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Abstract. Electric heating is the main method of exploiting oil shale and 
electric heater is the key part of the heating element. In this paper, the tem-
perature distribution of the electric heater was simulated by the Partial 
Differential Equation (PDE) of MATLAB, and orthogonal experiment 
analysis was also carried out to investigate the effects of different factors on 
the temperature distribution of the heater. The results showed that materials 
with low density were helpful to improve heating efficiency, and heat produc-
tion, density and heat capacity had a great effect on the temperature distribu-
tion of the heater. The temperature distribution of the heater increased 
significantly with increasing heat production and radius of the heater, while 
higher heat capacity always led to the lower overall temperature of the 
heater. In addition, axisymmetric U-tube and vacuum heating tube were 
chosen as the heater, being of optimized shape, while copper and stainless 
steel were determined to be the optimized heater materials. 
 
Keywords: oil shale, in-situ treatment, electric heater, PDE, optimization 
design. 

1. Introduction 

Oil shale is a source of energy with great potential that has been inter-
nationally recognized as one of the most important substitutes for conven-
tional oil resources [1–2]. There are two kinds of conventional methods for 
mining oil shale – opencast and underground [3]. Both the mining methods, 
however, have drawbacks. Opencast mining occupies much land and causes 
environmental pollution. Underground mining takes up much land, too, 
because the produced ore must be accumulated on the ground. Moreover, the 
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groundwater level under the oil shale layers may be lowered, which 
jeopardizes the water regime of arable lands and forests near the mines. 

The in-situ conversion treatment technology by subterranean thermal 
conductivity consists in drilling heater wells in formations containing oil 
shale and then heating the oil shale layers directly, which converts hydrogen-
rich compounds from liquids into gaseous state by enrichment and phase 
changes of tight carbon components [4]. Then, these lighter hydrocarbons 
flow into the nearby production wellbore zone through natural cracks or 
artificial fractures underground, the recovery of underground crude carbons 
can be up to 65–70%. According to heating source, the in-situ conversion 
treatment technology can be grouped into IVE technology (hot gas heating) 
and ICP technology (electric heating). The IVE technology wastes much 
valuable natural gas resource and requires constructing a gas line. Also, 
when injecting hot gas stream, the drawback is that the injection equipment 
occupies too much land. Even more, the pyrolysis temperature of oil shale 
may range from 350 to 560 °C, but the injected gas stream cannot attain these 
temperatures because of thermal loss. Compared with the IVE technology, 
the heating mode and construction process of the ICP technology are simpler 
and the thermal efficiency is higher. Moreover, the heater temperature can be 
up to 1000 °C, which is adjustable depending on demand. Therefore, electric 
heating is the optimal method for oil shale development. There can be found 
papers in the literature, which deal with in-situ oil shale heater [5–14]. But 
to have more information, the current paper simulated the temperature 
distribution of in-situ oil shale electric heater and further analyzed the 
influencing factors. Based on these, an optimized design of the heater was 
proposed and the heater materials were also determined. 

2. Temperature distribution simulation of electric heater 
2.1. Physical model of electric heater [15] 

Figure 1 shows the schematic diagram of electric heating well. There are 
sections for export of different kinds of energy along the electric heater. 
Every section contains a temperature-limiting element to limit energy export, 
which can provide different quantities of heat at varying heating rates. The 
electric heating well consists of the following main parts: (1) lead-in con-
ductor, which is used to introduce electrical energy with a service tempera-
ture of about 40–60 °C; (2) cold lead, which is used to fully lower the 
temperature of the heater; (3) connections, which are used to connect cold 
lead with the heater with a service temperature of 260–370 °C; and  
(4) heater, which is used to produce heat to reach the temperature of 530–
760 °C. Figure 2 presents a simplified schematic diagram of the heater for 
numerical simulation. 
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Fig. 1. Schematic diagram of electric 
heating well: 1 – cement sheath; 2 – 
casing; 3 – lead-in conductor; 4 – cold 
lead; 5 – connections; 6 – heater; 7 – 
supporting part; 8 – plummet; 9 – cold 
lead; 10 – conductor jointer; 11 – well-
head; 12 – overburden; 13 – oil shale 
layer. 

