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A B S T R A C T   

New approaches for enhanced oil recovery (EOR) with a reduced environmental footprint are required to 
improve recovery from mature oil fields, and when combined with carbon capture and storage (CCS) can provide 
useful options for resource maximisation during the net zero transition. Electrical heating is investigated as a 
potential EOR method in carbonate reservoirs. Samples were placed in an apparatus surrounded by a wire coil 
across which different DC (direct current) voltages were applied. Monitoring the imbibition of both deionized 
water (DW) and seawater (SW) into initially oil-wet Austin chalk showed that water imbibed into the rock faster 
when heated in the presence of a magnetic field. This was associated with a reduction in the water–air contact 
angle over time measured on the external surface of the sample. Without heating, the contact angle reduced from 
127◦ approaching water-wet conditions, 90◦, in 52 min, while in the presence of heating with 3 V, 6 V, and 9 V 
applied across a sample 17 mm in length, the time required to reach the same contact angle was only 47, 38 and 
26 min, respectively, while a further reduction in contact angle was witnessed with SW. The ultimate recovery 
factor (RF) for an initially oil-wet sample imbibed by DW was 13% while by seawater (SW) the recorded RF was 
26% in the presence of an electrical heating compared with 2.8% for DW and 11% for SW without heating. We 
propose heating as an effective way to improve oil recovery, enhancing capillary-driven natural water influx, and 
observe that renewable-powered heating for EOR with CCS may be one option to improve recovery from mature 
oil fields with low environmental footprint.   

1. Introduction 

While fossil fuel production needs to decrease rapidly to achieve net- 
zero emissions by 2050, the application of large-scale carbon capture 
and storage (CCS) implies that conventional fuels such as oil still have a 
key role to play during the energy transition [1,2]. However, dimin-
ishing resources, increasing extraction costs, and environmental con-
cerns require the maximization of yield from existing infrastructure and 
resources. In this context, total production from carbonate reservoirs 
during primary and secondary recovery only accounts for about 30% of 
existing reserves [3,4], which means that a significant amount of oil 
remains unrecovered due to unfavorable wettability, fractures and low 
permeability. Conventional techniques are incapable of producing 
60–70% of the oil in place as seen in some sandstone fields [5]. 

Furthermore, conventional techniques (thermal and chemical injection: 
polymers, surfactants and alkaline) are not environmentally friendly in 
terms of chemicals used, CO2 emissions, high water usage, and high 
energy consumption [6,7]. Considering this, new approaches for 
enhanced oil recovery (EOR) with a reduced environmental footprint 
are required to improve recovery from mature oil fields. Such techniques 
typically use magnets, electricity (Electrical EOR, EEOR), and CO2, and 
can significantly enhance oil yield from existing reserves [8]. These 
techniques are potentially game-changing if more laboratory and field 
research are considered during the energy transition because they allow 
energy saving, less water usage, and less capital expenditure by reducing 
the use of chemicals. If the energy used comes from renewable sources, 
this further reduces the environmental footprint. 

The focus of this work is on EEOR, which has been considered as an 
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alternative technique to conventional EOR [9]. Electrical heating, EH, of 
heavy oil reservoirs has been used effectively in near wellbore areas. 
When used in suitable reservoirs, downhole resistive, dielectric, or in-
duction electric heating systems can be used to stimulate wells. EH can 
be especially useful in cases where steam cannot be utilized owing to 
depth, formation incompatibility, poor incipient injectivity, significant 
heat losses, or the presence of thief zones [10]. Several EEOR techniques 
exist, including microwave heating, direct current (DC) heating, low 
frequency heating, microwave heating, and induction heating [7]. Mi-
crowave heating (MH) is classified as a non-aqueous technique. It is a 
substitute for hydraulic fracturing, which has numerous environmental 
and geological constraints [11]. MH employs electromagnetic waves 
with frequencies ranging from 300 MHz to 300 GHz and wavelengths 
ranging from 1 mm to 1 m [12]. Furthermore, increasing the intensity of 
microwave radiation increases average production even more [13]. 
However, the high cost of initial equipment setup and the uncertainty 
associated with the quantification of MH at high temperatures limit its 
commercial application [14]. Electromagnetic (EM) induction heating is 
used in reservoirs with low water saturation [7]. It is most effective in 
shallow wells, does not require a large amount of water, and can be used 
in fractured reservoirs with high permeability. However, there are 
several drawbacks. For example, corrosion of the equipment can pose a 
problem, particularly at high salt concentrations [8]. In DC heating, 
electricity is passed between cathodes (negative electrodes) in the pro-
ducing reservoir and anodes (positive electrodes) at the surface and/or 
at depth [15]; again, corrosion is a potential problem. 

