
 

 

 

Fluid in Place Simulation Analysis of Net-to-Gross, Petrophysical Cutoffs and Upscaling 

by 

Olanrewaju Oluropo Adebola, B.Sc. 

A Thesis 

In 

Petroleum Engineering 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

MASTER OF SCIENCE 

Approved 

 

Dr. Sheldon Gorell 

Committee Chairman 

Dr. Habib Menouar 

Dr. Amin Ettehadtavakkol 

 

Mark Sheridan 

Dean of the Graduate School 

 

 

August 2018 



 

© 2018, Olanrewaju Adebola



Texas Tech University, Olanrewaju Adebola, August 2018 

 

ii 

ACKNOWLEDGEMENTS 

I will like to thank my sponsor, the Petroleum Technology Development Fund 

(PTDF) of Nigeria, who provided the funds for this degree. I would like to thank my 

committee chairman and advisor, Dr Sheldon Gorell of Texas Tech University, whose input 

made this research possible and constantly guided me all the way. My gratitude also goes 

to my committee members, Dr Menouar and Dr Ettehadtavakkol for their input. 

My sincere gratitude goes to my ever-supportive family; Olawole Adebola, Solape 

Adebola, Ayodeji Adebola, Babafemi Adebola, Opeyemi Adebola and Olatunbosun 

Adebola for their prayers, support, guidance, help and counsel. Thank you for always 

insisting that I become the best I can be. Your words have been a mainstay of my program 

at Texas Tech University. 

To the entire faculty and staff of Bob L. Herd Department of Petroleum Engineering, 

Texas Tech University, who made helped in making me a better engineer than I was at the 

beginning of my program, I say a big thank you. 

A big thank you to Azeezat Otulana, Temitope Amao, Uche Agbogwu and Tolani 

Afolabi for enlightening discussions on this thesis and to Jane-Frances Igbadumhe-Ogidi 

and Chinelo Nwangwu for always providing a calm and steady head. I would like to thank 

my friends, Seyide Hunyinbo, Adejuwon Kehinde, Nkiruka Ahaiwe, Pelumi Sola-Aremu, 

Linda Ezenweichu Blessing Adesiji, Uyota Tarhena, Bukola Alimi, Daniel Alabi, Bunmi 

Akinnagbe, Esther Ajewole, Akinlolu Williams, Fortune Amadi, Adeshina Aina, Olusegun 

Ojumoola who always encouraged me to push my limits.  

Finally, I would like to give thanks to the Almighty God for making all these come together. 



Texas Tech University, Olanrewaju Adebola, August 2018 

 

iii 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ................................................................................. ii 

ABSTRACT ........................................................................................................... v 

LIST OF TABLES ................................................................................................ vi 

LIST OF FIGURES ............................................................................................ vii 

NOMENCLATURE ............................................................................................. ix 

1 INTRODUCTION......................................................................................... 1 

1.1 Definitions............................................................................................... 4 

1.2 Thesis Statement ..................................................................................... 5 

1.3 Objectives ............................................................................................... 5 

1.4 Scope of Research ................................................................................... 6 

2 LITERATURE REVIEW ............................................................................. 7 

3 RESEARCH METHODOLOGY .............................................................. 12 

3.1 Model Setup .......................................................................................... 13 

3.2 Numerical Sampling ............................................................................. 15 

3.3 Resolution Increase ............................................................................... 18 

3.4 Redistribution of Bad Rocks ................................................................. 20 

4 RESULTS AND DISCUSSIONS ................................................................ 23 

4.1 Permeability Cutoff Effects .................................................................. 23 

4.2 Porosity Cutoff Effects .......................................................................... 27 



Texas Tech University, Olanrewaju Adebola, August 2018 

 

iv 

4.3 Effect of the Petrophysical Properties of Surrounding Good Rock ...... 28 

4.4 Effect of Resolution Increase ................................................................ 32 

4.5 Error Quantification .............................................................................. 36 

4.6 Effect of Redistribution ......................................................................... 40 

5 CONCLUSIONS AND RECOMMENDATIONS .................................... 42 

5.1 Conclusions ........................................................................................... 42 

5.2 Recommendations ................................................................................. 43 

REFERENCES .................................................................................................... 44 

APPENDIX A ...................................................................................................... 47 

 

  



Texas Tech University, Olanrewaju Adebola, August 2018 

 

v 

ABSTRACT 

The determination of net-to-gross through petrophysical cutoffs, usually outside the 

simulation engineer’s jurisdiction, is often the subject of confusion. Cutoffs are used to 

segregate rocks into “good” and “bad”, and the resultant net-to-gross is used to exclude the 

“bad rocks” from reservoir studies as it is assumed they do not contribute to flow. This 

work seeks to address and quantify how much error is involved taking this approach within 

the context of upscaling and to what extent the spatial distribution of these “bad rocks” 

portion of a reservoir affects the errors through a fluid-in-place analysis. 

A data-driven approach was taken in this work. The data was derived from a 40-

acre, one injector – one producer two-dimensional model with two distinct fluid-in-place 

regions denoting good rock and bad rock regions. Different combinations of permeabilities 

and porosities for good and bad rocks were considered and a factorial design was used to 

examine the effect of these properties on the fluid production. The size and distribution of 

the bad rocks was varied to observe the effects of various net-to-gross ratios on the fluid-

in-place and finally, a successive downscaling of the grid was done.  

The research shows that rocks that might be traditionally considered as non-

reservoir can contribute to the production of a reservoir, sometimes, as much as 10% to the 

total recovery of the reservoir.  Furthermore, in addition to the size of the “bad rock” the 

spatial distribution of the “bad rocks” are also important. The upscaling process also 

indicated that beyond the 5th degree of resolution, there is no need for higher resolution and 

eventually, there is little to no difference in the fluid production. 

