the environment, which is given by

the equation

QLoss > (27)

K =
HosS ( l\/[Snom * (Tsnom - Tamb)

Where, Q;,0ss = Rate of heat exchange with the environment

Mg = Mass of material in the reactor, at the nominal state

Ts,,. = Temperature of the material in the reactor, at the nominal state

T.mp = Temperature of the environment

The Actual electrical energy required to run the aluminum production electrolytic
reaction is approximately 8 kWh. Here, the heat loss to the surrounding needs to be
considered. Hence the Specific Rate of Heat loss (K;,gss) of the electrolytic cell to

ambient in KW*°C-tkmol™ in Mimic Simulation is calculated as shown in Figure 3.6.

| Cale Block o s
1 iF$1 := (8-6.35)/VAL("CELL EFFICIENCY/OUT"); [ 0K, ]
;| 1 . om0 g of AL et oo
g ;FSZ := F§1*3600; // Heat loss Q in KW |M
2 izi : iil;.[ﬁi_::agiﬂe:;;_ggig/;;Egzg;_lmc/TEMPERATURE"3; //Reactor temp in degC lim
E §F$5 := VAL ("A_SMELTER_REAC/SMELTER_REAC/TOTAL_HOLDUE"};// Reactor Molar Holdup in kwols |m
10 ;//K[loss:l = Q(loss)/ ( Ms * (Ts ~Tamb)) | RepeatUri.. |
E EOUT_l 1= P42/ (F§5* (F§4-F§3)); //K(loss) Specific heat loss rate to surroundingswbient) |m

: Function Blocks

L LY

Figure 3.6. Specific Heat Loss Rate to the surrounding for Figure 3.3 Calc Block 3
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Figure 3.7. Mimic Process Feed Model
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Figure 3.8. Mimic Process Model
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Above Figure 3.7 and 3.8 shows Mimic Aluminum Smelting batch process model,

with the aluminum metal deposited at the bottom of the pots and periodically siphoned

off. Figure 3.9, 3.10, 3.11 and 3.12 shows the Mimic Al process production withdrawal

model for taking off 33.33% of Al material each iteration from total Al production and

returning 66.67% Al production with remaining component in the system back.

Aluminium_Production_Ctrl

Stream Reference

Source

Stream Output

17 [OUT_6 :=

18 ‘owT 7

= 0;//P§3*VAL ("LIQ-PSEUDC-STM-IN/COME_01") //NaF
19 {OUT 8 := 0;//F$3*VAL("LIQ-PSEUDC-STM-IN/CCME_O1") //A1F3

Constants

To-FEElIb D STMIN 1 SEPERCENT_AL_LI0-PSEUDD-MAS... [ e FEEUDD.SRC02
s UC-PSEUDO-MOLE.... 1 -8
£re Calcudion I rrEsSURE = s OUTE—I_. #10 |
PRESSURE [ UIQ-PSEUDO-WASS IN_CALEO iii—b I~ TEMPERATURE - 3
TEMPERATURE [~ U e s PRESSURE |
FLon_RAaTE _|| ey e TEMPERATURE _|
SPECIFE_GRAVTY [ e = ;m" o FLow_RATE _|
coMP_Ol || CALG BLOGK 01 SUTT Etae SPECIFE_GRAVITY _|
comr e | ot Eidburn comp_ol |
e = 2 com’
coMP_M4 | o - et COmP_03 _|
COMPES | gﬁ}'ﬁ - - ig::’; come oL _|
cour s | Chiain compas |
comr o _| #3 Ffais compos |
comps | r = comp_ @ _|
compE | Caloulatign SRR comp 8 _|
#1 LIQ-PSEUD O-MASS-IN_CALCOR E comp g | Stream Output
A_SMELTER_REAC/PSEUIDO_WLMODE'S_IN aut_i Source #3 FSEUDO-SRCOO1
CALG BLOCK 02 ST 2] AL_E7PERCENT_AND_REMAININ... 1" Sik pl
e ouTar - U-PSEUDO-MOLEOU.. 1] 2]
COMP-ACTIVTY i St N SOUT e
7 I PRESSURE
o I TEMPERATURE PHESIRE IS
I B e TEMRERATURE _|
s Caleulation e o e FLOW_RATE _|
Cimos Uiz FoEub0 s N A St srecire sRmTr |
mos ouT_i T I comee pouEniie
o T2l I comps courm |
o ouTs I comro SR
dns CALCBLOGK 03 ouur Piturs cowr il
dhs Qs I courss couros_|
#2 ouTsl I~ comro couros_|
ouTs I~ coure e
ouTsl™ I compm cour.m |
compe |
#5
#2
51 Calec Block = o ==
1 // Total mass flow after manipulation 0K
2
3 F§1 := VAL ("LIQ-PSEUDO-STM-IN/FLOW RATE"}; //Total flow
4 IF$2 := F§1 - F4$1* (VAL ("LIQ-PSEUDO-STM-IN/CCMP_0Z") +VAL ("LIQ-PSEUDO-STM-IN/COME 03"} +
S VAL ("LIQ*PSEUDO*STM*INK'COMP_D‘}":I + WAL ("LIQ*PSEUDO*STM*IN/COMP_DS":I =k Check Syntax
B VAL ("LIQ—PSEUDO—STM—INK'COMP_DS":I + WAL ("LIQ—PSEUDO—STM—IN/COMP_D'?":I it
o VAL ("LIQ-PSEUDO-5TM-IN/COMP_08") +VAL [ "LIQ-PSEUDO-STM-IN/COME 09" ) ; unotion L s
g ! Afaluminium flow rate 1) Then ... Else
9 OoUT_1 := 0.3333*F§Z;
10 ! Repeat Until...
11 (QUT 2 := [(F$1-F§2)+(0.6667*F§2); //Total flow rate except Al flow rate
ore
165 i
13 : //Component mass fractions after manipulation Function Elacks
14 [0UT_3 := 1;//al
15 {OUT_4 := 0;//F§3*VAT ["LIQ-PSEUDC-STM-TH/COMP_01") //¢C DTE States
16 1QUT_5 := 0;//F$3*VAL | "LIQ-PSEUDC-STM-IN/COMP_01") //AlZ03 Elobal Varisbies
0;//F$3*VAL ("LIQ-PSEUDC-STM-IN/COMP_01") //co2

