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ABSTRACT 
Under the effect of a sufficiently strong electric field, all 

materials suffer from a form of breakdown, which involves the 
flow of current through them.  Although wood is sometimes 
utilized as an electrical insulator, it is also subject to breakdown 
when exposed to high electric fields. In general, dielectric 
breakdown is considered a negative effect for electrically 
insulating materials since it implies the loss of insulating 
properties of the material.  However, the high temperatures 
generated inside the material can be used as an efficient way to 
induce the thermo-chemical decomposition of biomass with the 
purpose of sustainable energy generation.  A mathematical 
model of the dynamics of temperature and electric field inside a 
small piece of biomass is developed to study temperature 
distribution and thermal instability growth under thermal 
dielectric breakdown conditions.  A two-dimensional model is 
implemented for different electric field strengths with biomass 
dielectric properties obtained from the literature. Temperature, 
current and electric potential distributions have been analyzed 
and reported for several cases. The temperature development 
over time has also been analyzed and reported. The results 
show that higher voltages lead to almost instantaneous thermal 
breakdown. Similar results are obtained for AC voltage when 
the frequency is decreased. These conditions are desired for 
efficient gasification of biomass. 

 
INTRODUCTION 

Biomass gasification has a great potential for sustainable 
energy generation [1-3]. The process of biomass gasification is 
used to generate syngas, a mixture rich in H2 and CO. Syngas 
can be used in gas turbines to generate electricity or in other 
applications that require heating from direct combustion of the 
syngas. Biomass is readily available from tree trimmings in 
each city, town, etc., nearby forests after logging or clearance 
for construction of roads etc., and agricultural waste for 
example. Instead of throwing these trimmings away in the 

landfills, or burning the left over trimmings or agricultural 
wastes, these byproducts can be efficiently gasified producing 
syngas for later usage, thus, reducing the production of CO2 
and/or reducing the amount of waste in landfills and extracting 
energy from an otherwise undesired byproduct. Though most of 
the current gasification processes involve conventional 
downdraft gasifiers [1] and plasma assisted gasifiers [2,3], we 
introduce a novel idea of gasification through the use of 
dielectric breakdown, which is deeply discussed next. 

Dielectric breakdown of solid materials has been studied 
extensively since the early 1900’s [4-9]. Breakdown can be 
analyzed as pure electric or thermal [4]. Several theories and 
specific cases exist to study both types of breakdown. Studies 
suggest that breakdown in solid dielectrics is set forth by the 
instabilities created by the localized rise in temperature due to 
high electrical conduction and Joule heating [5,6]. When excess 
heat is generated inside the dielectric and the heat is not 
dissipated at the same rate or faster, the temperature starts 
rising very rapidly. Most of the electrical and physical 
properties of wood are dependent on temperature; however, 
electrical conductivity has a much stronger dependence on it. 
Due to this fact, once the temperature starts increasing, so does 
the electrical conductivity and this inter-relation causes a closed 
loop in which both the temperature and the electrical 
conductivity increase very rapidly until thermal breakdown 
occurs. 

Nagao et al. investigated the effect of localized temperature 
rise in the breakdown of polyethylene films [6]. Their results 
suggested that the breakdown process is dependent on the local 
increase in temperature, and, additionally, on local weak points 
of the films. 

O’Dwyer presented a review of the latest theories of 
dielectric breakdown in solids [4]. He mentioned that dielectric 
breakdown can be analysed as thermal or electric, and electric 
breakdown can be further subdivided into two different 
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categories, intrinsic and avalanche. Thermal breakdown can be 
derived from the basic energy equation [4]:  

 

!!
!"
!"

! ! ! !!! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 
where Cv is the heat capacity per unit volume, k is the thermal 
conductivity, T is temperature, ! is electrical conductivity, and 
E is the electric field, which is dependent on temperature and, 
therefore, solved for simultaneously. Semi-empirical 
correlations for the exponential dependence of the electrical 
conductivity on electric field and temperature were discussed. 

The energy equation (1) can be simplified and solved 
analytically for steady-state, transient, isothermal solid, or it 
can be solved in full form by employing numerical methods [7]. 
Because the electrical conductivity has a much stronger 
dependence on temperature compared to the rest of the physical 
properties, in the study of thermal breakdown it is often 
assumed that the remaining properties remain constant and only 
the change in electrical conductivity is accounted for in the 
analysis.  

Frölich developed his theory of dielectric breakdown to 
account for the thermal instabilities at high temperatures [8]. 
He showed that the dielectric breakdown strength above a 
critical temperature !! decreases with operating temperature. 
He noted that these findings differed from other theories which 
suggested that if the operating temperature is lower than a 
critical temperature !!, the dielectric breakdown strength 
increased with increasing temperature. He argued that each 
theory is valid only for temperatures above or below a critical 
temeperature !!, which is dependent on material properties. 