Keywords:  Fluid in Place, Net-to-Gross, Simulation, Cutoffs  
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CHAPTER 1 

INTRODUCTION 

The importance of the concept of net-to-gross in the petroleum industry cannot be 

overstated, particularly when it comes to reserves calculation through volumetric estimates, 

accurately modelling a hydrocarbon reservoir and simulating its production. However, 

despite its seemingly obvious importance, net-to-gross ratios have been given little to no 

attention. This was adequately expressed by Caldwell & Heather (2001) as follows: 

“Despite net pay being a fundamental input into not only volumetric reserves 

calculations, but also well test analysis and predictive calculations, there is surprisingly 

little in the way of insightful guidelines on different computational methods and their 

strengths and weaknesses.” 

Considering that net-to-gross ratios are derived from cutoffs of reservoir properties 

such as porosity, thickness, permeability and saturation, the procedures followed in 

determining these cutoffs must also be scrutinized. These cutoffs and subsequently, net-to-

gross ratios determine reserves defined by the United States Securities and Exchange 

Commission (SEC) as “estimated remaining quantities of oil and gas and related substances 

anticipated to be economically producible, as of a given date, by application of 

development projects to known accumulations.”  

To illustrate further the importance of net-to-gross ratios and petrophysical cutoffs, 

the equation for volumetric estimates for oil reservoirs is presented below: 
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𝑂𝑂𝐼𝑃 =
�̅�𝑔𝑜𝑜𝑑𝐴ℎ(1 − 𝑆𝑤𝑖

̅̅ ̅̅ )(𝑁𝑇𝐺)

𝐵𝑜
+

�̅�𝑏𝑎𝑑𝐴ℎ(1 − 𝑆𝑤𝑖
̅̅ ̅̅ )(1 − 𝑁𝑇𝐺)

𝐵𝑜
 (1-1) 

where NTG is defined here as  

𝑁𝑇𝐺 =
ℎ𝑔𝑜𝑜𝑑

ℎ𝑔𝑜𝑜𝑑 + ℎ𝑏𝑎𝑑
=

ℎ𝑔𝑜𝑜𝑑

ℎ
 (1-2) 

Equation (1-1) shows the total oil in place for any given reservoir that has been 

divided into good and bad. However, the general assumption is that bad rocks do not 

contribute to production and equation (1-1) is reduced to: 

𝑂𝑂𝐼𝑃 =
�̅�𝑔𝑜𝑜𝑑𝐴ℎ(1 − 𝑆𝑤𝑖

̅̅ ̅̅ )(𝑁𝑇𝐺)

𝐵𝑜
 (1-3) 

Equation (1-2) is an abridged form of (1-1) that takes only the good rock into 

consideration and is more popularly used. However, as shown in this work, there might be 

some errors in the assumption that bad rocks do not contribute to flow. 

Within the context of reservoir modelling and simulation, the NTG is important 

because it inherently affects how much is in place and how much will be produced. Some 

equations making use of the NTG ratios in a typical commercial simulator are presented 

next: 

𝑋𝑡𝑟𝑎𝑛𝑠 =  

2 [
∆𝑋𝑗 ∙ ∆𝑌𝑖 ∙ ∆𝑍𝑖 ∙ 𝑁𝑇𝐺𝑖 + ∆𝑋𝑖 ∙ ∆𝑌𝑗 ∙ ∆𝑍𝑗 ∙ 𝑁𝑇𝐺𝑗

∆𝑋𝑖 + ∆𝑋𝑗
]

[
∆𝑋𝑖

𝑘𝑥𝑖
+

∆𝑋𝑗

𝑘𝑥𝑗
]

 (1-4) 

𝑘𝑥,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑘𝑥 ∙ 𝑁𝑇𝐺 (1-5) 

These equations presented above bring up some very pertinent questions. Is the 

effective permeability of the block in consideration really the multiplication of the 

permeability and the NTG? How much error is involved when the simulator makes use of 
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these equations? It becomes immediately clear that the transmissibility, a property of the 

interface of two gridblocks, is affected. Another question is how the distribution of the “bad 

rocks” affects the general production from the block. Direct multiplication of the NTG with 

any direction-oriented property might be a source of errors in reservoir studies. This means 

that the production from the reservoir could be affected. The question, however, is how 

much it is affected? While these are very interesting questions, this research does not 

consider effective permeability and related topics; instead it concentrates on the 

desaturation of rocks that might usually be considered bad. 

The advent of super-fast computer and compression of the materials required to 

store information has made simulation much better than it was two to three decades ago. 

However, even with these advancements in computer technology, computing time is very 

important in simulations and it estimated that the computing time is often a square function 

of the increase in the number of gridblocks, hence the need to shorten computing time 

without compromising accuracy. During upscaling, several gridblocks are aggregated to 

form a single gridblock and the petrophysical properties of the blocks are averaged for the 

bigger, upscaled block.  

 Fluid in Place (FIP) analysis tracks the production pattern over time. FIP analysis 

can be used to determine production over time and by dividing the reservoir into different 

fluid in place regions during simulations. Changes in production rates can be noticed in the 

pattern of fluids depletion and it is this knowledge that has spurred on this project, to see 

if these possibilities can be extended to solve the questions raised earlier. 
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1.1 Definitions 

Due to the frequent disagreements in the petroleum industry amongst various 

professionals about different terms, especially those relating to net-to-gross, it is expedient 

to define terms which might frequently appear in this work. The definitions used henceforth 

have been adopted from Worthington & Cosentino (2003) and unless explicitly stated 

otherwise, will have the same meaning as explained below: 

1. Gross rock: Everything within the interval to be evaluated. Also, bulk volume. 

2. Net sand: Lithologically clean sedimentary rock, Ringrose (2008). It usually excludes 

all forms of shale. 

3. Net reservoir: Portion of the net sand that contains rocks with petrophysical properties 

(permeability and porosity). Only porosity is used initially, then tied back to 

permeability using cores as permeability cannot be determined directly from well logs. 

The net reservoir is therefore a rock that can hold and produce hydrocarbons 

(Worthington & Cosentino, The Role of Cut-offs in Integrated Reservoir Studies, 2003). 

