
Abstract
Asphaltene precipitation causes a decrease in the effective mobility of hydrocarbon through pore throats plugging 
and, as a result, the rock permeability. Moreover, by changing the reservoir rock wettability, asphaltene reduces the 
effective oil permeability and increases the amount of residual oil in porous media. Furthermore, change in the fluid 
viscosity should also be considered as a determining factor. This study aims to model asphaltene precipitation in the 
reservoir and evaluate this phenomenon’s consequences regarding the effects on the wells’ Productivity Index (PI). 
After developing a thermodynamic asphaltene model based on Cubic Peng-Robinson EOS, the fluid model was 
exported into a commercial compositional simulator using in-house PVT software. Besides, asphaltene behavior 
was described using the solid model. Then, the dynamics of the precipitated asphaltene were investigated using 
deposition, porosity reduction, permeability reduction, and viscosity change models in the mentioned simulator. 
Additionally, a sensitivity analysis was done to see how deposition model parameters and the production rate 
can probably affect the formation damage and final Wells’ PI under natural reservoir depletion. Finally, the most 
significant parameters triggering asphaltene damage were identified. The results indicated that the damage triggered 
by asphaltene deposition, through plugging and decreasing porosity and permeability, and a change in viscosity was 
disclosed as a decline in wells’ PI. The results also showed that although adsorption significantly affects the decrease 
in wells’ PI, plugging is a more determining mechanism. 
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Introduction
Asphaltene precipitation can result from changing the 
reservoir pressure (e.g., during natural depletion in 
under-saturated reservoirs or its fluid composition (e.g., 
during gas injection). It may bring about unpleasant 
conditions like reducing permeability and altering the 
wettability of reservoir rock toward oil wet [1].
Asphaltene can reduce the mobility of the reservoir fluid 
by altering the rock’s wettability unfavorably or blocking 
the reservoir rock’s pore throats. According to recent 
studies, the deposition would result in the most significant 
damage in the reservoir, especially in the vicinity of the 
production well, due to the severity of the pressure drop 
at this point [2]. Although some researchers assumed 
precipitated asphaltene would immediately deposit on 
the pore surface and not flow in the reservoir [3, 4], 
the opposite has also been reported [5]. A fraction of 
precipitated asphaltene would be adsorbed on the active 
sites of the surface due to formation-oil interactions 
or stops behind the throats. Continuous adsorption 
of asphaltene particles on pore surfaces narrows the 

pores. As a result, the higher flow velocity can remove 
deposited asphaltene from the surface whenever it goes 
beyond a critical velocity [6].
As mentioned earlier, the net asphaltene deposition vol-
ume results from three main mechanisms: surface ad-
sorption, pore throat plugging, and entrainment of de-
posited asphaltene. Plugging occurs when the asphaltene 
particles are greater than the rock pore throats.
Reservoir flow is affected by the asphaltene phenome-
non in a couple of ways. These effects may be modeled 
through variations of some rock and fluid properties such 
as porosity, permeability, viscosity, and wettability [7]. 
Ali and Islam concluded that while adsorption affects 
only wettability, it does not change the formation perme-
ability. On the other hand, the deposition determines the 
extent of permeability damage [8]. Iwere et al. utilized 
the laboratory data to simulate the asphaltene precipita-
tion in fractured reservoirs using the Eclipse100 simu-
lator. Results obtained from both experiments and rep-
resentative models showed that asphaltene precipitation 
rigorously depends on the type of lithology and pore
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throat size, which form the porosity-permeability combination. 
So, as the pore throat gets smaller, the tendency of the 
precipitated asphaltene for blockage increases. Permeability 
decreases with pressure reduction because of the asphaltene 
precipitation. Still, the significant result was that the same 
amount of asphaltene for two crude oils did not have the same 
permeability reduction due to the different pore architecture. 
Also, it has been shown that acidizing, as a fracturing 
technique, can cause a chemical reaction with carbonated 
rock and produce carbon dioxide, which can, in turn, lead to 
increased asphaltene deposition. [9]. Dehghani et al. showed 
that depending on reservoir rock type, the level of acidity 
(fluid type), the nature of porous media, and the adsorption 
of asphaltene flocculated particles results in a significant 
reduction in porosity and permeability [10]. Mirzabozorg et 
al. through a numerical study of asphaltene deposition in a 
fractured Iranian reservoir, concluded that increasing fracture 
spacing is associated with a decline in oil production rate 
and an increase in pressure drop, and this would result in 
increasing asphaltene deposition [11]. Usually, in asphaltene 
modeling studies, all the models based on which the asphaltene 
behavior in the reservoir is described, including changes in 
porosity, permeability, and rock wettability, are considered. 
Still, the most dominant damage mechanism is plugging the 
throats connecting pores by asphaltene particles and, thus, the 
reduction of rock permeability. Fadili et al. did an experimental 
and numerical study using the Eclipse simulator. Their results 
indicated that when bottom-hole pressure is high enough, the 
decline in production rate is not significant near the onset 
pressure and vice versa [12]. The asphaltene onset pressure 
is the pressure that corresponds to the start of asphaltene 
precipitation at the reservoir temperature. According to 
Khanifar et al. oil recovery decreases by 3.6 percent in an 
asphaltic oil reservoir under natural depletion. Their study 
also showed that precipitation and permeability reduction 
parameters could affect oil recovery by decreases of mostly 
4 and 2 percent, respectively. They observed the intensified 
effects in the average reservoir pressure, which was at least 
100 and 50% of decrease for precipitation and permeability 
reduction, respectively [13]. Saeedi conducted a numerical 
study using experimental asphaltene precipitation data to 
show the effects of deposition parameters and production rate 
on asphaltene net deposition volume and formation damage. 
She concluded that increasing the flocculation rate increased 
deposition and permeability damage. Furthermore, surface 
deposition affects permeability and relative permeability more 
than plugging does. Moreover, under natural depletion, the 
higher the production rate, the higher the formation damage 
due to adsorption, plugging, and deposition mechanisms [14]. 
If we want to differentiate these three processes, adsorption 
occurs when trapped asphaltene fines are adsorbed onto the 
surface of the reservoir rock. In contrast, asphaltene flocs may 
deposit onto their surface during deposition. Meanwhile, the 
deposited flocs could be trapped in the pore spaces depending 
on their size (plugging) or returned to oil depending on local 
shear velocity (entrainment).
On the other hand, due to the entrainment mechanism, 
deposition volume and permeability damage decrease, 
and cumulative production and overall recovery increase. 
Where this mechanism is active, it’s level increases along 

