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____________________________________________________ 

 

ABSTRACT 

____________________________________________________ 

Material balance is a very powerful tool for reserve estimation that requires static 

shut-in pressure measurements and cumulative oil production data to analyze original oil-

in-place and current recovery efficiency. Static shut-in pressure measurements that 

require production loss is the main negative side effect of this technique. Dynamic 

material balance introduces a new approach of using production data, such as flowing 

bottom hole pressures and varying flowrates, to estimate the original oil in place for each 

well (Mattar and Anderson 2005). 

This research introduces an extended dynamic material balance approach that 

applies more physics into the original formulations and presents methodology that was 

developed on the example of Field “A”, a carbonate platform located in Eurasia 

continent, and was compared with other industry accepted techniques, such as 

volumetrics, conventional material balance and numerical simulation. This method 

justifies its applicability by estimating the average reservoir pressure and comparing it to 

the existing shut-in pressure data. It can also be used to understand the productivity of the 

well and how it was affected by stimulation operations. 

Well diagnostics and acid job look backs were performed as a part of this study to 

understand the accuracy of productivity index calculations by the extended dynamic 

material balance approach. The impact of the offset wells was found from the numerical 

simulation. Changing of the production parameters of one well will impact the drainage 
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areas of the offset wells. This research has proven that extended dynamic material 

balance has great compatibility with other industry accepted techniques and should have 

a wide applicability. 
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____________________________________________________ 
 

CHAPTER 1: INTRODUCTION 

____________________________________________________ 

 

Calculations of original oil-in-place (OOIP) are essential factors for the 

development of a field and its associated production strategies, as well as the design of 

required facilities, etc. Volumetric calculations, decline curve analysis, material balance 

and numerical simulation are the main techniques used for calculating of hydrocarbons-

in-place. Material balance is a very powerful tool for estimating petroleum reserves, 

recovery factors, etc., since this method analyzes the actual production performance data 

and is applicable for all types of reservoirs. Literature shows three possible types of 

material balance: (1) traditional material balance (MB), (2) flowing material balance 

(FMB), and (3) dynamic material balance (DMB) (Mattar and McNeil 1998).  

The traditional material balance approach represents the relationship between the 

average reservoir pressure and the cumulative volumes of reservoir fluids produced. This 

method is commonly applied during the later stages of development in a field. The 

general idea of this method is to measure the average reservoir pressure before and after a 

certain portion of in-situ fluids is produced and by applying the appropriate change of the 

PVT properties with pressure, to estimate the remaining reserves as a difference of initial 

hydrocarbons in place and produced hydrocarbons. The average reservoir pressure data is 

generally acquired from long shut-in periods, which are usually associated with 

production loss expenses.  
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The flowing material balance approach excludes the limitation of shutting in 

wells, and allows performing of material balance calculations at dynamic reservoir 

conditions, by using the flowing bottom hole pressures and constant flowrates (Mattar 

and McNeil 1998). However, a constant production rate for an extended period of time is 

a very challenging production criterion for the majority of producing fields. In recent 

years, more attention has been placed on dynamic material balance estimations and their 

possible outcomes. Dynamic material balance is an extension of the flowing material 

balance but is valid for constant and varying flowrates. The application of the dynamic 

material balance method is applicable for almost any type of reservoir because it is not 

limited by static pressure measurements and can be used for both oil and gas reservoirs 

(Mattar and Anderson 2005).  

1.1 Purpose of Research 

This thesis presents the major concepts of dynamic material balance, its 

application to real field data and its compatibility with other industry accepted reserve 

estimation techniques. A detailed mathematical development is discussed, and a 

methodology is used to perform dynamic material balance estimates for a single-well 

analysis. The research is concentrated on performing material balance calculations at 

dynamic reservoir conditions by iterating the average reservoir pressure from flowing 

reservoir pressures for Field “A”, which is a carbonate platform with approximately 2.5 – 

3 billion stock tank barrels (BSTB) of estimated original oil-in-place. The expecting 

results from this study are OOIP and productivity index (PI) calculated for each well, as 

well as reservoir pressure change predictions for the whole period of production. The 

main contribution of this work is the development of a mathematical concept and a 
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methodology for extended dynamic material balance that allows performing material 

balance calculations using flowing production data instead of shut-in data. 

1.2 Research Objectives 

The research objectives of this thesis are as follows: 

1. Develop a methodology for the extended dynamic material balance by 

modifying the input equations and by incorporating additional physics into the 

original formulations, such as pressure dependent total compressibility and 

PVT properties of reservoir fluids, to estimate original oil-in-place; 

2. Estimate average reservoir pressure and compare it to the existing shut-in 

pressure measurements; 

3. Evaluate how well treatment operations relate to the change of production 

capacity of the well; 

4. Compare the achieved results to the static geologic model volumetrics and the 

conventional material balance results; and, 

5. Run several cases using an existing monitoring simulation model provided by 

the operating company to see the possible impact of offset wells. 

1.3 Application to Field Data 

This study focuses on the application of dynamic material balance to Field “A”. 

This field is located in the Eurasia continent. Due to the confidentiality policy of the 

operating company, the name of the field and some other factors that can reveal the 

nature of this field were changed to generic names. A more detailed summary about the 

geology and the reservoir properties of the Field “A” is discussed in Chapter 3. It 
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includes some of the specific limitations and assumptions for the geology and the 

reservoir performance of this field and uses chronological production data, such as 

cumulative volumes produced, wellhead pressures, etc., from every producing well on the 

Field “A”. Fortunately, Field “A” has a chronological data of Static Gradient Survey 

(SGS) measurements of average shut-in reservoir pressures, which can be compared to 

the output results of DMB. One of the main parts of this study was a proof of 

applicability of the dynamic material balance technique, which was performed by 

comparing the results from DMB with other industry-accepted techniques, such as 

conventional material balance, volumetrics, numerical simulation, etc. The achieved 

results are within a reasonable range of agreement and prove the applicability of this 

technique to real reservoir data. 
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____________________________________________________ 

 

CHAPTER 2: MATHEMATICAL CONCEPT OF DYNAMIC 

MATERIAL BALANCE 

____________________________________________________ 
 

 This chapter provides a summary of the existing works on the mathematical 

dynamic material balance technique, as well as presents new changes applied through this 

research. Two techniques are used for average reservoir pressure estimation, slope and 

intercept analysis, and are also discussed in this section. Finally, the proposed 

methodology discusses how pressure dependent total compressibility can be incorporated 

into extended dynamic material balance formulations. 