Compared with steam flooding, EEOR, in its different forms, appears 
to be superior in terms of depth and heat loss control, and better results 
can be achieved in heterogeneous formations [16]. Also, the electricity 
supplied to the reservoir can increase oil temperature and create vi-
brations within hydrocarbon molecules [7]. EH has the benefit of 
reducing the oil viscosity, hence it is implemented in heavy oil reser-
voirs: it is a more efficient thermal recovery technique than steam 
flooding with less heat loss [8,17,18]. Up to 92% of the electric energy is 
transferred to the hydrocarbon reservoir. Furthermore, it reduces oil 
viscosity in regions that are not accessible by steam injection, and it 
ensures a uniform reservoir temperature during thermal EOR injection 
[19]. In the Rio Panan field in Brazil, a low frequency EH field trial was 
conducted. After 70 days of heating, there was an increase in oil pro-
duction from 1.2 bbl./day to 10 bbl./day [10,20]. 

In addition to a reduction in viscosity, the electric field produced can 
change the rock wettability, known as electrowetting [21]. Electro-
wetting is commonly used to control small droplets in micro- or nano- 
fluidic applications [22]. However, only limited laboratory experi-
ments have been conducted to investigate the effectiveness of this EH 
technique on oil production [8]. EM heating at different frequencies of 5 
MHz, 10 MHz, and 20 MHz in the laboratory, caused an increase in oil 
recovery from 20% to 29%, 32%, and 37%, respectively [23]. 

The importance the effect of EH on recovery has previously been 
established [9,15,24]. However, to date, this has not been applied to 
improve oil mobility as an EOR method in carbonate reservoirs. In 
addition, no clear laboratory methodology for this process has been 
proposed until now. Therefore, in this work, an innovative technique 
was proposed in which a magnetic field was generated inside a rock 
sample in addition to heating. This was achieved by applying different 
voltages of 3 V, 6 V, 10 V, 15 V, and 30 V in a circular resistive circuit 
surrounding a carbonate sample, during spontaneous water imbibition. 
Furthermore, the effect of EH on contact angle was investigated for 
deionized water (DW, resistivity of 20 MΩ) and seawater (SW, 28000 
ppm, 0.2 MΩ). In our experiments a DC current was applied around the 
sample, which in turn resulted in the establishment of a weak magnetic 
field. 

We report encouraging results which suggest that EEOR – if used in 
conjunction with renewable power sources for heating, and CCS - is a 
promising environmentally friendly technique for improving oil pro-
duction from existing reserves. 

2. Materials and methods 

2.1. Materials 

Table 1 displays the synthetic seawater (SW) formulation. 