 Sze analyzed the behavior of the current transport on 
silicon nitride films and the maximum dielectric strength [9]. 
He found that at a set electric field and temperature the current 
does not depend on the material thickness, bulk properties or 
polarity. They determined that current transport has three main 
different behaviors expressed as exponential functions of the 
electric field and/ or temperature. The maximum dielectric 
strength was found to be in the order of 107 V/cm. 

Noskov et al. investigated the thermal instabilities initiated 
by a local temperature disturbance using numerical modelling 
[5]. They used a model based on a system of three coupled 
equations, i.e., electric potential, charge density and 
temperature, to study the development of the dielectric thermal 
breakdown. They performed these studies for polyimide 
insulation. Using three different time constants, i.e., Maxwell 
charge relaxation time, temperature disturbance dissipation 
time, and conductivity rise time, they characterized the 
different possibilities of thermal instabilities and breakdown: 
homogeneous heating, heating of a local region inside the 
dielectric, and current constriction and heating of a channel 
between the electrodes. 

Although extensive studies have been made regarding the 
dielectric breakdown on conductive and semiconductive solids 
and polymeric insulators, a remarkably low number of studies 
have been done regarding the thermal dielectric breakdown of 
wood. Additionally, the study of breakdown has been done 

from the perspective of electric insulators; thus, the main 
objective is to prevent it from happening.  

Our objective in contrast, focuses on the understanding of 
the development of thermal breakdown so that we can induce it. 
The purpose of inducing thermal dielectric breakdown is to use 
it as a starting point for pyrolysis and biomass gasification.  In 
this paper we study the behavior of thermal instabilities leading 
to thermal dielectric breakdown using a two-dimensional finite 
difference model.  

NOMENCLATURE 
 

A 
B 
CV 
E 
f 
j 
k 
L 
t 
tan(!) 
T 
Tc 
Tp 
T0 
 

[("·m)-1] 
[K-1] 
[J/m3·K] 
[V/m] 
[Hz] 
[A/cm2] 
[W/m·K] 
[m] 
[s] 
[-] 
[K] 
[K] 
[K] 
[K] 
 

Constant 
Constant 
Specific heat at constant volume 
Electric field 
Frequency 
Current density 
Thermal conductivity 
Domain length 
Time 
Loss tangent 
Absolute temperature 
Critical temperature 
Pyrolysis temperature 
Initial temperature 

Greek Symbols 
" 
# 
$ 
! 0 
! 

[-] 
[("·m)-1]  
[rad/s] 
[V]              
[V] 

Dielectric constant 
Electrical conductivity 
Frequency 
Applied electric potential 
Electric potential 

 
Subscripts 
y  [-] y-direction 

 

NUMERICAL MODEL 

 
Figure 1 Computational Domain. 

 
Computational Domain 

A two dimensional computational domain of size L#L in 
both x and y directions is used, as shown in Fig. 1. The domain 
was divided into 50#50 divisions with a length L of 0.01 m and 
a time step of 0.01 seconds. Both grid independence and time 
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independence tests were performed to obtain the above grid 
size and time step. Results for the middle temperature for case 
1 are shown in Table 2. 

Table 1 Grid independence test using case 1: T0=300 K, 
!0=2000 V, final time 8 seconds. 

Number of grids Middle temperature 
T(x=0.5 cm, y=0.5 cm), 

[K] 

Absolute relative 
error [K] 

20 397.6236 - 
40 397.6530 0.0294 
50 397.6565 0.0035 
60 397.6583 0.0018 
80 397.6602 0.0019 

 
Mathematical Equations 
       The following model is used for the study of dielectric 
thermal breakdown of wood, where the charge density is 
assumed constant [7]: 
 

! ! ! ! !!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 

!!
!"
!"

! ! ! !!! ! ! ! !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 
where ! [("·m) -1] is the electrical conductivity of wood, ! [V] 
is the electric potential, !! [J/(m3·K)] is the heat capacity for 
wood, ! [W/(m·K)] is the thermal conductivity, and ! is the 
temperature in Kelvin. While ! and !! are assumed to be 
constant with temperature, the DC electrical conductivity ! 
depends on temperature as follows [10]: 
 

! ! ! !"!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 
 
where ! ! ! ! !"!!" [("·m)-1] and ! ! !!!"#$ [K-1]. The 
current density in the y-direction is given as [7]: 
 

!! ! !!
!"
!"
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

 
Initial and Boundary Conditions 

The initial and boundary conditions for the heat equation 
and the electric potential equation are described in Table 2.  

 
Numerical methods 

The alternating direction implicit (ADI) algorithm was 
employed to solve the 2D coupled equations [11]. The tri-
diagonal matrix algorithm (TDMA) was used to solve the 
resulting tri-diagonal systems of equations. The code was 
implemented in MATLAB®. 

