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Abstract – Stable and efficient production of silicon in three-phase submerged arc furnaces relies on 
precise heat-control of the reaction zone. As the heat is generated by the electric currents flowing 
through each of the three electrodes, the heat-control translates to controlling the electric power in 
each electrode. To determine the electrode powers, the electrode voltages must be determined 
through measurements. Typically, the electrode voltages are measured relative to the neutral point 
of the electrodes’ notional star connection using the so-called Bøckman method. The Bøckman 
method relies on three measurement leads outside the furnace, each connected to the furnace bottom, 
to cancel voltages induced by the large magnetic fields in the vicinity of the furnace. The two main 
sources of error associated with the Bøckman method are induction and neutral-point drift. For an 
idealized and symmetric furnace, the induced voltages in three symmetrically placed leads cancel, 
and the true neutral point of the voltage will be at the furnace centre. However, during operation the 
induced voltages will change with the dynamically changing current paths inside the furnace, and 
the neutral point will dynamically drift, leading to errors in the measured voltages. 
To study these effects, we have developed Finite Element Method (FEM) simulation models of 
industry-scale three-phase silicon furnaces. The models are implemented in COMSOL Multiphysics 
and are used to calculate the electromagnetic fields within the furnace (including the electrodes, 
linings and steel casing) as well as the induced voltages in leads placed around the furnace, 
mimicking the Bøckman measurement system.  

Through simulations we have investigated how asymmetric furnace conditions lead to neutral point 
drift. Furthermore, we have estimated the contribution to the measured neutral point drift from an 
asymmetric or poorly calibrated Bøckman system. The model results have been considered together 
with industrial measurements of neutral point drift.   

1. INTRODUCTION
Production of Silicon requires vast amounts of energy to heat up and transform quartz into a 
metal alloy. The production process takes place in submerged arc furnaces (SAFs), where the 
necessary energy is provided by electric current through three large electrodes. In a stepwise 
process, the solid quartz (SiO2) is transformed into liquid silicon (Si) of varying grade. The Si-
yield and production of by-products are highly dependent on temperature. Thus, to run an 
optimal Si-production the heat balance within the furnace must be properly controlled, to 
ensure the desired temperatures (Westly, 1974; Westly, 1975; Stewart, 1980; Schei, Tuset and 
Tveit, 1998). 

Efficient control of the heat balance in the furnace hearth requires a good estimate of the 
electric power provided through each of the three electrodes, which in turn requires good 
measurements of the electrode currents and the voltage drop over the electrodes. The electrode 
currents are most readily available and can be measured outside the furnace itself. As for the 
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voltage drops, there is no single accessible neutral point, for which to measure the potential 
difference. The three electrode currents will connect through a notional star connection at some 
point in the furnace hearth (Stewart, 1980; Barker and Stewart, 1980; Stewart and Barker, 1980; 
Gerritsen, Tracy and Saber, 2015). For a perfectly symmetric furnace, the electric potential will 
be zero at the vertical centre axis. A common way to estimate the voltage drop is the so-called 
Bøckman measurement system which applies three leads between a common centre point at 
the bottom of the furnace and the top of each electrode (Bøckman, 1973a; Bøckman, 1973b). 
The use of electric leads around the furnace is prone to measurement errors due to induced 
voltages from the strong magnetic fields surrounding the furnace. However, the use of three 
leads allows to cancel out induction errors, due to the three-part rotational symmetry of the 
three-phase electrode currents.  

For precise measurements, two main obstacles occur. Firstly, setting up three leads perfectly 
symmetric around the furnace is in practice very difficult. Secondly, the neutral point inside 
the furnace is not fixed, as it will vary with dynamical changes to the inner geometry and 
material properties of the furnace. It will also vary with electrode movements and arcing. This 
effect is referred to as neutral point drift (Stewart and Barker, 1980; Barker 1980). An asymmetric 
set-up of the leads will affect the inductive cancellation by skewing the contribution to each 
lead. This effect can be counteracted by having an adjustable resistance for each lead, which 
can be tuned to achieve balance between the three leads. Usually, this is a procedure that takes 
place at a single point in time at the start of the furnace’s lifespan. When tuning the resistance 
network, it is assumed that the neutral point is well defined in the centre of the furnace. Thus, 
if due to material imbalance, the true neutral point is significantly off centre, the tuning of the 
resistances will be affected (Sparta, Risingård, Thisted, 2024a; Sparta, Risingård, Thisted, 
2024b).  