2.2. Methods 

2.2.1. Core preparation 
Outcrop Austin chalk core plugs of diameter 25 mm were provided 

by Kocurek Industries, Texas, USA for use in this work. The samples were 
cleaned by immersion in toluene (supplied by Fisher Chemicals) for 48 h 
to avoid any presence of impurities which can affect the measurements, 
while avoiding calcium carbonate precipitation and blocking of pores. 
Then, the samples were dried for 24 h using a vacuum desiccator (70 ◦C) 
[25,26]. After the cleaning and drying stage, the dry mass, and three 
measurements of diameter and length were taken and averaged. The 
samples were placed in a vacuum saturator using DW to remove air, and 
a pressure of 3.44 × 106 Pa was applied to push DW inside the core plugs 
and saturate them with 100% DW. After releasing the pressure, the cores 
were left in a saturator for 8 to10 hours. The wet mass was measured, 
and the samples were placed in the core holder. The porosity of all 
samples was calculated from dry and wet mass, water density and bulk 
sample volume. Absolute permeability to water (kw) was calculated 
using Darcy’s law applied to different flow rates (1.5, 2, and 2.5 cm3/ 
min) under 3.44 × 106 Pa confining pressure. Five pore volumes of 
model oil – 0.01 mol stearic acid mixed in n-decane (density = 0.730 kg/ 
m3 at 20 ◦C, and viscosity 0.69 mPa.s at 40 ◦C provided by Alfa Aesar 
and Merck) – were injected into sample to establish a low initial water 
saturation (Swi). The concentration of 0.01 mol of stearic acid, a surface 
active compound, was selected based on previously published studies 
[27,28] to make carbonate rocks oil-wet. Core plugs were put inside an 
ageing cell containing the model oil for 30 days at 40 ◦C (a temperature 
of 40 ◦C was sufficiently high to enable the stearic acid to adsorb on the 
surface thus altering it from hydrophilic to hydrophobic). 30 days 
ageing time is required to make the surface oil-wet [29]. Table 2 displays 
the physical properties of the cores used in this study. 

2.2.2. Spontaneous imbibition (SI), and surface tension measurements 
A direct current was induced by voltages of up to 30 V applied 

around an Amott cell by an electrically conductive coil comprising 2160 
turns of 0.8 mm wire (supplied by RS PRO UK) 625 m long together with 
a 50 W heat sink resistor that was placed around a metal cup 10 mm 
larger in diameter than the Amott cell (see Fig. S1). This created a 
magnetic field within the sample; furthermore, the current flow through 
the resistor generated heat, which warmed the apparatus, rock and 
fluids. Temperature was recorded during spontaneous imbibition into 
the initially oil-wet samples using a K-type thermocouple (supplied by 
RS components, UK, and accuracy of ±0.1 ◦C). The magnetic field was 
calculated for each voltage and presented in Table 3: the values are in 
the mT range. We hypothesize that heating, rather than the magnetic 
field, is principally responsible for the changes in contact angle, surface 
tensions and oil recovery observed in these experiments. Surface ten-
sions (between air and water) of the solutions used was measured with a 
tensiometer K9 Kruss GMBH and Hanna probe respectively. 

Fig. 1 illustrates the workflow used for the experiments. 

2.2.3. Contact angle measurements 
Two types of measurement of the contact angle between water and 

air (measured through the water phase) were performed as described 
below.  

a) Presence of electricity (using discs) without spontaneous imbibition 

Measurements were performed with chalk discs (cut from the aged 
core) approximately 17 mm in length using diamond saw equipment 
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where DW was used as a lubricant and cooling fluid to avoid any ion 
exchange with the oil-wet chalk surface. The sample was then rinsed 
with DW before it was dried. Similar to the Amott cell setup, the contact 
angle measurement device was modified in order to introduce a DC 
current into the system. A design of 570 turns of 0.45 mm electric wire 
(supplied by RS PRO UK; 9 V maximum applicable voltage) 90 m long 
was placed around a small metal cup slightly larger in diameter than the 
sample diameter of 25 mm to assess the effect of EH on contact angle 
(see Fig. S2); details of the generated current and estimated magnetic 
fields are given in Table 4: again these are in the mT range. The sample 

was placed (in an inclined position) inside the Amott cell to allow 
imbibition (DW/SW) with/without the effect of EH. The cup prevented 
evaporation during the experiments. Two tests were performed twice for 
each voltage: the first, when the electrical field was switched on at the 
start of the test, and the second, once the power had been on for an hour 
before the start of the test (the cup was left empty to avoid evaporation 
of small water droplets). The temperature was estimated from the spe-
cific heat capacity and energy input, which varied according to the 
sample exposure time. This was the maximum possible temperature of 
the sample ignoring any heat losses. 

During the first set of experiments, different discs of the sample were 
exposed to different voltages and each voltage (0 V, 3 V, 6 V, and 9 V) 

Table 1 
The composition of the seawater, SW, used in this study.  

