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Abstract

As conventional hydrocarbon reserves have gone into depletion state, oil companies around the world have turned their atten-
tion to heavy oil reserves, which were previously overlooked due to their less prolific capability compared to conventional
hydrocarbon reservoirs. Bituminous heavy oil resources are known to be plentiful in quantity and size, but not without dis-
advantages, in which the astronomical viscosity is a troublesome aspect to be considered in exploiting the reservoir. It is not
seldom that the viscosity itself is so high that bituminous oil would appear as solid-like substance under reservoir pressure
and temperature. Electromagnetic heating has long been touted as the solution to overcome viscosity barrier in exploiting
bituminous heavy oil reservoirs. The introduction of heat from electromagnetic wave propagation enables more efficient well
stimulation technique compared to resistive heating. However, as sophisticated as the models are, they seem to be lacking a
techno-economic model to consider feasibility of the project. This mathematical presentation incorporates technical aspects
of heating and EM propagation model to properly model unsteady-state temperature and heat propagation as a function of
time. The model is then tested on a sample bituminous heavy oil reservoir with thinly layered production zone and it has
been highly reliable to swiftly predict project feasibility of nanoparticle-assisted EM heating.
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List of symbols re Drainage radius

A Constant porous media heat capacity S, Oil heat capacity

API American Petroleum Institute T Time

BOPD Barrel oil per day T Temperature

c Speed of light T, Wellbore temperature
f Frequency a Attenuation constant
h Reservoir thickness ) Complex dielectric constant
k Permeability e Permittivity

kWh Kilowatt-hour K Dielectric constant
mD Milli Darcy u Electric permeability
P, Reservoir pressure c Conductivity

P, Heating power 0] Angular frequency
P, Flowing bottomhole pressure

(OR Oil flowrate

r Radius of interest Introduction

Conventional hydrocarbon resources in Indonesia used to be
one of the most reliable components of revenue that fuels
economic growth and government spending on infrastruc-
tures and budgeting. However, this period of prosperity is

< Steven Chandra
steven @tm.itb.ac.id

Petroleum Engineering Department, Institut Teknologi
Bandung, Jalan Ganesha No 10, Bandung, Indonesia

pielace ¢lloll ay .
Ay &) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-018-0570-0&domain=pdf

1256 Journal of Petroleum Exploration and Production Technology (2019) 9:1255-1261

not expected to last indefinitely, as conventional hydrocarbon
resources have been exploited in long, exhaustive cycles,
rendering it uneconomical in the long term. As Indonesia’s
oil and gas production is deteriorating swiftly, measures
must be taken to ensure this downhill does not deteriorate
further in years to come.

One of the most feasible solutions, aside from techni-
cal difficulties, is turning our sight onto heavy oil reser-
voirs. Although enhanced oil recovery (EOR) has been a
longstanding campaign that has been touted as Indonesia’s
solution to dwindling oil and gas production, Abdurahman
et al. (2018) mentioned that EOR requires time consuming
procedures, ranging from 5 to 9 years of rigorous laboratory
testing and field trials before field-wide EOR application is
considered to be economically and technically feasible for
deployment. This situation, augmented by relatively short
oil and gas contract in Indonesia, between 20 and 25 years
at most, presents a dilemma for companies in low oil price
to even consider EOR as one of the options to magnify rev-
enue. Heavy oil reservoirs, as opposed to EOR methods,
presents less gamble due to the fact that the main concern
in field development lies on exorbitant viscosity, render-
ing it uneconomical to be produced utilizing conventional
methods. Mukhametsina and Martynova (2013) in [9] high-
lighted well-developed methods to reduce heavy oil viscos-
ity, namely steam injection, in situ combustion, microwave
heating, and electric downhole heating. Based on the cri-
terion of EOR screening developed by Taber et al. (1997),
in situ combustion is deemed not viable due to the fact that
some of Indonesian heavy oil reservoirs are not located in
deeper strata, making it prone to contact nearby water res-
ervoir, causing sociological problems. Application of steam
injection, although has been reported to be feasible in gigan-
tic heavy oil field in Sumatra Island by Pearce and Meg-
ginson (1991), Abdurrahman et al. (2017), and Hidayat and
Abdurrahman (2018) requires massive investment in steam
generator and sustainable electricity, let alone the capital
required to purchase steam with lucrative pricing scheme,
as other industries in Indonesia requires massive amount of
high quality steam for process and fuel systems. Holis et al.
(2014) presented a finding on significant onshore heavy oil
reserves on Iliran Basin, Sumatra, where an accumulation of
heavy oil deposit is located on less than 1000 ft of reservoir
depth, thus making safety issues in steam injection a big
concern. It is also an ongoing concern in matters of supply
chain management where steam generators are still heavily
on demand in Indonesia, where industrial complex are will-
ing to pay a premium for readily available steam generators
compared to oil and gas industry.

