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Microwave treatment in oil refining
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Abstract In this paper, we discuss the potential of using

microwave techniques in the refinement of heavy fraction

of petroleums such as bunker oil. After discussing the

fundamental issues associated with conversion of micro-

wave energy into heat, we present measurements of the

dielectric properties of heavy oils at 2.45 GHz using a

highly sensitive resonant cavity method, and also over

a broader frequency range (100 MHz to 8 GHz) using a

coaxial probe technique. We find that the dielectric loss is

very small even in these heavy oils, but still may be suf-

ficiently large to provide efficient conversion of microwave

energy into heat on untreated samples, and could be mas-

sively enhanced by means of a microwave-absorbing

additive (e.g., carbon black). We conclude by discussing

the design of a suitable microwave actuator for heavy oil

cracking within a flow process.
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Introduction

There is an ever-increasing global demand for high value,

light olefins such as ethylene, propylene and butylene, which

form the essential building blocks for the petrochemical

industry. However, these demands, coupled with more

stringent environmental regulations for automotive fuel,

cannot be met by conventional petrochemical technologies.

Here, we investigate the use of microwave technologies

to assist in the high-efficiency conversion of crude oil to

light olefins, aromatics and other high-value chemicals.

Almost all of the targeted chemical reactions involving the

breaking of C–C bonds are highly endothermic in nature,

requiring considerable inputs of energy. It might be pos-

sible to heat the crude oil directly with very high power

microwaves to attain the required reaction temperatures.

However, this can be aided by the addition of high surface

area, microwave-absorbing catalysts or additives (such as

methanol or water, or solids such as carbon black), which

provide a means for the selective heating of the additive

within the crude oil emulsion. Either way, we expect the

application of microwaves to assist in the breaking of C–C

bonds from fractions of the whole crude oil to generate

valuable chemicals and premier fuel products.

In this paper, we will first discuss the main issues

affecting the efficient heating of materials using micro-

waves, then present microwave characterization of crude

oil samples, and finally discuss the design of a suitable

actuator for direct or assisted heating of these samples.

Literature survey

Microwaves are electromagnetic waves whose frequencies

lie in the range between about 300 and 30 GHz,
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corresponding to free space wavelengths from about 1 m

down to 1 cm, respectively. Beyond 30 GHz, the micro-

wave spectrum gives way to the millimeter (mm) wave

spectrum, and below 300 MHz the radio frequency (RF)

spectrum. Microwave heating is now a standard processing

tool for the industrial chemist [1–4].

In the microwave part of the electromagnetic spectrum,

heating is normally a result of the conversion of the electric

field energy part of the microwave signal, generally termed

‘‘dielectric heating’’. The efficiency of this process is

determined by the dielectric loss (i.e. loss tangent) of the

material. This, in turn, is related to the polar nature of the

material and high conversion efficiency is found in highly

polar materials (e.g., water) or those of moderate electrical

conductivity (e.g., carbon black, of conductivities around

0.1–1 S/m around 900 MHz). It should be noted that metal

particles do not heat in a microwave electric field, since the

electric field within the particles is screened to almost zero

and so is unable to drive the heating process.

Conversely, in the RF part of the spectrum, heating is a

result of the conversion of magnetic energy, generally

termed ‘‘induction heating’’, and can be initiated even in

dielectric samples by the addition of small conducting or

magnetic particles. Induction heating is driven by the eddy

currents induced in the particles when conducting, or the

magnetization currents when magnetic. The heat is then

conduced by conventional means into the surrounding host

material.

The advantages offered by microwaves are the rapid,

uniform, and selective heating involving no direct contact

between the microwave source and the heating material.

The material to be heated can be thought of as simply being

‘‘bathed’’ in microwaves, with the resulting heat being

generated volumetrically and almost uniformly throughout

the material. Water-containing materials are most effec-

tively heated around 20 GHz, but field penetration drops

rapidly with increasing frequencies so that 2.45 GHz is

used (as a compromise) for domestic ovens, where pene-

tration depths are then many centimeters.