4. Net pay: The net reservoir intervals that contain hydrocarbons. This is usually achieved 

by a saturation cutoff. 

5. Net-to-gross: A generic term, N/G or NTG for short, that should have a reference such 

as net pay, net reservoir or net sand, such that: 

𝑁𝑇𝐺𝑠𝑎𝑛𝑑 =
𝑁𝑒𝑡 𝑠𝑎𝑛𝑑

𝐺𝑟𝑜𝑠𝑠 𝑟𝑜𝑐𝑘
 (1-6a) 

𝑁𝑇𝐺𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 =
𝑁𝑒𝑡 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

𝐺𝑟𝑜𝑠𝑠 𝑟𝑜𝑐𝑘
 (1-6b) 

𝑁𝑇𝐺𝑝𝑎𝑦 =
𝑁𝑒𝑡 𝑝𝑎𝑦

𝐺𝑟𝑜𝑠𝑠 𝑟𝑜𝑐𝑘
 (1-6c) 
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The models used in this thesis do not have shale intervals.  Therefore, the net sand 

is equal to the gross rock. Also, no saturation cutoffs have been applied and as such, the 

net pay is equal to the net reservoir. Going by the preceding discussions, only 𝑁𝑇𝐺𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 

will have a value other than unity and consequently, NTG will be used to loosely represent 

𝑁𝑇𝐺𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 henceforth as only porosity and permeability cutoffs will be considered in 

this work. In this work, the net-to-gross ratios are simply a function of the bulk volume and 

therefore do not change with the porosity of the bad or good rock.   The NTG defined as: 

𝑁𝑇𝐺 =
𝐵𝑉𝑛𝑒𝑡

𝐵𝑉𝑔𝑟𝑜𝑠𝑠
 

(1-7) 

1.2 Thesis Statement 

For such an important property, not enough research has been done on net-to-gross 

and its implications in reservoir modelling and simulation. This research seeks to add to 

the knowledge available on net-to-gross by using reasonable cutoffs in simple, idealistic 

reservoir models to determine how much “bad rocks” can contribute to production. 

1.3 Objectives 

Consequent upon the thesis statement above, the objectives set for this work 

include: 

1. Review commonly applied petrophysical cutoffs and their validity. 

2. Investigate the effect of net-to-gross ratios on the fluids in place (production). 

3. Examine the effect of resolution on production, in the presence of bad rocks. 

4. Assess the effect of distribution of low perm-low porosity rocks on bad rock 

and field production. 
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1.4 Scope of Research 

This research has only considered conventional sedimentary reservoirs and no 

attention has been paid to unconventional reservoirs. Fluids in place depletion (production) 

patterns in two-dimensional models are the focus of this work. The research has also made 

use of bimodal distributions where there are two distinct distributions of porosities and 

permeabilities. 

  



Texas Tech University, Olanrewaju Adebola, August 2018 

7 

CHAPTER 2 

LITERATURE REVIEW 

As alluded earlier, not a lot of work has been done on this very important parameter 

used in volumetric reserves estimation, transmissibility calculation, effective permeability 

estimation and numerous other uses. A section of the PRMS Guidelines for Evaluation of 

Reserves and Resources (2001) states that net-to-gross is the second most important factor 

contributing to the overestimation of volumetric reserves, second to only the prediction of 

the gross rock volumes (GRV). In his article, Bhattacharyya (2017) wondered why the 

number of publications on net-to-gross is little, despite its obvious importance. To quote – 

“If net-to-gross is so important, why is it not being debated or argued upon in the reservoir 

modelling or technical world? Why are there virtually no or extremely scarce publications 

on NTG? Is this a case of purely ‘this is an unimportant topic’ or is it not more of not 

opening the can of worms?” 

Even the definitions of the different net-to-gross terms were a bit sketchy until 

recent times and there were a lot of misconceptions when discussing the terms. However, 

in recent times, there have been different definitions proposed and the one that tends to 

stick is the aforementioned paper by Worthington & Cosentino (2003) in the Definitions 

section of the introductory chapter to this thesis. Different professionals of varying 

backgrounds describe different terms using the same words and this had often led to 

confusion such as the one highlighted in Ringrose (2008), where the author described a 

situation where the geologist takes into consideration the effect of the net-to-gross by 

multiplying the permeability by the net-to-gross ratio and then the reservoir simulation 

engineer assumes that this a net reservoir value and then factors it down by the net-to-gross 
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ratio leading to a double calculation effect. It is this sort of confusion-induced errors that 

call for more clarity on a subject matter so important but often ignored.  

Ringrose (2008) touched upon three myths that are highly prevalent in the 

petroleum industry, particularly within the context of reservoir modelling and simulation. 

The two important myths directly related to the focus and scope of this work were stated 

to be: 

1. The net-to-gross ratio is a trivial concept. 

2. Upscaling is not usually necessary. 

This second myth is worth taking another look at. According to Ringrose (2008), there are 

a lot of inherent assumptions while carrying out the upscaling process and the industry uses 

these methods without checking the validity of these methods. Ringrose (2008) also 

explained that a common assumption is that upscaling does not significantly affect practical 

reservoir modelling. This assumption probably explains the reason why net-to-gross is not 

given enough attention especially within the context of reservoir simulation. 

 Although enough attention has not been given to net-to-gross in reservoir modelling 

and simulation, some work has been done outside the realms of reservoir studies. In terms 

of petrophysical cutoffs used to determine net reservoir, net pay and net sand, some works 

have been extensively published and one prominent work is Caldwell & Heather (2001). 