Santoso et al. (2016) presented a case of microwave and
electromagnetic heating of heavy oil as a method of near
well stimulation. This method heavily depended on the
unique properties of nanoferro fluid, in which nano-sized
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Fe,O; prepared on brine as colloidal system, to act as
highly conductive heat intermediary between EM /Micro-
wave based heat source to nearby heavy oil, lowering its
viscosity and mobility ratio during the process. These
findings sprouted new interest in application of advanced
material in oil recovery, as nowadays the aforementioned
advanced materials utilization is revolving around wet-
tability alteration as mentioned by Tola et al. (2017) and
sand control acting as nano-sized filler (Angtony et al.
2018).

This publication addresses the addition of nano-sized
Fe,0; to enhance the effectivity of electromagnetic heat-
ing as a well stimulation method of bituminous heavy oil
reservoirs, in which electrical downhole heating has been
proven to be economically ineffective. Utilizing conven-
tional electrical downhole heating (EDH), production rate
increases significantly, however problems with inefficient
heat transmission hinders further implementation due to
the fact that high electricity cost is required on a regular
basis to maintain heavy oil viscosity below pour point. The
novelty on this publication is the presentation of a simple
model that can be used to generate transient temperature
profile during nanoparticle-assisted electromagnetic heating
as a function of time. This method is more suited for highly
viscous reservoir fluid in which the generated heat will not
reach boundary of the reservoir due to excessive viscosity,
dimension of the reservoir or insufficient power provided to
generate the EM waves.

Mathematical modeling of electromagnetic
heating

Abernethy (1976) proposed a pioneering method in elec-
tromagnetic heating application of near well stimulation.
Based on the coupling between Maxwell principles and heat
transfer mechanisms, the following equations are derived
to model temperature and pressure distribution due to the
heating effects as follows:
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The equations above are based on the derivations done
in Abernethy’s (1976) publication, in which the coupling
between Darcy flow, heat transfer model, and principles
in electromagnetic wave propagation are investigated. The
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main problem lies in the determination of attenuation con-
stant, @, in which Abernethy employed the following equa-
tions to predict the attenuation constant:

- COZH_/ L 2 2 ~
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As it is evident on Eq. 3, the attenuation constant is
unique for every types of reservoir, and varying degrees of
fluid saturation would also influence the calculation. The
inevitable implication from this model is that the values of
conductivity, electric permeability, and permittivity has to
be tested for every well stimulated, which requires steady
supply of capital, a very rare phenomenon nowadays due to
economic priority.

Ovalles (2002) based on several field data obtained from
Lake Maracaibo and Orinoco Belt heavy oil system, which
have been known for their highly viscous properties, derived
an equation to easily calculate attenuation constant of elec-
tromagnetic heating, using the following equation:
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The calculation presented above, however much simpler,
is still inconvenient to be used for well stimulation process,
which requires swift decisions to be made on daily basis.
Hascakir and Akin (2010) resorted back to Abernethy’s
original solution for transient heat flow with no-flow sys-
tem, a condition where the constraint of no flow can be
done from coreflood studies, to find the value of a, using
the following equation:
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In smaller systems, such as sandstone core utilized in lab-
oratory experiments, such no-flow condition can be obtained
up until r=r,,, modifying the equation to become

P
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It can be inferred easily that the attenuation constant,
a, can be obtained from calculation of gradient of a plot
between temperature against time in no-flow condition. The
determination of attenuation constant should be enough to
determine pressure and temperature profile of the well of
interest. However, as reservoir pressure profile and flowrate
are linked heavily to viscosity, this problem has to be solved
in trial and error method, mostly due to the handling of vis-
cosity change as a function of temperature.