Fig. 2. Simplified schematic diagram of 
electric heating well: 1 – casing; 2 – 
cement sheath; 3 – insulating separator; 
4 – oil shale layers; 5 – heater. 

 

 
 
2.2. Mathematical model of electric heater 

Considering the symmetry of wells, the electric heater was designed as a 
single cylinder to generate uniform heat inside the wells. The initial tem-
perature of the heater was the formation temperature at the corresponding 
depth. The upper end of the heater was adiabatic, while the bottom end could 
convect with the borehole fluid. In order to reflect the radial and axial tem-
perature distribution of the heater, a cylindrical coordinate system (r, θ, z) 
was adopted. Meanwhile, considering the symmetry of electric heater (i.e. 
independence of θ), a parabolic equation was adopted to solve the heat 
conduction temperature field problem of pillar-shaped objects, and the basic 
equation could be expressed as follows: 

 

p v
u u ur c q rkr kr
t r zr r

ρ ∂ ∂ ∂∂ ∂   − − =   ∂ ∂ ∂∂ ∂   
,                     (1) 

 

where ρ is density, kg/m3; pc  is heat capacity, /( )J kg K⋅ ; k is the coefficient 
of thermal conductivity, /(m )W K⋅ ; qv is heat production, 3/kW m ; r is 
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radical radius, m; and z is the length of heater, m. The boundary conditions 
are as follows: 

 

( ) ,
hu r
n c u qu g

=
 ⋅ ∇ + =

                                        (2) 

 

where n is a unit vector perpendicular to the boundaries, and h, r, q and g are 
constants or variables related to u. The first equation of equation group (2) is 
called Dirichlet Boundary Condition, and the second is called Neumann 
Boundary Condition. In the thermal conductivity field, the first boundary 
condition corresponds to the Dirichlet Boundary Condition, and the second 
and third correspond to the Neumann Boundary Condition. The corres-
ponding relationship can be realized by the PDE toolbox of MATLAB. 

3. Numerical simulation of the heater temperature field by 
    MATLAB 
3.1. Assumed conditions 

Prior to numerical simulation, the following assumptions can be made: 
(1) The electric heater is located in the center of the well. 
(2) Physical conditions are consistent around the well. 
(3) Physical parameters are stable and not altered with temperature. 
 

3.2. Calculation parameters 

The PDE Toolbox GUI of MATLAB was used to simulate the temperature 
distribution of heater 5 depicted in Figure 2. The heater was a metal rod with 
a bare electrode, with density ρ of 7800 kg/m3, heat capacity cp of 
500 J/kg·°C, thermal conductivity k of 40 W/m·°C and heat production qv of 
750 kW/m3. The coefficient of convective heat transfer (λ) between water 
and the bottom or side of the heater was 50 W/m2·°C, and the upper end of 
the heater was adiabatic. 
 
3.3. Numerical simulation of the temperature distribution of heater 

Figures 3 and 4 demonstrate that the temperature of the upper end of heater 
is higher because it is adiabatic, while that of the bottom end is lower due to 
heat convection. Meanwhile, because of the axial symmetry of the heater, 
the temperature distribution is symmetrical. Therefore, the numerical simula-
tion reflects the actual temperature distribution of the heater. 
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Fig. 3. 2-D temperature field at 10 000 s. 
 

 

 
Radius of the heater, m 

Fig. 4. 3-D temperature field profile at 10 000 s. 

4. Optimization of electric heater design 
4.1. Factors influencing the parameters of electric heater 

The results of simulation are affected by many parameters of the heater, 
including thermal conductivity, heat production, density, heat capacity, size, 
etc. This work provides references for the optimization design of electric 
heater by analyzing the effects of these parameters on the heater temperature 
distribution. The simulation data were obtained, considering density, thermal 
conductivity, heat capacity, heat source density or the radius of heater as a 
single variable. The temperature values of the heater at 10 000 s were 
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recorded, tmax designating the highest temperature, tmin the lowest tempera-
ture, Ta the average temperature and Td representing the difference between 
maximum and minimum temperatures. 
 