Comp Props

Figure 3.10. Al Production Withdrawal programming for Figure 3.9 Calc Block 01
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5] Calc Block [ |2 s
E,-"',-"’ Total mass flow after manipulation ak.

2

3 1

4 |F§1 := VAL("LIQ-FSEUDO-STM-IN/FLOW RATE"); //Total flow Caneel

5 iF$2 := F$1 - P§1* (VAL ("LIQ-PSEUDO-STM-TN/COMP_02") +VAT {"LIQ-PSEUDO-STM-TH/COME 03"} +

£ ! VAL ("LIQ-PSEUDO-STM-IN/COMP_04") + VAL ["LIQ-PSEUDO-STM-IN/COME 05"} + Check Synta |
7 VAL ("LIQ-ESEUDO-STM- TN/ COME 06") + VAL ("LIQ-FSEUDO-STM-IN/COME 07"} + —

] VAL ("LIQ-PSEUDO-STM-IN/COMP_08 ") VAL {"LIQ-PSEUDO-STM-IN/COMP_09") ) ; Bnationilis!

gt //aluminium flow rate If{) Then ... Else |

10

11 E;";"Component masz fractions after manipulation Fepeat Until...

12 1OUT_1 := 0;//P$3*VAL ("LIQ-PSEUDO-STM-IN/COMP_O1") / /N2 @|

13 joUT 2 := 0;//F4§3*VAL ("LIQ-PSEUDO-STM-IN/COME_D1™)/ /02

14 10UT 3 := 0; //F§3*VAL ("LIQ-PSEUDO-STM-IN/COME_01") //CO m

15 (1OUT 4 := ((F$1-F$2)+(0.6667+F§2) ) *VAL ("LIC-PSEUDO-STM-IN/COMP_01"); —
//Mass fraction of Al returing back to C3TR DTE States |

TR

Figure 3.11. Al Production Withdrawal programming for Figure 3.9 Calc Block 02

7 Calc Block =N ==

1L El/f Total mass flow after manipulation oK

T

3 iFSl := VAL ("LIQ-PSEUDO-STM-IN/FLOW RATE"); //Total flow
4 |

5 E/fc-:nrnpc\nent mass fractions after manipulation Check Syntax
6 OUT 1 := VAL ("LIQ-PSEUDO-STM-IN/COME DZ")*F§1; —
7 10UT 2 := VAL ("LIQ-PSEUDO-STM-IN/COMP 03"} *F$1; ‘M|
& 10UT 3 := VAL ("LIQ-PSEUDO-STM-IN/COMP O4")*F§l; 16 Then ... Else |
=] EOUT_4 = VAL ("LIQ-PSEUDO-STM-IN/COME O5")*F§1;

10 {oUT 5 := VAL ("LIQ-PSEUDO-STM-IN/COMP OE")*Fs1; Repeat Until... |
Ll EOUT_E := VAL ("LIQ-PSEUDO-STM-IN/COME 07"} *F§1; ———
12 iOUT 7 := VAL ("LIQ-PSEUDO-STM-IN/COME 05"} *F§1; | Feferences |
13 (oUT 8 := VAL ("LIQ-PSEUDO-STM-IN/COMP 09")*F§1; Fundiong|ﬂcks|

[ 1

Figure 3.12. Al Production Withdrawal programming for Figure 3.9 Calc Block 03

The controls for Aluminum production exemplifies a detail understanding of
process variability, and how to diagnose abnormalities and its causes in aluminum
production plants. It presents information in an easy to format mode, without formulae or
technological complexity. Figure 3.13 shows the Mimic Aluminum process control view
for the running the process operation and Figure 3.14 shows the Mimic Process Control
standard models logics for controlling the feed, products and process streams flow,

temperature and pressure etc.
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Aluminium Smelter Model Controls
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Figure 3.13. Mimic Al Smelter Process Controls
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Figure 3.14. Mimic Process Control Standard Logic Models
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4. SIMULATION RESULTS

Aluminum smelting is a batch process and the smelter operation simulation
profile results provide a thorough understanding of the product formation, feed rates and
process parameter variables. The Figure 4.1 simulation graph is directly imported from

the Miimc Simulator and the process values are monitored.