High power microwaves (HPMW) are traditionally

generated by valve-type sources (e.g., magnetrons), which

are very efficient at converting electrical input power into

microwave power (typically around 80 %). The allocated

ISM (i.e. industrial, scientific and medical) frequencies for

HPMW in the UK are 896 and 2,450 MHz. Continuous

microwave powers of over 100 kW can be delivered at

896 MHz, increasing to over 1 MW if the power is pulsed

(even [1 GW for extremely short bursts) [5]. Generally,

output power decreases with increasing frequency, but very

high power gyrotron sources are now being reported even

at frequencies of 30 GHz and above [6].

Microwaves are currently utilized in many industrial

heating applications such as food drying and processing

[7], chemical synthesis [8, 9], digestion [10, 11] and

extraction [12–15]. Successful microwave pyrolysis studies

have been conducted with a variety of feedstocks and

resulting products (e.g., [16–20]). Two useful books that

cover the application of microwaves in industrial heating

applications are [21] and [22].

Microwave and RF heating methods have been used to

recover oil and gas from oil shale and oil sands [15, 23,

24], but there have been only limited reports of microwave-

assisted cracking of heavy oil hydrocarbons in the scientific

literature. Two general reviews of the use of microwaves in

the petrochemical industry are [25] and [26]. Early studies

by Wan et al. used microwave-absorbing additives in

reaction mixtures owing to the naturally low microwave

losses of the associated organic materials, and described

the microwave-assisted catalytic hydrogenation of alkenes

[27, 28],. Fanson et al. [29] described the microwave-

assisted cracking of hydrocarbons in the presence of a

precious metal impregnated, metal oxide catalyst, with

high conversion efficiency in the presence of carbon at

atmospheric pressure. Tooley [30] describes an apparatus

for the extreme microwave heating of liquids, with appli-

cation for the cracking of waste oil. Recent studies [31]

have demonstrated that even the moderate power provided

by a domestic microwave oven is sufficient to improve the

olefin yields from small volumes of crude oil without the

addition of catalyst or absorbing additive. From this

overview of the literature, we conclude that there are major

opportunities for the use of microwave technologies in

petroleum refinement.

Background theory for efficient heating

If an electric field is set up within a dielectric material, the

interaction between the material and field is described by

the material’s relative permittivity e. This links the polar-

ization per unit volume P in terms of the internal electric

field Ein via the relationship P ¼ e � 1ð Þe0Ein. We consider

losses by writing e as the complex quantity e ¼ e1 � je2,

where e1 [or, more correctly the quantity ðe1 � 1Þ] is pro-

portional to the material’s polarization and e2 the power

dissipation, which we will consider in more detail below.

A resonant microwave cavity is an efficient structure for

converting microwave energy into heat. These are robust

metal structures that can withstand the rigors of an indus-

trial environment that are variants of the common domestic

oven, except that they are often designed for single mode

operation. Very high conversion efficiency of microwave

energy into heat is possible since the sample load is usually

well known and characterized (unlike that for domestic

ovens). Figure 1 shows schematically the simplified prin-

ciples of a microwave actuator based on a cavity resonator
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used to process crude oil. We will now look at the design

considerations based on the dielectric properties of the

material to be heated.

The unloaded quality factor of a resonant cavity is given

by [32]

Q ¼ 2pf0

average stored energy

average power dissipated
¼ 2pf0

U

W
ð1Þ

Where f0 is the resonant frequency. The coupling structure

between the microwave source and the cavity can usually

be adjusted on a bespoke system so that no power is

reflected and the cavity is impedance matched to the

source. The cavity is then said to be critically coupled,

there is no reflected power, and the average power dissi-

pated within the cavity equals the input power Win from the

source. This is clearly desirable for microwave heating

applications, resulting in maximum conversion efficiency

of electromagnetic energy into heat.