4.1.1. Density 
 

Figure 5 shows the temperature distribution of the heater at different 
densities. It can be seen that the temperature of the whole heater increases as 
the density decreases. Low-density materials are beneficial to improve the 
heat efficiency of the heater, while those with high density go against the 
balanced distribution of temperature. 
 

 

Fig. 5. Temperature distribution at different densities. 
 

 

4.1.2. Thermal conductivity 
 

As shown in Figure 6, the temperature varies little as thermal conductivity 
increases, but high thermal conductivity is beneficial to balance temperature 
distribution. 
 

 
Fig. 6. Temperature distribution at different thermal conductivities. 
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4.1.3. Heat capacity 
 

As the heat capacity of the materials increases, the temperature decreases, 
but high heat capacity is beneficial to the balanced distribution of tempera-
ture, as shown in Figure 7. 
 
 

 
Fig. 7. Temperature distribution at different heat capacities. 

 
4.1.4. Heat production 
 

As Figure 8 shows, the temperature of the heater increases significantly with 
increasing heat production. Heat production is the ratio of power to volume, 
and the increase of heat production means the increase of power, which may 
lead to an obvious increase of the temperature. Meanwhile, the increase of 
power may also cause an increase of the imbalance of heat temperature 
distribution. 
 
 

 
Fig. 8. Temperature distribution at different heat source densities. 
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4.2. Analysis of the effect of physical parameters 

Orthogonal experiment was used to analyze the effect of physical parameters 
on temperature distribution. Through model derivation and numerical 
simulation, the following four factors were selected (as shown in Table 1): 
density (factor A), thermal conductivity (factor B), heat capacity (factor C) 
and heat production (factor D). Taking the maximum temperature as an 
index, a four-factor three-level orthogonal experiment was conducted on 
heater temperature distribution. The results are presented in Table 2. Accord-
ing to the Rj values, D > A > C > B, i.e. the index of factor D fluctuates 
maximally and that of factor B fluctuates minimally. Therefore, heat produc-
tion, density and heat capacity should be mainly considered when designing 
electric heater. 
 

Table 1. Factors and levels of orthogonal experiment 

Factors 

Level A (density), 
kg/m3 

B (thermal 
conductivity), 

W/(m·K) 

C (heat capacity),
J/(kg·K) 

D (general heat), 
kW/m3 

1 3900  40 300 700 
2 7800 120 500 750 
3 11700   200 700 800 

 

Table 2. Orthogonal experiment results 

Experiment 
number A B C D Maximum 

temperature, °C 

1 1 1  1  1  752 
2 1 2  2  2  781 
3 1 3  3  3  806 
4 2 1  2  3  813 
5 2 2  3  1  628 
6 2 3  1  2  766 
7 3 1  3  2  586 
8 3 2  1  3  793 
9 3 3  2  1  608 
Ij 2339 2151 2311 1988 
IIj 2207 2202 2202 2133 
IIIj 1987 2180 2020 2412 
Rj   352    51   291   424 

 

 

Notes: the results of nine experiments are divided into three groups. I1, II1 and III1 represent 
respectively level-1, level-2 and level-3 of the first column (factor A); R1 represents the range 
of I1, II1 and III1; for other columns, Ij, IIj, IIIj and Rj represent the same meaning. 
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4.3. Optimization design of the heater shape 

4.3.1. Theoretical analysis 
 

Keeping the voltage constant, heat production qv can be derived from power 
and resistivity formulae: 

 

Heater surface area:        2 2S r rLπ π= + ,                                       (3) 
 

Heater volume:                  2V r Lπ= ,                                              (4) 
 

Power:                                
2UP

R
= ,                                                (5) 

 

Resistance:                         eLR S= ,                                               (6) 
 

where S, V, P and R are the heater surface area, heater volume, power and 
resistance, respectively, U is the voltage, r is the radius of the heater, and L 
is the height of the heater. 