Salts Sodium Chloride 
(NaCl) 

Sodium Sulphate 
(Na2SO4) 

Potassium Chloride 
(KCl) 

Sodium Bicarbonate 
(NaHCO3) 

Magnesium Chloride 
(MgCl2,6H2O) 

Calcium Chloride 
(CaCl2,2H2O) 

Mass (g/ 
L)  

23.926  4.008  0.677  0.196  10.831  1.5199  

Table 2 
Core properties.  

Cores Diameter (mm) Length l (mm) Dry mass (g) Pore volume (ml) Porosity φ (%) Absolute Perm water kw (md) Swi (%) 

Core #1 DW WW + EH  24.61  69.73  62.20  9.83  29.69  15.00  27.77 
Core #2 SW WW + EH  24.69  69.96  62.58  9.77  29.14  15.36  35.52 
Core #3 DW OW + EH  24.98  69.79  65.07  9.00  26.26  15.00  18.89 
Core #4 SW OW + EH  24.93  69.88  63.10  9.70  28.43  13.73  26.00  

Table 3 
Estimated magnetic field strengths generated by different voltages during the 
spontaneous imbibition tests.  

Voltage (V) Current (A) Magnetic field strength (mT) 

3  0.073 2.0 
6  0.15 4.0 
10  0.24 6.7 
15  0.37 10 
30  0.74 20  

Fig. 1. A flow chart showing the overall experimental workflow.  

Table 4 
Estimated magnetic field strength generated by different voltages during the 
contact angle measurements.  

Voltage (V) Current (A) Magnetic field strength (mT) 

3  0.19 3.6 
6  0.38 7.1 
9  0.56 11  
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were assessed for a maximum of 1 h; the test stopped when the contact 
angle stabilized. At the end of the tests the power was switched off 
allowing the system to cool to room temperature over 24 h. For the 
second set of measurements, electrical power was applied to the metallic 
test cup for 1 h, while the chalk sample was outside it, and then the test 
was started by placing the sample into the cup and decanting a droplet of 
the aqueous solution of interest onto the chalk surface. The voltage did 
not exceed 9 V, for safety. All the tests were repeated. 

Fig. 2 presents the workflow used to measure contact angle.  

b) Absence of electricity (using pellets) at the end of spontaneous 
imbibition 

Pellets (diameter 13 mm) were prepared after drying the cores at the 
end of spontaneous imbibition (see Fig. S3): the cores were crushed and 
sieved into powder, which was compressed to cylindrical pellets by 
applying a force of 90 kN [25,26]. Therefore, the porosities of the pellets 
were different from the ones given in Table 2 and were evaluated from 
SEM images using commercial image analysis software, Dewinter Ma-
terial Plus. The contact angle was then measured (using a DSA 100 
goniometer), without introducing electricity. 

The contact angle measurement is required because it is done at the 
end of spontaneous imbibition, where oil recovery and surface tension 
were assessed under a voltage of up to 30 V. This assesses the direct 

effect of EH on the contact angle of an initially oil-wet sample. 

3. Results and discussion 

The effect of EH was first investigated in terms of the contact angle of 
the aged sample without imbibition. Then, the impact was assessed 
based on oil recovery, and surface tension (during spontaneous imbi-
bition using DW and SW as displacing fluids). Finally, the impact was 
assessed on the contact angle of the samples at the end of spontaneous 
imbibition. 

3.1. Impact of EH on contact angle 

3.1.1. Contact angle as a function of time 
The average initial value of the measured contact angle on oil-wet 

chalk was 126◦ ± 1◦. Contact angles were measured as a function of 
time in the presence and absence of a DC current (up to 9 V); details of 
the generated current and magnetic field are given in Table 4. The effect 
of EH on contact angle was assessed on DW and SW droplets to evaluate 
the impact of heat generation over time. The results for DW and SW 
water droplets are given in Table 5, Fig. 3, and Fig. 4. 

