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Abstract

The main objective of net pay determination, as an important step of any reservoir study, is to exclude non-reservoir inter-
vals so that better results are obtained from reservoir characterization, hydrocarbon in-place calculations, and dynamic flow
simulation of the reservoir. This study is a comprehensive presentation of the most applicable methods available for net pay
determination, highlighting their strengths, limitations, and their input data, and presenting a new procedure to prepare the
input data, determine the reservoir net pay, and validate the final results. These methods include conventional best-fit line
and quadrant methods in a porosity—permeability cross-plot, Worthington method, rules of thumb, cumulative hydrocarbon
column plot, and production constraints. This study, unlike previous ones, presents a stepwise methodology to reach the
correct answer considering both rock and fluid properties. The necessity for the definition of net pay is discussed in the cur-
rent study in the first step. Determination of net pay and the net-to-gross ratio is done by definition of some cut-off values
for petrophysical properties such as porosity, water saturation, and shale volume. The new procedure presented in this study
as a flowchart to determine pay zone uses different methods to determine cut-off values. The sequential and systematic use
of all these methods gives a consistent and more reliable answer. The key steps to determine net pay is to find the porosity
cut-off based on a porosity—permeability cross-plot and a pre-defined limiting value for permeability and then to use this
value to find the shale volume and water saturation cut-offs using their cross-plots versus porosity. To take into account the
fluid properties effect, a mobility cut-off is used as the starting point instead of permeability. Cumulative hydrocarbon col-
umn plots are used as a sensitivity tool to determine what percentage of the hydrocarbons will be discarded by any cut-off
value. Finally, the determined net pay should be validated using the results of production logging and wireline formation
tests. The proposed methodology was applied to a real field to determine its net pay. Porosity and water saturation cut-offs
were calculated to be 2% and 55%, respectively, and due to the clean nature of the reservoir, a shale volume cut-off was not
necessary. Simultaneous application of porosity and water saturation cut-offs discarded 6.3% of the hydrocarbon column
for the field example.
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reservoir characterization, hydrocarbon in-place calcula-
tions, and dynamic flow simulation of the reservoir.

Some specialists question the necessity for the definition
of net pay. They argue that with modern 3D reservoir mod-
eling, it is unnecessary or even unrealistic to discard poor-
quality sections; as discarding poor-quality sections will
affect the reservoir model from both static and dynamic
points of view. When poor-quality sections are cut out, not
only are the hydrocarbon volumes downgraded, but also
the reservoir connectivity and dynamics are made unreal-
istic. However, the benefits of the net pay definition, i.e.,
exclusion of non-pay sections, outweigh these drawbacks.
The first benefit of net pay is that it reduces upscaling
bias (Lalanne and Massonnat 2004; Cosentino 2001). As
Lalanne and Massonnat stated: “Relationships between
porosity, permeability, and water saturation are basically
nonlinear, which induces a bias between raw and upscaled
petrophysical distributions. A practical way to limit this
upscaling bias is to apply some cut-off by discarding the
low PHI—high Sw vertical portion of the hyperbolae. This
renders the grid much more petrophysically homogene-
ous hence reducing the upscaling bias”. Another reason
for excluding the non-reservoir section is that the non-
reservoir section usually distorts the predictive algorithms
which are used for porosity, permeability, and saturation
because the accuracy of these same algorithms is reduced
if they are to be used for both reservoir and non-reservoir
sections (Worthington and Cosentino 2005). One other
benefit is hardware efficiency during dynamic modeling,
which results in fast and cost-effective modeling (Schoe-
ling and Mark 2000). Once non-pay sections are discarded
from dynamic simulation, the numerical performance of
the model is improved and the running time is reduced,
while—if properly done—the overall accuracy of the
results will be unaffected (Cosentino 2001). Another rea-
son for the definition of net pay is that net pay is essential
for the definition of the recovery factor because the recov-
ery factor needs to be defined based on the recoverable
sections of the reservoir rock, i.e., net pay. As Worthington
(2008) stated “In order to assess the efficiency of reser-
voir recovery mechanisms, the initial hydrocarbon volume
must relate to the reservoir rock. Where it does not, the
hydrocarbons have little chance of being produced, they
may not contribute to reservoir dynamics, and they should
not be included within that accumulation volume against
which recovery efficiency is to be assessed.” Moreover, net
pay determination can be used in other parts of reservoir
studies. For example, it can be used to determine the high
productive intervals for infill drilling (Yeager et al. 1996),
potentially productive intervals for well completion and
stimulation (Kessler et al. 2000; Grieser et al. 2001), and
to estimate permeability from well test analysis (Spivey
and Pursell 1998).
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Despite many years of being incorporated within reser-
voir studies, the main issue regarding net pay determination
is that it is inherently subjective, probably the most subjec-
tive stage in a reservoir study workflow (Cosentino 2001).
One reason for this subjectivity is the lack of a standard
definition among different disciplines involved in reservoir
studies. Worthington and Cosentino (2005) discussed this
problem and recommended some definitions. They classi-
fied the rock thickness based on porosity/permeability, water
saturation, and shale volume cut-offs. According to their def-
inition, “Gross rock” is the total thickness of the evaluation
interval. “Net sand” is part of the rock that is clean, which
is determined using shale volume cut-off. “Net reservoir” is
part of the rock that is productive and has storage capacity.
This can be determined based on the porosity/permeability
cut-off. “Net pay” is part of the rock that contains sufficient
hydrocarbons, which is defined based on the water satura-
tion cut-off.

Another source of subjectivity is the lack of a standard
methodology for net pay determination. Net pay intervals
are generally determined by defining some cut-off values for
petrophysical parameters related to hydrocarbon storage and
flow capacity of the rock. Cut-off parameters can be poros-
ity, water saturation, shale volume, pore size, permeability,
mobility, formation resistivity, and movable hydrocarbon.
Different combinations of these parameters with different
cut-off values have been found in the literature. Therefore,
the questions are: which parameters should be taken as the
cut-off parameter? And by which method should one arrive
at the cut-off value?