with decreasing the distance from the production well. In 
this study, it is illustrated that under natural depletion, the 
higher production rate, the lower oil relative permeability, 
and finally, by decreasing distance from the production well, 
the plugging rate and permeability damage increase due to 
higher pressure drop around the well.
Bagherzadeh et al. used the Eclipse simulator to assess the 
permeability reduction of sandstone and carbonate rocks using 
the power-law expression. Both simulated results of sandstone 
and carbonate rocks matched the experimental data only in 
the final stages of the injected pore volume. This difference is 
related to considering the adsorption and plugging coefficient 
in simulation, which may not exist at first. Moreover, in 
carbonate analysis, the entrainment mechanism resists more 
permeability reduction and cannot improve permeability in 
contrast with experimental data. Sensitivity analysis showed 
that adsorption and plugging govern asphaltene deposition 
mechanisms at a low injection rate.
On the other hand, the entrainment mechanism is 
determinant at higher injection rates [15]. Ghadimi et al. 
studied the wettability change mechanism during asphaltene 
precipitation. They concluded that the wettability alteration 
is the leading cause of reduced well production rate by 
asphaltene deposition in the reservoir. Their results also 
disclosed most of the asphaltene deposits around the well at 
the beginning of production. But this is not true when time 
passes, and the maximum deposition occurs unexpectedly 
at the furthest distance from the well [16]. Therefore, it 
emphasizes the importance of time as a determining factor in 
the asphaltene net deposition volume.
To calculate the precipitated asphaltene fraction, the phase 
behavior of asphaltene must be determined first. To date, 
different thermodynamic models have been proposed in 
various research to do so. A few researchers considered a 
colloidal model and irreversible precipitation for asphaltene 
[17], while others considered solubility models and reversible 
precipitation processes [18]. The solubility model of Flory-
Huggins, Cubic-EOS, and dense-liquid fluid theories (CEOS, 
CPA, and PC-SAFT EOSs) is based on the idea of asphaltene 
precipitation reversibility [19]. The approaches based on 
the association equation of state, such as CPA and PC-
SAFT, which are taken advantage of for the multicomponent 
multiphase compositional models of asphaltene precipitation, 
take much more computational expense than CEOS [20], 
[21]. Yan et al. investigated the feasibility of association-
based equations of state in compositional simulators. He 
discovered that PC-SAFT EOS’s processing time was at least 
three times SRK [22].
Moreover, molecular characterization of heavy components 
is not done precisely enough by PC-SAFT, which may lead 
to significant errors in simulation results. On the other hand, 
the results’ accuracy of the solid model compared with 
PC-SAFT has been demonstrated to be in the same range. 
Nevertheless, the PC-SAFT model indicates a better match 
with empirical data. In the case of such data scarcity, PC-
SAFT delivers better predictions of asphaltene behavior than 
cubic EOS [23].
So far, the effect of the asphaltene precipitation phenomenon
Still, they have hardly presented a validity check for their 
numerical model as the basis of their further calculations
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and analyses. Moreover, in this study, a solid model with 
sufficient accuracy was built and exported into the suitable 
simulator by an in-house PVT software to take advantage 
of this simulator’s capabilities for modeling the decline 
in wells’ PI, which is only due to asphaltene precipitation 
phenomenon, regardless of other phenomena. Furthermore, 
no recent research has studied the effects of the asphaltene 
phenomenon on PI of production wells in such detail. 
Therefore, a complete detailed framework has been proposed 
for asphaltene modeling through conducting this research, 
which could benefit future researchers in this area.
In the present work, an oil sample from one of Iranian South 
oil naturally fractured reservoirs is thermodynamically 
modeled. The fluid and asphaltene precipitation behavior is 
described using a Peng-Robinson EOS and a solid model.  
Next, numerical simulation of precipitation and deposition 
processes is accomplished using a compositional simulator to 
study how the asphaltene deposition in the reservoir affects 
the wells’ performance. As a result, porosity/permeability 
reduction and viscosity change are modeled numerically. 
Meanwhile, asphaltene is considered a component(s) that 
can precipitate depending on their weight percentage in the 
solution. Next, the asphaltene simulation model is validated, 
and a sensitivity analysis is conducted to identify the most 
critical parameters of the asphaltene model.