One of the biggest problems appearing in electromagnetic
heating utilizing nanoparticle is the idea of incorporating
attenuation constant as heat transfer parameter as noted by
Carrizales (2008) and Santoso et al. (2016). The problem
with defining attenuation constant is in the property of wave
propagation itself, where it is a naturally occurring phe-
nomenon that waves of EM and or microwave will travel to
every direction, regardless of the media. Experiments done
by Indriani et al. (2017) were conducted in a closed, highly
monitored system in coreflooding system where transmis-
sions of the aforementioned wells can be reduced into small
cluster of core holder system, as the propagation in air is
not significant. It is also worth noting that currently there is
no commercially available software to model heat transfer
caused by electromagnetic heating on the context of heavy
oil stimulation. Therefore, this manuscript is addressing the
matter by employing numerical model as a solution to the
trial and error method, explained in the following flowchart
where the shapes filled with green are laboratory experi-
ments and shapes filled with blue are numerical components
of this research.

Methodologies

Oil sample obtained from Field X in Indonesia is used in this
experiment. The oil itself is characterized as having the den-
sity of 22° API, however the heptane plus content, combined
with the presence of asphaltene, rendering it to become bitu-
minous like in room temperature, as seen in Fig. 1. Further
characterization was performed to map oil viscosity profile
vs temperature, by heating the oil sample to 1100 C, yielding
the viscosity profile plotted in Fig. 2. The viscosity profile is
then fitted to power law curve type, rendering a new equation
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Fig. 1 Trial and error calculation flowchart
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Fig.2 Oil sample from Field X
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Fig.3 Viscosity profile of oil X vs temperature

that can be used to quickly predict viscosity if temperature
values are known or in reverse (Fig. 3).

In order to calculate the attenuation constant of nano-
particle-assisted electromagnetic heating, it is imperative to
construct a laboratory tool to perform heating process, the
authors also added 14 ppm of nano-sized a-Fe,O; (hematite)
with mean particle size < 50 nm. In order to propagate nano-
particle to heavy oil system, it is imperative that nanopar-
ticle is then diluted into brine, forming a colloidal system,
with the optimum concentration obtained from Santoso et al.
(2016).

A sandpack is then employed as a reservoir to contain
both target hydrocarbon with nanofluid, and a platform to
place EM emitter device, in which the schematic is shown
as follows, with the following specification utilized based on
studies in Field X (Fig. 4; Table 1).

The heating process is then performed using commer-
cial grade magnetron of 2.45 GHz wave with maximum
output power of 900 W. Several experiments are then per-
formed using variety of emitted power ranging from 180
to 900 W to obtain more reliable data to be processed
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Fig.4 Sandpack configuration. Reproduced from Indriani et al.
(2017)

Table 1 Sandpack design parameter. Reproduced from Indriani et al.
(2017)

Parameter Value
Sandpack volume 500 mL
Sandpack mass 850 g
Porosity 32%
Fluid volume 150 mL
Nanoferro fluid saturation/volume 20%/32 mL
Oil volume/saturation 77%/132.2 mL
Emulsifier saturation/volume 3% /4.8 mL
Temperature vs Time Trend
370 R
350 . ® .
= T
2 o . .0 ° o © °
: 310 ..'”.._'_:....-1. 8 o
€ 290
K] y =0.4191x + 297.48
270 R? = 0.6861

250
0 20 40 60 80 100 120

Time ( second)

Fig.5 Temperature alteration vs time at several observation points
into attenuation constant calculation. However, the pro-

cess utilizing low-powered system presented unusable
data, mainly due to low viscosity change, therefore only



Journal of Petroleum Exploration and Production Technology (2019) 9:1255-1261 1259

the value of 900 W is used with 4 different measurements
done as shown in the sandpack configuration (Fig. 5).
The following additional data are used as an intermediate
to attenuation constant, yielding the value of attenuation con-
stant for heavy oil sample in Field X as 0.074 m~! (Table 2).

Numerical techno-economic model

Well X — 1 in Field X has been employed as test case for this
electromagnetic heating study. The well itself has been shut
due to unfavorable economic situation, mainly due to exces-
sive pumping power required to lift the produced heavy
oil up to surface processing system. The relatively shallow
nature of the well, with reservoir pressure only at 1100 psia,
provides no incentive on temperature drop during produc-
tion. It is also important to note that low temperature has
halted oil production, as the oil cannot be produced above
its bubble point. The company that operates Field X is plan-
ning to allocate 20 kW of electricity to support the electro-
magnetic process, with cycle time decided to be 1 month
for well stimulation in 25 m drainage radius. By assuming
steady-state process occurs during heat transfer process, the
following approximation can be used as a prediction on
pressure and temperature prediction on well X — 1 (Fig. 6).