Some authors recommended that the reason for defining
a net pay should be considered for cut-off determination,
hence the need for fit-for-purpose cut-offs. Snyder (1971)
classified the main usages of net pay determination as volu-
metric calculation of hydrocarbon in place, material bal-
ance calculations, drilling studies, and enhanced oil recov-
ery studies. Vavra et al. (1992) and Cobb and Marek (1997)
studies showed that cut-off determination should depend
on reservoir production mechanisms: for natural depletion,
absolute permeability is important while for water-flooding,
relative permeability end-points are important. Reservoir
rock and fluid type can also affect these cut-off values. For
example, cut-off values are lower in a gas reservoir com-
pared to an oil reservoir, due to lower viscosity and higher
compressibility (Cobb and Marek 1997).

A wide variety of methods is found in the literature
regarding net pay determination. Masoudi et al. (2011, 2012,
2014a, b) and Egorov et al. (2019) used machine learning
methods to find the net pay. In all these machine learning
methods, well test results are used for training the algorithm
which has lower resolution compared with petrophysical
log data. Harfoushian and Suriyanto (2016) used formation
tester results to find the net pay. They used measured in situ
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porosity and effective permeability during the test to find
the cut-off values. Yang et al. (2019) determined the perme-
ability and porosity cut-off values using core descriptions,
thin section analyses, porosity and permeability test, mer-
cury injection analyses, and well test data in a low perme-
ability reservoir. To find the cut-off values, they considered
the economic benefits and a balance between the cost and
income for different oil prices. Skalinski et al. (2019) pre-
sented a new method of cutoff determination in carbonates
using NMR logging based on the definition of T2 cut-off
which is determined normally in the core laboratories. Al
Jawad and Tariq (2019) provide insight into the application
of the regression line method by applying two types of linear
regressions: Least square and Reduce Major Axis Regres-
sion in estimating porosity, clay volume, and water satu-
ration cutoff values in Mishrif reservoir/ Missan oil fields
as a case study. Qassamipour et al. (2020) present a new
methodology to find a logical permeability cut-off for gas
reservoirs which can differ for different wells and/or fields.
This technique is based on gas flow through porous media
in tight rocks. Qassamipour et al. (2021) presented a new
methodology for cut-off determination based on the esti-
mated production profile in the reservoir interval using the
predicted permeability distribution. They defined a hydro-
carbon rate limit to find the net pay. Malik et al. (2021) pre-
sented a new method to directly determine the net pay from
mudlogging data and mud gas systems, without defining
cut-off values in low-permeability reservoirs where tradi-
tional log analysis is challenging. Shi et al. (2022) presented
a method to determine the reservoir net pay by production
logging and conventional logs in a granite fractured reser-
voir. The novelty of this study was the successful application
of PLT logging in reserve estimation. Cahyaningati et al.
(2021) presented the impact of gamma-ray normalization
on net calculation by using petrophysical log data. The net
pay calculation was carried out with and without normaliza-
tion in the study. If the net pay value using normalization is
compared to the net pay value before normalized, then the
normalized value is optimized by more than 5%, which is
a good amount of optimization. Thus, the results showed
that to obtain an optimistic net pay value, normalization
must be done. Another method for net pay determination
is the analysis of pore throat size so that a correlation is
found between this parameter and porosity/permeability.
Once the correlation is found, a cut-off value for pore throat
size can be used to arrive at a porosity/permeability cut-off.
Since pore throat size distribution is normally determined
by the MICP test (Mercury injection capillary pressure), this
method does not take into account the effect of reservoir
fluid type and rock-fluid interactions; thus the results may
be misleading (Saboorian-Jooybari 2017). May (2009) used
relative permeability curves and the fractional flow concept
to determine water saturation cut-off: Production operation

is normally constrained by a water cut limit; this water cut
limit can correspond to a limiting water saturation—i.e., a
water saturation cut-off—using fractional flow curves. May
(2009) also proposed the crossing point of the relative per-
meability curve as an indication of water saturation cut-off;
however, this method does not consider the fluid viscosi-
ties and thus can yield conservative water saturation cut-off
especially when water viscosity is higher than oil viscosity.
It must be noted that the methods proposed by May (2009)
seem to be only applicable to reservoirs that have undergone
water flooding. In green fields with reservoirs under natural
depletion, such a water-cut constraint is not necessary.

Porosity, water saturation, and shale volumes are the
parameters that are most commonly used in the industry for
the net pay definition. The most common procedure to deter-
mine the net pay is to find the porosity cut-off using a poros-
ity—permeability cross-plot and a pre-defined limiting value
for permeability. This porosity cut-off value is then used to
find the shale volume and water saturation cut-offs, using
their cross-plots versus porosity. In this method, a poros-
ity—permeability cross-plot is generated using experimental
core analysis data, while shale volume-porosity and water
saturation-porosity cross-plots are derived from petrophysi-
cal logs. To achieve better results, the porosity—permeability
cross-plot could be categorized based on rock typing results,
so that the starting permeability cut-off yields a different
porosity cut-off value for each rock type. For example, the
hydraulic flow unit concept (Amaefule et al. 1993) can be
used to classify reservoir rock into several rock types. This
will lead to a better correlation between porosity and per-
meability in each rock type, and thus more accurate cut-off
values. The main challenge of using rock type-based cut-off
values is that rock typing per se is a subjective task. Moreo-
ver, many rock type definitions, such as hydraulic flow unit,
require permeability prediction in uncored areas of the res-
ervoir, which in itself is a source of uncertainty.

The staring permeability cut-off can be determined by
some rules of thumb which are based on the experiences
in typical oil and gas reservoirs (Holtz and Hamilton 1998;
Worthington et al. 2002). Alternatively, the permeability cut-
off can be calculated from a mobility cut-off after applying
the in situ fluid viscosity. The mobility cut-off is usually
determined by rules of thumb. Moreover, Saboorian-Jooy-
bari (2017) presented a method to determine the mobility
cut-off based on Darcy’s Law and introduced an economic-
rate constraint.

Although different articles have been published on this
subject, each publication focuses on a specific method
without considering the advantages, disadvantages, and
uncertainties of input data, methodology, and results. No
systematic and comprehensive methodology is presented
that discusses the necessity for the definition of net pay
and considers all available data and most engineers are not
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well-familiar with different methods. In the oil industry, it
is used to utilize these techniques wrongly which results in
wrong decisions. Verification methods like the hydrocarbon
column technique are sometimes used as a method to deter-
mine cut-off values. This study presents a stepwise meth-
odology to reach the correct answer considering both rock
and fluid properties. Using mobility as the starting point and
correct verification methods by considering the strengths
and limitations of each method and input data are focused
on in this study.