When heating resistances are similar, then: 
 

2
2 2 3 1 1 3 1 1 2 1 1 2 3 1

1 2 3

n n n n n n n

n

R R R R R R R R R R R R R R R RUP U
R R R R R

− − − −+ + +
= = ⋅

L L L L L

L
. 

(7) 
 

Putting Equation (6) into Equation (7) will give:  
 

2 2 3 1 1 3 1 1 2 1 1 2 3 1

1 2 3
1

2
2 2 . (8)
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n

n
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S
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−
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 ⋅ 
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Then, the heat flux

 
Aq  can be expressed as: 

 

( )
2 2 2

2
2

1
2( 2 )( 2 ) 1

A
P r U r Uq nU

LA eL eL r Ln r rL eL r

π
π π

= = ⋅ = =
++ +

,      (9) 

 

and the heat production rate qv as: 
 
2 2

2
2 2

1
v

P r Uq nU
V eL n r L eL

π
π

= = ⋅ = ,                           (10)
 

 

where e is resistivity, Ω·m; U is voltage, V; n is the number of heaters; r is 
the radius of the heater; L is the height of the heater; and A is the area of the 



Yang Hao et al. 

 

114

heater. Obviously, as the radius of the heater increases, heat flux increases 
and heat production rate highly depends on the length of the heater. 
 
4.3.2. Numerical simulation 

 

For numerical simulation parameters were set as follows: density ρ 
7800 kg/m3, heat capacity cp 500 J/kg·°C, thermal conductivity k 40 W/m·°C, 
heat production qv 750 kW/m3, and length of the heater z 1 m. The coef-
ficient of convective heat transfer (λ) between water and the bottom or side 
of the heater was 50 W/m2·°C, as shown in Figure 9. The results of 
numerical simulation showed that both the temperature and heat flux 
increased as the radius of the heater increased, and that the temperature 
differences at different positions of the heater also increased with the 
increase of heater volume, which conformed well to the theoretical analysis 
results. 
 
 

 
Fig. 9. Temperature distribution at different radii. 

 
4.3.3. Optimization of the heater shape 

 

According to the theoretical analysis, heat production is the reciprocal value 
of the square of the heater length if the materials of the heater and load 
voltage remain constant. That is to say, decreasing the length is beneficial to 
increase the heater temperature, so the minimum length should be the 
thickness of the oil shale layer. Meanwhile, in order to form a loop, U-tube 
was adopted as the heater. In consideration of the symmetry of the well, the 
mutually perpendicular U-tube was finally selected as the heater. Due to the 
skin effect, the central part of the heater was removed for material saving. 
Thus, the heater formed a loop between the bottom contractor and its own 
central part. The annulus of the loop and the heater were evacuated to isolate 
the high temperature of the heater, so that the cable could work at high 
temperature. During heating, the heater could coordinate with the injection 
string and the oil well pump. The schematic diagram of the designed heater 
is shown in Figures 10 and 11. 
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Fig. 10. The axisymmetric U-tube: 1 – 
insulating separator; 2 – electric heating 
element. 

 

Fig. 11. The vacuum heating tube: 1 – 
insulating separator; 2 – vacuum insulat-
ing separator; 3 – electric heating ele-
ment; 4 – loop; 5 – contractor. 

 
4.4. Optimization of heating materials 

For optimization of heating materials selection was made among iron, 
copper, aluminum, stainless steel, nichrome, tungsten and graphite. The 
relevant parameters of these materials are given in Table 3. 