The above result is almost identical to Santoso et al.’s
(2016) work in [13]; however, this result cannot be seen as
highly accurate due to the fact that the flowrate is assumed to
be constant, without any regard to viscosity change. It is worth
noting, however, the above approach of employing constant
flowrate can be employed if quick prediction is required.

Realizing that previous methods have been errone-
ous, the authors provided a new numerical model able to
solve the trial and error problem using simple Microsoft
Excel Macro VBA, in which the temperature can be plot-
ted dynamically as a function of both time and radius of
the well drainage. The numerical scheme itself is divided
into 50 segments of the radius (Ax=0.5 m) and to pre-
serve heat transfer stability, approximately 20 time-steps
(At~ 1.5 days) are used in the modeling. The resulting
model is shown in the “Appendix”.

From the calculated numerical scheme, it is worth noting
that due to the property of the heated oil, in which it the vis-
cosity reaches astronomical value, the heating method using

Table2 Well X — 1 thermal data

Rock temperature 50.74 °C

Sandstone heat capacity 780 J/kg K
Oil heat capacity 1934 J/kg K
Brine heat capacity 4125 J/kg K
Total heat capacity 1289.504 J/kg K
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Fig.6 Constant flowrate pressure and temperature profile

nanoparticle-assisted electromagnetic heating only reached
5 m of drainage radius after 1 month of heating. This result
seems discouraging; however, further calculations indicate
that flowrate enhancement due to viscosity reduction pro-
vides surprisingly good result, as seen in Fig. 7.

From the figure above, electromagnetic heating has been
proven in simulation studies to increase well flowrate by
almost thrice of previous peak production before depletion
started to reduce temperature and pressure drop. The results
of the stimulation, however, is also influenced by pressure
drop on the well itself, causing flowrate to peak at about 80
BOPD before decreasing. This presents further challenge
in developing new schemes of optimizing stimulation and
secondary recovery method, as electromagnetic heating will
only provide viscosity reduction mechanism, whilst pres-
sure maintenance should be handled by other mechanisms,
mainly waterflooding or cyclic shut-in method.

Economic analysis can be done to provide an insight on
the feasibility of the project in varying oil price. The com-
pany in charge of the field development, provided some data,
mainly on prices of electricity and EM-related tools that was
offered by vendors, as seen in Table 3.

Using simple techno-economic calculation, NPV can be
calculated in accordance to sensitivity analysis of various oil
price, ranging from 30 US$/BBL to 70 US$/BBL. No depre-
ciation will occur in this pricing and sensitivity analysis due

Qvs Time
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Fig.7 Flowrate vs time from numerical simulator
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Table 3 Economic parameters for EM heating

Item Value Unit
Power used 20 kW
Tools 500,000 US$/MW
Electricity price 0.4 US$/kWh
EM fixed cost 10,000 US$
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= 0
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-10000 —70$
-20000
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Fig. 8 Oil price sensitivity to project NPV

to the fact that stimulation job would only take 1 month of
work. The result is presented in Fig. 8.

It is worth noting that the minimum attractive oil price
for companies to start employing nanoparticle-assisted
electromagnetic heating is in the range of 50 US$, although
the NPV gained is relatively small compared to investments
provided. Based on the minimum feasible oil price, the
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minimum time before this project starts to provide positive
revenue is approximately after 10 consecutive days of heat-
ing. This is mainly due to the fact oil flowrate build up as
temperature rises requiring longer time compared to main-
taining presently high oil flowrate. These results provided
encouragements for companies to employ electromagnetic
heating assisted by nanoparticle to revitalize assets, mainly
uneconomic heavy oil reservoirs around the world.

Conclusion

A new techno-economical model has been presented based
on numerical trial and error scheme to predict effective-
ness of nanoparticle-assisted electromagnetic heating in
heavy oil Field X in Indonesia. The results have provided
more accurate outputs compared to previous studies and
the economic model can also present an insight on mini-
mum oil price required to make the project economically
attractive.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Appendix

See Fig. 9.
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Fig. 9 Numerical result of temperature profile
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