Table 1 Reservoir fluid composition and properties

Component Name Mole fraction MW Tc (R) Pc (psia)

N2 0.001 28.013 227.16 492.314
CO2 0.033702 44.01 547.56 1069.865
H2S 0.017202 34.08 671.76 1296.182
CH4 0.440135 16.043 343.08 667.196
C2H6 0.089207 30.07 549.72 708.344
C3H8 0.054104 44.097 665.64 615.76
IC4 0.011001 58.124 734.58 529.054
NC4 0.030302 58.124 765.36 551.098
IC5 0.010301 72.151 828.72 490.844
NC5 0.011401 72.151 845.28 489.375
FC6 0.033102 86 913.5 477.03
FC7 0.035003 96 977.76 455.133
FC8 0.013701 107 1026.9 427.946
FC9 0.025402 121 1077.3 395.909
FC10 0.019302 134 1119.78 367.546
FC11 0.018502 147 1158.48 340.505
C12-C17 0.062226 198.35 1298.85 291.472
C18-C22 0.032493 338.402 1501.507 203.161
C23-C28 0.024592 295.922 1478.091 211.331
C29-C34 0.014821 471.807 1425.993 170.34
C35 0.001819 470.965 1438.883 160.261
C36A+ 0.019962 582.883 1808.83 130.933
C36B+ 0.00721 641.437 1698.121 125.836

Materials and Methods

Fluid Model
The phase behavior of reservoir fluid depends on its composition, 
pressure, and temperature. Fluid properties are necessary for the 
simulator to predict its thermodynamic behavior under various 
reservoir conditions. Consequently, a precise fluid model is an 
important prerequisite for accurate simulation results. In this 
study, the fluid model was created using WinProp. The fluid 
sample was taken from an under-saturated fractured oil reservoir. 
Reservoir fluid components are shown in Table 1. The oil gravity 
is 31.23 o API. The initial reservoir pressure and temperature are 
7448 psi and 250 oF, respectively. on reservoir performance has 
been investigated numerically by several researchers.
The PR-EOS was used to model fluid behavior: During this 
matching process, Tc, Pc, acentric factor, molecular weight, 
volume shift, omega A and omega B parameters were used as 
tuning parameters to model the fluid behavior at the initial reservoir 
conditions. The basic form of Peng-Robinson EOS is as below [24]:

( )( 2 )( )
= =

− + + + −
RT aP

v b v b v b c v b
                            

(1)

The energy parameter of each component is calculated by:
2 2

( )=Ω =
R T

cia a T
Pi a ri
ci

                                                            
(2)
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( ) ( ) ( ) 2
0 1 2( ) [1 1 1 0.7 ]ci ri r ra T a T a a T T= + − + + − −     (3)

where a1 and a2 are zero for hydrocarbon (non-polar) 
components. For the Peng-Robinson equation, a0 can be 
obtained by:

( )2
0 0.3764 1.5422 0.2699 , 0. 49   i ia ω ω ω= + − ≤                              (4)

( )2 3
0 0.379642 1.4850 0.164423 0.016666 , 0.49      i i ia ω ω ω ω= + − − ≥

                                                                                                  (5)
2 2

      ci
i b i

ci

R Tb C
P

= Ω = −                                                           (6)

where ci is the volume shift parameter of component i, for the 
Peng-Robinson: Ωa= = 0.457236, Ωb= 0.077796. The dimen-
sionless volume shift is defined as:

i i
i

cii i
a

ci

c cS RTb c
P

= =
+ Ω

                                                     (7)

Si values are determined by matching experimental densi-
ty data at Tr= 0.7 for many components, and the s value is 
stored in the simulation. If these values are not available, 
the parameters for light components are calculated using 
Peng-Robinson EOS:

0.4772 0.154700= −
i i

s w                                                             (8)

For the heavy components, this parameter is obtained by 
matching their specific gravity (SG) at standard conditions.
Binary Interaction Parameters (BIP) are usually calculated 
by parametrizing EOS. The other method for doing so was 
proposed by Mehra and Li [24]:
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(9)

where n=1 and vci is the critical molar volume of component i, 
critical pressure, and temperature of heavy components were 
among the regression variables to match the thermodynamic 
behavior of the sample fluid. Table 1 also shows predicted 
PVT properties for the reservoir fluid. Matching fluid 
expansion test results are shown in Figure 1. 

Fig. 1 Matching the CCE test results for the fluid sample at reservoir 
temperature (in WinProp).

This figure displays a schematic of matching Constant 
Composition Expansion (CCE) test results.
As regards the asphaltene precipitation, asphaltene 
precipitation is modeled using a multiphase flash calculation. 
The fluid phases are described with a cubic equation of state, 
and the fugacity of components in the solid phase is predicted 
using the CEOS (solid model). The precipitated phase is an 
ideal mixture of solid components [24]. After calculating the 
asphaltene mole fraction by empirical asphaltene content, 
the same critical properties and acentric factors are assigned 
to the B+ component. Still, different interaction parameters 
with the components C1 to C5 are required. 
Therefore, a second-time regression is needed to ensure the 
accuracy of the fluid modeling results. Now, it is time for 
the calculation of reference fugacity. But why is reference 
fugacity needed?
At the beginning of flash calculation and during conducting a 
stability test, it is found that the hydrocarbon fluid is divided 
into two phases, and as a result,

 l  n ln , 1,    ...,  f f i ncio ig= =                                                   (10)

This equation suggests that the fugacity of solid components 
in both the oil and gas phases is equal. It is true with this 
assumption that there is no asphaltene in the gas phase, but 
this is not the case for the asphaltene one. With such a limit-
ing condition (Eq.10), the hydrocarbon system (vapor-liquid 
or just liquid) is observed until another solid phase appears. 
If s1 represents the solid phase in equilibrium with the liq-
uid and gaseous hydrocarbons, and the asphaltene fugacity 
in the liquid phase exceeds that of pure asphaltene (fnco> fs1), 
then the asphaltene would precipitate. The equation for phase 
equilibrium would be as follows:
ln ln 1=f fn o sc                                                                    (11)
that expresses the equality of fugacity of the precipitating 
component in the oil phase, and the precipitated solid s1. The 
fugacity of components in the hydrocarbon (including oil and 
gas phases) is calculated by the Peng-Robinson EOS, and the 
fugacity of solid S1 would be as follows:

( *)1ln ln *    V P Psf fs s RT
−

= +11
                                                    (12)

According to this thermodynamic equilibrium equation (Eq. 12), 
the precipitation process of s1 is thermodynamically reversible. 
Therefore, solid s1 can return to solution whenever the system is 
outside the asphaltene precipitation envelope [25].
Central to modeling asphaltene precipitation is solids 
characterization, whether in a solution or solid phase. 
Moreover, the binary interaction between the hydrocarbon 
light components and the asphaltene component significantly 
affects the asphaltene precipitation curve- the greater value 
for BIP, the higher amount of asphaltene precipitation [24].
The reference fugacity and BIP were used to match the 
asphaltene precipitation data best. Fluid components and 
calculated volume fraction of the asphaltene component are 
shown in Table 1. SARA test analysis was also available for 
this oil sample. According to this test, asphaltene in the dead 
oil is 0.56 wt. %. The asphaltene content was measured by 
the IP-143 method (n-heptane insoluble asphaltene). Figure 
2 shows the asphaltene precipitation curve generated by 
WinProp. 
Finally, after checking PVT parameters to keep a good 
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match after asphaltene modeling, this model was exported 
into the E300 by PVTPro (Figure 3). This check was done 
after exporting the fluid model into PVTPro, too. Note that 
the asphaltene model in E300 assumes the same molecular 
characteristics for the heaviest fluid component and 
asphaltene. Therefore, it would cause some uncertainty in 
the final simulation results. In this research, we removed the 
source of this error by building an asphaltene thermodynamic 
model in WinProp to find more accurate characteristics for 
the asphaltene component. Then the results were manually 
imported into E300. Another motivation for doing in WinProp 
was to use its results in a future comparative study between 
GEM and E300 simulators.

Fig. 2 Asphaltene precipitation curve by WinProp. As it is clear, 
the Percentage of Asphaltene Precipitation (PAP) is close to the 
experimental one. Furthermore, predicted Asphaltene Onset 
Pressure (AOP) has been obtained.

Fig. 3 Matching the CCE test results for the fluid sample (in PVT-
Pro). The fluid model previously built by WinProp was imported 
into PVTPro and exported to provide E300 with a compositional 
format of the fluid model.
Asphaltene model
The complexity of natural fractures and their network is com-
bined with the unknown nature of the asphaltene behavior. It 
renders numerical simulation of this phenomenon complicat-
ed in unconventional low permeability tight reservoirs.
A sector 3D model was developed for our study based on the 
real data that the Bangestan study group reported simulating 
asphaltene precipitation occurrence and its negative conse-
quences in that reservoir [26].
Asphaltene modeling consists of four different stages:

where the double arrow represents the reversibility of the 
process (partially or totally). Precipitation would be followed 
by the subsequent processes of flocculation, deposition, and 
damage, which in turn includes a viscosity effect, as follows 
[26].

Precipitation -Dissolution
The asphaltene content could be either dissolved in oil or pre-
cipitated.
In this study, asphaltene was modeled as a pure solid. First 
of all, to calculate the amount of asphaltene precipitate, 
the heaviest pseudo-component (C36+) was split into two 
non-precipitating (C36A+) and precipitating (C36B+) com-
ponents (Table 1). Then, critical properties were calculated 
by the Lee-Kesler equation. To avoid losing the accuracy of 
results, unnecessary components for asphaltene modeling are 
not lumped together.
In E300, the precipitation process takes place based on its 
calculations:
Below is the formula based on which the simulator deter-
mines whether the asphaltene precipitates or remains finely 
dissolved [26]:

lim
lim    .

100 .
woil

wp p

mWX
m x

=
                                                             (13)

where wlim is the maximum dissolved asphaltene in oil (wt. %). 
It is represented here as the maximum amount of asphaltene 
that can exist in dissolved form. mwoil (Dimensionless), mwp 
(Dimensionless) and xp (fraction) are the oil and asphaltene 
molecular weight (dimensionless) and mole fraction of 
precipitation component (fraction), respectively. Accordingly, 
if the resulting mole fraction for the precipitation component 
is less than this limit, the precipitation component would 
remain in the solution, and there would be no fines. But if 
the mole fraction of this component exceeds this value, the 
dissolved and fine fractions of the precipitation component 
would be as follows [26]:

lim  pdX X=                                                                             (14)

lim    pf pX X X= −                                                                              (15)

The result of this section was entered manually into the 
model.

Flocculation- Dissociation
During this stage, the settled particles from the precipitation 
stage join together and form larger particles called flocs. 
As the name suggests, this process is the exact opposite of 
flocculation, which can occur or not depending on whether 
the user allows the reversibility of the flocculation process 
during the simulation (In this study, the process was assumed 
to be irreversible, so no dissociation rate was determined). 
The following formula represents a model by which it is 
possible to calculate how fast the flocculation would occur 
after precipitation:

      a
a ia i ai a

CR r C r C
t

∂= = −
∂

                                                          (16)

where Ra is the rate of flocs aggregation (dimensionless), 
Ci is the concentration of the fines (dimensionless), Ca is 
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the concentration of the flocs (dimensionless), ria and rai 
are the aggregation rate coefficient for fines (1/day) and the 
dissociation rate coefficient for flocs (1/day), respectively [26].