 

Table 3. The characteristic parameters of materials 

Parameter Iron Copper Aluminum Stainless 
steel 

Nichrome Tungsten Graphite 

Density, g/cm3 7.9 8.92 2.7 7.7 8.4 19.35 2.2 
Heat capacity, 
kJ/kg·°C 

0.46 0.4 0.88 0.5 0.45 0.13 0.71 

Thermal con-
ductivity, W/m·°C 

46 401 237 30.6 12.3–171 325 129 

Resistivity, 10–8Ω·m 9.78 1.75 2.83 40 100 5.65 800–1300 
Melting point, °C 1535 1083 660 1430 1400 3410 3652 

 
 
The heating element of the heater was a cylinder with the radius r of 

0.1 m and length of 1 m. The coefficient of convective heat transfer (λ) 
between the side or bottom of the heater and the fluid on the surface was set 
at 50 W/m2·°C. The heat transfer coefficent, heat capacity and density data 
are presented in Table 3. The relative value of iron heat production (qv = 
750 kW/m3) was set as 1, and then the heat production of other materials 
could be calculated according to Equation (3), the results are shown in 
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Table 4. The initial temperature was set at 35 °C, and the temperature dis-
tribution at 10000 s was simulated, as shown in Table 5. 

 

Table 4. Relative heat generation of materials 

Material Iron Copper Aluminum Stainless steel Nichrome Tungsten Graphite 

Resistivity, 
10–8Ω·m 

9.78 1.75 2.83 40 100 5.56 800 

Relative heat 
generation 

1 5.59 3.46 0.23 0.098 1.73 0.012 

 

Table 5. Simulation results for materials 

Material Iron Copper Aluminum Stainless steel Nichrome Tungsten Graphite 

tmax, °C 766 3889 2549 205.6 104.6 1279 43.97 
tmin, °C 618 3689 2355 162.5 94.15 1204 42.2 
Ta, °C 691 3789 2452 184.1 99.4 1242 43.1 
Td, °C 148 200 194 43.1 10.45 75 1.77 

 
During selection of heater material, the resistivity, temperature coefficient 

of resistance, melting point, density, heat capacity, thermal conductivity and 
corrosion resistance were mainly considered, and their respective effect on the 
heater could be evaluated through temperature distribution. However, the 
effect of the temperature coefficient of resistance, melting point, thermal 
expansion coefficient and corrosion resistance could be determined only in 
real operating conditions. 

The centralized pyrolysis temperature of oil shale ranged from 350 to 
560 °C, so the temperature of the heater should be controlled at about 
760 °C, but generally not below 700 °C. If the temperature was too high, 
excessive heating would occur near the heating well, which led to the early 
carbonization and coking of oil shale and harmed the internal wellbore 
equipment. 

The simulation showed that copper and aluminum had the most uniform 
distribution of temperature. However, the melting point of aluminum is only 
660 °C, which does not meet the requirements for heating materials. The 
melting point of copper is 1083 °C, but its resistivity is extremely low. At 
the same time, the heating element should be much finer compared with 
other parts, which leads to lower structure strength. 

Tungsten is usually used as a filament material, and the temperature of 
the incandescent lamp can reach 2000 °C. Among metals, the melting point 
of tungsten is the highest and its thermal conductivity and electrical con-
ductivity are both very good. The simulation showed that the performance of 
the tungsten heater was excellent, and the temperature distribution was uni-
form with a higher bulk temperature. However, the tungsten filament is used 
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for luminescence only under oxygen-free conditions because at high tem-
perature tungsten is prone to react with various substances. The process of 
oil shale in-situ development lasts very long, usually for more than 3–5 
years. Considering that the heater must be of durable material, the instability 
of tungsten at high temperature is a serious drawback. Moreover, the price of 
tungsten is the highest among the six metals under study. Therefore, tungsten 
is not a good choice as the heating element of the heater. 