Caldwell & Heather (2001) discussed uncertainty in some of these measurements and the 

authors stated that the net reservoir cutoffs determined from cores (permeability and 

porosity) is within +/- 5-10% accuracy while cutoffs from logs (porosity) are within +/-10-

20% accuracy range. Denney (2013) also expanded on more reasons why there are 

uncertainties in these petrophysical properties, questioning the process through which they 
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are developed and emphasized the importance of tying back the log-derived data to core-

analysis. Denney (2013) then provided a roadmap for core-analysis data to ensure that core-

derived data is trusted with adequate quality control. Some other prominent works worth 

mentioning are those of Worthington (2011) and Saboorian-Jooybari (2017). The authors 

detailed that they expect more dynamic-oriented petrophysical cutoffs in the coming years, 

rather than the static approach currently being used, which will mean that permeability 

tiebacks are incorporated. In Cobb & Marek (1998), the authors alluded to a cutoff for 

permeability that is based off porosity values, through core tieback, despite no usual strong 

direct correlation between porosity and permeability. The authors believe that mobility is 

a more viable and reasonable criterion for determining net pay. They also show that the net 

pay should be dependent on the recovery mechanism. While this may be slightly more 

accurate than an assumed correlated value, as is usually used, such as 0.1 md for gas 

reservoirs and 1.0 md for oil reservoirs – the longstanding industry defaults, Worthington 

(2008) – this has not been widely used and there is no detailed procedure for using the 

mobility and mobility ratio cutoffs. 

 Porosity cutoffs, wielding so much significance regarding net pay and net reservoir, 

have received quite a fair bit of scrutiny with how it is being determined. Jensen & Menke 

(2006) postulated that a separate porosity cutoff was needed to distinguish between pay 

and non-pay intervals and another porosity cutoff to estimate the net-to-gross ratio. This 

theory has not been verified in subsequent works and is quite interesting as it directly 

contradicts the relationship between net-to-gross and net pay and the consistency of cutoffs 

is one of the foundations upon which net-to-gross is founded. 
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 With regards to work done on net-to-gross and reservoir engineering and simulation, 

there have been a few interesting viewpoints. In their excellent paper, Worthington & 

Cosentino (2003) curtly described the contemporary methods on how cutoffs have been 

treated and used in reservoir studies. They describe how cutoffs should be treated as fit-

for-purpose and dynamic to better predict the actual behavior of the reservoir. The authors 

then developed a flow chart to show how cutoffs should be decided on. The flow chart 

depicts a lot of dynamic conditions such as depletion mechanism, recovery mechanism and 

flow mechanism. In their case study, Egbele et al (2005) used a Monte Carlo simulation 

type method to derive multiple possible OOIP values rather than a deterministic value to 

account for possible errors in porosity cutoffs. This approach has been used much more 

frequently in recent years. Another case study conducted by Chen & Larson (2013) showed 

that if the assumptions for each method used in evaluating the net-to-gross ratio are sound, 

the end results are consistent and should be used when creating a reservoir model. 

 In a follow up paper to Worthington & Cosentino (2003), Worthington (2008) 

proposed that cutoffs should be selected based on the pore geometry factor, (k/ϕ)0.5 during 

primary depletion and the endpoint relative permeability during a secondary depletion 

scheme like waterflooding. The author goes on to propose an updated flow chart for the 

application of cutoffs in reservoir studies.  

 Following common errors in upscaling, Ringrose (2008) proposed a total-property 

modelling method that involves non-application of cutoffs until after the geological model 

has been upscaled to a simulation model. This should avoid the errors involved in upscaling 

net-to-gross ratios and the need to upscale other properties to match the initial OOIP of the 
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reservoir. Ringrose (2008) stated the challenges facing this approach including the fact that 

poor-quality reservoir rocks are not properly estimated using this approach.  
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CHAPTER 3 

RESEARCH METHODOLOGY 

This research was carried out with the aid of the Schlumberger commercial 

reservoir simulation suite; ECLIPSE, containing the black oil simulator (ECLIPSE 100) 

and flow visualization software (Floviz); an inhouse-developed workflow manager and 

output reader; TIBCO Spotfire and Microsoft Excel.  Multiple simulations were run to 

generate a reasonably large amount of data.  

The workflow followed in this research is as follows: 

1. Choose properties: The properties considered were the permeabilities and 

porosities of the good rock and bad rock, the NTG ratio and degree of resolution. 

The values used in this work have been chosen based on the experience of the 

author and readily available literature. 

2. Set up model and run simulations: The model was set up using the inhouse-

developed workflow manager. The workflow manager significantly automates 

the process of running the simulations. It creates multiple simulation files that 

has all the possible combinations of the properties considered. 

Factorial design was used in this research. The effects of each property on the 

fluid production from the reservoir were considered. Simulations were run 

using ECLIPSE 100. 

3. Analyze results: Results obtained from the simulations were converted to a 

readable format using the inhouse-developed output reader and the results were 

analyzed using Microsoft Excel and TIBCO Spotfire. Flow visualization was 

done with Floviz.   
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The oil in place (OIP) can be equated to the cumulative oil produced (OPT) as 

shown by the equation below: 

𝑂𝑃𝑇 =  (𝑂𝐼𝑃𝐺𝑜𝑜𝑑, 𝑖 − 𝑂𝐼𝑃𝐺𝑜𝑜𝑑(𝑡)) − (𝑂𝐼𝑃𝐵𝑎𝑑, 𝑖 − 𝑂𝐼𝑃𝐵𝑎𝑑 (𝑡)) (3-1) 

By tracking the OIP in both sections of the reservoir, the total production can be 

calculated at every time. Hence, the reason why the OIP is used in this work rather than the 

production from each section. 

3.1 Model Setup 

The base model used in this research is a two-dimensional (2D) model in the XY 

plane with 51 by 51 gridblocks (2601 blocks in total). This base model had two fluid in 

place regions to define good reservoir quality and bad reservoir quality. The physical grid 

and petrophysical properties of the model are highlighted in Table 3-1 below: 

Table 3-1: Model's grid and petrophysical properties 

Property Notation Value 

Number of gridblocks in the X-direction NX 51 

Number of gridblocks in the Y-direction NY 51 

Number of gridblocks in the Z-direction NZ 1 

Area of model A 40 acres 

Length of each side L 1320 ft 

Size of each gridblock Δx and Δy 25.88 ft 

Depth of the model Δz 40 ft 

Top of the reservoir TOPS 8000 ft 

Porosity ϕ Variable 

Permeability in the X-direction kx Variable 

Permeability in the Y-direction ky Same as kx 

Permeability in the Z-direction,  kz 10% of kx 

Number of production wells - 1, midpoint on one side 

Number of injection wells - 1, midpoint on other side 
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The oil used in the model is a live oil with dissolved gas and the gas was designed 

to be dry gas. The initial conditions of the reservoir were set such that there is no gas cap 

in the reservoir. In addition, the oil-water contact (OWC) was at 20,000 ft subsurface and 

the rock compressibility used in the model was 2.0x10-6 psi-1. The initial water saturation 

(Swi) for the model was 15%, therefore the oil saturation at the start of simulation was 

averagely 85%. A detailed presentation of the fluid properties used in this work is in 

appendix A. 

