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High temperature metallurgical reactors play a critical role in the realisation of the circular 
economy vision. The recovery of platinum group metals (PGMs) from spent auto catalyst 
(SAC) through a pyrometallurgical based process is one of the key processes that 
contributes to the realisation of a circular economy. 
 
PGM recovery from SAC entails the utilisation of multiple reactors, integrated to form an 
overall process value chain. This provides an opportunity to optimise the overall process 
to ensure that the PGM recovery process is executed in the most cost-efficient manner. 
Modern process- and thermochemical simulation packages allow process designers and 
plant operators to determine optimal operating points of the metallurgical reactors. 
 
This paper will focus on dynamic state process- and thermochemical modelling of an 
integrated process that recovers PGMs from SAC to produce a PGM-rich alloy that will be 
treated in a downstream process. The role and purpose of each simulation type is defined 
and conducted in a case study to illustrate how the simulations can be applied effectively 
to design and optimise the overall pyrometallurgical process value chain. 
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INTRODUCTION 
 
Background 
The use of platinum group metals (PGMs) in emission control systems of automobiles has led to a 
substantial market for PGMs, with approx. 35% of all platinum and 80% of palladium and rhodium 
production being absorbed into this market, as reported by Trinh et al., (2020). The recovery of PGMs 
from spent auto catalyst (SAC) has drawn attention worldwide over the last two decades. This can be 
attributed to the substantial environmental and economic advantages that are provided by recovering 
PGMs from SAC over the production of PGMs from natural ores. Looking at the vision of a circular 
economy, the recycling of PGMs from SAC is an excellent example of how this vision can be realised. 
 
Various process routes are available to recover PGMs from SAC. Generally, the first process step 
includes smelting of the SAC in an electric furnace where the PGMs are collected in a Cu- or Fe- based 
alloy, followed by a downstream process where the PGMs are enriched via a hydrometallurgical or 
pyrometallurgical based process.  
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Due to the high concentration level of PGMs in the different process streams, the overall inherent value 
of PGMs contained within the process is high. Furthermore, integrated pyrometallurgical processes 
require sufficient reactor sizes to ensure that an upstream unit process is not interfered with by a 
downstream process, or vice versa. Dynamic mass- and energy balance simulations can be utilised as 
tools to design and optimise integrated process flowsheets. This enables the process designer to ensure 
that process scheduling and reactor sizing is done sufficiently to eliminate process bottlenecks during 
operation. 
 
A dynamic model was developed based on a flowsheet derived from published literature and relevant 
process patents US20120118108A1 (2010) and US20170002441A1 (2016). The flowsheet therefore aims to 
recover and concentrate the PGMs from the SAC in an Fe-based alloy in a primary smelting step. The 
product alloy is cooled and transferred to a converting unit where Fe and other impurities are oxidised 
from the alloy phase to the slag phase, delivering a PGM-enriched alloy as the main product.  
 
This paper focuses on the dynamic simulation of a process that aims to recover PGMs from SAC, by 
utilising an electric furnace (EF) acting as the primary smelting furnace (PSF), in combination with a 
top-blown rotary converter (TBRC), using a Fe-based process as the PGM metal collector. The TBRC 
slag is recycled to the PSF for PGM recovery. Furthermore, a second EF is utilised as a slag cleaning 
furnace (SCF) to decrease the overall PGM loss in the discard slag stream, treating slag delivered from 
the PSF. The process is simulated utilising HSC Chemistry Sim Version 10.0.0.1, a well-known and 
established process modelling platform, developed by Metso:Outotec. The process flowsheet is 
illustrated in Figure 1. 
 
For simplification of the flowsheet, dust generation in the TBRC has been omitted. Furthermore, it has 
also been assumed that off-gas dust produced by the PSF and SCF is captured in the off-gas dust systems 
and stockpiled, but not implemented in this model as recycle streams. Depending on PGM content, this 
will need to be recycled. These changes are regarded as simple additions to the model.  
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Figure 1. Fe-based PGM recovery process flowsheet. 
 