Net pay calculation methods

Several approaches have been offered for net pay determina-
tion. In all these methods some cut-off values are defined for
reservoir parameters, based on which the formation can be
divided into pay and non-pay sections.

Porosity—permeability cross-plot

In this method, core data are used to construct a poros-
ity—permeability cross-plot, from which the porosity cut-
off can be obtained. Once a porosity cut-off is found, other
cross-plots (usually water saturation and shale volume versus
porosity) can be used for determining saturation and shale
volume cut-offs. Therefore, the key step in this method is
to obtain the porosity cut-off from a porosity—permeability
cross-plot. In the following sections, the methods proposed
for determining the porosity cut-off from a porosity—perme-
ability cross-plot are discussed.

Best-fit line method

This is the traditional method most commonly used in the
industry. The first step in this approach is to assume a mini-
mum permeability, below which the reservoir is not capable
of flowing hydrocarbons. Therefore, rock sections below this
permeability cut-off are considered to be non-pay; and the
rock sections at or above this cut-off value are considered
to be net pay. Table 1 shows the permeability cut-off values
which are commonly used as rules of thumb.

It must be noted that, based on Darcy’s Law, in addition
to rock permeability, fluid flow in porous media is also a

Table 1 Some rules of thumb for permeability cut-offs (Baker et al.
2015)

Reservoir type Permeability
cut-off (mD)

Conventional oil reservoirs 0.5-1.0

Conventional gas reservoirs 0.1-0.5

@ Springer

function of fluid viscosity. Therefore, it would be more accu-
rate to consider in situ viscosity in defining the permeability
cut-off value. In other words, because of its smaller fluid
viscosity, the permeability cut-off value for a gas reservoir
must be smaller than a light-oil reservoir; and the value for
a light-oil reservoir must be smaller than a heavy oil res-
ervoir. Some authors thus suggested that a mobility (K/u)
cut-off of 1.0 mD/cP be used for both oil and gas reservoirs,
instead of permeability (Saboorian-Jooybari 2017; Cobb and
Marek 1998). This value can then be converted to perme-
ability cut-off using the in situ viscosity value. Saboorian-
Jooybari (2017) also presented a method to find the mobility
cut-off based on Darcy’s Law and using an economic-rate
constraint. Since this method is based on Darcy’s Law,
the dominant flow regime needs to be in a pseudo-steady
state and the reservoir must be homogenous; however, the
pseudo-steady state flow regime does not prevail in explora-
tion and production wells of green fields, and the assumption
of homogenous reservoir conditions is not valid for many
reservoirs including fractured or layered reservoirs where
the reservoir pressure and drainage radius are different for
each layer and well (Qassamipour et al. 2021).

Once the permeability cut-off value is assumed, the
porosity cut-off is obtained from the permeability versus
porosity function. This function can be obtained either by
a simple regression method or a more advanced percentile
method proposed by Delfiner (2007). To find a better cor-
relation between porosity and permeability, core data could
be first categorized based on lithology, reservoir zonation,
or rock type, and then the correlation of each category is
determined separately. When porosity cut-off has been
found, this method can be similarly applied to define water
saturation and shale volume cut-offs using their cross-plots
VEersus porosity.

Quadrant method

Jensen and Menke (2006) proposed a probabilistic approach
for porosity cut-off determination. Similar to the best-fit line
method, in this method it is assumed that the permeability
cut-off has already been established and we want to find the
“best” value of the porosity cut-off. They used a probabilistic
approach to analyze the accuracy and errors in the prediction
of various porosity cut-off values from a porosity—perme-
ability cross-plot. They defined four regions based on the
cross-plot of log(K) versus ¢ (Fig. 1):

Region A: K< K_ and ¢ <¢,_: non-pay region correctly
identified

Region B: K> K_ and ¢ < ¢,: pay region incorrectly iden-
tified as non-pay

Region C: K< K and ¢ > ¢_: non-pay region incorrectly
identified as pay
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Fig.1 Regions A and D represent correct identifications of non-pay
and net-pay. Regions B and C correspond to erroneous non-pay and
net-pay identifications (Jensen and Menke 2006)

Region D: K> K_ and ¢ > ¢_: pay region correctly identi-
fied.

The probability of incorrect identification depends on the
quantity of data in Region B and Region C. Thus the best
value of ¢, is the value for which:

e The probability of having data points in regions B or C
(i.e., Prob(B) + Prob(C)) is minimized
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e The probability of having data points in regions B and C
are equal, i.e., Prob(B) =Prob(C)

In addition to its computational difficulties, a limitation of
this approach is that it is sensitive to errors and the number
of data points available: An erroneous value for the poros-
ity cut-off is probable in data sets with less than 100 points
(Bouftin 2007).

Worthington method

Worthington (2008) proposed using a bilinear cross-plot of
equivalent circular pore diameter (K/¢)*> versus porosity, to
find the onset of reservoir characters, i.e., the porosity above
which (K/)®? is significant (Fig. 2). Note that this approach
avoids the more familiar plot of porosity versus permeability.

Rules of thumb and analog cut-off

If a porosity—permeability cross-plot is not available, cut-
offs can be obtained from analogous or nearby reservoirs
and fields with core data or from rules of thumb. Some rules
of thumb for porosity, saturation, and shale volume cut-offs
are shown in Tables 2, 3.

Cumulative hydrocarbon column percentage

In this method, the cumulative hydrocarbon column is plot-
ted as a function of the petrophysical property for which the
cut-off is to be determined, i.e., porosity, water saturation,
and shale volume.
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Fig.2 An example of a Porosity—permeability data used for generating, b a plot of porosity versus equivalent circular pore diameter (Worthing-

ton 2010)
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Table 2 Some rules of thumb for porosity cut-offs (Baker et al. 2015)

Reservoir type Porosity
cut-off
(%)
Gas-bearing carbonates 1-3
Oil-bearing carbonates 24
Gas-bearing sandstones 5-8
Oil-bearing sandstones 7-10
Heavy oil-bearing sandstones 26-28

Table 3 Some rules of thumb for water saturation and shale volume
cut-offs (Baker et al. 2015)

Parameter Cut-off (%)
Connate water saturation cut-off 50
Shale volume cut-off 50

Hydrocarbon in place for a unit volume of each logged
interval is calculated as:

HC =PHI * (1 — Sw) 1)

These hydrocarbon-in-place data are then sorted based
on the petrophysical property for which the cut-off is to be
determined. The cumulative hydrocarbon column for each
point is the summation of hydrocarbon in place of all inter-
vals up to the point.