The displacement of a non-wetting phase (oil in this case) by a 
wetting phase (water) without the application of pressure is known as 
spontaneous imbibition. Wettability is the tendency of a liquid to spread 

Fig. 2. Contact angle measurements flow chart.  
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on a solid surface in the presence of another immiscible fluid. In 
enhanced oil recovery, wettability determines the interactions between 
the solid (rock) and the liquids in the reservoir (crude oil, brine). When 
the contact angle of water droplet is lowered, it indicates a wettability 
alteration to less oil-wet conditions, which implies that spontaneous 
imbibition may occur in the system of interest where the water becomes 
wetting in the presence of oil. 

Clearly, water imbibition was faster when EH was applied, as can be 
seen from comparing Table 5, Fig. 3 (a), Fig. 3 (b), and Fig. 3 (c). For 
instance, the contact angle declined from 126◦ ± 1◦ to 90◦ in 52 min, 
which decreased to 47, 38, and 24 min, respectively, when 3 V, 6 V and 
9 V were applied during the 1st hour. Imbibition was further accelerated 
during the 2nd hour of EH; for instance, when voltages of 3 V, 6 V, and 9 
V were introduced, it took 38, 22, and 17 min to reach 90◦ (Table 6). 

This faster water imbibition induced by EH could be due to two ef-
fects. Firstly, the viscosity of water decreases with temperature from 1.0 
mPa.s at 20 ◦C to 0.28 mPa.s at 100 ◦C [30]. The second effect, as 
quantified by the change in contact angle, is that the material becomes 
more water-wet. This is a temporary reversible change in that the con-
tact angle returned to its original value 24 h after the EH was switched 
off, as seen in previous work [31]. We conclude that chalk wettability 
can be controlled by EH. These results are in line with previous work 
[25] where neodymium magnets were used to control the wetting 
behavior of carbonate rock – again, there was a significant effect (51 min 
to reach water-wet conditions for 0 T, 32 min for 4.8 T, and 17 min for 
9.6 T), but it was also temporary. 

The water composition (SW versus DW) also played a significant 
role, and SW imbibed faster, despite the slightly higher viscosity of SW; 
this is likely due to the presence of potential determining ions (PDIs) in 
solution causing a faster alteration in the contact angle [32]. For 
instance, the decline times to reach a contact angle 90◦ (for 0 V, no EH 
applied) were 40 min and 52 min, for SW and DW, respectively. How-
ever, after applying 9 V DC for 1 h, these times were reduced to 7.7 min 
and 26 min; this time reduction was further enhanced when 9 V were 
applied for 2 h (to 5.5 min for SW and 17 min for DW), Table 5, Fig. 4(a), 
Fig. 4(b) and Fig. 4(c). Also, a higher temperature is required for DW to 
reach 90◦, for example, for 9 V, during the second hour, the temperature 
of DW (T = 109 ◦C) was greater than that of Sw (T = 96 ◦C) due to longer 
imbibition time of DW (t = 17 min), compared to SW (t = 5.5 min). 

It should be mentioned that carbonate wettability also depends on 
water composition [33,34]. Furthermore, the EH changed the shape of 
the droplets as shown in Figs. 5 and 6, as discussed below. 

3.1.2. Droplet shape 
Figs. 5 and 6 display the shape of DW and SW droplets respectively. 

The images are extracted using the software DSA-100. 
The water composition and applied voltage had a great impact on the 

decline time and the shape of the droplet, as shown in the above images 
(Figs. 5 and 6). In particular, our experiments demonstrated that under 
identical experimental conditions, the droplet’s shape depends on the 
type of solution. Specifically, we observed that DW droplet was shorter 
and wider, compared to SW droplet under the same conditions (for 
example, compare the shape and size of DW and SW droplets on aged 
samples under 9 V in Figs. 5(b) and 6(b), respectively). Moreover, the 

Table 5 
Impact of time and voltage on contact angles (on oil-wet chalk).  