Process modelling purpose and objectives 
It is of great importance to define the purpose of a process simulation along with defined objectives. 
This enables the process modeller to define the approach, by setting boundary conditions and to 
understand what assumptions can and must be made. 
The purpose of the said model is to simulate the integrated flowsheet, to achieve the following 
objectives: 

a) Assist in confirming that the reactor vessel sizes are sufficient to accommodate the required 
molten material inventories, based on the defined operating schedules. 

b) Confirm the required molten material discharge rates from the PSF and SCF to maintain the 
plant productivity requirement. 

c) Quantify the overall PGM lock-up in the total flowsheet as a function of time. 
d) Determine the operating schedule of process units to synchronise the overall flowsheet. 

 
Process modelling methodology 
Dynamic state reactor blocks were utilised to represent the PSF, SCF, TBRC, intermediate- and product 
stockpiles. The PSF and SCF model blocks utilise partitioning factors of chemical elements while the 
TBRC block utilises a Gibbs-free energy minimisation model. Thermochemical data of the species were 
obtained from FactSage 8.1 and incorporated into the HSC Sim model blocks. 
 
Process modelling input information 
Plant Operability 
As part of the metallurgical process design, the availability of the different reactors must be defined, 
serving as the basis for calculating all raw material throughput rates. The operability summaries of the 
PSF, SCF and TBRC are provided in Table I and II. 
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Table I. Furnace (PSF and SCF) operability breakdown summary* 
 

No. Design Parameter UOM Value 

1. Annual time d/a 365 
h/a 8 760 

2. Annual furnace downtime 
(Planned shutdowns and electrode addition) h/a 472.5 

3. Furnace operating time per annum: h/a 8 287.5 
 
Table II. TBRC operability breakdown summary* 
 

No. Design Parameter UOM Value 
1. Blowing cycles per annum Qty/a 900 
2. Blowing time per cycle h/cycle 6 
3. Blowing time per annum h/a 5 400 

 
*Unplanned downtime events not considered. Process unit nameplate capacity will be selected to 
allow additional process capacity for decreased availability figures. This however does not impact the 
simulation results as these falls outside the defined purpose of the simulation. 
 
Operating sequence 
The operating sequences of the PSF, SCF and TBRC are shown in Table III and IV. 
 
Table III. Furnace operating sequence 
 

Sequence 
Step No. Sequence Description Duration [h] Furnace State 

1. Smelting 9 Smelting: Nominal power level. 
2. Settling 2 Hibernation: Power level 

adjusted for heat loss 
replacement. No smelting. 

3. Slag tapping 0.5 
4. Alloy tapping 0.5 

 
Table IV. TBRC operating sequence 
 

Sequence 
Step No. Sequence Description Duration [h] TBRC State 

1. Raw material charging 0.25 Rolled out to receive raw 
material charge. 

2. First blow 3 Rolled in; lance inserted. 
3. First slag tap 0.25 Rolled out, discharging slag. 

4. Raw material charging 0.25 Rolled out to receive raw 
material charge. 

5. Second blow 3 Rolled in; lance inserted. 
6. Second slag tap 0.25 Rolled out, discharging slag. 
7. Alloy tap 0.25 Rolled out, discharging metal. 

 
Raw material 
The raw material throughput is shown in Table V. Typical raw materials analyses from Metix’s database 
have been utilised for the reductants, the metal collector and various slag fluxes. The SAC chemical 
analysis as published by Yunji et al., (2020) has been considered as shown in Table VI. The supplied 
chemical analysis is SiC free, and the simulation was conducted on an assumption basis. 
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Table V.  SAC throughput – design basis 
 

No. Design Parameter UOM Value 
1. Annual SAC throughput: t/a 7 500 

 
Table VI.  Main chemical composition of SAC by XRF (%m/m) 

 
SiO2 Al2O3 MgO ZrO2 CeO2 MnO SO3 TiO2 Fe2O3 CaO Others 
28.82 42.31 10.6 4.93 3.49 1.14 1.21 0.63 1.36 0.68 4.83 

 
For the simulation a PGM (3E) content of 0.41%m/m has been considered. 
 