Deposition-Entrainment
Deposition occurs when the flocs are exchanged between the 
oil phase and the surface of the reservoir rock. The flocs can 
adsorb on the surface of the rock, can be trapped within the 
porous media and plug the pore throats, or can be entrained 
and returned to the oil phase because of high local velocity 
(in the deposition area).
In the current compositional simulator, the net deposition rate 
in the flow direction i would be described as follows [26]:

( )
1

∂
+= + − −

∂
i C F C U U
t d a oi a oi cr i

ε
αφ γ β ε

                          (17)

where εi denotes the amount of deposition in i flow direction 
(fraction), α represents the adsorption coefficient (1/day), 
d is the number of dimensions (1, 2, or 3), Φ is porosity 
(fraction), Ca is volume concentration of the flowing flocs 
(dimensionless), γ1 is the plugging coefficient (1/ft3), Foi is 
the oil flowrate (ft3/day), β is the entrainment coefficient (1/
ft), Uoi is the oil Darcy velocity(ft/day), and Ucr is the critical 
velocity (ft/day) [26].
Note that the input parameters, β, γ1, and Ucr are user-
input parameters and should be obtained from core flood 
experiments.
Note that the total volume fraction of asphaltene deposits 
would be the sum of the deposits in each direction i [26].

Asphaltene Damage
In the solid deposition model, the reduction in fluid volume 
is modeled through oil saturation and, consequently, porosity 
which is directly related to saturation. In the current simulator, 
the porosity is controlled by the asphaltene deposition rate:

0 0
= − ∫

t d dt
dt
εφ φ

                                                                      
(18)

Where ɸ0 denotes porosity at the zero time step (fraction), and ε 
represents the volume of the asphaltene deposit (fraction) [26].
The effects of asphaltene deposition on permeability can be 
modeled in two ways: 
It can be correlated to porosity using a power-law correlation 
that relates present absolute permeability with this parameter 
in the previous time step:

 (1 
0

 )
0

K
K

ε δ
φ

= −                                                                             (19)

where k and k0 are permeability (mD) at times t and t0, 
respectively, and δ is a user input parameter (dimensionless) 
that comes from core flood experiments [26].
Another option is to provide a table containing permeability 
multipliers versus the volume fraction of asphaltene deposit 
(this option is preferred in this study. Note that the data for 
this section were taken from the literature since there was no 
permeability damage data for this reservoir) [26].
Furthermore, in this simulator, the change in viscosity can 
be modeled by using three options, all of which make use of 
a parameter called mass fraction of asphaltene precipitate, 
including both fines and flocs, Cp:

. .
 
m X m xwp pf wf fC p mwoil

+
=                                                               (20)

The first model is the Generalized Einstein model:
1  

0
  aC p

µ
µ

= +                                                                           (21)

where μ0 denotes the oil viscosity (cP) at Cp=0 (this was the 
choice for this study with the default value for a, which is 
equal to 2.5).
The Krieger and Dougherty model is also available that takes 
two parameters of μ0 and η (intrinsic viscosity), where Cp0 is 
the maximum packing concentration [26]:

 0(1 )
0

  
0

 
C p C p

C p
µ η
µ

−= −                                                                (22)

Third, viscosity could be similarly modeled using a table 
consisting of a viscosity multiplier for each value of the mass 
fraction of the asphaltene precipitate at a specific pressure 
step [26].
One more thing is that, by attaching to the reservoir rock, 
asphaltene flocs might change rock wettability from water-
wet to oil-wet. Although, the effect of wettability change 
can be partially illustrated through a change in the relative 
permeability of rock from a water-wet system to an oil-wet 
one [26], which can be evaluated for a two-phase flow state. 
However, in this study, since the aquifer is small, it was 
assumed that there would not be a significant water influx 
into the reservoir. Therefore, fluid flow toward the production 
well was considered a single phase. As a result, wettability 
alteration was not considered in this study.

Simulation Model
A 3D Cartesian grid was developed for an unconventional 
under-saturated fractured reservoir producing under natural 
depletion. The data of one of the fractured reservoirs in south-
western Iran was used to create this reservoir model. The 
main production mechanism of this reservoir is rock and fluid 
expansion. The 3D grid discretization is shown in Figure 4. 
The initial reservoir conditions have been specified in Table 2, 
and the overall grid description can be seen in Table 3.

Fig. 4 The 3D reservoir discretization in the Cartesian system (be-
cause the history matched model was unavailable, a sector model 
was created and used instead).
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Table 2 Simulation Sector model input data.

valueProperty

0.034Matrix Porosity(fraction)

0.001Fracture Porosity (fraction)

0.0186Matrix Kh (mD)

100Fracture Kh (mD)

0.0073Matrix Kv (mD)

20Fracture Kv (mD)

20Matrix block height (ft)

0.05Sigma (ft-2)

3e6-Rock Compressibility (Psi-1)

3597Saturation Pressure (Psi)

7448Initial reservoir pressure (Psi)

5450Present reservoir pressure (Psi)
250Reservoir temperature (0 F)

15355Water-oil contact (ft)

1No. of SCAL & PVT (-)

Two production wells were considered in two different 
corners of the reservoir with a minimum bottom-hole pressure 
of 3900 psi. The initial reservoir pressure and temperature 
are 7448 psi and 250 oF, respectively. The predicted onset 
pressure at this temperature is 4850 psi (Figure 2). Since 
there wasn’t any experimental upper onset pressure, it was 
predicted using WinProp for calibrating the simulation 
models in the following sections. As a result, we can see that 
the reservoir is not in the range of asphaltene precipitation 
yet. The parameters of the deposition model are also listed 
in Table 4. This data was taken from literature since they 
were unavailable for the present reservoir. In this section, the 
model (and data file) was created and saved in Petrel.