2.1 Summary of Previous Works on Dynamic Material Balance Technique 

This research uses original work of Mattar and Anderson as a starting point for 

further analysis; however, later studies on dynamic material balance were also reviewed 

and used during analysis (Ojo et al 2004; Osisany et al 2006; Tosdevin, Sibley et al 2007; 

Zhao and Tian 2006). The mathematical concept of dynamic material balance, as 

proposed by Mattar and Anderson (2005), starts from well-known equations and 

formulations for pseudo-steady state production (Equations 1-5). 

 

PD =
2tD

reD
2 + ln(reD ) −

3
4

       (Eq.  1) 
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where, 

 

 

PD =
Pi − P( )kh

141.2qBoµo

 

 

tD =
2.637 ×10−4 kt × 24

φµocrw
2  

 

reD =
re

rw

 

 

Pi − Pwf( )=
141.2Boµoq

kh
2rw

2

re
2

2.637 ×10−4 kt × 24
φµcrw

2 +
141.2Boµoq

kh
ln(

re

rw

) −
3
4

 

 
 

 

 
  (Eq.  2) 

 

Pi − Pwf( )=
qt

coN
+

141.2Boµoq
kh

ln(
re

rw

) −
3
4

 

 
 

 

 
      (Eq.  3) 

 

1
Jw

=
141.2Boµoq

kh
ln(

re

rw

) −
3
4

 

 
 

 

 
       (Eq.  4) 

 

Pi − Pwf( )=
qt

coN
+

q
Jw

        (Eq.  5) 

where, 

Bo – formation volume factor, Sm3/Sm3 

co – oil volume compressibility, bar-1 

Jw – productivity index, Sm3/(day*bar) 

k – reservoir permeability, md 

N – original oil in place, Sm3 

PD – dimensionless pressure, unitless 

Pi – initial reservoir pressure, bar 

Pwf – flowing bottom hole pressure, bar 

 

P  – average reservoir pressure, bar 

q – production flowrate, Sm3/day 

re – exterior radius, ft 

reD – exterior radius dimensionless, unitless 
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rw – wellbore radius, ft 

t – time, day 

tD – dimensionless time, unitless 

φ – reservoir porosity, unitless 

µο – viscosity, cp 

 
By recognizing that the term qt in Equation 5 is a cumulative production (Np) and 

by dividing both sides of Equation 5 by flowrate (q) the final form of the dynamic 

material balance is attained and presented in Equation 6.  

 

(Pi − Pwf )
q

=
1

coN
N p

q
+

1
Jw

        (Eq.  6) 

where, 

Np – cumulative oil production, Sm3 

Terms 

 

(Pi − Pwf )
q

 and 

 

N p

q
 from Equation 6 can then be plotted on the y- and x-

axis of a Cartesian plot, respectively. The outputs of this plot will be 

 

1
Nco

 for the slope 

and 

 

1
Jw

 for the intercept, which give an estimated OOIP for each well and a productivity 

index for each well, respectively. In the ideal case, the analyzing plot will have a trend 

with a transient period at the beginning, a positive slope and some outliers (Figure 1).  
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Figure 2.1: Ideal case for dynamic material balance (Mattar and Anderson 2005). Intercept of a 
trendline represents the reciprocal of the productivity index and the slope is the reciprocal of OOIP 
multiplied by compressibility. 

The discussed technique was first tested on a central part of the subject field, 

Field “A”. Chronological monthly production data and average wellhead pressures were 

used as the main input parameters. The flowing bottomhole pressures were estimated by 

using ProsperTM software (Petroleum Experts Ltd 2009). The same mathematical 

procedure that was discussed earlier (Equations 1-6) was followed. The achieved results 

were not quite similar to the ideal case that was presented by Mattar and Anderson 

(2005). Figure 2.2 represents the results of one of the subject field wells, Well A-12. The 

first explanation for these results was that transient flow was affecting the data in the 

early production stages, and some outliers are present.  
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Figure 2.2: Dynamic material balance calculations for Well A-12 (first approximation). This plot 
represents transient flow at the beginning of the production period, general trend with a positive 
slope and a set of outliers. 

However, the same scenario was repeated for all producing wells on Field “A” 

(total 21 wells). The outliers were very consistent chronologically and could be separated 

as a different trend. The set of outlier data points could be separated as a different trend. 

The reason for this trend change can be found in the well history (Figure 2.3). This 

change in trend corresponds exactly to the addition of new perforations in March 2003. 

This brought the idea of identifying more trends based on the well history. As a result, it 

was found that a well treatment operation, such as an acid job, addition of new 

perforations, workover, etc., could change the slope and/or intercept of the data points. 

Using this information, the new plot for Well A-12 is presented in Figure 2.4, where each 

trend corresponds to some well treatment operation that was performed on that well. 

Analyzing a longer production period also helps in better understanding of trend changes.  
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Figure 2.3: Snapshot from well utility plan of Well A-12. Note: acid frac in Jun-96 and 
additional perforations in Mar-2003 changed the original trend of the data set. 

 

 
Figure 2.4: Dynamic material balance calculations for Well A-12. Each change in trend 
corresponds to some well treatments shown in the well history. 

The same procedure was performed for every well in the central platform region 

(16 wells total). The productivity index was calculated based on the estimates from every 

trend showing the generally improving effect resulting from various well treatments 

applied. Oil-in-place was then calculated based on the data from the last trend, assuming 

that all oil is connected to the drainage area of each well. Calculated productivity index 

results were compared to the results from flowing tubing pressure (FTP) curves and were 

 
  

   Sep-91: Primary Production 
   Jun-94: Workover 
   Jun-96: Acid Frac 
   Mar-03: Add Perfs 
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more or less comparable. However, the calculated OOIP from dynamic material balance 

was almost twice the value when compared to the geologic prediction. The application of 

the dynamic material balance technique required some modifications to the original 

concept, which is discussed in Section 2.2. Tables 2.1 and 2.2 present all the output 

results of original dynamic material balance application for Field “A”, such as calculated 

productivity index and total OOIP for Field “A”. Original dynamic material balance 

graphs that identify the main trends in production are presented in Appendix A-1. 
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2.2 Changes Introduced to the Original Formulation 

The proposed methodology introduces more physics to the original formulations 

shown in Equations 1-6. The main change was to use pore volume estimates instead of 

bulk volume. Another addition is expanding the original DMB formulation by 

introducing a well geometric factor (Gw), which is a component of productivity index that 

is independent on formation volume factor and oil viscosity. Equations 7-13 represent 

step-by-step changes applied to the mathematical development. First, the pressure 

difference expression is presented in Equation 7. 