The cut-off value is considered to be the elbow point of
the curve i.e. the threshold point beyond which the contribu-
tion to hydrocarbon storage is not significant (Geoloil 2016).
When a single cut-off system should be used for the whole
reservoir, this method is modified to compute the original
oil in place (OOIP) of the whole reservoir, instead of the
hydrocarbon column per well (Geoloil 2016). Alternatively,
collective data from all wells can be used to produce a single
curve. These plots are also useful as a sensitivity tool for
analyzing the effect of any cut-off and determining what
percentage of the hydrocarbons will be discarded by any
cut-off value.

Cut-off determination methodology

The input data for net pay determination depend on the
method of analysis. As described in “Introduction” Section,
some proposed methods in the literature use specific data
like advanced logs, mud logs, thin sections, and pore size
distribution. However, the main and most common input
data for net pay determination are log data, core data, and
production test data. Porosity and water saturation from log
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data are used directly for cut-off determination. Moreover,
other log data are used for permeability estimation, if nec-
essary, in some methods. Lithology log data are also used
for net pay determination if rock typing is used. Core data
including RCAL and SCAL data are also used for net pay
determination. Production data and production logging and
wireline formation test data are also used for cut-off deter-
mination and validation of final analysis results. Besides
these data, a complete reservoir description using static and
dynamic data are useful to find the best method of net pay
determination.

Regarding different methods to determine cut-off values
for porosity, water saturation, and shale content, the follow-
ing procedure is proposed to determine reservoir net pay:

1. Determine the mobility cut-off for the reservoir

2. Calculate the permeability cut-off based on fluid viscos-
ity.

3. Calculated the porosity cut-off using the following meth-
ods:

e Porosity—Permeability cross-plot

— Best-fit line method
— Quadrant method

e Worthington method
e Rules of thumb
e Cumulative hydrocarbon method

4. Determine the porosity cut-off considering the values
obtained from each method, the percentage of the hydro-
carbons discarded by each value, and other facts such as
input data quality, reservoir conditions, and reservoir
simulation model to be used.

5. Calculate the water saturation and shale volume cut-offs
using the following methods:

e Cross-plots of Sy, versus PHI and V;, versus PHI
e Rules of thumb
e Cumulative hydrocarbon method

6. Determine the water saturation and shale volume cut-
offs considering the values obtained from each method,
the percentage of the hydrocarbons discarded by each
value, and other facts such as input data quality, reser-
voir conditions, and reservoir simulation model to be
used.

7. Evaluate the combined effect of cut-off values on the
discarded percentage of the hydrocarbons.

8. Determine the final values of cut-offs and identify the
net pay.

9. Validate the final net pay with production logging test
results if the evaluated interval is the open hole. It is
expected that the defined net pay corresponds to the res-
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ervoir intervals with sufficient hydrocarbon storage and A flowchart of this cut-off determination methodology is
productivity. Mobility data from wireline formation tests illustrated in Fig. 3. To illustrate the validity of the proposed
could also be used for validation. procedure, we applied the procedure to a field example.
Fig.3 Flowchart of cut-off Input Data S Analysis Method
determination methodology tart
A
Determine the | ¢ Rules of Thumb
Mobility Cut-off *  Saboorian-Jooybari (2017)

Calculate Permeabilty
PVT Data Cut-off

Porosity-Permeability Cross-plot:
— |®  Bestfit Line Method
*  Quadrant Method

A — Worthington Method
Core Data Calculate Porosity |
Log Data Cut-off
— Rules of Thumb

— | Cumulative Hydrocarbon Method

Cross-plot:
— |®  Porosity-Water Saturation
*  Porosity-Shale Volume

— Rules of Thumb
Calculate Water

Saturation and Shale <
Volume Cut-offs

Log Data
Production Data

A 4

—— | Cumulative Hydrocarbon Method

L Water-cut Constraint and
\ 4 Fractional Flow Curve

Log Data Calculate Combined Discarded
9 Percentage of the Hydrocarbons
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Reservoir Determine The Final
Description Values of Cut-off
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Identify Net Pay
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Production Logging
& 4| Validate The results with Production
Wireline Formation d Logging Test Results
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I

End
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Field example

Field X contains two carbonate oil reservoirs located in the
West of Iran. Eight wells have been drilled in this field, to
have a commingled production from these reservoirs. This
structure is a thrust belt which is mainly developed during
Oligo-Miocene. The reservoir thickness is about 1150 ft.
The difference between the fluid properties of these reser-
voirs is not significant.

Geological setting

Field X contains two carbonate oil reservoirs. The main res-
ervoirs within the field belong to the Albian-Turonian-aged
formation M. This formation contains two separate reser-
voirs M1 and M2, which are separated with a sealed shale
layer. The average porosity and permeability of reservoir
M1 are 6.5% and 2.3 mD, respectively. For reservoir M2,
these values are 9.5% and 3.5 mD. A plot of the stratigraphic
column of this field is shown in Fig. 4. As illustrated in the
figure, the main lithology of the reservoir is limestone.