How much of this microwave input power ends up as

heat in the sample? To answer this, we assume that the

presence of the sample does not reconfigure the electro-

magnetic fields in the cavity to a major extent (i.e. it pre-

sents a small perturbation) and we use Eq. (1) to write

Win ¼ Ws þ W0 ¼ 2pf0
U

Q
� W0

Q0

Q
ð2Þ

where Ws is the average power dissipated in the sample, W0

is that dissipated in the cavity walls, Q is the quality factor

of the cavity when containing the sample and Q0 is that

when the cavity is empty. Rearranging Eq. (2), then gives

us a very simple formula for the efficiency (in %) of

microwave energy conversion into sample heat

Ws

Win

� 1 � Q

Q0

� �
� 100% ð3Þ

Hence, to design an efficient microwave cavity (i.e.

actuator) for heating, we need to ensure that the

introduction of the sample into the cavity reduces its Q

factor as much as possible. To illustrate the importance and

usefulness of Eq. (3), if the sample reduces the Q factor

from 5,000 to 4,000 then the expected conversion

efficiency when the cavity is critically coupled will be

around 20 %, but if Q is reduced from 5,000 to less than

500 then the conversion efficiency will be greater than

90 %.

To ensure the greatest impact of the sample on the Q

factor, we must design the actuator so that depolarization

effects are kept to a minimum, thus maintaining a high

electric field within the sample. The average power dissi-

pated within a lossy dielectric is

W ¼ 1

2
x0e0e2E2

inV ð4Þ

where V is the sample volume, and Ein is the magnitude of

the internal electric field (here assumed to be uniform,

which is a good general approximation). The development

of polarization charges on dielectric surfaces perpendicular

to the applied electric field E0 means that Ein\E0, which

can give rise to a dramatic reduction in the heating rate in

materials with large values of e1. This is shown

schematically in Fig. 2, where we assume that a

cylindrical liquid sample is introduced into a microwave

cavity with an applied electric field E0 either parallel or

perpendicular to the axis of the cylinder. The ratio of

internal electrical fields and power dissipation in the two

cases (assuming the same applied field) are

E
jj
in

E?
in

� 1

2
e þ 1ð Þ � 1

2
e1 þ 1ð Þ � je2ð Þ;

Wjj
W?

� 1

4
e1 þ 1ð Þ2þe2

2

� � ð5Þ

respectively. For example, for water at 900 MHz where

e ¼ 80 � j3:4, the power dissipation ratio estimated from

Eq. (5) is greater than 1,600. This means that it is hugely

beneficial to design an actuator so that the electric field is

parallel to the sample, which for liquids is most easily

accomplished by drawing them into a thin cylinder. The

same is true for oil samples but the effects of depolarization

are not as dramatic as for water, since for oil e is much

smaller.

Fig. 1 A schematic of a HPMW heating system to process crude oil,

based on a high power microwave cavity to enable efficient power

conversion between the microwave electric field and heat in the

sample. Diagnostic testing of the output (e.g., by mass spectrometry)

can be used to detect for olefin generation

Fig. 2 Depolarization effects in dielectric cylinders. In case a, the

magnitude of the internal electric field is reduced by a factor

2= e þ 2ð Þ compared to the applied field E0, resulting in a very small

internal field when the relative permittivity e[ [ 1. In case b, the

continuity of the parallel component of E at a boundary between two

media ensures that the magnitude of the internal electric field is

approximately equal to the applied field E0
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We next present our measurements of the dielectric

properties of crude oil, from which we can infer the heating

conversion rates within a given actuator structure.

Experimental results

Two heavy oil samples were measured, one Saudi heavy

crude oil and one Saudi bunker oil, both supplied by Saudi

Aramco. The physical properties of the oil samples are

shown in Table 1. It is seen that the bunker oil has higher

sulfur and metal content than the crude oil sample, while

there are less aliphatics in the bunker oil.