 

Pi − Pwf( )= Pi − P( )− P − Pwf( )      (Eq.  7) 

The next step is to introduce the total compressibility equation and to rearrange it 

recognizing that the initial volume (Vi) for this formulation is equal to the initial pore 

volume (Vp) (see Equations 8 and 9). 

 

ct =
1

∆P
∆V
Vi

          (Eq.  8) 

where, 

 

Vi = Vp =
NBoi

(1− Swi )
   ,   ∆V = ∆N pBo( )

t
t =1
∑   and   ∆P = Pi − P  

 

Pi − P( )=
1
ct

∆N pBo( )
t

t =1
∑

NBoi

(1− Swi )

             (Eq.  9) 

where 

Boi – initial formation volume factor, Sm3/Sm3 

Swi – initial water saturation, fraction 
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Vi – initial volume, Sm3 

Vp – initial pore volume, Sm3 

∆V – change in pore volume, Sm3 

 Repeating the same procedure with the flow potential index equation (Equation 

10) and introducing the definition of the well geometric factor (Gw) (Equation 11).  

 

q = Jw P − Pwf( )            (Eq.  10) 

 

Jw =
Gw

µoBo

           (Eq.  11) 

Then,  

 

P − Pwf( )=
qµoBo

Gw

         (Eq.  12) 

where, 

Gw – well geometric factor, (Sm3*cP)/(d*bar) 

All terms are then combined together by substituting Equations 9 and 11 into 

Equation 1 (Equation 13). Then dividing every term in Equation 13 by flowrate, oil 

viscosity and formation volume factor provides the final formulation for the expanded 

dynamic material balance approach (Equation 14). 

 

Pi − Pwf =
1
ct

(∆∑ N pBo)k

NBoi

(1− Swi )

+
qµoBo

Gw

      (Eq.  13) 

 

Pi − Pwf

qµoBo

=
(1− Swi )

NBoi

(∆∑ N pBo)k

ctqµoBo

+
1

Gw
        (Eq.  14) 
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Terms 

 

(Pi − Pwf )
qoµoBo

 and 

 

(Bo∆N p )k∑
ctqoµoBo

 are then plotted on the y- and x-axes of a 

Cartesian graph, respectively. The slope of the resulting trend is equal to 

 

1− Swi( )
BoiN

 and 

gives OOIP for each well. Similarly, the intercept of this plot is a reciprocal of the well 

geometric factor and is equal to 

 

1
Gw

. 

2.3 Average Reservoir Pressure Calculations 

The average reservoir pressure can be independently estimated from the original 

equations of compressibility and flow index potential, based on the achieved results of 

OOIP and productivity index. There are two possible methods for this: (1) intercept 

analysis and (2) slope analysis. 

2.3.1 Intercept analysis 

The mathematical development behind the intercept analysis is the rearranged 

form of the flow index potential equation (Equation 12) that is presented in Equation 15. 

This method is highly dependent on flowrate fluctuations. 

 

P − Pwf( )=
qµoBo

Gw

        (Eq.  12) 

 

P = Pwf +
qµoBo

Gw

        (Eq.  15) 

2.3.2 Slope analysis 

Slope analysis uses the same idea of intercept analysis but takes the rearranged 

form of the compressibility equation (Equation 9) and solves it for the average reservoir 
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pressure (

 

P )  (Equation 16). Constant pore volume compressibility is calculated in 

Equation 17. Formation thickness and water saturation values are taken from the open 

hole logs. 

 

P = Pi −
1
ct

∆N pBo( )
t

t =1
∑

NBoi

(1− Swi )

        (Eq.  16) 

where  

 

ct =
h[cr + Sw *cw + (1− Sw )co]( )∑

i

hi∑
       (Eq.  17) 

h – formation thickness, ft (m) 

cr – formation compressibility, psia-1 (bar-1) 

cw – water compressibility, psia-1 (bar-1) 

co – oil compressibility, psia-1 (bar-1) 

Sw – water saturation 

2.4 Pressure Dependent Total Compressibility 

This expansion starts with deriving the equation for pressure dependent pore 

volume compressibility (Equations 18 and 19) and later incorporating it into the adjusted 

dynamic material balance equation. 

 

ctdP =
dV
V

          (Eq.  18) 

 

cr + (1 − Sw )co + Swcw( )dP =
dV
V

       (Eq.  19) 
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One of the previous studies for Field “A” defined rock compressibility as a power 

function of a net confining stress (σnc), where the net confining stress is the difference 

between the overburden stress (σob) and the average reservoir pressure (Equation 20). 

 

cr = ar(σnc )br = ar (σob − P)br         (Eq.  20) 

Based on the reservoir fluids PVT properties, a hyperbolic trend was also 

observed for oil compressibility that is presented in Equation 21. Water compressibility 

was assumed to be constant. 

 

co = ao P( )bo           (Eq.  21) 

The next step is to substitute Equations 20-21 into Equation 18 and to integrate it 

(See Equations 22-24 for step-by-step integration procedure). Thid integration procedure 

was first introduced by Yildiz (1998) for formation compressibility. The expansion 

presented in Equations 22-28 is broader and accounts for total compressibility. 

 

ar σob −P( )br + (1 −Sw )ao P( )bo + Swcw( )dP
P

Pi

∫ =
dV
VV

Vi

∫       (Eq.  22) 

 Divide integral on the left hand side of the Equation 22 into three smaller 

integrals, where each integral corresponds for rock, oil and water compressibility (See 

Equation 23). 