In this publication, a finite element model of a three-phase submerged arc furnace is presented. 
The model builds on previous research of both inner conditions as well as models of the 
Bøckman system (Herland, Sparta and Halvorsen, 2018; Sparta, Risinggård and Thisted, 2024a; 
Sparta, Risinggård and Thisted, 2024b). The novelty of this work is in the investigation of 
simulation cases with quantitively different asymmetries, to investigate the impact on neutral 
point drift and thereby the effect on the Bøckman compensation. The study is partly motivated 
by industrial measurement campaigns that observed neutral point drift, the key findings of 
which are briefly presented in this publication. 

2. Furnace model and simulations
A furnace model has been simulated using the Magnetic and Electric Fields interface in COMSOL 
Multiphysics (COMSOL, 2025). Here, Maxwell’s equations were solved for the electric potential 
and magnetic vector potential in the frequency domain. The model is a continuation of 
previous modelling work of three-phase furnaces, and further details about the 
implementation can be found in (Herland, Sparta and Halvorsen, 2018; Sparta et al., 2021; 
Sparta et al., 2022; Sparta, Risinggård and Thisted, 2024a; Sparta, Risinggård and Thisted, 
2024b).  The electromagnetic fields are governed by Maxwell’s equations, which in the 
frequency domain can be written as (assuming no accumulation of charge) 

𝑖𝑖𝑖𝑖𝐁𝐁 + curl 𝐄𝐄 = 𝟎𝟎, [1] 
𝑖𝑖𝑖𝑖𝐃𝐃 − curl 𝐇𝐇 =  −𝐉𝐉, [2] 

div 𝐁𝐁 = 0, [3] 
div 𝐄𝐄 = 0. [4]
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Each of the vector fields represent the complex amplitude of the respective fields, where 𝐁𝐁 is 
the magnetic induction, 𝐇𝐇 is the magnetic field, 𝐄𝐄 is the electric field, 𝐃𝐃 is the electric 
displacement and 𝐉𝐉 is the electric current density.  In addition to Maxwell’s equations, Ohms 
law, 𝑱𝑱 = 𝜎𝜎𝑬𝑬 ,  is also included in the model formulation. The model is solved in terms of the 
scalar electric potential V and magnetic vector potential 𝐀𝐀, defined as 𝐁𝐁 = 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 𝐀𝐀 and grad V =
 −𝐄𝐄 +  𝑖𝑖𝑖𝑖𝐀𝐀.        
       
The furnace model includes a steel shell, steel roof, carbon lining, alumina refractories and 
electrodes. In addition, a large region of non-conducting air surrounds the domain to secure a 
well posed boundary condition for the magnetic field. The mathematical model is completed 
with introducing appropriate boundary conditions for 𝐀𝐀 and V. An electric potential is fixed 
on top of each of the electrodes, while magnetic insulation is assumed for the remaining outer 
boundary of the computational domain. In addition, the model utilizes the impedance 
boundary conditions to remove the computationally costly steel shell domain from the 
computations (Herland, Sparta and Halvorsen, 2018; Fromreide et al. 2023). The computational 
domain is discretized using mainly tetrahedral mesh elements, with refined rectangular 
boundary elements at the boundaries of very well conducting domains, such as the electrodes 
and metal alloy. The Bøckman leads which are located outside the furnace are meshed using 
edge-elements.   
 
The interior of the furnace is divided into zones with bulk properties to represent the 
distribution of material and heat zones of a real industrial furnace. The charge material is 
divided into three zones, a cold top layer, a middle outer reaction zone and an inner high-
temperature reaction zone. Each of the vertically stacked layers are further divided in three 
sections, so that the conditions around each individual electrode can be adjusted. At the 
bottom of each electrode a crater with surrounding crater walls is defined. The model is fully 
parameterized and further includes the possibility of side arcs (electrode – crater wall) and a 
bottom arc (electrode – alloy). Side-arcs are included if the distance between the electrode and 
crater wall is 15 cm or less and is approximated by cylindrical resistive domains. The same is 
true for the bottom arc for the distance between the electrode and alloy. However, for the 
simulations treated in this publication, no bottom arcs are included as only higher electrode 
positions are considered. A sketch of the different material zones can be seen in Figure 1. 
 

Figure 1: Schematic representation of model geometry and material zones. 
The color bar shows the resistivity of the materials inside the furnace in mΩ∙m. 
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2.1 Simulation cases 
 
Surrounding the furnace model a network of possible Bøckman leads is placed. In general, any 
three symmetrically (120° separation) placed leads will give perfect cancellation. A perfect 
symmetric placement is difficult to obtain in practice, the simulations carried out in this work 
considered asymmetric leads (Sparta, Risinggård and Thisted, 2024a; Sparta, Risinggård and 
Thisted, 2024b). Three leads have been chosen, with angular separations of 100°, 150° and 110°.  
The angular position relative to the electrodes is shown in the 2D furnace sketch in Figure 2. 
This work only considers angular displacement of the leads, keeping the radial distance from 
the furnace constant for each lead. In reality, the displacement will generally vary in both the 
angular and radial direction as a function of the furnace height.  
 