Stratified Formation Strata
g
E g3
g EPOCH FORMATION\MEMBERS .g. =g'- Lithology Description
i g
Pifjgleyne Aghajari 10 Sandstone & Siltstone & Claystone & Anhydrite/Gypsum
Member7-4 2027 Anhydrite & Red Marl & Grey Marl & Limestone
m Memebr 4 2286 Salt & Anhydrite & Marl
ii Member3 2558 Anhydrite & Marl & Salt & Limestone
< o) Member2 2691.5 Salt & Marl /Claystone & Anhydrite
g 5 - Kb A 2725 Anhydrite
z 2 z Kb B 2727 Claystone
g = = Kb C 2729 Limestone & Argillaceous
% ; Kb D 2738 Limestone & Argillaceous
= ) Kb E 2747 Argillaceous & Dolomite
= Kb F 2751 Argillaceous
E ;,_':' Upper Asmari 2755 Argillaceous & Limestone & Claystone & Dolomite
= <; > Upper Kalhur 2821 Anhydrite & Dolomite & Limestone & Argillaceous
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Fig.4 Stratigraphic column of Field X
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Available data and net pay determination

Core data from 4 wells are available in formation M of Field
X. Table 4 shows a summary of all core data available in this
field. In addition to the core data, petrophysical log inter-
pretations are available for drilled wells and used for cut-off
determination.

The first step was the determination of the porosity cut-
off. Several methods were investigated in this study for the
determination of porosity cut-off in this oil field. First, the
methods which are based on porosity—permeability cross-
plot-i.e. Best-fit line, and Quadrant methods—were exam-
ined. Worthington’s method was then investigated. After
that, the cut-off was estimated based on rules of thumb in

carbonate reservoirs (Table 2). Finally, the cut-off was inves-
tigated based on the elbow point on the cumulative hydro-
carbon column percentage plot (Fig. 5). After the porosity
cut-off was concluded, water saturation and shale volume
cut-offs were obtained. Several methods were considered
for these cut-offs, namely, cross-plots, rules of thumb, and
elbow points on cumulative hydrocarbon column percentage.

The cumulative hydrocarbon percentage method was
also used as a tool for making a sensitivity analysis of
the effect of each proposed cut-off value. The cumulative
hydrocarbon column percentage was plotted as a function
of porosity, water saturation, and shale volume for all wells
(Figs. 5, 6 and 7). As shown in these figures, the curves
on each plot differ from one well to another. Because a

Table4 CCAL data available

o Well Core No. Reservoir Plug direction No. of plugs Porosity Air permeability Grain density
for plug samples in Field X [
Kair Kinf
No.l 1 Ml Horizontal 38 v v v v
2 M2 Horizontal 6 v v v v
Vertical 3 v v v v
No.4 6-12 Ml Horizontal 103 v v calculated Vv
Vertical 36 v v calculated Vv
No.5 1-10 M1 Horizontal 98 v v calculated Vv
Vertical 43 v v calculated Vv
11-27 M2 Horizontal 157 v v calculated Vv
Vertical 57 v v calculated Vv
No.6 1-3 M2 Horizontal 12 v v calculated Vv
Vertical 7 v v calculated Vv
Fig.5 Cumulative hydrocar- 100% +—
bon column percentage versus
porosity cut-off for all wells 90% -
80% A
70% 4
< 60% -
[ -4
]
ﬁ 50% A
2
3 40% |
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0% —

0% 2% 4%

=—=No.1 ===N0.2 ==—=N0.3 ==No0.4 ——No0.5
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Fig. 7 Cumulative hydrocarbon
column percentage versus shale
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single cut-off system is to be used for the whole reservoir,
these plots were regenerated using the data from all wells
collectively (Figs. 8, 9 and 10). These curves function as
an average of cumulative hydrocarbon column percentage
over the field, and thus they were used in this study for
sensitivity analysis.
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Results and discussion
Porosity cut-off

As discussed in the previous section, the first step in
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Fig.8 Collective cumulative
hydrocarbon percentage versus
porosity cut-off for Field X

Fig.9 Collective cumulative
hydrocarbon percentage versus
water saturation cut-off for
Field X
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cut-off determination is the determination of the poros-
ity cut-off. This was done by five methods: best-fit line,
quadrant, Worthington, rules of thumb, and cumulative
hydrocarbon column percentage methods. Each of these
methods is discussed separately in the following sections.

30% 40% 50% 60% 70% 80% 90%
Sw Cut-off (%)

100%

Best-fit line method
The first method was the conventional best-fit line in a poros-

ity—permeability plot. In this method, a porosity—permeabil-
ity cross-plot was generated using all RCAL data available
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100%

Fig. 10 Collective cumulative
hydrocarbon percentage versus
shale volume cut-off for Field X
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(Table 4). Once the cross-plot was produced, the correlation
between porosity and permeability was generated using the
method proposed by Delfiner. This correlation is shown in
Cartesian and semi-log plots in Figs. 11, 12.

As discussed in “Porosity-permeability cross-plot” Sec-
tion, mobility (K/u) of 1.0 mD/cP was considered as the

4%

10% 12% 14% 16% 18%

Vsh Cut-off (%)

6% 8% 20%

cut-off value. Since the reservoir is naturally fractured and
has had no extensive production, the method proposed by
Saboorian-Jooybari (2017) is not recommended for mobility
cut-off determination, as discussed in “Best-fit line method”
Section. Based on the PVT properties of this field, which
are based on the surface samples in well No.1, in situ oil

Fig. 11 Porosity—permeability

correlation on a Cartesian plot 300 -

250 A

N

o

o
i1

150 +

Permeability (mD)
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Fig. 12 Porosity—permeability
correlation on a semi-log plot
(data with K<0.01 are not

shown) 100 ~

10 1

Permeability (mD)

0.1 |

0.01 M

viscosities in M1 and M2 are about 0.41 cP and 0.59 cP,
respectively. Considering the mobility (K/u) cut-off of
1.0 mD/cP, these viscosity values yield permeability cut-
offs between 0.4 and 0.6 mD. These values are in agreement
with the lower limit of the rules of thumb shown in Table 1.

As shown in Fig. 12, these permeability cut-offs correlate
with porosity cut-offs of around 6.5% to 7.3%. A comparison
of these values with the rules of thumb in carbonate reser-
voirs (Table 2) indicates that these values are pessimistic.
The cumulative hydrocarbon plot also reveals that if these
porosity cut-offs are applied, around 27.3-33.9% of hydro-
carbon will be discarded (Fig. 8).

Moreover, it must be noted that the permeability values
used in the porosity—permeability plot are (absolute) air per-
meability, and have not been corrected for effective reservoir
stress. Therefore, these values are generally larger than the
effective oil permeability at reservoir conditions. This means
that if corrected permeability data were used, even larger
values for porosity cut-offs would be obtained.