 

ar σob −P( )br dP
P

Pi

∫ + (1 −Sw )ao P( )bo dP
P

Pi

∫ + SwcwdP
P

Pi

∫ =
dV
VV

Vi

∫      (Eq.  23) 

 

−
ar

(br +1)
σob −P( )(br+1)

P

Pi + 1 −Sw( ) ao

(bo +1)
P( )(bo+1)

P

Pi + SwcwP
P

Pi = ln
Vi

V
 
 
 

 
 
   (Eq.  24)  

The result of the integration procedure of the left hand side of the equation is 

called X (Equation 25) 
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−
ar

(br +1)
σob −P( )(br+1)

P

Pi + 1 −Sw( ) ao

(bo +1)
P( )(bo+1)

P

Pi + SwcwP
P

Pi = X    (Eq.  25) 

Then substituting X into Equation 24 and solving for V, which is final volume 

and helps to understand the volume change at a certain pressure drop. Equations 26 and 

27 present this step in details. 

 

X = ln
Vi

V
 
 
 

 
 
    ⇒    eX =

Vi

V
   ⇒    V =

Vi

eX       (Eq.  26) 

 

∆V = Vi −V( )= Vi −
Vi

eX

 
 
 

 
 
 = Vi 1− e−X( )       (Eq.  27) 

Final pressure dependent pore volume compressibility is presented in Equation 

28. This compressibility term is later substituted into Equation 14. 

 

ct =
1

∆P
∆V
Vi

=
1

Pi − P
Vi(1− e−X )

Vi

=
(1− e−X )
Pi − P

         (Eq.  28) 
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____________________________________________________ 
 

CHAPTER 3: FIELD DATA ANALYSIS 
____________________________________________________ 

This chapter covers the largest part of research performed that is a field data 

analysis. It starts from a summary of background information about the subject field, 

Field “A”. A detailed methodology developed using this field example and possible 

sources of errors are also discussed in this chapter. Results of extended dynamic material 

balance performed on Field “A” are presented. 

3.1 Background Information about Field “A” 

Field “A” is a semi-isolated part of a large system of carbonate reservoirs located 

in the Eurasia continent. Figure 3.1 presents a map of Field “A” indicating the location of 

every well that was drilled in 

this reservoir. A previous 

study proved that Field “A” 

is a reservoir that has no 

pressure communication with 

adjacent reservoirs; however, 

fluid migration into the 

reservoir is possible. This 

field is a very deep carbonate 

platform, which was 

deposited in the Carboniferous geologic period and is an analog to Karachaganak and 

 
Figure 3.1: Map of Field "A" presenting geologic cross-section 
passes. 
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Kashagan fields, Western Kazakhstan, Precaspian basin (Ahr et al 2003, Harris 2008). It 

is a limestone-dominated formation with a cyclically layered deposition that was driven 

by changes in sea level. Main carbonate rock fabrics are grainstones and packstones.  

Field “A” is a non-fractured depletion drive reservoir with good matrix properties. 

Porosity varies in the range of 4-24% and permeabilities are up to 100 mD. Migration 

into the reservoir from the deep basinal shale, located south of the field, occurred by the 

end of the Cretaceous period. A thick layer of a salt formation overlies the reservoir and 

creates a seal. Field “A” is producing from three main formations X, Y and Z (listed from 

top to bottom), where X is the main contributor to the overall oil production of the field. 

Contribution from the Y and Z formations is increasing with higher production rates. The 

reservoir payzone of approximately 500 m (1,640 ft) thick is interbedded with thin layers 

of volcanic ash that act as vertical permeability barriers. Figure 3.1 shows a map of Field 

“A” with highlighted cross-sections A-A’ and B-B’ that show the geology and the 

reservoir properties of the field in more details (Figures 3.2 and 3.3). 

Cross-flow is possibly occurring between the formations through the wellbores. 

Due to the fact that Formation X is the main producer in this system, its pressure has 

depleted faster. Fluid flows from the deeper formations (Y and Z) into Formation X 

during shut-in passes through the wellbores. When a well is shut-in, it is still flowing 

because of the cross-flow from one formation into another. This was concluded from the 

results of modular dynamic tests (MDT) and the interpretation of production logging tests 

(PLT) during shut-in passes that were performed on the majority of the wells on Field 

“A” (see Figure 3.4). The production operations of Field “A” are complicated by a high 

hydrogen sulfide content, approximately 15-17%. The stock tank gravity of its crude oil 
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is approximately 470 API. The estimated OOIP is around 2.5 - 3 BSTB. This field is 

highly undersaturated, and the initial and bubble point pressures are 824.1 bar and 252.4 

bars (11,950 psia and 3,660 psia), respectively. 

 Field “A” has been under exploration and production operations since the early 

1990’s. Cumulative production from Field “A” on January 1st, 2008, was 270 MMSTB. 

Production rates are determined by the capacity of a processing plant. That is why wells 

are not producing at their full potential and flowrates are always varying. A large acid 

stimulation program included the majority of the producing wells on Field “A” for 

approximately 10 years starting since 1996, which resulted in a significant production 

increase. Various modern wireline logging analysis and core data, as well as 2-D and 3-D 

seismic survey results, were gathered to fully characterize the reservoir structure and its 

potential. 
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Figure 3.4: Snapshot from Wellbook (open hole and cased hole production logging test results 
database) for Well A-14. This figure represents a possibility of cross-flow during shut-in passes. 
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3.2 Methodology 

Dynamic material balance calculations were performed for every producing well 

in Field “A”. Three different cases were considered during this study: (i) constant pore 

volume compressibility and reservoir fluids PVT properties, (ii) constant pore volume 

compressibility and pressure dependent PVT properties, and (iii) pressure dependent pore 

volume compressibility and PVT properties.  

3.2.1 Input data 

Daily historical data of production flowrates (q), wellhead pressures (Pwh) and 

temperatures (Twh) were gathered for the period since the wells were commenced 

production and up to the beginning of this research (December 2007). This data is 

presented in Appendix A-2. 