The following values were used for wood for all the 
simulations. The thermal conductivity and specific heat 
capacity are evaluated at the initial temperature with the 
following values, 0.12 W/m·K and !!!" ! !"! J/m3·K, 
respectively [10]. The electrical conductivity is also evaluated 
at !!, but it changes with temperature accordingly. The 
simulations are run for a specified time or until pyrolysis 
temperature of approximately !!=750 K is reached. 

Table 2 Initial and boundary conditions. 

Case 
# 

Initial 
Conditions, 
Temperature 

Boundary 
Conditions, 
Temperature 

Boundary 
Conditions, 

Electric Potential 
 
 

1 
 

 
 
 
 
 
 
 

! !! !! ! ! !! 

Constant 
! !! !! ! ! !! 
! !! !! ! ! !! 

Periodic 
! !! ! ! ! !! !  

 
 
 
 
 

Constant 
! !! ! ! !!! 
! !! ! ! ! 

 
Periodic 

! !! ! ! ! !! !  

2 
 

3 
 

Constant 
! !! !! ! ! !! 
! !! !! ! ! !! 

Constant 
! !! !! ! ! !! 
! !! !! ! ! !! 

 
4 
 

Constant 
! !! !! ! ! !! 
! !! !! ! ! !! 

Periodic 
! !! ! ! ! !! !  

5 
 

 
 

RESULTS AND DISCUSSION 
The two-dimensional model was used to study the thermal 

instabilities leading to thermal dielectric breakdown of 
biomass. The breakdown process was analyzed for several 
cases described in Table 3. In case 1, ! was kept constant at its 
initial value at !!=300 K. Periodic boundary conditions were 
used at ! ! !! ! for both electric potential and temperature. 
Figure 2 shows a contour temperature distribution at ! ! ! 
seconds, and Fig. 3 shows the two-dimensional temperature 
distribution at ! ! !!!! cm. The maximum temperature reached 
was near 400 K. Note that only one x location is plotted for this 
and most other cases in subsequent figures, for given the 
periodic boundary conditions on the east and west sides, most 
curves overlap. 

Table 3 Matrix of cases ran. 

Case 
# 

Electrical 
conductivity, 

[("·m) -1] 

!!, 
[K] 

Electric 
Potential 

(DC)  
!!!, [V] 

Frequency, 
[Hz] 

Maximum 
time, [s] 

1 
 

! =constant  
 
 
 

300 

 
 
 

2000 

- 8 

2 
 

 
 
 

! !  
 

 

-  
 
 

1.17 
 

3 - 

4 
 

2000, 
4000, 
6000 

- 

5 
 

! !! !  400 4000 
(AC) 

20, 100, 
10k 

6 
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Figure 2 Contour of the temperature distribution at t=8 

seconds; case 1: #=constant, ! 0=2000 V, T0=300 K. 

Figure 4 shows the electric potential variation with y at 
! ! !!!!cm. The electric potential varies linearly with y 
because the electrical conductivity ! is independent of 
temperature. The current density stays constant at !!!"# !
!"!!A/cm2, and, therefore it is not plotted.  

Figure 5 shows the change in temperature over time at 
! ! !!!!cm and three distinct y locations, i.e. y = 0.04, 0.1, and 
0.5 cm, respectively. It is seen that the temperature increases 
steadily at all three locations with a higher slope at y = 0.5cm 

For case 2, the conditions are the same as for case 1, but 
with the electrical conductivity as a function of temperature as 
specified by eq. 4. Figure 6 shows the temperature variation 
with y at ! ! !!!!cm and at a time t=1.17 seconds. It can be 
seen from the figure that the temperature slopes at ! ! !! ! are 
much steeper than for case 1. 

 
 

Figure 3 Temperature variation with y at ! ! !!! cm and at 
time t=8 seconds; case 1: !=constant, ! 0=2000 V, T0=300 K. 

 
Figure 4 Electric potential variation with y at ! ! !!!!cm at 
time t=8 seconds; case 1: #=constant, ! 0=2000 V, T0=300 K. 

 
Figure 5 Temperature vs time at ! ! !!!!cm and three 

different y locations; case 1: #=constant, ! 0=2000 V, T0=300 K. 

 
Figure 6 Temperature variation with y at ! ! !!! cm and at 
time t=1.17 seconds; case 2: #= #(T), ! 0=2000 V, T0=300 K. 
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Figure 7 Electric potential variation with y at ! ! !!!!cm and 

at time t=1.17; case 2: #= #(T), ! 0=2000 V, T0=300 K. 

 
Figure 8 Current density variation with y at ! ! !!!!cm and at 

t=1.17 seconds; case 2: #= #(T), ! 0=2000 V, T0=300 K. 