 
A default case has been defined where the furnace is completely symmetric with each 
electrode in the same position. Then, more cases have been chosen by introducing an 
unbalance in the resistivities of the inner material zone surrounding the three electrodes. Due 
to the geometry of the model and the typical value range (20-80 mΩ∙m) for the bulk resistivity 
of these regions, they have the single most impact on the current distribution (Fromreide et al., 
2021). For each simulation case, the electrode resistances are kept constant by allowing the 
electrodes to shift down or up to account for the change in material resistivity. The bulk 
resistivity in each inner reaction zone can be either decreased, increased or be kept constant. 
Thus, there are a total of 33 = 27 qualitatively different combinations to explore.  However, 
due to rotational symmetry (e.g. (0 - -) can be rotated to give (– 0 –) and so forth) and the fact 
that some combinations will be scaled versions of others (e.g. (- - 0) and (- - +) will give the 
same asymmetry), only four asymmetric settings are needed to span the set of possibilities and 
get an estimate for how different variations will affect the model.  The full factorial design with 
the four selected cases is shown in Table 1.  
 
The default setting for the bulk resistivity of the inner charge zone has been set to 47 mΩ∙m. 
The asymmetries have then been introduced by either keeping this value approximately 
constant, increasing it to approximately 70 mΩ∙m or lowered to approximately 30 mΩ∙m for 
each individual region between and surrounding the electrodes.  To get constant electrode 
resistances within reasonable electrode positions, some adjustments have been made to the 
different cases. The value used for each case is defined in Table 2, together with electrode tip 
positions which are adjusted as a response to the chosen bulk resistivities. 

Figure 2: Placement of asymmetric Bøckman leads 
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Table 1: Factorial design of the 27 qualitatively different combinations of variations in material resistivity. 0 denotes 
a medium value, - a low value and + a high value. The five selected simulation cases are indicated. 

# Value # Value #  Value 
1  −−−  10 0 −−  19 + −−  
2 −− 0  11 0 − 0  20 + − 0  
3 (D) −− +  12 0 − +  21 (A) + − +  
4 − 0 −  13 0 0 −   22 (C) + 0 −  
5 − 0  0  14 (Sym) 0 0 0  23 + 0 0  
6 (B) − 0 +  15 0 0 +  24 + 0 +  
7 − +  −  16 0 + −  25 + + −  
8 − +  0   17 0 + 0    26 + + 0  
9  − + +  18 0 + +  27 + + +  

 
 
 
Table 2: Parameter settings for the varying parameters for the five simulation cases. 

Parameter Sym. A B C D 
Electrode 1 tip position (m) 
Electrode 2 tip position (m) 
Electrode 3 tip position (m) 
Resistivity inner zone 1-2 (mΩ∙m) 
Resistivity inner zone 2-3 (mΩ∙m) 
Resistivity inner zone 3-1 (mΩ∙m) 

0.80  
0.80 
0.80 

47 
47 
47 

0.61 
0.94 
0.80 

70  
31  
71 

0.82 
0.87 
0.57 

28 
50  
72 

0.73 
0.78 
0.95 

72 
50 
40 

0.86 
1.01 
0.76 

40 
40 
70 

 
3. Results 
 
Each of the simulations defined in Table 2 has been solved in COMSOL Multiphysics. From 
the calculations, the induced voltage in the defined asymmetric Bøckman leads has been 
extracted as complex amplitudes together with the calculated electric potential at the point of 
access (PA) at the furnace bottom. Given the amplitudes for the individual leads, the 
resistances needed to compensate for neutral point drift is found by solving two equations, on 
for the real part and one for the imaginary part of the three vectors. Thus, one of the leads 
resistances are kept constant while two are scaled. The value of the two scalars is found 
numerically using the least square fit algorithm in the python library scipy (Virtanen et al., 
2020), accounting for small numerical errors arising from the FEM simulations. Figure 3 shows 

Figure 3: Induced voltage in the three Bøckman leads for the symmetric furnace. The values have been scaled by 
the voltage amplitude measured in Lead A. 
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the induced voltage in each of the three Bøckman leads for the symmetric case. For 
confidentiality, the scales have been adjusted, but the relative trends are kept in all the 
subsequent plots by scaling with the same value The results are illustrated as curves over one 
phase. The value for each lead is then added together with the contribution from the voltage 
at PA to find the measured Bøckman potential, which for a perfect symmetric Bøckman 
measurement should be zero. The result is shown in Figure 4 together with the measured 
potential at PA and the compensated Bøckman measurement. As the figure shows, the 
uncompensated measured neutral point is different from the true voltage at PA due to the 
asymmetric Bøckman set up. However, the scaling of two of the lead resistances perfectly 
compensates the measured value. 