The simulation temperature of graphite is the lowest and it is the only 
nonmetallic material among the materials under study. However, graphite 
has some metalloid properties, such as good thermal conductivity and 
electric conductivity. Its melting point is above 3000 °C and stability at high 
temperature good. Another remarkable characteristic of graphite is that the 
temperature coefficient of resistance is negative below 1200 °C, which 
means that its resistivity decreases with increasing temperature. The density 
of graphite is about a quarter that of iron. So, if the graphite heater is 
sufficiently broad, it also has the advantage of bulk price (price of the unit 
volume). However, the resistivity of graphite is high and heat power low. 
Still worse, the mechanical properties of graphite are poorer than those of 
metals, which hardly meet the requirements for wellbore construction. 

The corrosion resistance of nichrome is excellent and its strength at high 
temperature is high. The major drawbacks of nichrome are its high price and 
low stability to sulphureous gas. Besides, the resistivity of nichrome as a 
kind of common resistance wires is too high. Compared with iron and 
stainless steel, the temperature distribution of nichrome is less uniform, as 
can be seen from the temperature simulation results. 

The physical parameters of iron are superior to those of stainless steel. Its 
simulation temperature distribution is more uniform and price lower. How-
ever, stainless steel has good mechanical and creep properties even at high 
temperature (1200 °C) and its temperature coefficient of resistance is low. 
Moreover, the corrosion resistance, strength and hardness as well as welding 
properties of stainless steel are superior to those of iron. 

So, despite some drawbacks, copper, stainless steel and nichrome can all 
be used as heating materials of the wellbore heater. The heating materials 
used in the Shell E-ICP project are copper and stainless steel with high Curie 
point and sulphidization resistance at high temperature, low electric coupling 
resistance and high creep temperature [16]. Copper was adopted as the 
heating material of the flange heater by Schniewindt GmbH & Co. KG, 
Germany. Wang A. M. used the copper wire to produce heat [17]. Nichrome 
can also be used as a heating element by adjusting the properties. 

 
4.5. Determination of the heater temperature controlling method 

The principle of in-situ electric heating technology is utilizing energy 
generated by resistance heating to heat the oil shale rock. At present, heater 
temperature is mainly controlled by adjusting voltage and frequency. Since 
the heating volume of the in-well heater cannot be infinitely increased, 
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heating rate can be raised by increasing voltage according to the equation  
P = U2/R when the temperature field is low. Once the temperature reaches 
the scheduled value, the optimal heating value can be achieved by decreas-
ing the voltage. 

According to the skin effect theory [18] 0.5(1/ ) ,S K FC=  where S refers 
to the skin effect depth, K refers to the correction factor, and FC refers to 
frequency. With the increase of FC, S decreases, and the electron transfer 
outside the conductor surface speeds up. Thus, the AC impedance  

0.5( )Z KZc FC=  increases, which is equivalent to the enlargement of the 
electric heater resistance value R. As power supply frequency or voltage 
increases, the load work (thermal energy) also increases. Voltage and 
frequency can be adjusted, based on the specific properties of oil shale, so 
that power can also be flexibly regulated. By adopting different frequencies 
in each test shaft, power factor can be optimized to save electric energy. 

When the temperature sensor is installed on the downhole heater [19], the 
temperature of the heater and downhole fluid can be measured. In the well-
head, the intelligent control cabinet can show whether the downhole heater 
works trouble-free, and reflect the heating rate of the heater. Furthermore, it 
realizes the automatic opening of the heater, which can maintain the heater 
temperature by adjusting heating power. 

5. Conclusions 

In summary, the temperature distribution of the electric heater was simulated 
by the PDE Toolbox GUI of MATLAB. The effects of different factors on 
the temperature distribution of the heater were investigated by orthogonal 
experiment analysis. The following conclusions can be drawn: 

(1) Heat production, density and heat capacity had a significant impact on 
the heater temperature distribution, while the effect of thermal conductivity 
could be ignored. The temperature of the heater increased significantly with 
the increase of heat production and radius of the heater, while higher heat 
capacity always led to the lower overall temperature of the heater. 

(2) The optimal design of the heater is axisymmetrical U-tube and 
vacuum heating tube. 

(3) Copper and stainless steel were proved to be preferred heating 
materials. 
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