Furnace discharge rates 
The furnace slag discharge rates were modelled taking the flow dynamics into consideration. Due to 
the sequential nature of the overall process, tapping of a desired molten material mass must be achieved 
within the required time frame as defined in the operating sequence. To achieve this, the furnace taphole 
must be sized adequately to yield a sufficient discharge rate for the realised slag bath height. 
Muller et al., (2015) utilised the following equations to calculate the pressure drop in a tapping channel, 
described by Equation 1:  
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where: 
𝛥𝑃 = Pressure loss in taphole channel 
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The friction factor, 𝑓, is calculated as follows for turbulent flow regimes: 
 
𝑓 = 6

B4.=	%CDEFGH.IJK
*           [4] 

where: 
𝑅𝑒 = Reynolds number, defined by 𝑅𝑒 = (&)

N
      [5] 

µ = Slag dynamic viscosity 
 
The above formulas were utilised to calculate the slag discharge rate as a function of the slag bath height 
above the taphole. The slag density was calculated by utilising the second Method of Mills & Keene as 
published by Mills, K. (2011). The slag viscosity was calculated utilising the viscosity model in FactSage 
8.1. As the furnace was operating well above the liquidus temperature point of the slag, it was not 
required to consider the dynamic slag viscosity influenced by suspended solids in the slag. 
 
Furnace dimensions 
The dimensions of the PSF and SCF considered in the simulation are shown in Table VII. 
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Table VII. PSF and SCF dimensions 
 

No. Design Parameter UOM Value 
1. Furnace hearth diameter m 3.57 
2. Metal taphole to slag taphole height m 0.35 
3. Top of metal taphole above hearth m 0.03 
4. Top of slag taphole above hearths m 0.38 

 
TBRC Operation 
A vessel volume of 2.5m3 was considered for the simulation but can be adjusted according to the 
production volumes of the plant. Furthermore, the TBRC can operate with various mass transfer 
efficiencies applying air, enriched air, or technical oxygen. 
 
RESULTS AND DISCUSSION 
 
Primary Smelting Furnace – Unit Model 
For the calculated slag properties, the following discharge curve was calculated for three taphole 
diameters (internal) of 25 mm, 30 mm and 40 mm as depicted in Figure 2. 
 

 
 

Figure 2. PSF slag discharge rate as a function of slag bath height for three taphole diameters. 
 
A second order polynomial regression line was fitted and utilised in the dynamic simulation model to 
simulate the taphole discharge rates during a slag tapping sequence. Furthermore, the PSF simulations 
considered that only slag will be tapped after the first operating sequence (At t=9hrs) due to the low 
metal level in the furnace. The PSF dynamic simulation results are provided in Figure 3. 
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Figure 3. Simulation results – PSF. 
 
From the 25 mm taphole simulation results it is evident that the position of the total slag layer increases 
after every round of smelting and tapping. It can therefore be concluded that this taphole diameter will 
be too small as it results in an accumulation of slag in the furnace. The 30 mm taphole results show that 
the slag layer positions start to stabilise, reaching a maximum position of 2.0 m at the top of the slag 
layer. This indicates that the minimum selected diameter should be 30 mm to tap the desired mass 
within the 30 minute time frame. 
 
The 40 mm taphole simulation results shows that the desired slag mass will be tapped in less than 30 
minutes. The tapping schedule of this simulation was adjusted, allowing the taphole to be closed once 
the top of the slag bath reached the top of the slag taphole position. A further decrease in the slag bath 
position is noted when alloy is tapped, resulting in the slag layer dropping below the slag taphole.  
 
As refractory spalling is expected to occur inside the taphole channel, the taphole will likely increase in 
diameter over time. The above simulation results prove to be valuable in cases where downstream 
equipment such as granulation facilities are incorporated. 
 