4000.0 45000

Figure 4.1. Aluminum Smelter Operating Profile Simulation Results

The electrochemical reaction is kinetically modeled with no ionization effect and
chemical equilibrium is a function of temperature. The Figure 4.1 result reflects the initial
stage of feeding in the smelter, the sharp increment in the aluminum production rate as
soon as aluminum oxide fed into the system after maintaining process temperature and
then becomes steady after it reaches to equilibrium. The liquid aluminum formation

continues until the aluminum oxide completely consumed from the smelter. The
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temperature is maintained in between 963—970°C by providing electrical heat energy in

kW. Figure 4.2 and 4.3 shows the details of Aluminum Smelter process composition.
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| NT T HTOTAL |
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10009 6388 kg
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1.O000EHI13 Ky

WENPTY J 100.0000 %
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Figure 4.2. Al,O3 quantity fed for the simulation
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Figure 4.3. Al Smelter Final Product Composition
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The Yield Calculation for this real-time dynamic simulation model as follows:

10,009.68 kg of Al,O3 fed to the Smelter

Al>O3 quantity = 10,009.68 kg = 98.173 kmol

Based on this quantity, Theoretical Al production = 196.345 kmol = 5,297.4 kg and

COz generation = 147.258 kmol = 6,479.352 kg

Simulation Results after running for 24 hours, the final composition of Smelter in

the liquid mole fraction is as shown in the Table 4.1. The final smelter liquid volume =

33.385 m? and mixture liquid density = 1,868.894 kg/ m®.

Reaction Conversion or Process Yield = (Actual mol % / Theoretical mol %) * 100

Actual CO; generated = 6,462.13 kg.

=(9.5445/11.941) * 10 = 79.93%.

Table 4.1. Theoretical and Actual (simulation) Results

Components MW Theoretical | Theoretical | Theoretical Sil\r/lngllgtoi/gn Ciﬁ?/z?soign
(kg/kmol) (kg) (kmol) Mole % (liquid) or Yield
Al 26.98 5,297.4 196.345 11.941 9.5445
C 12 1,767.096 | 147.258 8.96 36.96
Al203 101.96 | 10,009.68 | 98.173 5.97 0
CO2 44 6,479.352 | 147.258 8.96 0
NaF 41.99 37,980 904.5 55.11 45.85 79.93%
AlF3 83.98 12,660 150.75 9.17 7.64
N2 28.01 0 0 0 0
02 32 0 0 0 0
CO 28.01 0 0 0 0
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5. ECONOMIC ANALYSIS

The aluminum industry in the United States in 2014 produced 1.72 million metric
tons of primary aluminum, worth 3.97 billion dollars, at nine primary aluminum smelters.
The United States was the world’s 6™ largest producer of primary aluminum in 2014. The
Figure 5.1 shows a general PowerSim stock and flow base model for economic analysis

of Primary Aluminum production in U.S.
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6. CONCLUSION AND FUTURE WORK

A Dynamic Simulation Model of an Aluminum Smelter has been developed using
Mimic Process Simulator software to understand and analyze the operating structure of
the electrolytic reduction cell, electric heat energy requirement and electrolytic reaction
kinetics and mechanism of the reaction. The overall process cell model provides a good
representation of the physical system, at normal operating conditions, with respect to the
main operational parameters and provides a useful tool for studying various process
interactions, which may aid in future improvement to existing operating and control
strategies. This model can help to identify the process area where significant energy
reductions and environmental impact improvement can be made to optimize and improve
the process efficiency.

The model was constructed with a general cell design specification. The dynamic
cell energy balance model is constructed using Mimic Software standard model with
programming and then applied to this aluminum smelter, which analyzes the dynamic
electrical heat energy requirement to the cell and helps to reduce the heat losses in the
system. The results of this research work simulation successfully demonstrate the
behavior of the electrolytic cell and the control system, although further coarse tuning of
mass and energy requirement parameters would be more realistic based on actual
experimental or industrial operating production data.

Even though the cell model developed provides a good representation of the
physical system, there are many phenomena that were not taken into consideration. The

further studies would be a direct continuation of the work described as
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The empirical modeling of disturbances of the alumina balance (feeding) and
variation in the critical alumina concentration with impurities

The modeling of the current distribution and magnetic fields in the cell and how
they are influenced by sludge buildup and other operational disturbances

The modeling of Aluminum fluoride side reactions, anode carbon reactions
(carbon air burn, Boudouard reaction), evolution of hydrogen sulfide gas from the

bath reactions.
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