 3.2.2 Bottomhole flowing pressure  

 Flowing bottom hole pressures were calculated by using Prosper Modeling 

Software, which is a well performance and design program that accounts for the pressure 

drop in the wellbore based on the well configuration (Petroleum Experts Ltd 2009). Two 

main assumptions go into these calculations: (1) the producing gas-oil ratio (Rp) is the 

same as the solution gas-oil ratio (Rsi) and is equal to 444 m3/m3, and (2) the water cut for 

producing fluids is assumed to be zero. Both of these assumptions are reasonable. The 

reservoir is hundreds of bars above the bubble point pressure and its measured producing 

gas-oil ratio is very close to a solution gas-oil ratio. Very small water production was 

recorded on a couple of wells, but the measured water cut ranges from 0% to 1%, which 

is considered to be an insignificantly small amount.  
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One more important thing to mention is that these calculations are based on the 

newest production string design and do not account for changes in tubing design with 

time. Due to high corrosion issues, every well in this field has been worked over with 

tubing replacement. In some cases, the difference in tubing diameters was significant. 

Unfortunately, many of the old well configurations and old Prosper models no longer 

exist. 

 3.2.3 Reservoir formation and fluids properties 

Pressure dependence of oil PVT properties, such as formation volume factor, 

viscosity and compressibility, was also analyzed. All of these properties had a good 

correlation with pressure (See Figures 3.5-3.7). These relationships were used in this 

study. 

 
Figure 3.5: Oil formation volume factor as a function of average reservoir pressure from PVT analysis 
of reservoir fluids of Field “A”. 
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Figure 3.6: Oil viscosity as a function of average reservoir pressure from PVT analysis of reservoir 
fluids of Field “A”. 
 

 

Figure 3.7: Oil viscosity as a function of average reservoir pressure from PVT analysis of reservoir 
fluids of Field “A”. 
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Total compressibility (ct) was calculated for two different cases: (i) constant 

compressibility and (ii) pressure dependent compressibility. Constant compressibility was 

calculated as a weighted average of each formation layer’s total compressibility. That 

includes collecting core and open hole log data of formation thickness, the water 

saturation for each well and rock compressibility. Oil and water compressibilities are 

taken from PVT analysis of reservoir fluids. The pressure dependent compressibility 

estimation is related to one of the operating company studies that relates formation 

compressibility to the net confining stress (σnc) (see Equation 19). ar and br are the 

coefficients of this power relationship and are equal to 0.001 and -0.644, respectively. 

Water compressibility is assumed to be constant for both cases. 

 

cr = ar(σnc )br = ar (σob − P)br       (Eq. 19) 

3.2.4 Dynamic material balance 

After all the required data were gathered, the extended dynamic material balance 

technique was used to analyze the data. All numerical estimations were based on the 

equations discussed in Section 2.2. For the first iteration, average reservoir pressure is 

assumed to be equal to the initial reservoir pressure. Calculated reservoir pressures are 

then used for the next iteration. This process continues until the assumed average 

reservoir pressure is equal to the calculated average reservoir pressure. Data were divided 

into separate trends based on the well history and were plotted on a Cartesian scale to 

perform further analysis. One of the main parts of this study was to estimate average 

reservoir pressure and how it was changing with time. Both of these plots, dynamic 

material balance representation and reservoir pressure plots, were analyzed 

simultaneously to get a better understanding. Same data sets were analyzed for all three 
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cases mentioned at the beginning of this section. Results from all three cases were 

compared to the existing SGS pressure measurements.  Figure 3.7 shows the schematic of 

the methodology for the expanded dynamic material balance approach. 

 
Figure 3.8: Schematic of expanded dynamic material balance methodology. 
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3.3 Possible Sources of Errors 

This section discusses the possible uncertainties and other sources of errors 

associated with each step of the previously discussed methodology.  

3.3.1 Input data 

One of the biggest uncertainties is associated with the input data of production 

flowrates and wellhead pressures. This technique requires chronological data since the 

beginning of production. Initially this field was developed by another company that had 

different standards of production allocation system and pressure measurements. The 

current operating company questions the accuracy of the measurements performed and 

whether or not they should rely on this data set. The most accurate flowrate 

measurements have been recorded starting the end of 2005 and beginning of 2006, after 

installation of multi-phase meters (MPM) on the meter stations and some separate wells. 

 3.3.2 Bottomhole flowing pressure  

Another big uncertainty comes from the bottom hole pressure estimations using 

the ProsperTM modeling software. Only the latest tubing design model currently exists 

and all estimations were done based on those calculations. However, as mentioned, the 

production string design has been changed several times in some wells. Another problem 

with this calculation is tubular scale issues. The ProsperTM model assumes actual inner 

diameter of tubing, where in reality, the diameter could be significantly smaller because 

of the scale build-up. Not only scale can mislead calculations, but also some other 

completion issues, such as dropping a tool, tubing collapse, etc. 
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 3.3.3 Reservoir formation and fluids properties 

Dynamic material balance is highly sensitive to the total compressibility. That is 

why using the most accurate compressibility data is very important. Uncertainty 

associated with PVT properties is minimal in comparison to other steps. Whereas, pore 

volume compressibility estimation is associated with many measured data, such as 

formation water saturation, compressibility and its thickness, etc. Each of these estimates 

is associated with several uncertainties. However, the data used in this research was 

reasonably accurate and reliable. 

3.2.4 Dynamic material balance 

Finally, combining all of the data and performing the associated calculations may 

result in a final total error. Based on the results of other industry accepted techniques that 

were used to check the accuracy of extended dynamic material balance (see a detailed 

discussion in Chapter 4), it was found that error from this study was reasonably small. 

The uncertainties discussed in this section should always be taken into consideration to 

obtain the most accurate results and to explain certain discontinuities in the interpretation 

of the results. 

3.4 Data Analysis 

 Based on the achieved results, wells in Field “A” were divided into three groups: 

(1) good pressure match examples, (2) wells with short production histories and (3) 

mismatches caused by completion issues. This section explains each of these groups and 

observations made during data analysis. All producing wells in Field “A” (total of 21 

wells) were analyzed by using the extended dynamic material balance technique, as 
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shown in Equations 7-28. Initially, average reservoir pressure was calculated by two 

different techniques, slope and intercept analyses. Figure 3.9 shows a pressure profile 

calculated by these two approaches for Well A-1. Both curves have the same general 

trend. However, slope analysis does not depend on flowrates; therefore, it does not 

fluctuate as the pressure trend from the intercept analysis does, and it has a better match 

with SGS data. Slope analysis was accepted as a better technique for pressure estimation 

and it was used for all the wells. Further sections and Figures 3.10 – 3.31 present the 

output results and specific details discovered during this analysis. 