The first method of microwave characterization was the

broadband coaxial probe, which is a standard tool for

measuring the complex permittivity of liquids [33]. Our

probe is a miniaturized, bespoke probe based around an

Anritsu K-connector (shown schematically in Fig. 3),

which has to be carefully calibrated using the procedure

outlined in [34]. Briefly, the 1.6 mm diameter aperture

presented to the probe is very small for frequencies below

10 GHz (where the free space wavelength is greater than

30 mm). This allows us to use a simple capacitive model

for extracting the complex permittivity e of the sample, so

that the admittance of the aperture with and without the

sample is Ys ¼ jx eC0 þ Cfð Þ and Y0 ¼ jx C0 þ Cfð Þ, where

C0 is the probe’s air-spaced capacitance, Cf is the probe’s

fringing capacitance and x is the (angular) frequency.

We extract experimental values of the probe admittance

by measuring the voltage reflection coefficient S11 with and

without the sample (allowing us to calibrate out to the

electrical length of any cables). The capacitance terms are

found from measurements of the standard polar liquids

methanol and ethanol, which can be obtained in very high

purity and which have well-known values of complex

permittivity (both well-described by the Debye model for

polar liquids). A drop of each oil sample is placed over the

aperture, fully covering it to a depth of about 2 mm.

All measurements were taken using an Agilent E5071B

vector network analyzer (VNA) over the frequency range

10–8.5 GHz and the data are read into a Mathcad program

that performs the necessary computations to extract e.
Data for the real part of complex permittivity e1 are

shown in Fig. 4 for both heavy oil samples. The values vary

little with frequency and remain in the range of 2.2–2.5 over

the full bandwidth of the measurement, indicating low

inherent electrical polarization. The imaginary (i.e. lossy)

part of the complex permittivity e2 is shown in Fig. 5. Again,

the values are small, consistent with the low polarization,

and increase roughly quadratically with increasing fre-

quency. At industrially relevant frequencies, the complex

permittivities are found to be for crude oil e ¼ 2:19 � j0:003

at 900 MHz and e ¼ 2:19 � j0:007 at 2.45 GHz; for bunker

oil e ¼ 2:39 � j0:002 at 900 MHz and e ¼ 2:39 � j0:005

at 2.45 GHz.

Referring to the physical data of Table 1, the fact that

bunker oil has a slightly higher permittivity (i.e. e1) than

crude oil over the full frequency range could be due to its

higher mass density (linked also to its lower aliphatic

content). The lower loss e2 of bunker oil (by around a

factor of 2 compared to crude oil) is most likely due to a

Table 1 The physical properties of the oil samples used in this work

Index Crude oil Bunker oil

Density (kg/m3) 860 913

API gravity 27.0 23.4

Sulfur (wt %) 2.2 3.4

Total nitrogen content (wppm) 1,300 1,600

Total metal content (wppm) (V, Ni, Fe) 120 187

Aliphatics (wt %) 37 27

Pour point (�C) 33.5 38.9

Carbon residue, RAMS (wt %) 7.1 8.5

Fig. 3 A schematic diagram of the coaxial reflectance probe used to

determine the broadband (0.1–8 GHz) complex permittivity e of a

sample that covers the aperture
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Fig. 4 The real part e1 of the complex permittivity of two heavy oil

samples measured with the broadband coaxial probe
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lower concentration of polar species, but this is not linked

inherently to any of the properties of Table 1.

To obtain more accurate experimental values for the loss

e2, and hence to assess the heating conversion efficiency of

these samples when placed in a suitably designed micro-

wave cavity, the measurements were repeated in a TM010

cylindrical cavity operating at 2.45 GHz. The cavity is

made from two D-shaped cups machined from solid alu-

minum, with inner cavity radius of 4.6 cm and inner cavity

length of 4.0 cm. The samples were placed in polythene

cylindrical tubes of inner diameter 4.5 mm, of negligible

dielectric loss, running the full internal length of the cavity.