Table 4 Characteristics of sector model.
unitValue (max) Value (min)Parameter 
)1/day(0.010.01Flocculation rate
)1/day(0.10.0001Deposition rate coefficient (α)
)1/ft3(0.010.00001Plugging coefficient (γ)
)1/ft(01Entrainment coefficient (β)
)ft/day(25000Critical velocity (Ucr)
dimensionless2.52.5The slope of relative viscosity concerning concentration for the Einstein Model 

Table 3 Characteristics of sector model.

Feature Characterization 

Number of grid blocks
X Y Z
30 30 30(60)

No. of wells 2
Wells locations in the reservoir NE / NW
OIP 2.46e8
Aquifer 1-AQUCT
Hysteresis SATOPTS/HYSTER
Prediction time interval 30 Years (2020-2050)

Validation of simulation model
In this stage, Petrel 3D model was run in E300 compositional 
simulator. Figure 5 shows the effect of asphaltene deposition 
on the average reservoir pressure. As it is clear, in the case of 
the asphaltic reservoir, the average pressure of the reservoir 
is much higher than that of the non-asphaltic reservoir, which 
is caused by the presence of more residual oil in the former 
(see Figure 6). Figure 6 illustrates how the cumulative oil 
production and productivity index of a well are affected by the 
asphaltene deposition and subsequent permeability reduction. 

Fig. 5 Average reservoir pressure vs. time for two simulation cases: 
without asphaltene and asphaltic (As it is clear, the reservoir pres-
sure is higher for the asphaltic one, and this is the primary stage of 
model validation).

Fig. 6 Cumulative oil production and PI vs. time for two simulation 
cases: without asphaltene and asphaltic case. It is observed that PI 
and cumulative oil production decrease with asphaltene deposition. 
It is what we expect in a valid asphaltene model.
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In the asphaltic case, both permeability reduction and viscosity 
change contribute to changing the well's productivity. 
Wettability alteration has not been investigated here. Both 
the productivity index and cumulative oil decrease with 
the asphaltene deposition. In Figure 7, it can be seen how 
the production rate of well#1 decreases due to asphaltene 
deposition. Sometimes, although pressure decline and all 
the other negative consequences of asphaltene precipitation 
are observable during reservoir production, there might be 
an inaccurate onset pressure or even an incorrect asphaltene 
mole fraction. It has been checked for this simulation model 
(Figure 8) to ensure that all the results are reliable enough 
for further analysis. It is illustrated in two fracture blocks, 
one near the production well and the other far from the well. 
As soon as block pressure drops below the onset pressure, 
the asphaltene mole fraction gets non-zero until it reaches 
its maximum value. This model was obtained using the 
correct table illustrated in Table 5 as the asphaltene weight 
percentage in the simulation study. 

Fig. 7 Decreasing production rate of well#1 due to asphaltene 
presence. It can witness the effect of asphaltene precipitation being 
considered in a simulation model.

Fig. 8 Asphaltene component mole fraction vs. time and pressure 
for two blocks: near the production well and far from it (to confirm 
the validity of the asphaltene simulation model for the Asphaltene 
Onset Pressure (AOP) and asphaltene weight percent).

Table 5 Data used to adjust the onset pressure and asphaltene pre-
cipitation.

Dissolved asphaltene in the oil phase (%)Pressure (psi)
0.163700
0.254100
0.334500
0.3394550
0.344600
0.364650
0.374700
0.384750
0.394800
0.414850
0.417000
0.4110000

The onset pressure at which asphaltene content would reach 
its maximum in crude oil plays an essential role in tuning the 
base simulation model.
Moreover, this study emphasizes the permeability damage, 
only caused by asphaltene precipitation and not a mix of 
other factors contributing to declining the reservoir & well 
pressure. Based on this, the asphaltene model was validated 
using a simple test involving running the model with an only-
precipitation scenario. In other words, during asphaltene 
precipitation, there should not be any change in permeability 
and bottom-hole pressure due to this phenomenon. Therefore, 
two asphaltenic and non-asphaltenic simulation cases should 
display the same pressure behavior during reservoir depletion 
(Figure 9), as it is not the case for other simulators used to 
model asphaltene precipitation like GEM [27].
The final result of this section was a compositional simulation 
model that was saved as a data file to be used as the basis of 
sensitivity analysis. Moreover, manually, the results which 
were imported into E300 are seen in Tables 4 and 5.

Fig. 9 Comparing bottom-hole pressure in two simulation cases: 
no asphaltene and precipitation–only asphaltic. The same pressure 
behavior in both cases indicates that any change in pressure during 
asphaltic reservoir simulation is only due to the asphaltene phenom-
enon and not any other factor.
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Productivity Index Calculation
Engineers define Productivity Index (PI) to define how a well 
and reservoir communicate. PI of a well, which is defined as 
the ratio of the total rate of well liquids to the pressure drop 
and is denoted by the symbol J, for a water-free production 
would be as follows:

 
Q pJ

P Pd w
=

−

                                                                      
 (23)

where Qp is the rate of production for the phase p, and Pd is 
drainage area pressure: 
Considering steady-state radial flow in the drainage area and 
taking the connection transmissibility factor of the well into 
account: 

 
ln ( / )  

c khTwj r r so w
θ

=
+

                                                             (24)

where c is a conversion factor (0.001127 in field units), θ is 
the angle of the segment connecting with the well, Kh is the 
effective permeability capacity of the connection, and ro is 
the pressure equivalent radius of grid block, and S denotes 
the skin factor.
Then, for a vertical well, we will have:   

ln( / )    [ ( )], ln( / )  
r r so wT Mwj P jj r r sd w

J +
=∑

+
                                 (25)

 where ∑j denotes a summation of all the connections of the 
well for the simulator, Twj is the connection factor of the well, 
and MP,j is phase mobility.
The drainage radius (rd) is not usually known accurately. In 
this simulator, an option sets this parameter equal to the value 
equivalent to grid block pressure for each connection. There-
fore, this equation is reduced to the following form:

j wj p, j
J [T M ]∑=                                                                       (26)