DW droplet 

First set of measurements taking up to 1 h 

Voltage (V) Time (min) Contact angle (o) Estimated cup temperature T (oC) 

0 V 0 127.1 20  
36 110.2 20  
52.4 90.3 20  

3 V 0 131.5 20  
33 110.0 24  
47 90.4 26  

6 V 0 128.8 20  
30 110.2 35  
38 90.5 40  

9 V 0 129.2 20  
20.2 110 43  
26 90.8 50  

Second set of experiments where the DC current was maintained in the coil for 1 
h initially 

Voltage (V) Time (min) Contact angle (o) Estimated cup temperature T (oC) 

3 V 0 126.7 28  
22 110.3 31  
38 90.2 33  

6 V 0 124.9 51  
14 110.2 58  
22 90.1 62  

9 V 0 127.9 90  
11 110.7 102  
17 90.1 109  

SW droplet 

First set of experiments taking up to one hour 

Voltage (V) Time (min) Contact angle (o) Estimated cup temperature T (oC) 

0 V 0 129.9 20  
29.4 110.3 20  
40.3 90.0 20  

3 V 0 125.5 20  
24.44 110.1 23  
37 90.4 25  

6 V 0 129.2 20  
20.2 109.9 30  
26.14 90.8 33  

9 V 0 120 20  
2.81 110.5 23  
7.65 90.3 29  

Second set of experiments where the DC current was maintained in the coil for 1 
h initially 

Voltage (V) Time (min) Contact angle (o) Estimated cup temperature T (oC) 

3 V 0 129.0 28  
20.1 110.7 30  
31.91 90.6 32  

6 V 0 123.9 32  
10.19 110.0 56  

Table 5 (continued ) 

DW droplet 

First set of measurements taking up to 1 h 

Voltage (V) Time (min) Contact angle (o) Estimated cup temperature T (oC)  

17.57 90.7 60  

9 V 0 123.8 60  
2.65 110.2 93  
5.51 90.3 96  
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contact angle of SW was smaller than that of DW, which implied that SW 
was less oil-wet. We attribute this effect to the presence of SO4

2- in SW, 
which made the system less oil-wet, consistent with previously pub-
lished studies [35]. The applied voltage also had an effect with the 
contact angle decreasing more rapidly for larger voltages, as demon-
strated in Figs. 5 and 6, and consistent with published studies [25,36]. 

3.2. Effect of EH on oil production 

In this study, the effect of EH on rock properties was also examined to 
evaluate its ability in releasing oil from the porous media. Four core 
chalk samples were selected in this study: two water-wet and two 
initially oil-wet samples. The samples were immersed into DW or SW in 
an Amott cell and oil production was then recorded in the presence and 
absence of EH. The temperature was also recorded for all spontaneous 
imbibition tests. A DC current was applied up to 30 V during sponta-
neous imbibition. The heat (current) and magnetic field generated for 
each voltage are presented in Table 3. 

In contrast to the water-wet samples, changing the imbibing fluids 
from DW Fig. 7(a) to SW Fig. 7(b) shows a remarkable impact on oil 
production from initially oil-wet samples where the recovery using DW 
as an imbibing fluid is 2.7% (core #3) and 11% for SW (core #4) in the 
absence of EH. As illustrated in Fig. 7(a) after applying EH, the total 
incremental oil recovery was increased to 13% DW (core #3) which is 
almost five times greater than of the sample without electricity. In Fig. 7 
(b), where seawater (SW) is used as displacing fluid, applying a voltage 
increased the ultimate oil recovery to 26% (core #4), which is 

equivalent to a two-fold increase. This is likely due to the heating effect 
of the imbibing fluid, which has an effect on modifying the wettability of 
the rock, as explained by the contact angle measurements (shown in 
Table 5, Figs. 3, and 4). In addition, heating lowers the viscosity of the 
water and oil. The highest oil recovery was observed with SW because of 
the presence of potential determining ions, which facilitate the change 
in surface charge, and hence, wettability. There is also a small contri-
bution to recovery from the thermal expansion of the oil. 