A schematic of the cavity set-up is shown in Fig. 6, where

it can be seen that the applied electric field is parallel to the

sample, giving the maximum possible reduction in Q factor

(i.e. the maximum possible electric field coupling to the

sample). The cavity’s microwave magnetic field is excited

with a pair of identical coaxial SMA launchers terminated

in short-circuit loops and the transmitted power is mea-

sured with the same VNA as for the coaxial probe mea-

surements. Typical measurement results are shown in

Fig. 7.

The complex permittivity of the two heavy oil samples

were calculated using first-order cavity perturbation theory

[35] from the experimentally observed changes in resonant

frequency f0 and Q factor, using

Df0

f0
� � e1 � 1ð Þ Vs

2Veff

ð6Þ

D
1

2Q

� �
� e2

Vs

2Veff

ð7Þ

where Vs is the volume of sample within the cavity (i.e.

0.64 cm3) and Veff is the effective volume of the cavity,

which is found by calibration measurements of a range of

metal spheres to be 69:4 � 0:1cm3 (this compares well with

the theoretically predicated value of 71.7 cm3). At the

resonant frequency of 2.48 GHz, the complex permittivity

values of crude and bunker oil are e ¼ 2:20 � j0:0071 and

e ¼ 2:38 � j0:0048, respectively, with ±2 % measurement

error in both real and imaginary parts of e. These cavity

data are in excellent agreement with the coaxial probe data

at the same frequency, and give us confidence to predict the

conversion efficiency if these samples were to be placed in

a suitable microwave actuator.

Discussion

In this paper, we have reviewed the use of high power

microwaves and presented some of our preliminary results
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Fig. 5 The imaginary part e2 of the complex permittivity of two

heavy oil samples again measured using the broadband coaxial probe

Fig. 6 a A schematic diagram of the TM010 cylindrical cavity and its

electric field distribution, used to measure the complex permittivity of

oil samples around 2.45 GHz. In terms of the internal radius a (in

cm), the resonant frequency (in GHz) is given by f0 ¼ 11:5=a (e.g., an

internal radius of 4.6 cm gives a resonant frequency of 2.5 GHz). b A

liquid sample (e.g., oil) is inserted along the cavity’s axis, contained

within a low-loss tube. This parallel field configuration minimizes the

effects of sample depolarization and provides the strongest coupling

between the cavity and sample. Here, the cavity is coupled via its

magnetic field (not shown) by a pair of loop-terminated coaxial cables
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Fig. 7 The TM010 cavity response with and without a crude oil

sample. There is very little change in the resonant bandwidth,

indicative of low dielectric loss
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for the microwave characterization of crude and bunker oil

samples, using both a broadband coaxial probe and highly

sensitive TM010 cavity working around 2.45 GHz. Finally,

we now discuss how we can use the measured values of

complex permittivity e to calculate the heating efficiency in

the raw heavy oils, initially without additives, in a suitable

microwave actuator.

We will work around 900 MHz since then a single mode

(TM010) cavity actuator has an internal radius of around

12 cm and so can accommodate larger liquid volumes. A

suitable design is shown in Fig. 8a, where the length of the

cavity (20 cm) is chosen to be long enough to give it a high

Q factor when empty (around 32,000 if made from copper,

or when copper coated), but short enough to ensure that

higher order cavity modes (e.g., TE111) do not interfere

with the fundamental TM010 mode. Here we envisage a

flow of oil through a low-loss tube, with the cylindrical

inlet and outlet holes shown. We have assumed these to be

of internal diameter of 5 cm, meaning that they act as

waveguides well below their lowest cut-off frequency so do

not affect the distribution of electromagnetic field within

the cavity, or cause radiative losses which may otherwise

be a safety hazard when using very high power microwave

sources.