The second feature differing from case 1 is the electric 
potential. Figure 7 shows how the electric potential variation 
with y has changed from the perfectly linear profile to a steep 
curvature at the!! ! !! ! boundaries. Thirdly, Fig. 8 shows an 
overall higher current distribution than case 1, and higher 
currents can be seen at the edges due to the high potential 
gradient at the boundaries. This is about 1 order of magnitude 
higher than in case 1. Lastly, Fig. 9 shows the rapid increase of 
temperature with time after one second. These conditions are 
indicative of reaching breakdown quickly. Two curves were 
plotted for temperature corresponding to two points in the 
domain, one near the edge at ! ! !!!"!cm and ! ! !!!!cm and 
another one at the center ! ! ! ! !!!!cm. 

Case 3 was run using constant temperature boundary 
conditions in all four sides, while the rest of the operating 
conditions were the same as for case 2. The contour 
temperature distribution is shown in Fig. 10. The temperature 

slope is much higher at the ! ! !! ! boundaries where the 
electrodes are placed indicating a much faster change in 
conductivity close to these boundaries. 

Case 4 was run for three different electric potentials while 
the rest of the operating conditions were kept the same as in 
case 2. Figure 11 shows the temperature development over time 
at the center point of the domain x=y=0.5 cm. It can be readily 
seen that as the electric potential is increased, the temperature 
rises much more quickly leading to almost instantaneous 
thermal breakdown. Similar results can be achieved if the 
length is decreased while the voltage is kept constant.  

 
Figure 9 Temperature vs time; case 2: #= #(T), ! 0=2000 V, 

T0=300 K. The shown temperatures correspond to two points in 
the domain with the shown coordinates in y and ! ! !!!!cm. 

 
Figure 10 Temperature distribution; case 3: #= #(T), ! 0=2000 
V, T0=300 K, and constant temperature boundary conditions at 

all four walls. 
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AC conductivity 
While all the previous cases were run utilizing the DC 

voltage and conductivity of wood, case 5 analyzes the dielectric 
breakdown process under AC voltage at three different 
frequencies. For a specified temperature and moisture content, 
the AC conductivity is expressed as [12]: 

 
! ! ! ! ! ! !"#!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

 
where, ! [rad/s] is the frequency, !  is the dielectric constant, 
and !"#! is the loss tangent. The electrical conductivity 
dependence on temperature is also exponential [13], and varies 
nonlinearly with frequency and moisture content [12,13]. 

 
Figure 11 Temperature vs time; case 4: #= #(T), ! 0=2000, 

4000, 6000 V, T0=300 K. The shown temperatures correspond 
to the center of the domain x=y=0.5 cm. 

 
Figure 12 Temperature vs time; case 5: #= #(T,f), ! 0=4000 V 
(AC), T0=400 K. f=20, 100, 10k Hz, The shown temperatures 

correspond to the center of the domain x=y=0.5 cm. 

The results in Fig. 12 show the temperature development 
over time for the three frequencies. It can be seen that, as 
opposed to voltage, when the frequency is decreased the 

temperature rises much more quickly, leading to breakdown 
much sooner. It is worth mentioning that for lower 
temperatures, the opposite trend is true, higher frequencies lead 
to breakdown more quickly, since at lower temperatures the 
conductivity increases with frequency. Also it is noted that the 
initial temperature in this case is !! ! !""!!. 

These overall results suggest that breakdown conditions can 
be achieved even when no local defects or weak-points are 
assumed and starting with a uniform temperature distribution. 
Based on these results we can infer that high electric potential 
or equivalently, higher electric fields, lead to almost 
instantaneous thermal dielectric breakdown. This in turn shows 
that breakdown induced by high electric fields can be used as 
an efficient method for biomass gasification since the heat is 
released directly inside the biomass. This system may reach 
higher efficiencies compared to conventional downdraft 
gasifiers [1], where a fraction of energy is used to heat up the 
incoming biomass, and plasma assisted gasifiers [2,3] , where 
also a fraction of energy is lost into the surroundings before it 
reaches the biomass. 

 

CONCLUSIONS  
A two-dimensional finite difference model was developed 

to study the thermal dielectric breakdown of biomass.  Results 
showed that a temperature dependent electrical conductivity 
causes the bulk temperature to increase more quickly leading to 
almost instantaneous breakdown conditions.  It was shown that 
thermal instabilities are caused by the temperature dependent 
electrical conductivity even when no local defects or weak-
points are found in the biomass. 

Temperature increased faster for higher voltages for the 
DC conductivity and for lower frequencies for the AC 
conductivity.  These results, thus, suggest that high electric 
potential or thin pieces of biomass are desired for sustainable 
gasification purposes. 
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