Fig. 7 shows oil production as a function of time while a summary of 
the ultimate oil recovery obtained is shown in Table 7. Recovery was 
enhanced due to the combined effects of a wettability change, without 
which there would be almost no imbibition into an initially oil-wet 
sample, and heating which reduces the viscosity of the oil and water. 
In previous work, the impact of magnetic field on oil recovery during 
spontaneous imbibition into initially oil-wet chalk samples was assessed, 
and it was found that oil recovery increased from 2.8% to 6.8% using 
DW, and from 12% to 19% using SW (compared to EH: 13% for DW and 
26% for SW) in initially oil-wet systems when magnetic fields generated 
by neodymium magnets was applied [25]. We saw an effect on recovery 
in our experiments even with a magnetic field which is orders of mag-
nitudes weaker than in previous work, implying that in this case heating, 
rather than the magnetic field itself, is the principal contributor to re-
covery [25,26]. A combination of heating and even a relatively weak 
magnetic field was sufficient to change the wettability of the samples. To 
identify the main mechanism responsible for improved oil recovery 
under the effect of applied DC current and associated magnetic and 
electric fields, future work covering additional targeted experiments and 

Fig. 3. Effect of EH on DW droplet contact angle during (a) the 1st hour and (b) the 2nd hour of the test. (c) Contact angle of a DW droplet as a function of 
applied voltage. 
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modelling are planned. 

3.3. Effect of EH on contact angle at the end of spontaneous imbibition 

The samples were dried, crushed at the end of the spontaneous 
imbibition process and their surface charges and contact angles were 
measured; the results are presented in Table 8. 

As can be seen in Table 8, the contact angle at the end of production 
of the water-wet samples (core #1 and core #2; when imbibed by DW 
and SW) were 3◦ for SW imbibition, compared to 8◦ for the sample 
imbibed by DW. Similar results were observed for the initially oil-wet 
samples: the contact angles were 84◦ for core #3 and 62◦ for core #4. 
Furthermore, a series of spontaneous imbibition experiments were car-
ried out on chalk at different temperatures 70 ◦C, 100 ◦C, and 130 ◦C 
[40], and a significant improvement in oil production was observed. 
This is likely due to wettability alteration caused by the adsorption of 

sulphate ions on the chalk rock surface at high temperature [35]. 
From Figs. 3–7, it is evident that EH has a great impact in altering 

wettability. Hence, it causes an increase in the oil production, as dis-
played in Fig. 7. Moreover, it is clear from Table 8, that introducing EH 
increased porosity values from oil-wet samples imbibed by SW from 
11.31% to 12.69%. The highest contact angles values correspond to the 
lowest porosity values, indicating more compaction. The combined ef-
fect of the pre-heating and pre-magnetisation may have caused car-
boxylic group desorption (which when adsorbed helps the grains stick 
together). Hence, a magnetic field causes an increase in porosity [26]. 
The magnetic field has been found to increase porosity because mag-
netised water allows for better flow in porous media. For example, with 
different magnet strengths of 0 G, 3,000 G (0.3 T), and 6,000 G (0.6 T) 
and a total of 6 magnets each, the corresponding porosity values 
increased from 6.62% to 8.25% and 9.47%, respectively [41]. The de-
gree of calcite dilation varies with heating temperature, resulting in the 
formation of new microcracks, separation along intragrain and/or 
intergrain boundaries, and widening of existing cracks, all of which 
cause an increase in porosity [42]. Also, it was found that when the core 
sample is subjected to a magnetic field, the permeability increased [43], 
and it was found that the permeability of dolomite increased at high 
temperature, whereas the one of limestone decreased [44]. 

Fig. 4. Effect of EH on DW droplet contact angle during (a) the 1st hour (SW droplet) and (b) the 2nd hour (SW droplet) of the test (c) and contact angle (of SW 
droplet) as a function of applied voltage. 

Table 6 
Oil recovery by EH in previous research.  

Type of rock Type of flooding Oil recovery by means of EH (%) Source 

Sandstone Water injection 16.2 [37] 
Sandstone Water injection 37 [38] 
Sand pack Water injection 12.4 [39]  
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3.4. Effect of EH on surface tension 

In this work, the surface tension of the aqueous phase was measured 
using a tensiometer before and after introducing electricity to the 
spontaneous imbibition process at room temperature, and the results are 
displayed in Table 9. Surface tension was measured between DW or SW 
and air in the presence/absence of EH. ‘Before’ means before intro-
ducing DW or SW to the rock, and ‘after’ means at the end of the 
spontaneous imbibition using DW or SW in the presence/absence of EH. 