Best-fit line method thus seems to overestimate the poros-
ity cut-off, resulting in a too-conservative porosity cut-off
value.

Quadrant method

As discussed in “Quadrant method” Section, the Quad-
rant method is a probabilistic method to analyze the error
and accuracy in the prediction of various porosity cut-offs
from a porosity—permeability cross-plot using an assumed

T T T

112 13 14 15 16 17 18 1

9 20

10 1
Porosity (%)

permeability cut-off. Four regions (Region A-D) are defined
on a porosity—permeability cross-plot; the probability of
incorrect identification depends on the quantity of data in
Region B and Region C, i.e., regions with erroneous non-
pay and net-pay identifications. The best value for poros-
ity cut-off is the value for which the probability of having
data points in regions B or C is minimized, and the prob-
ability of having data points in regions B and C is equal.
Therefore, the best value for porosity cut-off is the value for
which two functions are minimized: “Prob(B) + Prob(C)”
and “Abs (Prob(B) — Prob(C))”. As discussed in “Best-fit
line method” Section, considering mobility (K/u) cut-off
of 1.0 mD/cP, in situ viscosity values yield permeability
cut-offs around 0.4-0.6 mD. Figures 13, 14 show the two
functions versus porosity cut-offs for 0.4 mD and 0.6 mD
permeability cut-offs. As shown in Fig. 13, for a perme-
ability cut-off of 0.4 mD, “Prob(B) + Prob(C)” is mini-
mized in a porosity interval between 6 and 12.5%, while
“Abs (Prob(B) —Prob(C))” is minimized around 5.5%
porosity. For a permeability cut-off of 0.6 mD (Fig. 14),
“Prob(B) + Prob(C)” is minimized in a porosity interval
between 6 and 12.5%, while “Abs (Prob(B) — Prob(C))” is
minimized around 6% porosity.

Because “Abs (Prob(B) — Prob(C))” shows more dis-
tinct minimum values, which are also in agreement with
the minimum interval of “Prob(B)+ Prob(C)”, these
minimum values were considered as porosity cut-off.
Therefore, a porosity cut-off of around 5.5-6% is con-
cluded from this method. The cumulative hydrocarbon
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plot reveals that if this porosity cut-off range is applied,
20.0-23.5% of hydrocarbon will be discarded (Fig. 8).

It must be noted that this method is only a variation
of the Best-fit line method, and thus their results are in
agreement. That is the reason why, similar to the best-
fit line method, the Quadrant method overestimated the
porosity cut-off, resulting in a too-conservative porosity
cut-off value.
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Worthington method

As discussed in “Worthington method” Section , Worthing-
ton proposed a bilinear cross-plot of equivalent circular pore
diameter (K/@)®> versus porosity to find the onset of reser-
voir characters. Figure 15 shows this plot for available core
data. As shown in the figure, the onset of pore diameter is
observed around 1-2% porosity (red band in Fig. 15); and
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Fig. 15 Cross-plot of equivalent 80

circular pore diameter (K/(,())O'5 A

versus porosity, used for finding

the onset of reservoir characters 70 e

by Worthington method, based
on available core data
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for porosities below 1%, the pore diameter is insignificant.
A comparison of these values with the rules of thumb in car-
bonate reservoirs (Table 2) indicates that this cut-off value
is slightly optimistic, i.e., smaller than the commonly used
rules of thumb. The cumulative hydrocarbon plot reveals
that if this porosity cut-off range is applied, only 0.2-1.8%
of hydrocarbon will be discarded (Fig. 8).

An upside of this method is that the extracted porosity
cut-off is not very sensitive to the type of permeability used.
In other words, almost the same result would be obtained if
corrected effective oil permeability data were used for the
generation of this plot.

Rules of thumb for porosity cut-off

As discussed in “Rules of thumb and analog cut-off” Sec-
tion, as a rule of thumb, a porosity cut-off of around 2-4%
is common for oil-bearing carbonate reservoirs. The cumu-
lative hydrocarbon plot shows that if this porosity cut-off
range is applied, 1.8-10.6% of hydrocarbon will be dis-
carded (Fig. 8).

Cumulative hydrocarbon column percentage

Figure 5 shows the cumulative hydrocarbon column percent-
age versus porosity for individual wells. Figure 8 shows the
same plot for the collective cumulative hydrocarbon percent-
age. As can be seen, in both individual and collective curves,

+No.1
eNo4
ANo5
®No.6

&
T T T T L 4

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Porosity (%)

7 8 9

the elbow points are around 2% porosity. As shown in Fig. 8,
this porosity cut-off discards around 1.8% of hydrocarbon.

Discussion on porosity cut-off

Table 5 summarizes the results of porosity cut-off deter-
mination in Field X using various methods. Before making
judgments about the value of porosity cut-off, it must be
reminded that based on available data it is assumed that this
field is a naturally fractured reservoir (NFR). The traditional
approach to identifying cut-off values with matrix perme-
ability does not work in fractured reservoirs (Aguilera 1995).
Aguilera discussed this in detail in a technical note: “If
there is natural fracturing around the wellbore that extends
throughout a large portion of the reservoir, the matrix area
exposed to the fractures can become quite significant. In this

Table5 A summary of porosity cut-off determination in Field X
using several methods

Method Cut-off value/range ~ Discarded hydro-
(%) carbon column

(%)

Best-fit line 6.5-7.3 27.3-33.9

Quadrant 5.5-6.0 20.0-23.5

Worthington 1.0-2.0 0.2-1.8

Rules of thumb 2.0-4.0 1.8-10.6

Cumulative hydrocarbon 2.0 1.8

column
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Fig. 16 Water saturation versus
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case, the product of the large area times the small permeabil-
ity can allow very efficient hydrocarbon flow from matrix
to fractures and then to the wellbore, constituting what is
usually known as a dual porosity reservoir.” “A matrix per-
meability of 0.01 mD is not capable, in general, of contribut-
ing commercial production into a wellbore because of the
small surface area of the matrix exposed to the wellbore.
However, the same 0.01 mD matrix permeability can allow
a very efficient flow of hydrocarbons from the matrix into a
well-developed system of natural fractures.” Moreover, he
argued that other things being equal, the amount of natural
fracturing increases as the porosity and permeability of rock
decrease. He concluded that it is better not to use porosity
and permeability as cut-off criteria in NFRs. He suggested
that other criteria such as water saturation and shale content
be used as more reasonable criteria for pay determination.
Aguilera’s argument is rational especially when a fractured
reservoir is to be simulated by a single porosity reservoir
simulation model. However, defining a porosity cut-off still
has some advantages such as reducing upscaling bias, and
hardware efficiency during dynamic modeling. It was, there-
fore, decided that a porosity cut-off be defined in this field,
however, the value should be kept small so that pay zones
are not mistakenly overlooked.