Slag Cleaning Furnace – Unit Model 
A similar simulation process as described for the PSF was followed and concluded for the SCF. The 
results are illustrated in Figure 4. 
 

 
 

Figure 4. Simulation results – SCF. 
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From the results it can be noted that the SCF will operate with a substantial lower metal fall rate. Metal 
tapping will occur on a 58-hour frequency. Like the PSF operation, the SCF will require a minimum 
taphole diameter of 30 mm to discharge the desired slag mass from the furnace within the desired 
timeframe.  
 
Top Blown Rotary Converter 
The results of the TBRC simulation are presented in Figures 5 and 6. The changes of Fe and PGM mass 
% in the alloy phase are shown in Figure 5. The O2 enriched air flow is shown on the secondary axis. 
 

 
 

Figure 5. Simulation results – TBRC alloy Fe and PGM mass %. 
 
The Fe content in the alloy increases initially because of Si and C that is oxidised prior to Fe. The Fe 
content then starts to decrease with the oxidation rate increasing towards the end of each blowing cycle. 
This is a result of the fact that the air injection remains constant throughout the blow, thus increasing 
the O2:Fe mass ratio as the blowing cycle progresses.  
 

 
 

Figure 6. Simulation results – TBRC alloy and slag mass. 
 
Figure 6 shows the change in the mass of the alloy and slag during the operating cycle of the TBRC. 
Further to the above simulations, dynamic modelling can be utilised to optimise process parameters. 
As an example, the blowing pattern was adjusted, and the results are shown in Figure 7. 
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Figure 7. Simulation results – TBRC blowing pattern optimisation. 
 
Adjustment of the blowing pattern can result in decreasing the rate of Fe variation in the alloy phase 
towards the end of a blowing phase and increasing the accuracy of the operations team in achieving the 
end point of the blowing cycle. 
 
Integrated flowsheet model 
The intergraded flowsheet model was developed, and the operating schedule of the unit processes was 
adjusted to achieve a fluent operating sequence where the mass of the intermediate products varied 
within acceptable limits. The simulation started with no mass in the process and simulated an operating 
duration of 200 hours. The mass variation of intermediate products is illustrated in Figures 8 and 9. The 
total PGM value locked in the process is illustrated in Figure 10. 
From a plant design perspective, the intermediate product masses in combination with the physical 
properties of the material can be utilised to determine the plant layout area- and volumetric requirement 
of the said stockpiles. 
 

 
 

Figure 8. Simulation results – intermediate alloy product stockpile masses. 
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Figure 9. Simulation results – intermediate slag product stockpile masses. 
 

 
 

Figure 10. Simulation results – PGM in process value*. 
*Pt: 948 US$/oz; Rh: 15 400 US$/oz; Pd: 1 889 US$/oz 

 
CONCLUSIONS 
 
A dynamic state model was developed allowing a process designer or owner to view the process 
dynamics of an intergraded pyrometallurgical flowsheet on the basis of time. The parameters of the unit 
processes in the flowsheet were optimised, followed by the development and modelling of the 
integrated flowsheet. Dynamic simulation of such an integrated flowsheet has proved to be a useful tool 
to optimise process scheduling and gain a deeper understanding of the pyrometallurgical characteristics 
of the process. The objectives of the simulation were met as follows: 

a) Reactor vessel inventory fluctuations were quantified, allowing the process designer to confirm 
that the specified reactor vessel sizes are adequate. 
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b) The required molten material discharge rates from the furnaces were confirmed to maintain the 
plant productivity requirement. 

c) The overall PGM lock-up in the total flowsheet was quantified. 
d) The operating schedule of process units was confirmed to synchronise the overall flowsheet. 

 
In summary, we uniquely show in a most general and rigorous way as possible (in compliance with 
protection of intellectual property etc.), that it is possible to dynamically model such a system. In this 
case we present the model predominantly from a design perspective. It is possible to extract design and 
operational detail since it is based on thermodynamic- and kinetic laws and can be calibrated to specific 
operations and also utilised in developing process control strategies. 
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