We have simulated the fields in the cavity using Poisson

Superfish [36], which can used for calculating the elec-

tromagnetic fields in cylindrical cavities for axially sym-

metric modes (as is the case for TM010). We use the

complex permittivity e ¼ 2:19 � j0:005 for crude oil at

900 MHz taken from the coaxial probe data of Figs. 4 and

5. The resulting electric field magnitude is shown in

Fig. 8b, which has the required property of being concen-

trated in the region where the oil sample resides. In addi-

tion, as with the earlier cavity perturbation experiments, the

direction of E is parallel to the axis of the oil cylinder, thus

giving the largest possible value of the internal electric

field within the oil to drive the heating.

From these fields, we calculate that the Q factor of the

cavity is reduced from 32,000 to 1,200 due to the presence

of the raw crude oil, and from Eq. (3) we estimate a heating

conversion efficiency for about 96 %. The simulated

spectral response of the cavity with and without the crude

oil sample is shown in Fig. 9. Assuming the cavity is

critically coupled, this means that 100 kW of incident

microwave power leads to about 96 kW being generated as

heat within the sample, with the remainder being dissipated

as heat in the cavity walls (which may have to be air-

cooled). On the one hand, this conversion efficiency is

encouragingly high, but on the other hand the volume of oil

needs to be large (here p 9 2.5 cm 9 2.5 cm 9 20 cm

& 0.4 L) since its microwave loss is so small. Clearly, the

high resulting heat capacity due to the large oil mass will

limit the heating rate of the oil. To reduce the oil volume

whilst preserving similar ([95 %) conversion efficiencies,

the value of e2 can be increased dramatically by the addi-

tion of a microwave absorbing phase.

To compare the heating efficiency of different samples

in a TM010 cavity, a useful figure of merit is the product

eeff
2 Vs, which we aim to get as high as possible. Here Vsis

the sample volume and eeff
2 is the effective loss of the oil

emulsion including the absorbing phase, which depends

mostly on e2 of the lossy phase and its volume fraction.

Carbon blacks (and related materials) are ideal lossy

Fig. 8 a Schematic diagram of a microwave heater based on a copper

TM010 cavity operating around 900 MHz (inner cavity radius of

12 cm and a length of 20 cm), with the crude oil column shown.

b The simulated distribution of the resulting electric field magnitude,

which drives the heating. The entry and exit holes for the oil each

have radii of 2.5 cm, so form cylindrical waveguides which are well

below their cut-off frequency. This means that the microwave fields

are contained within the cylindrical cavity space and are concentrated

along the axial region, where the electric field is large, approximately

uniform, and directed parallel to the axis
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Fig. 9 The simulated response of the cavity shown in Fig. 8. Based

on the measured microwave properties of crude oil at 900 MHz, if the

oil forms an axial liquid column of radius 2.5 cm, the cavity Q factor

drops from 32,000 when empty (if made from copper), to 1,200 when

bunker oil is present (left hand trace). If the cavity is critically

coupled to its high power microwave source, this means that 96 % of

the input microwave power is converted to heat in the oil, with the

remaining 4 % appearing as heat in the cavity walls
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additives, with well-known high values of microwave

absorption (e.g., e2 in the range of 1–10 for carbon black

composites at microwave frequencies [37]). Hence, we can

get [95 % conversion efficiency for a carbon black

inclusion volume of only about 0.2 mL, meaning that the

oil volume can be scaled down to 10s of mL, thus reducing

its heat capacity by an equivalent ratio to the volume

reduction.

Conclusions

To conclude, we have determined the complex permittivity

of heavy oil samples at microwave frequencies. We have

then used these results to model the efficiency of heat

generation in a flow system suitable for microwave-assisted

cracking. Whilst the microwave loss of even heavy oils is

found to be small, it is possible to have very high micro-

wave conversion efficiencies for moderate volumes of

liquid. If the thermal mass is too large, high conversion

efficiency can be maintained for smaller volumes by addi-

tion of a highly absorbing additive. In the future, we will

perform experiments on such oil emulsions to characterize

their microwave properties, and build an efficient desktop

system to evaluate the fundamental principles associated

with the microwave-assisted cracking of heavy oils.
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