From Figure 3-1 below, the model was clearly divided into 2 fluid in place regions 

to denote the “non-reservoir” bad portion, herein designated as the “bad rock” portion and 

the good portion, designated as the “reservoir quality rock”. The Numerical  section 

describes the process by which the properties are assigned. 

 

Figure 3-1: Fluid in place regions for base model 
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The regions are denoted by (1) which represent good rocks and (2) which represent the bad 

rocks. 

The model variants were setup such that the fluid in place regions correspond to the 

different dichotomy in properties. The model was run for a period of 13 years to be certain 

of breakthrough of the injected water.  

3.2 Numerical Sampling 

The first set of runs had a total of 1000 simulations showing the growth of the “bad 

rocks” portion and the resolution increase process undertaken in this work. By running 

several simulations, enough scenarios were considered to make a definitive conclusion. 

The simulations were run to make qualitative assessments as well as quantitative 

assessments. Moreover, a trend can be more easily observed when there is a large amount 

number of data and multiple simulations and combinations of properties make it easier to 

establish a correlation. The properties considered initially in this work are as shown in 

Table 3-2 below: 

Table 3-2: Values used in creating model variants 

Variables Notation Values assumed 

Degree of resolution {D} Five (5) – 1, 3, 5, 7, 9 

Size of non-reservoir blocks {x} Five (5) – 1, 5, 9, 13, 17 

Permeability of good quality rock k_good (md) Two (2) – 100, 50 

Permeability of non-reservoir rock k_bad (md) Five (5) – 5, 1, 0.1, 0.05, 0.01 

Porosity of good quality rock phi_good Two (2) – 0.20, 0.25 

Porosity of non-reservoir rock phi_bad Two (2) – 0.05, 0.01 

 

A multiplication of the number of values assumed by the variables gives:5 x 5 x 2 

x 2 x 5 x 2 x 2 = 1000. The {D} represents the degree of resolution from the base 51 by 51 
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model to models with smaller lengths of side for each gridblock. Figure 3-2 below shows 

that the models are bimodal. 

 

Figure 3-2: Representation of bimodal distribution; blue lines represent discontinuous 

distributions used in this study. 

 The distributions used in this work each have a variance and standard deviation of 

zero (0), hence single values of porosities and permeabilities are considered as opposed to 

a full distribution of the properties. 

 A higher number of bad permeabilities are considered in the simulations to find the 

limiting cutoffs for bad permeability. By examining the effect of permeabilities as low as 

0.01 md, the limiting cutoff where there is little production can easily be seen. 

 For this work, the size of the non-reservoir blocks, {x} is directly related to the net-

to-gross ratio. It should be made clear that the bad rocks are concentrated at the middle of 

the reservoir for the first set of runs. The non-reservoir blocks also have the same number 

of gridblocks in both the x and y directions.  
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Figure 3-3 below shows an example of how the NTG ratio is reduced using the 

workflow manager.  

 

Figure 3-3: Reducing the NTG ratio by increasing the number of bad rocks  

 As seen in Table 3-3 below, the net-to-gross varied from just over 50% to almost 

100%. This was done to capture different scenarios that can be encountered when the 

NTG = 78% NTG = 99% 

NTG = 96% NTG = 89% 
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discovery of a reservoir is made, and this made it possible to consider different realizations 

of bad and good petrophysical properties and their effects on production. 

Table 3-3: Relating the variable {x} to net-to-gross 

x Size in x and y directions Non-reservoir Net-to-gross 

1 3 by 3 9 gridblocks 99.6% 

5 11 by 11 121 gridblocks 95.35% 

9 19 by 19 361 gridblocks 86% 

13 27 by 27 729 gridblocks 72% 

17 35 by 35 1225 gridblocks 53% 

 

3.3 Resolution Increase 

The downscaling process was done in a manner that preserves the properties of the 

original grid of 2601 gridblocks. Preservation means that the initial fluid in place, length 

of each side, porosities and permeabilities of both the good rocks and the non-reservoir 

rocks were maintained. Since this is a bimodal model with two (2) sets of permeabilities 

and porosities – one set for the bad rocks, one set for the good rocks – the downscaling 

process did not involve averaging techniques. 

Essentially, what it means is that in the 3rd degree of resolution, a single gridblock 

in the 51 by 51 model was divided into 3 along the x-direction and into another 3 along the 

y-direction, therefore each gridblock was broken up into 9 smaller gridblocks. Table 3-1 

below shows pertinent information about the upscaling process undertaken in this project. 
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Table 3-4: Gridding for resolution increase 

Degree of resolution Ratio of Model to Base Model Number of Gridblocks 

1 Base Model 2601 

3 32 = 9 23409 

5 52 = 25 65025 

7 72 = 49 127449 

9 92 = 81 210681 

This means that the non-reservoir blocks were also divided into the square of the 

degree of fineness; hence if the non-reservoir blocks are 9 gridblocks, then for a third 

degree of resolution, the 9 gridblocks will be 81 gridblocks while keeping the net-to-gross 

ratio of the reservoir. Also, for example, if the degree of resolution is 5, and the number of 

non-reservoir gridblocks is 729 in the base model, then the number of non-reservoir 

gridblocks will increase to 18225, with the total number of gridblocks in the new 

downscaled grid increasing to 65025, while still maintaining the net-to-gross ratio of 72%. 