The surface tension measurements were conducted at room 

temperature. Where heating had been applied, the system was first left 
to cool. As shown in Table 9, there was an obvious reduction in the 
surface tension of the aqueous phase, which was used as the displacing 
fluid for both water-wet and oil-wet systems. For instance, in a water- 
wet system imbibed with DW and SW, the surface tension of the 
imbibing fluid was reduced from 63.7 mN/m and 44.4 mN/m to 48.5 
mN/m and 33.7 mN/m, respectively. For the initially oil-wet cores, the 
change in surface tension was even greater; for cores imbibed with DW 
and SW, the surface tension of the displacing fluid was decreased from 
63.73 mN/m to 45.4 mN/m, and from 44.4 mN/m to 31.6 mN/m 

Fig. 5. Images of DW droplets the in presence of EH (a) 1st hour, (b) 2nd hour of the test.  
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respectively. 

4. Conclusions 

This research investigated the effects of DC EH on oil recovery 
through the spontaneous imbibition of deionized water (DW) and 
seawater (SW) into initially oil-wet and water-wet chalk samples, while 
also measuring contact angle, and surface tension. From the results, we 

can conclude that:  

1. EH led to a significant incremental oil recovery, with a 10% − 25% 
additional recovery factor from spontaneous imbibition.  

2. EH changed the contact angle, making the initially oil-wet rock 
samples water-wet. This change in wettability was more rapid as the 
externally applied voltage increased. 

Fig. 6. Images of SW droplet the in presence of EH (a) 1st hour, (b) 2nd hour of the test.  
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3. The surface tension of the aqueous solutions was found to decrease 
with increasing voltage, hence further contributing to improved oil 
recovery. 

Based on the results obtained in this work, we recommend EEOR as 
an economically viable method of increasing oil recovery. Possible 
future work includes larger-scale field tests and laboratory studies, to 
assess the independent effects of a magnetic field and heating on 
wettability change and recovery, and a more thorough petrophysical 
analysis of the samples, including the quantification of the change in 
permeability induced by heating. Furthermore, we recommend future 
research to identify the importance of the type of heating (either elec-
trical or with an associated magnetic field) and the key EOR mechanisms 
responsible for improved oil recovery (wettability alteration, oil vis-
cosity reduction, or decrease of interfacial tension). We conclude that 
with appropriate further work and development, enhanced oil recovery 
(EOR) using electrical heating from renewable power sources may 
provide – when combined with carbon capture and storage (CCS) – an 
economically and environmentally viable method for improving 

recovery from mature oil fields. 
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[31] Szcześ A, Chibowski E, Rzeźnik E. Magnetic field effect on water surface tension in 

aspect of glass and mica wettability. Colloids Interfaces 2020, Vol 4, Page 37 2020; 
4:37. https://doi.org/10.3390/COLLOIDS4030037. 

[32] Murray JW. Properties of water and seawater, 2004, p. 1–32. 
[33] Purswani P, Karpyn ZT. Laboratory investigation of chemical mechanisms driving 

oil recovery from oil-wet carbonate rocks. Fuel 2019;235:406–15. https://doi.org/ 
10.1016/j.fuel.2018.07.078. 

[34] Song J, Wang Q, Shaik I, Puerto M, Bikkina P, Aichele C, et al. Effect of salinity, 
Mg2+ and SO42- on “smart water”-induced carbonate wettability alteration in a 
model oil system. J Colloid Interface Sci 2020;563:145–55. 

[35] Zhang P, Austad T. Wettability and oil recovery from carbonates: Effects of 
temperature and potential determining ions. Colloids Surf A Physicochem Eng Asp 
2006;279:179–87. https://doi.org/10.1016/j.colsurfa.2006.01.009. 
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