And hence, the PI should be regarded as the PI of the well within 
its connecting grid blocks instead of its drainage area [26].
It is assumed that the reservoir will remain under-saturated 
during natural depletion, and the only active mechanism con-
tributing to production is rock and fluid expansion. There-
fore, water cut would be at most 30%, and wells no. 1 and 2 
produce a daily rate of 7000 and 5000 STB/day. The flow is 
assumed to be steady-state and radial toward the well. Fur-
thermore, since the reservoir is fractured, the most influential 
blocks of the grid, based on which analyses are done, are 
located in the fracture section of the grid. Note that in this 
study, the effect of porosity reduction and hence, the impact 
of pressure decline on permeability due to this phenomenon 
has not been considered. Therefore, damaged permeability is 
merely the product of asphaltene precipitation occurrence. It 
is also supposed that there was a single-phase flow due to the 
small size of the aquifer. Finally, the effect of time and size of 
the reservoir on asphaltene deposition and damage has been 
ignored in this study.
Results and Discussion
As mentioned earlier, the deposition model consists of some 
parameters, and each might contribute differently to the 
net asphaltene deposition. Therefore, a sensitivity analysis 

was done to study the effect of each parameter on the net 
asphaltene deposition volume, consequently permeability & 
PI change. These parameters include an adsorption coefficient 
(α), a plugging coefficient (Ƴ1), an entrainment coefficient 
(β), and critical velocity (Ucr). Note that since the weight 
percentage of asphaltene is negligible in this case, high orders 
of difference have been considered for sensitivity analysis on 
each parameter to see the effect more clearly. Note that the 
data for these asphaltene-controlling parameters have been 
taken from the literature (Table 4).
Figure 10 shows the effect of the adsorption coefficient on 
the net deposition volume fraction, permeability reduction, 
and block pressure. Figure 11 and Figure 12 represents the 
same effect on well#1 PI and production rate. Therefore, it 
can be concluded that this parameter, which indicates the 
amount of asphaltene adsorption, will not significantly affect 
the asphaltene deposition volume and therefore, the well 
productivity index. Figure 13 demonstrates the far more 
positive effect of reducing the plugging coefficient on both 
the asphaltene deposition volume and the level of reservoir 
permeability damage compared to alpha.

Fig.10 The effect of decreasing adsorption coefficient on the asphaltene 
net deposition volume and permeability damage. The level of asphal-
tene adsorption does not cause significant damage to the reservoir.

Fig. 11 The effect of decreasing adsorption coefficient on well#1 PI 
(It is not affected considerably by the asphaltene adsorption).
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Fig. 12 The effect of decreasing the asphaltene adsorption coefficient on well#1 production rate (Apparently, it is not affected significantly 
by the asphaltene adsorption).

Fig. 13 The positive effect of reducing plugging coefficient (Ƴ1) 
on the asphaltene net deposition volume and permeability dam-
age (This reduction in plugging has noticeably led to more minor 
formation damage).

This effective change can be better seen in Figure 14, which 
suggests that wells’ PI could be strongly affected by blockage 
of the rock pore throats during asphaltene deposition in the 
reservoir. It is because when there is not much plugging, 
there would be a later drop in the bottom-hole pressure, and 
subsequently, the production rate starts to decline at a later 
time (Figure 15). This is due to a sharp decrease in the net 
volume of asphaltene deposition.
Two other parameters of the deposition model, entrainment 
coefficient and critical velocity, are closely related. Therefore, 
their sensitivity has been done simultaneously (Figures 16 
- 18). Critical velocity is the determining factor. Therefore, 
if the fluid velocity exceeds the critical velocity, oil flow 
can carry the deposited asphaltene particles and prevent 
permeability damage [8]. For studying the effect of these 
two parameters, From Figures 16 - 18, it can be inferred that 
when critical velocity decreases to below a specific amount 
(we assumed zero for this study), the entrainment mechanism 
becomes active. As a result, there would be a significant 
decrease in the level of permeability damage and also in the 
net deposition volume.

Fig. 14 The positive effect of reduction in plugging coefficient (Ƴ1) 
on well#1 PI (It can be concluded that during asphaltene deposition, 
well PI can increase with decreasing the level of plugging in pore 
throats)..

Fig. 15 The effect of reduction in plugging coefficient (Ƴ1) on well 
#1 Flow rate. It is clear that when plugging intensity is less, the 
production rate reduction is delayed.
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Fig  16 The effect of increasing the entrainment coefficient (β) and 
reducing critical velocity on asphaltene net deposition volume and 
permeability damage (significant decrease in permeability damage 
is observed when beta increases and critical velocity decreases).

Fig. 17 The positive effect of increasing entrainment coefficient (β) 
and decreasing critical velocity on well#1 PI. (The black curve in 
this figure; Accordingly, a lower critical velocity/ higher fluid ve-
locity could compensate for the adverse effects of asphaltene depo-
sition on wells’ PI).

Fig. 18 The effect of increasing entrainment coefficient (β) and 
decreasing critical velocity on well#1 production rate. It is seen that 
critical velocity reduction leads to an increase in the production rate, 
which is due to asphaltene entrainment phenomenon.