During the resolution increase process, maintaining the initial status of the grid and 

the fluid-in-place region is very key, such that the new grid was exactly representative of 

the initial grid. The injector well and producer well were also kept directly opposite each 

other on the two sides of the reservoir, with flow in the x-direction. 

The resolution increase was done to see the effect of grid resolution on the 

production contribution from the bad rocks to the field production. Figure 3-4 below 

depicts the resolution increase process. In the figure, it shows that the size of the bad rock 

does not change, even though the size of each gridblock has changed, with the general 

effect being an increase in the number of gridblocks in both directions. 
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Figure 3-4: Increasing the grid resolution 

3.4 Redistribution of Bad Rocks 

Anything involving nature is rarely smooth and straightforward, as such, it is 

reasonable to imagine that bad rocks will not be concentrated in a single location, especially 

at the center of the reservoir. The aim of the redistribution of the bad rocks was to simulate 

different possible configurations that bad rocks may be divided around a reservoir while 

keeping the NTG ratio the same. Although it is recognized that reservoir rocks are rarely 

distributed in such perfect orientations, the effect of redistribution can be seen by isolating 
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the bad rocks in different configurations. Also, it is easier to start with simple 

configurations before considering the more complex configurations. Redistribution was 

done as a qualitative measure, rather than quantitative. 

For redistribution, the NTG ratio considered was 53% (35 by 35 gridblocks out of 

51 by 51 gridblocks). For reasons that will be explained in the results and discussion 

chapter, only three degrees of resolution was considered: {D} = 1, 3 and 5. Four 

configurations were considered in this part of the research. Figure 3-5 and Figure 3-6 show 

the configurations considered in this research. 

 

Figure 3-5: Central block and horizontal strips configurations 
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Figure 3-6: Orthogonal strips and multi squares configurations 

These configurations have been chosen to represent some interesting possibilities in a 

reservoir. The orthogonal strips can be interpreted to represent a sequence of sand and shale 

when there is reasonable permeability in the z-direction; the horizontal strips can be 

interpreted as continuous facies of bad rocks deposited along with the reservoir quality 

rock while the multi-square configuration represents randomly distributed bad rocks.  
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Permeability Cutoff Effects 

As highlighted earlier, one of the objectives was to review the cutoffs for non-

reservoir and reservoir portions. A quick look at the results obtained from multiple 

simulations show that the commonly applied cutoffs for oil reservoirs, 1 md does not apply 

to this reservoir. One of such results is represented by Figure 4-1 (a) to (f). They show how 

the entire reservoir was swept and how the bad rocks contributed to flow. The figures are 

illustrated with an NTG of 53%, k_good of 100 md, ϕ_good of 25%, ϕ_bad of 5% and the 

first degree of resolution, i.e. {D} = 1. The figures show the saturation of the oil at different 

times.  

Figure (a) below shows the reservoir at its initial state – the entire reservoir at 85% 

oil saturation. The flow direction is from right to left (injector to producer). Figure (b) 

shows the reservoir at the early times of the reservoir. The flood front is just encountering 

the bad rocks while figure (c) shows the water front moving around the bad rock and going 

through the path of least resistance. Figure (d) shows just after the water front just getting 

past the bad rock section and therefore starts to sweep the area above the bad rock. It is 

essential to note the subtle change in the oil saturation of the bad rock section. It has begun 

to reduce, and this is further illustrated in figure (e) at breakthrough. At the end of 

simulation period in figure (f), the bad rocks continue to desaturate and therefore, 

contribute to production. These figures clearly illustrate that low permeability-low porosity 

rocks might have the capacity to flow, even though they are traditionally considered non-

reservoir rocks. 
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(a)                                                                    (b) 

 

 

(c)                                                                   (d) 
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(e)                                                                  (f) 

 

Figure 4-1: Sequential depletion of a model 

Figure 4-2 below (the blue curve of 1 md) corresponds to Figure 4-1 (a) – (f) above. 

It shows the production from the bad rocks. It shows that despite these rocks being 

traditionally considered bad rocks, they might produce quite significantly. The same 

properties used in the previous illustration above is maintained for this graph. The size of 

the model in this case was 51 by 51 gridblocks. The 5% porosity rock contains about 

250,000 barrels and with a permeability of 5 md produces as much as 140,000 thousand 

barrels over a period of 13 years, accounting for over 55% of the original oil in place for 

the bad rock. Admittedly, the percentage of oil in place reduces to just about 75% with a 

permeability of 1 md, meaning that the bad rock produced 25% of its original oil in place 

but the essence is to show that it contributed to flow. 
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Figure 4-2: Bad rock production graph for phi_bad of 5% 

Further analysis of other considered permeabilities shows that the limiting value of 

bad rock permeability is 0.1 md for the reservoir model illustrated, where there is little to 

no change in the original oil in place of the reservoir, showing that it doesn’t contribute to 

production. Looking at the field production (for the same properties considered earlier) in 

Figure 4-3 below confirms these thoughts. There seems to be no effect on the field 

production for k_bad ≤ 0.1 md which means that at values of bad permeability lower than 

or equal to 0.1 md, there is no effect on field production while at k_bad values greater than 

0.1 md, we might be making errors by simply disregarding these bad rocks in our reservoir 

studies. 
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Figure 4-3: Field OIP comparison for different k_bad 

4.2 Porosity Cutoff Effects 

Porosity cutoffs are usually chosen from logs that contain neutron porosity, density 

and at times, sonic logs. From reviewed literature and experience, a very minute error can 

lead to a 5% cutoff as opposed to a 1% cutoff. For a reservoir with an average porosity of 

25%, it might be so easy to choose a cutoff of 5% but from the analysis presented above, a 

5% porosity rock can produce as much as 60% of its original oil in place.  