 
Figure 3.9: Average reservoir pressure estimation for Well A-1 using intercept and slope analyses. 
Slope analysis is not dependent on production rate fluctuations in comparison to intercept analysis and 
is more correlatable with SGS data.  
 

3.4.1 Good pressure match examples 

The extended dynamic material balance technique has demonstrated a good 

pressure match for the majority of the wells in Field “A”. Estimated pressures matched 

almost exactly with the existing SGS pressure measurements. Figures 3.10 – 3.23 show 
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expanded dynamic material balance trend distribution based on the well history, as well 

as the average reservoir pressure match and calculated productivity index and OOIP for 

each well. A significant difference in slope and intercept of the trend explains the effect 

of the stimulation job. Many wells did not have any slope and intercept change (see 

Figures 3.10, 3.11, 3.13-3.16). Even thought acid stimulations have been performed on 

every well several times, not every stimulation job affected the overall results of 

productivity capacity and potential of the well.In many wells, this research showed a 

significant increase in the calculated OOIP and/or productivity index after well 

stimulation operations. For example, Well A-2 (Figure 3.11) on the initial stages of 

production the calculated OOIP was 5.89 MMSm3 and after acid job in July 1999, this 

number has grown to be 15.8 MMSm3. Similar scenarios could be observed on wells A-4, 

A-7, A-12, A-15, A-17 and A-19 (see Figures 3.12, 3.17, 3.20 – 3.22, respectively).  
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(a) Extended dynamic material balance trends representation. 

 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.10: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-1. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.11: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-2. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.12: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-4. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.13: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-7. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.14: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-9. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.15: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-10. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.16: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-11. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.17: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-12. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  



 

 
   

41 

 
(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.18: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-13. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.19: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-14. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.20: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-15. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.21: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-17. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.22: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-19. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.23: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-20. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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3.4.2 Wells with short production history 

Two wells, A-6 and A-21, were drilled at the end of 2006 and commenced 

production several months prior to the beginning of this study. The extended dynamic 

material balance plot shows that these wells are still in the transient period (see Figures 

3.24 – 3.25) since all of the data points were spread and did not have any distinct general 

trend. These wells have only a few static build-up pressure measurements. However, in 

comparison to other wells, pressure decline is within a reasonable range of approximately 

5 bar per month. 
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.24: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-6. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.25: Dynamic material balance calculations of average reservoir pressure, productivity 
index and OOIP for Well A-21. Well geometric factor and OOIP for each well are calculated from the 
slope of the trend (a). The productivity index is later calculated by dividing the pressure dependent 
PVT properties.  
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3.4.3 Mismatch caused by completion issues 

Several wells analyzed (A-3, A-5, A-8, A-16 and A-18) have shown unusual 

discontinuity and mismatch in the pressure curves. These pressure mismatches came 

along with production flowrate reductions, which could be an indicator of completion 

issues inside the production string. All of these wells had significant issues with iron 

sulfide (FeS) scale build-up. This was verified by reviewing the results of caliper logs. In 

many cases, scale build-up resulted in shutting the well in for a long period.  

Well A-8 is an example of one of the most severe scale issues. Ever since a 

workover in April 2000, this well had a significant scale build-up inside the production 

string. The first scale build-up was observed in 2000, after a caliper log was run. This test 

indicated the tubing to be in a good general condition (average level of damage was 

approximately 5 – 10 %). However, isolated features were identifiable at some levels, 

which may be attributable to depositional or mechanical damage. Several short intervals 

with major levels of obstruction were identified at depths: 2359, 2360, 2843, 3317 and 

3703 m. Figure 3.26 shows the amount of scale deducted from acid job in October 2000 

(bullhead 15,000 gals 15% HCl), which is calculated as a difference of pre- and post- 

stimulation caliper log tests. The situation became even worse with time. One year later, 

in September 2001, a caliper log showed an increase of damage inside the tubing string 

due to scale. The most severe level of damage was observed on the following depths: 

3689, 3571, 3486, 3392, 3345, 3297, 3270 and 3012 m. An acid wash has been applied 

several times to clean up the scale. Currently, this well is shut in for the investigation of 

scale build-up issues.  
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Figure 3. 26: Results of acid clean up on Well A-8 in October 2000. This figure presents the amount 
of scale that was deducted after acid stimulation based on the results of pre- and post-stimulation 
caliper log tests. 
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Wells A-3, A-5, A-16 and A-18 had similar scale build-up. Wells A-8 and A-18 

are currently shut-in. In some wells, such as wells A-3 and A-16, scale was improved by 

acid stimulation. In addition to scale build-up, A-16 had a lost wireline tool fish in the 

hole. Figures 3.27-3.31 present the results discussed in this section. 

The existing ProsperTM model does not account for changes in the diameter of the 

production string due to scale build-up and therefore underestimates bottomhole flowing 

pressure (Pwh). The calculated low pressures result in a higher slope that gives an 

underestimated OOIP. That is why the expended dynamic material balance model shows 

fast reservoir pressure depletion.  
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.27: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-3. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.28: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-5. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.29: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-8. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.30: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-16. Well geometric factor and OOIP for each well are calculated from the slope 
of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 
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(a) Extended dynamic material balance trends representation. 

 
 
(b) Pressure match results from dynamic material balance, an estimated OOIP and a productivity index for 
each well. 
 
Figure 3.31: Dynamic material balance calculations of average reservoir pressure, productivity index 
and OOIP for Well A-18. Well geometric factor and OOIP for each well are calculated from the slope 
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of the trend (a). The productivity index is later calculated by dividing the pressure dependent PVT 
properties. 