As shown in Table 5, the best-fit line method yielded
too large porosity cut-offs. This is because the best-fitted
line is almost flat for ¢ < 10%. This results in a large
porosity cut-off value which discards a large proportion
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of the reservoir. The Quadrant method, which is similarly
based on a porosity—permeability cross-plot, also yielded
large porosity cut-offs. Based on the discussion above,
these cut-off values were not used.

Rules of thumb are considered to be usually pessimistic,
especially when horizontal wells or hydraulic fracturing
are concerned (Baker et al. 2015). So these rules of thumb
can show the upper limit for our cut-off value.

Worthington seemed to be the best method for cut-off
determination due to several reasons: First, the methodol-
ogy observes the fact that small porosities should not be
overlooked in carbonate reservoirs because in this method
we look for the onset of pore diameter at small porosi-
ties. Second, the results are in good agreement with the
aforementioned idea that a small porosity cut-off should
be defined in Field X. Third, the range proposed by this
method is less than the rules of thumb which are known
to be pessimistic and agrees with the value obtained from
the elbow point on cumulative hydrocarbon column plot.
Finally, the porosity cut-off obtained from this method
is not very sensitive to the type permeability used, i.e.,
almost the same result would be obtained if either cor-
rected effective oil permeability or air permeability is
used. It was therefore decided that the upper limit, i.e., 2%
be considered as the concluding porosity cut-off so that the
results are not too optimistic. By applying this 2% poros-
ity cut-off, 1.8% of the hydrocarbon column is discarded.
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Water saturation cut-off
Water saturation-porosity cross-plot

Figure 16 shows a plot of water saturation versus porosity
based on petrophysical log data in all wells. Because the data
were too scattered, an average cross-plot (Fig. 17) was gen-
erated the same way as a porosity—permeability cross-plot
is generated by Delfiner’s method. As shown in the figure,
the 2% porosity cut-off corresponds to a water saturation
cut-off of 62%. If this 62% water saturation cut-off is applied
individually, 2.4% of hydrocarbon is discarded (Fig. 9).

It must be noted that water saturation values obtained
from the petrophysical evaluation are uncertain in low poros-
ity intervals. In other words, the cross-plot shown in Fig. 16
could be different in low porosity values if a different water
saturation model was used. Given the low porosity cut-off
value considered in this study (i.e., ¢.=2%), it was con-
cluded that the water saturation cut-off obtained from this
method carries a large degree of uncertainty.

Rules of thumb for water saturation cut-off

Cumulative hydrocarbon column percentage

Figure 6 shows the cumulative hydrocarbon column percent-
age versus water saturation for individual wells. Figure 9
shows the same plot for the collective cumulative hydro-
carbon percentage. As can be seen, in both individual and
collective curves, the elbow points are around 50-60%. As
shown in Fig. 9, this water saturation cut-off range discards
around 2.9-9.4% of hydrocarbon.

Discussion on water saturation cut-off

Table 6 summarizes the results of water saturation cut-off
determination in Field X using various methods. The water
saturation-porosity cross-plot method, which uses a previ-
ously obtained porosity cut-off, seems to be the most sys-
tematic. However, as discussed in 6.2.1, this method car-
ries a large degree of uncertainty due to the uncertainty in
water saturation of low porosity intervals. It was, therefore,

Table 6 A summary of water saturation cut-off determination in Field
X using several methods

. X Method Cut-off value/ Discarded
As discussed in “Rules of thumb and analog cut-off” Sec- range (%) hydrocarbon
tion, as a rule of thumb, a water saturation cut-off of around (%)
50% is common for oil-bearing reservoirs. The cumulative W - - : 620 4
. e ter saturation-porosit ss-plot X .
hydrocarbon plot versus water saturation shows that if this R al e 5? 1111ra lzn POTOSILY Cross=plo 0.0 04
saturation cut-off is applied, 9.4% of hydrocarbon will be e o : um
. . Cumulative hydrocarbon column 50.0-60.0 2.9-94
discarded (Fig. 9). ;
Water-cut Constraint 50.0 2.9
Fig. 17 Cross-plot of water 100% —@
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decided that the 62% cut-off value obtained from this method
should be of secondary importance in our final decision on
the water saturation cut-off. Based on the rules of thumb,
a smaller value, i.e., 50% is proposed for the water satura-
tion cut-off. The elbow point of the cumulative hydrocarbon
column plot also confirms that the water saturation cut-off is
around 50-60%. A cut-off value of 55% was thus considered
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as the water saturation cut-off in this study. This value is
also in agreement with the value suggested by Aguilera: in
his technical notes on NFRs, Aguilera suggested saturation
cut-offs in the order of 55%.

If this 55% water saturation cut-off is applied individu-
ally, 5.1% of hydrocarbon is discarded (Fig. 9). However,
a fraction of this has already been discarded by applying
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the porosity cut-off. Figure 18 shows the collective cumula-
tive hydrocarbon percentage versus water saturation for all
wells, after applying the 2% porosity cut-off. As shown in
the figure, when a 55% water saturation cut-off is applied
after applying the 2% porosity cut-off, 4.6% of the remain-
ing hydrocarbon is discarded. Simultaneous application
of porosity and water saturation cut-offs discards 6.3% of

the hydrocarbon column. Figure 19 shows the effect of the
combination of these two cut-offs (¢, =2% and Sw.=55%)
compared to other combinations. As shown in the figure, as
the porosity cut-off increases and the water saturation cut-off
decreases, more hydrocarbon is discarded. In the most pessi-
mistic case (¢, =4% and Sw,=50%), 17.1% of hydrocarbon
is discarded and in the most optimistic case (¢.=2% and
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Sw,.=60%), only 4.2% of hydrocarbon is discarded. It must
be noted that water saturation cut-off should not be applied
in the transition zone in a reservoir simulation grid model
(Geoloil 2016), because higher water saturations in this zone
can be due to capillary effects.