A look at the field production results for the earlier cases considered shown in 

Figure 4-4 emphasizes the impact of choosing the correct porosity cutoff. Figure 4-4 shows 

that at very low porosities however, there is little effect of permeability as all the curves 

stack up at low porosities. As such, one of the major takeaways is that the porosity of the 

bad rock should be reasonable (say 5% in this research) to really influence production. At 
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these values of porosity, it might not be reasonable to exclude this section of the reservoir 

from reservoir studies as is commonly done. 

 

Figure 4-4: Field OIP curve for 5% (●) and 1% (■) porosity bad rock 

4.3 Effect of the Petrophysical Properties of Surrounding Good Rock 

A very important question is how much the properties of the surrounding good 

rocks affect the production from the bad rocks. As seen in the Figure 4-5 below, there is a 

negligible difference between the left panel (20% porosity) and right panel (25% porosity). 

As a matter of fact, these two curves nearly overlay each other. This shows that the porosity 

of the good rock (ϕ_good or phi_good) has very little effect on the depletion patterns of the 

bad rocks. This should be expected as there is no porosity term in the Darcy equation that 

is used to calculate the flow rate. 
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However, a closer look at the permeability differences shows that permeabilities of 

the surrounding blocks matters. Bad rocks with a surrounding good rock permeability of 

100 md showed to produce more than bad rocks with surrounding good rock of 50 md. 

This is especially true when the permeability of the bad rock is high enough. This value is 

somewhere between 0.1 md and 1 md, as seen in Figure 4-5 for the 5% bad rock porosity. 

Any permeability value equal to or higher than 1 md shows that the surrounding rock 

permeability will affect the depletion of the bad rocks.  

The takeaway from this section is that the porosity of the good rocks does not affect 

the depletion of the bad rocks while the permeability affects till a limiting value of the bad 

rock permeability and porosity is reached. The higher the permeability of the surrounding 

rock, the higher the production from the bad rock.  
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Figure 4-5: Effect of k_good and ϕ_good on depletion curve for 5% bad rock porosity 
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These trends can be explained by the transmissibility and harmonic equation values. The 

transmissibility is associated with an interface and this interface is what determines how 

much will be produced from the bad blocks into good rocks.  Figure 4-6 below shows this 

interface. As the transmissibility equation shows, the higher the value of the average 

permeability between two connecting rocks, the more fluid will be pushed on in the 

direction of flow. 

 

Figure 4-6: Good rock and bad rock interface 

Table 4-1 detailing the harmonic average for the transmissibility calculations for each 

scenario with an NTG ratio of 53% is shown below.  

The harmonic average is defined as: 

�̅�𝑥 =
∑ ∆𝑋𝑖

∑ ∆𝑋𝑖 𝑘𝑖⁄
 (4-1) 

Table 4-1confirms the analysis presented above. Below a k_bad of 0.1 md, there is 

no change in the harmonic average permeability irrespective of the k_good. 
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Table 4-1: Harmonic averages used in transmissibility calculation at the interface 

between good and bad rock 
 

k_good (md) k_bad (md) Average (harmonic) permeability (md) 

100 5 9.52 

100 1 1.98 

100 0.1 0.20 

100 0.05 0.10 

100 0.01 0.02 

50 5 9.09 

50 1 1.96 

50 0.1 0.20 

50 0.05 0.10 

50 0.01 0.02 

 

 This table above clearly shows that as the permeability of the bad rock is being 

reduced, there is little difference in the average (harmonic) permeability. This means that 

a negligible difference is also seen in the production of the bad rocks with reducing 

permeability of the bad rock, irrespective of the permeability of the good rock. 

4.4 Effect of Resolution Increase 

The properties considered in these figures are k_bad = 5 md, k_good = 100 md, 

ϕ_good = 0.25, ϕ_bad = 0.05 and NTG = 53%. The left panel is for region 1 (good rock), 

the middle panel region 2 (bad rock) and the right panel for the field. 

At first glance, there is not a lot in Figure 4-7, as there seems to only be a slight 

difference between the various curves. It is also obvious that at the end of the simulation, 

there is no difference in the oil in place of the field, good rock and bad rock for different 

degrees of resolution. This can be easily explained because at the end of the simulation, 
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most of the original oil in place has been produced, therefore, the curves tend to stack on 

each other. It is interesting to consider what happens during the period where they don’t 

stack, which is expanded in Figure 4-8. Also, in Figure 4-7, after about half a year, the 

resolution begins to have an impact on the depletion of bad rock region, which manifest 

after 3 years. This is shown in, as a sequential depletion is depicted to show the different 

period. After 7 years, the entire reservoir has been swept and there is not much to produce, 

and the curves eventually stack up, as production continues. 

 In Figure 4-8, there is a fair degree of difference in the production curves. The 

lowest resolution, which equates to 51 by 51 gridblocks, seems to produce faster than every 

other resolution. As the resolution gets increasingly higher, there is lesser production from 

the field and regions before the lowest resolutions eventually slow down as there is not a 

lot to produce. The difference in production is primarily caused by the bad rocks, owing to 

the higher resolution in the bad rocks, there is less volume being produced at each time 

step compared to more volume with lower resolutions. 

For the cases considered, there is little difference both in Figure 4-7 and Figure 4-8 

between the 9th degree of resolution, the 7th degree and the 5th degree.  Therefore, it 

becomes counterproductive to run simulations greater than 255 by 255 gridblocks. The 

limiting degree of fineness is therefore considered to be the fifth degree henceforth.  
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Figure 4-7: OIP curve for field and regions showing different resolutions (1 is good rock, 2 is bad rock) 

1 – Good rock 

2 – Bad rock 
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Figure 4-8: OIP curve for field and regions showing different resolutions between year 3 and 7 (1 is good rock, 2 is bad rock)
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4.5 Error Quantification 

Of paramount importance is the need to quantify the error involved when unrealistic 

cutoffs are used, especially with permeability. Multiple simulations were run to fill up 

perceived gaps that would make conclusions erroneous. 