3.5 Summary of Field Data Analysis 

The majority of the analyzed wells had a remarkable pressure match. All three 

cases (case 1 - constant rock and fluid properties, case 2 - constant rock and variable fluid 

properties, and case 3 – variable rock and fluid properties) compared had a relatively 

close pressure prediction, whereas OOIP estimates varied. Pressure match discontinuity 

was observed in five out of 21 wells. Those wells were diagnosed to understand the 

reason for these mismatches. First, the geology of the formation adjacent to these wells 

was reviewed. Nothing significant was observed; all of these wells had good matrix 

properties similar to the rest of the field. The pressure discontinuity was followed by a 

significant production decrease, which indicated on a possibility of completion issues 

inside the production string. As a result of well diagnostics, it was concluded that all of 

these wells were subject to scale build-up. Table 3.1 represents a summary of the 

performed dynamic material balance calculations for the 21 wells of Field “A”. This table 

includes a description for each trend, its calculated OOIP and well geometric factor, as 

well as some general comments and observations made during this study. Color-coding 

presents three different groups identified from the study: (a) green – good pressure match, 

(b) yellow – wells with short production history and (c) blue – mismatch caused by 

completion issues. 

As a result, OOIP per well, productivity index and average reservoir pressure 

profiles were calculated for three different cases based on reservoir and fluid properties 

(Section 3.2). Pressure matches were estimated to be relatively similar for all three cases. 

Pressure data points for three different cases were almost overlying each other and 
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matching well with SGS data points. Whereas, the calculated OOIP for each well was 

increasing as it goes from Case 1 (constant reservoir properties) to Case 3 (pressure 

dependent reservoir properties). The OOIP and recovery factors were calculated based on 

the latest trend. Since Case 3 assumes pressure dependent reservoir fluid and formation 

properties, it is closer to the actual reservoir conditions. That is why total OOIP 

calculations were based on Case 3. The calculated well geometric factor was calculated 

for each trend, which provides productivity index for pre- and post-stimulation job 

analysis. It also shows how productivity index changes with pressure due to the PVT 

properties’ pressure dependence. 

The calculated average reservoir pressure was compared to the measured static 

reservoir pressure data. It should be noted that static build-up pressures (SGS pressures) 

were not used in the single-well analysis and therefore act as an independent check to all 

the formulations and procedures (see Appendix A-2 for SGS pressure measurement 

results). The benefit of the dynamic material balance approach is that shut-in pressures 

are not required (but if available, they can be used as an independent check).  
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____________________________________________________ 

 

CHAPTER 4: COMPARISON OF DYNAMIC MATERIAL 

BALANCE RESULTS WITH OTHER INDUSTRY ACCEPTED 

TECHNIQUES 

____________________________________________________ 

Calculated results from dynamic material balance were compared to other 

industry accepted reserve estimation techniques. Slope analysis results were compared to 

static geologic model volumetrics, conventional material balance and numerical 

simulation. While volumetrics and conventional material balance predicted the original 

oil-in-place, numerical simulation considered several cases to help understand the effects 

of change in production rate on offset wells. Intercept analysis results were used for well 

diagnostics and pre- and post-stimulation evaluation. Calculated productivity index 

results from DMB were weighted against productivity index estimates from well tests 

calculated using ProsperTM models. This chapter discusses each of these techniques in 

detail and compares the results. 

4.1 Static Geologic Model Volumetrics 

The static model is a dual porosity geologic model built for Field “A” by the 

operating company. Seismic interpretation in combination with well log data created the 

structural framework for this model (see Figure 4.1). Core data was mostly used to 

incorporate the reservoir properties, such as porosity, permeability, etc., to identify the 

depositional environments and to build a facies model that is based on petrophysical rock 
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types. This model integrates the impact on the original deposition rock fabric properties 

due to diagenesis. One of the unique features of this model is the use of Multiple Point  

Statistics (MPS) for facies 

distribution. The volumetric 

estimates of original oil-in-place 

for each Formation X, Y and Z 

are 0.61 BSTB, 0.25 BSTB and 

2.12 BSTB, respectively. Thus 

total original oil-in-place for 

Field “A” is 2.98 billion of stock 

tank barrels of oil (see Table 4.1 

for more details and comparison of OOIP results). The estimated total OOIP from case 3 

(pressure dependent reservoir fluid and formation properties case) is 3.04 BSTB, which is 

comparably close to the volumetrics of this reservoir and difference is around 2%.  

4.2 Conventional Material Balance 

The conventional material balance technique, proposed by Havlena and Odeh 

(1968), was used to check the results of calculated OOIP for Field “A”. This method was 

calculated for two different cases: case 1 assumed constant pore volume compressibility, 

and case 2 was calculated using pressure dependent pore volume compressibility. This 

technique uses cumulative oil production from the entire field, static reservoir pressure 

measurements, formation volume factor and pore volume compressibility data. Reservoir 

pressure change was presented as a function of cumulative production (Figure 4.2). 

 
 
Figure 4.1: Snapshot of Dual-Porosity Static Geologic 
Model for Field “A”. 
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Figure 4.2: Average reservoir pressure from SGS measurements presented as a function of 
cumulative oil production from Field “A”. 

4.2.1 Case 1 – constant compressibility 

The constant pore volume compressibility case represents the original material 

balance technique, proposed by Havlena and Odeh (1968). Equations 29-33 represent the 

methodology used for this method. 
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F = N p Bo + Rp − Rs( )Bg[ ]       (Eq.  30) 

 

Eo = Bo − Boi + Bg Rp − Rs( )       (Eq.  31) 
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F = N Eo + E f ,w( )+We        (Eq.  33) 
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where, 

 Bg – formation volume factor of gas, Sm3/Sm3 

Rp – producing gas-oil ratio, Sm3/Sm3 

 Rs – solution gas-oil ratio, Sm3/Sm3 

Rsi – initial solution gas-oil ratio, Sm3/Sm3 

We – net fluid influx, Sm3 

The final conventional material balance formulation is presented in Equation 32. 

Terms F and (Eo+Ef,w) are plotted on the y- and x-axes, respectively. The outputs of this 

plot are N and We, which are the estimated total OOIP and fluid influx into the reservoir, 

respectively. Figure 4.3 represents the material balance chart for case with constant 

formation compressibility. 

 
Figure 4.3: Conventional material balance chart for Field “A” using constant pore volume 
compressibility. 
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4.2.2 Case 2 – pressure dependent compressibility 

The pressure dependent pore volume compressibility case expands the original 

material balance technique discussed in Section 4.2.1 by integrating the original 

definition of compressibility (Yildiz 1998). Equations 34-39 represent the methodology 

used for this method. 
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∂P
 

 
 

 

 
 

σ z

          (Eq.  34) 
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Introducing normalized pore volume compressibility  
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Assuming the exponential term is small enough then the equation for normalized 

pore compressibility looks as presented in Equation 35. The normalized pore volume 

compressibility term is introduced into Equation 30 (see Equation 36).  
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F = N Eo + E f ,w( )+We           (Eq.  39) 

where, 

 cpn – normalized pore volume compressibility, bar-1 
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Figure 4.4: Conventional material balance chart for Field “A” using pressure dependent pore volume 
compressibility. 
  