Shale volume cut-off
Shale volume-porosity cross-plot

Figure 20 shows a plot of shale volume versus porosity based
on petrophysical log data in all wells. Because the data were
too scattered, an average cross-plot (Fig. 21) was generated
the same way as a porosity—permeability cross-plot is gener-
ated by Delfiner’s method. As shown in the figure, the 2%
porosity cut-off corresponds to 3.5% shale volume. However,
this shale volume cut-off is too low to be applied. The reason
behind this low shale volume cut-off is that formation M
is a clean reservoir rock. The cumulative hydrocarbon plot

Table 7 A summary of shale volume cut-off determination in Field X
using several methods

versus shale volume shows that if this shale volume cut-off
is applied, 32.3% of hydrocarbon will be discarded (Fig. 10).

Rules of thumb for shale volume cut-off

As discussed in “Rules of thumb and analog cut-off” Sec-
tion, as a rule of thumb, a shale volume cut-off of around
50% is common for oil-bearing reservoirs. Due to the clean
nature of formation M, this cut-off value has no significant
effect on pay definition. The cumulative hydrocarbon plot
versus shale volume shows that if this cut-off is applied,
no significant fraction of hydrocarbon will be discarded
(Fig. 10).

Cumulative hydrocarbon column percentage

Figure 7 shows the cumulative hydrocarbon column per-
centage versus shale volume for individual wells. Figure 10
shows the same plot for the collective cumulative hydro-
carbon percentage. As it can be seen, in both individual
and collective curves, the elbow points are around 1-9%,
beyond which no significant hydrocarbon exists. As shown
in Fig. 10, this shale volume cut-off range discards around
2.5-71.1% of hydrocarbon.

Discussion on shale volume cut-off
Table 7 summarizes the results of shale volume cut-off

determination in Field X using various methods. The shale
volume-porosity cross-plot and cumulative hydrocarbon

Method Cut-off Discarded hydro-
value/range  carbon column
(%) (%)
Shale volume-porosity cross-plot 3.5 323
Rules of thumb 50.0 0.0
Cumulative hydrocarbon column  1.0-9.0 2.5-71.1
Fig. 22 Histogram of shale 6000
volume in all wells (based on
log data)
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column methods both yielded unrealistically low shale vol-
ume cut-off values. This is due to the clean nature of for-
mation M. Figure 22 shows the histogram of shale volume
based on petrophysical log interpretations in all wells. The
figure clearly shows that the number of points with shale
volume greater than 20% is insignificant. Therefore, it was
decided that no shale volume cut-off is necessary for the
field. Alternatively, one can apply the 50% cut-off value
which is common as a rule of thumb (Table 3). However,
applying this cut-off does not have any effect on the percent-
age of hydrocarbon discarded.

Net pay determination and validation

Using the calculated cut-off values for porosity (2%) and
water saturation (55%), net pay is determined in each well
using well-log data. For each well, NTG was calculated and
its value will be used for other parts of the reservoir study
like well test analysis. Figure 23 shows the determined net
pay in a well of Field X as an example. As the reservoirs are
fractured and all wells are cased-hole, it was not possible
to validate the results by production logging and wireline
formation tests.

The proposed methodology in this study which is used
for the field example is a systematic and comprehensive

methodology that considers all available data. Verification
methods like hydrocarbon column are used to approve the
final results. This study proposes a stepwise methodology
as a flowchart to reach the correct answer considering both
rock and fluid properties. The input data and the available
methods for each step are defined in the flowchart. How-
ever, the limitation of each method described in “Net pay
calculation methods” Section should be considered when
using it for a real field. For example, the calculation of
the Quadrant Method is difficult or it is sensitive to errors
and the number of available data points, the method of
Saboorian-Jooybari (2017) to find the mobility cut-off is
limited to pseudo-steady state conditions and homogenous
reservoirs, etc.

Quality and availability of key data like log data and
core data are very important for cut-off determination
and may limit the proposed procedure to reach the cor-
rect answer. Moreover, reservoir conditions like signifi-
cant heterogeneity, complex dive mechanisms, and using
IOR methods may affect the final results. Considering all
facts such as all available data and the reservoir simulation
model to be used are necessary to reach the correct answer
for these reservoirs.
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Fig. 23 Results of net pay determination in a well
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Conclusions

¢ A new methodology for net pay determination is pre-
sented in this study.

e This methodology considers different methods to deter-
mine porosity, water saturation, and shale volume cut-
offs.

e The most applicable methods for net pay determination
are considered highlighting their strengths, limitations,
and their input data and a new procedure to validate the
final results.

e This study, unlike previous ones, presents a stepwise
methodology to reach the correct answer considering
both rock and fluid properties.

e The key step for the net pay determination is to find the
porosity cut-off based on a pre-defined limiting value
for permeability.

e To consider the fluid properties, a mobility cut-off is
used as the starting point, from which the permeability
cut-off is calculated.

e Shale volume and water saturation cut-offs are deter-
mined using the determined porosity cut-off.

e Cumulative hydrocarbon column plots are used to
determine what percentage of the hydrocarbons will
be discarded by any cut-off value.

e The determined net pay should be validated using the
results of production logging and wireline formation
tests.

e Cut-offs are determined by considering the values
obtained from different methods, the percentage of
the hydrocarbons discarded for each cut-off value, and
other facts available such as input data quality, reser-
voir conditions, and reservoir simulation model to be
used.

e This methodology was applied for a real field example:

— Porosity, water saturation, and shale volume cut-
offs were determined for the field example by using
different methods (Tables 5, 6 and 7).

— Porosity and water saturation cut-offs were calcu-
lated to be 2% and 55%, respectively. Due to the
clean nature of formation M, shale volume cut-off
was not necessary.

— Simultaneous application of porosity and water sat-
uration cut-offs discarded 6.3% of the hydrocarbon
column for the field example.

— As the reservoirs are fractured and all wells are
cased-hole, it was not possible to validate the
results by production logging and wireline forma-
tion tests.

@ Springer
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