Figure 4-9 and Figure 4-10 below show how much error we might be committing 

by excluding these bad rocks from our studies and therefore it is more a question of how 

much error is acceptable to everyone conducting the reservoir study. Figure 4-9 shows the 

errors at the end of the simulation period. It shows that the error does not depend on the 

permeability of the good rock, but on the properties of the bad rock. It also shows that the 

difference in field production is constant irrespective of k_good and is the same as how 

much is produced from the bad rocks. The properties used for the illustration in Figure 4-9 

are NTG = 53%, ϕ_good = 25% and ϕ_bad = 5%. For a good rock permeability of 100 md 

and 50 md and a bad rock permeability of 5md, the extra field production of 135,000 STB 

comes from the bad rock production. This also shows that higher the permeability of the 

bad rocks, the more error committed.  

Figure 4-10 shows the possible error at 4 different times during the simulation 

period. The possible error is a measure of the amount of oil produced from the bad rock. 

The longer the simulation goes and the higher the permeability, the higher the error because 

the bad rocks keep contributing to the total field production. Figure 4-10 is illustrated with 

a good rock permeability of 100 md. It shows we could be committing an error as much as 

45,000 STB after year 3 and 125,000 STB after year 8 for a bad rock permeability of 5 md. 

To put these numbers into perspective, 45,000 STB recovered from the bad rocks after 3 

years represents about 10% of the total recovery during that time while 125,000 barrels 
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amounts to about 14% of the total recovery after 8 years. This shows that a 5% porosity 

with 5 md permeability might contribute to production and should not be discarded from 

reservoir studies. 

Eventually, as the bad rock continues to deplete, the error will flatten out as the 

simulation period continues. 

As shown, it becomes a question of how much error should be accepted when 

choosing permeability and porosity cutoffs and from Figure 4-9, 0.1 md is a reasonable 

cutoff that results in little to no error.
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Figure 4-9: OIP vs log (k_bad) after entire simulation period 
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Figure 4-10: Error quantification at different times
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4.6 Effect of Redistribution 

The results show that the distribution of these bad rocks affect total field production. 

Figure 4-11 below is illustrated with the following properties k_good = 100 md, phi_good 

= 0.25 phi_bad = 0.05 NTG = 53% and {D} = 1. It shows that different distributions 

produce differently. The striking thing about Figure 4-11 below is the different slopes of 

production from the different distributions. 

In general, the higher the effective permeability of the system, the faster the 

depletion of the reservoir. This is from Darcy’s law which states that the flow rate is directly 

proportional to the effective permeability for a given set of parameters. This explains why 

the orthogonal strips distribution has the steepest slope and the horizontal strips distribution 

has the least steep slope. The multi squares distribution is somewhere between the 

horizontal strips and orthogonal strips distributions. 

 

Figure 4-11: Field production for different distributions 
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Figure 4-12 below shows that the production from the bad rock for different 

permeabilities. The illustration is done using the same properties in the previous illustration. 

In general, at high permeabilities, the third distribution (orthogonal strips) tended to 

produce the least because it opposes the flow and is orthogonal to the direction of flow. 

Also, the figure shows that the distribution really affects how much is produced from the 

bad rocks. 

 

Figure 4-12: Bad rock production under different distributions 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The subject of net-to-gross ratios, petrophysical cutoffs will continue to remain 

significant, and possibly controversial, in the petroleum industry, especially in the realm of 

reservoir modelling and simulation. The importance of modelling this important parameter 

accurately has been shown in this work and will provide background for further work. A 

summary of the work carried out in this research include: 

• A thorough background on the subject matter of net-to-gross and why more 

attention should be paid to net-to-gross ratios. 

• A review of commonly applied cutoffs in petroleum reservoir studies. 

• An in-depth fluid in place simulation study of the effects of net-to-gross 

ratios, upscaling, using appropriate cutoffs, and distribution of rocks 

traditionally classified as non-reservoir rocks on how a reservoir is depleted. 

5.1 Conclusions 

There is still a lot of work to be done on net-to-gross and related topics. However, the major 

takeaways and conclusions from this research thus far are: 

• Traditional cutoffs for reservoir properties (such as 1 md and 0.1 for oil and 

gas reservoirs respectively) warrant greater inspection and their use might 

result in errors in reservoir studies. 

• At high net-to-gross ratios, the non-reservoir rocks might not affect flow 

from oil reservoirs. The closer the NTG ratio to 1, the lesser the effect of 

the non-reservoir rocks. 
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• At low net-to-gross ratios, flow is significantly affected by the bad rocks. 

However, the “non-reservoir” rocks still need to have a reasonable porosity 

(5% in this research) and the ability to let flow through them (above 0.1 md 

in this research) to significantly affect flow. 

• This work also showed that increased resolution might not have serious 

effects on the production, and for the scenarios considered in this research, 

there is little to no effect on production above the 5th degree of resolution. 

• The distribution of these bad rocks (non-reservoir quality rocks) can have 

remarkable effects on the total production from the reservoir. 

5.2 Recommendations 

Despite the quantity and quality of this research, it is obvious that more work needs to be 

done on the impact of net-to-gross on reservoir studies. Some areas identified for more 

research include: 

• Introduction of more complex configurations and shapes in the distribution 

of the bad rocks. 

• Inclusion of the water saturation as a factor of consideration in addition to 

permeability and porosity. 

• Two complete distributions of permeabilities and porosities as opposed to 

the single values used in this work. 

• This work shows the need for more research and considering the simplistic 

two-dimensional approach taken, a three-dimensional model is advised to 

tend towards a more realistic reservoir model. 
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APPENDIX A 

FLUID MODEL DESCRIPTION 

 

Figure A-1: Model's oil viscosity Curve 

 

Figure A-2: Model's oil formation volume factor curve 
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Figure A-3: Model's solution gas-oil ratio curve 

 

Figure A-4:Model's gas formation volume factor curve 
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Figure A-5: Gas viscosity curve 

 

Figure A-6: Oil-water relative permeability curves 
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Figure A-7: Gas-oil relative permeability curves 

 

Figure A-8: Gas-oil capillary pressure 
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Figure A-9: Oil-water capillary pressure curve 
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