On the contrary, when the critical velocity is high enough 
(here, the simulator default is used, 2500), although the 
beta parameter is set to maximum, entrainment becomes 
zero. Therefore, it coincides with the base case where the 
beta coefficient is 0. Subsequently, there would be minor 
permeability damage because of the entrainment activity 
near the wellbore, where fluid velocity is high enough 
owing to a smaller cross-section than regions away from the 
wellbore. Figure 17 explains the positive effect of the lowest 
possible critical velocity on well# PI. Figure 19 proposes that 
the higher the production rate, the higher the net deposition 
volume and permeability damage because of the higher 
intensity of pressure drop around the well location. It may 
happen simultaneously with an earlier pressure drop below 
the asphaltene onset pressure.
Additionally, with a higher production rate, more asphaltic oil 
passes through the formation. Consequently, more asphaltene 
precipitates and deposition occur earlier than expected for a 
given production rate—finally, higher net deposition volume 
at the end of the wells and reservoir's life. Figure 20 compares 
well#1 PI in two different production rates and demonstrates 
the lower PIs for well producing at higher rates. 

Fig. 19 The effect of increasing production rate on the asphaltene net 
deposition volume and permeability damage (well#1). That is, the 
higher the production rate, the more severe the formation damage.

Fig. 20 The effect of increasing production rate on well#1 PI in two 
asphaltic simulation cases vs. a non-asphaltic one. The reduction of 
well PI is getting worse with increasing its production rate.
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In this case, although there is a higher depletion rate, 
intensified pressure drop exceeds this rate increase, and PI 
decreases eventually.
Figure 21 compares two mechanisms contributing to 
changing the reservoir flow: viscosity and permeability. In 
this case, the decrease in permeability can cause a sharper 
decrease in the wells’ PI compared to the change in viscosity.

Fig. 21 Comparing the contribution of two separate mechanisms 
of only permeability reduction and only viscosity change to the de-
crease in PI in the asphaltic simulation case. It is seen that perme-
ability reduction plays a significant role in damaging the reservoir 
during asphaltene precipitation.

Conclusions
In this research, asphaltene modeling was conducted using 
a commercial compositional simulator to address the 
problems likely encountered during the natural depletion 
of a tight fractured oil reservoir. Porosity, permeability, and 
viscosity change models were utilized, while precipitated 
asphaltene was assumed to be a pure solid component. A 
table proportionate to the asphaltene deposited volume was 
used for permeability reduction in the base model during the 
implementation of sensitivity analysis. The final results of 
this study indicated that during natural depletion, the highest 
asphaltene deposition volume and permeability damage occur 
in the vicinity of the wellbore. Also, the effect of permeability 
reduction and viscosity change was investigated separately. 
Comparing the results show that permeability alteration is 
the leading cause of reducing wells' productivity indices 
compared to viscosity alteration. The sensitivity analysis 
on deposition model parameters indicated that there would 
not be considerable permeability damage with a smaller 
adsorption coefficient. Still, there would be less drop in a well 
PI and production rate. This effect is not as much as a small 
enough plugging coefficient since, according to this study's 
findings, it contributes more to the negative consequences of 
asphaltene deposition. of course, the lowest critical velocity 
and an entrainment coefficient of near unity could have the 
same desirable results as a small gamma to reduce the intensity 
of permeability damage and improve well PI and production 
rate. Additionally, it was demonstrated that a high production 
rate could lead to a higher net asphaltene deposition volume 
and, eventually, a lower well PI. Finally, it was figured out that 
permeability reduction plays a more critical role in reducing 
the wells' PI than viscosity alteration.

Nomenclatures
Wlim = maximum dissolved asphaltene in oil, wt. %
mwoil= oil and asphaltene molecular weight, dimensionless
mwp= asphaltene molecular weight, dimensionless
xp= mole fraction of precipitation component, dimensionless
Ra = rate of flocs aggregation, dimensionless
Ci = concentration of fines, dimensionless
Ca = concentration of the flocs, dimensionless
ria = aggregation rate coefficient for fines, 1/day
rai = dissociation rate coefficient for flocs, 1/day 
k12 = forward rate of solid s2 formation from s1 , day-1
k21 = reverse rate of formation of solid s1 from s2, day-1
r = reaction rate, day-1
Cs1o = concentration of suspended solid s1 in oil phase, mol/
m3

Cs2,o = concentration of suspended solid s2 in oil phase, mol/
m3

εi = the amount of deposition in i flow direction, fraction
α = adsorption coefficient, 1/day
d = number of dimensions (1, 2, or 3)
Φ = porosity, fraction
Ca = volume concentration of the flowing flocs, dimensionless
γ1 = the plugging coefficient, 1/ft3
Foi = oil flow rate, ft3/day
β = entrainment coefficient, 1/ft
Uoi = oil Darcy velocity, ft/day
Ucr = critical velocity, ft/day
ε = volume of asphaltene deposit, fraction
k = k0 permeability at times t, mD
k0 =permeability at time t0, mD
δ = a user input parameter that comes from core flood 
experiments, dimensionless
Vci = critical molar volume of component i
Cp = mass fraction of asphaltene precipitate, wt. %
μ0 = oil viscosity at Cp=0, cP
η = intrinsic viscosity, cP
Cp0 = maximum packing concentration, 
Socra and Socri = critical oil in water saturations, fraction 
Swcra and Swcri = critical water saturations, fraction
krwa = oil-wet relative permeability to water, mD 
krwi = water-wet relative permeability to water, mD
wt. %.= weight percent of asphaltene, percent
Tc= Critical temperature, 0F  
Pc= critical pressure, psi
 MW= molecular weight, dimensionless
CCE= constant composition test
ci = volume shift parameter of component i, dimensionless
Si= volume shift parameter, dimensionless
Ωa= energy parameter of component shift
Ωb= energy parameter of component shift
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