 
Figure 4: Measured voltage at connection point at the furnace bottom (PA), unscaled neutral point measured from 
the leads and scaled induction. The values have been scaled by the voltage amplitude of measured in Lead A. 
 
  
Figure 5 shows the results from the four asymmetric simulation cases. There are notable 
differences between the cases, both in terms of magnitude and phase shift. Further, it is seen 
that the simple tuning of resistances does not fully compensate for the neutral point drift in 
any of the cases. For the uncompensated cases the magnitude of the simulated measured 
Bøckman voltage varies between 1.13 and 2.61 times the “true” zero potential measured at the 
furnace bottom (PA). Likewise, the phase error varies between 4° and 42°.  Similarly, for the 
compensated leads, the magnitudes vary between 1.20 and 1.60 times the measured voltage at 
PA, with phase errors in the range 0° to 24°. The overestimation of the voltage magnitude and 
the variation in phase is in line with previous results in (Sparta, Risinggård and Thisted, 2024a; 
Sparta, Risinggård and Thisted, 2024b).  The results are summarized in Table 3, which states 
the offset in terms of both the relative amplitude and absolute phase for each case. The results 
show that a single calibration of the resistance network is not sufficient for proper 
compensation. However, apart from case A, which showed a good agreement between the 
uncompensated Bøckman voltage and the voltage at PA, the compensation works in a positive 
way as it reduces the offset. It is a notable significant positive effect on the phase shift, which 
is important for furnace control.  
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Figure 5: Measured voltage at PA, unscaled and scaled neutral point measured from the leads. 
Cases A, B, C and D (from top to bottom). The values have been scaled by the voltage amplitude 
measured in Lead A. 



   

8 

  
 
Table 3: Deviation of the “measured” neutral point voltage and the voltage at PA in terms of the relative amplitude 
(first row) and phase angle (last row) for the four asymmetric cases. U and C denote uncompensated and 
compensated, respectively.  

A B C D 

 
U C U C U C U C 

�
|𝑉𝑉𝑃𝑃𝑃𝑃|− |𝑉𝑉0|

|𝑉𝑉𝑃𝑃𝑃𝑃| � 0.13 0.19 1.6 0.60 0.40 0.25 0.42 0.16 

∠𝑉𝑉𝑃𝑃𝑃𝑃 − ∠𝑉𝑉0 -4.1° 4.5° -30.4° -22.3° 14.3° 0.28° -42.6° -24.3° 
 
The numerical studies have partly been motivated by measurement campaigns performed at 
an industrial silicon furnace. The furnace is approximately 30 MW and has a geometry and 
dimensions which are reasonably close to those used in the numerical models. The furnace 
was equipped with sensors capable of measuring the electrode voltages at a high frequency, 
enabling a good resolution of one phase period (50 Hz). Figure 6 shows a 20-minute data 
window from one measurement campaign.  The magnitude of the potential is omitted for 
confidentiality, while relative trends and phase errors are presented. Preliminary results from 
this measurement campaign have previously been published in a master’s thesis (Monsen, 
2025), where more information about the measurements set up can be found. As the figure 
shows, the potential circles around the neutral point with some notable distinct drifts in the 
region 250°- 360°. The figure highlights that neutral point drift can cause significant errors in 
measured electrode voltages.  

Figure 6: Measured neutral point drift over a 20-minute period from an industrial silicon furnace. The magnitude 
of the voltage has been omitted for confidentiality; relative trends are preserved.  
 
 
5. CONCLUSIONS 
Measurements of electrode voltages in an industrial silicon furnace indicate that neutral-point 
drift is significant as a source of error in the electrode voltage. it has been shown how 
significant drift in the neutral point phase occur over a short time-period during normal 
operation.   The error arising from neutral point drift has a larger impact compared to previous 
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estimates of induction-related errors. Contributions to the neutral-point measurement from 
asymmetries in the placement of the Bøckman leads have been estimated using finite-element 
simulations. It has been shown that different asymmetries give variations in the measured off-
set and that a single calibration is insufficient for proper compensation. The simulations 
highlight the critical role of practical procedures for compensating for geometric asymmetries 
in the voltage measurement system.  
 
In this study, the compensation was based on a fully symmetric furnace, and the simulation 
cases were established assuming constant electrode resistance. Both assumptions represent 
idealized operating conditions. Future work will extend the analysis to investigate Bøckman 
lead compensation in asymmetric furnace configurations and to employ constant electrode 
current as the governing condition, thereby providing a more realistic representation of 
industrial furnace operation.  
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