The cases with constant and pressure dependent total compressibility have 

relatively close OOIP estimates, 2.49 BSTB and 2.70 BSTB, respectively. However, the 

pressure dependent compressibility case has a better straight trending curve and a smaller 

influx in comparison to the constant compressibility case. Using the previous assumption 

of pressure dependent compressibility being closer to reality, as in previous sections, its 

results are considered to be more accurate. Table 4.1 presents a summary of calculated 

total OOIP by three different approaches: (i) – dynamic material balance, (ii) – static 

geologic model prediction, and (iii) – conventional material balance. Even though the 

estimated OOIP is smaller then extended dynamic material balance results. The 

difference is around 10-12% and is within a reasonable range of agreement. This proves 

that dynamic material balance technique has a very good applicability for Field “A”. 
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4.3 Numerical Simulation 

Numerical simulation is one of the most important aspects of reservoir modeling 

that provides a predictive understanding of a multidimensional multi-compartment 

reservoir performance by representing physics of flowing and equilibrium conditions in 

the reservoir/well system with applied mathematical development. This study has applied 

the existing monitoring model build in CHEARS, which is Chevron’s standard fully 

implicit 3-D reservoir simulator developed for all types of recovery mechanisms, 

reservoir fluids and reservoir complexity (Chevron Energy Technology Company 2009). 

This model is a black-oil reservoir built for the entire reservoir system with special grid 

infinement in zone of interest. This grid includes 17 out of 21 producing wells in Field 

“A”, two of which are currently abandoned and were not used for future predictions. 

Several cases were considered to aid in understanding the effect of change of the drainage 

area of one well by adjusting its production rate on the drainage areas of the other wells.  

Well A-11 played the main role in the developed scenarios for simulation 

analysis. Well A-11 is located in the center of Field “A” and has the largest number of 

adjacent wells (see Figure 3.1). After two years of constant production from all the 
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producing wells of Field “A”, the production rate of Well A-11 was adjusted to 

understand the effect on the offset wells according to the scenarios listed below: 

• Producing all wells at a constant flowrate: 

1. All wells produce at 4000 STB/day for six years 

2. All wells produce at 6000 STB/day for six years 

3. All wells produce at 8000 STB/day for six years 

• Changing production flowrate of Well A-11 by keeping production from all the 

other wells at 4000 STB/day: 

4. All wells produce at 4000 STB/day for two years, then increase production of 

Well A-11 to 6000 STB/day and produce for four more years; 

5. All wells produce at 4000 STB/day for two years, then increase production of 

Well A-11 to 8000 STB/day and produce for four more years; 

6. All wells produce at 4000 STB/day for two years, then shut-in the Well A-11 

and produce the field for four more years. 

Case 1 had the lowest OOIP value and increased depending on the production 

rate. Depleting the reservoir at higher rates resulted in a higher oil influx coming from the 

adjacent reservoir located from the southwest. Figure 4.5 represents oil phase migration 

flowrate in x and y directions for the three different cases with constant oil production 

rate. This figure presents several snapshots of oil phase migration flowrate for the same 

level taken at the same point of time for Cases 1, 2 and 3. It shows that oil migration into 

the reservoir is increasing with an increase of production rate. Some wells have higher 

estimated OOIP in cases 2 and 3. Oil influx enters the reservoir mostly from the 

southwestern side and results in a higher estimated OOIP of A-6, A-7 and A-11. Slight 



 

 
   

69 

influx from the southeastern part results in the increased oil-in-place of Well A-21 (see 

Table 4.2 for more details). 



 

 
   

70 

 

(a) Case 1: constant production at 4000 STB/day 

 
(b) Case 2: constant production at 6000 STB/day  

 
(c) Case 3: constant production at 8000 STB/day 

 
Figure 4.5: Simulation results of oil influx flowing into Field “A” from the adjacent reservoir in x- 
and y-directions. More fluid flows into reservoir at higher production rates. 
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Cases 4, 5 and 6 were compared to Case 1; and as was expected, the drainage area 

of Well A-11 varied depending on the production rate. Increase in production of Well A-

11 resulted in a higher drainage radius of this well. At the same time, the drainage radius 

of the offset wells was also modified. Expansion of drainage area of one well results in a 

contraction of drainage areas of the offset wells. Table 4.2 presents the simulation results 

of OOIP for each well. The OOIP for the offset well are varying with change in 

production rate of Well A-11. Shutting in the production of Well A-11 resulted in the 

increased drainage areas of the offset wells. Estimated original oil-in-place is within a 

reasonable range of agreement for these cases, with any differences resulting from the 

noise in data.  

It is concluded that dynamic material balance output is highly sensitive to the total 

compressibility estimates. A sensitivity analysis was performed to understand the effect 

of compressibility values on the OOIP calculations. Total compressibility data was 

considered for cases where total compressibility was adjusted by ±10%, ±20%, ±30% and 

±40%. Estimated original oil-in-place acts inversely proportional to the change in 

compressibility, and since compressibility data is pressure dependent, it is not changing 

exactly at a one-to-one ratio. Table 4.3 represents the results of this sensitivity analysis. 

 

The achieved results were encouraging in terms of original oil-in-place because 

they were within a reasonable range of agreement with the results from real data. The 

estimated OOIP from real data for the wells used in numerical simulation is 

approximately 2.44 BSTB and numerical simulation was around 2.45 BSTB. Cases 1, 2 
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and 3 resulted in varying OOIP values. Thus, numerical simulation verified estimates of 

extended dynamic material balance and the effect of the offset wells. 

4.4 Evaluation of Productivity Index Results 

Well productivity index is an important parameter in petroleum production 

systems that characterizes well performance and its capacity. Well testing and production 

logging are the main tools currently applied in Field “A” for evaluation of productivity 

index. The results of dynamic material balance were used for well diagnostics and 

evaluation of well productivity index and its change with time. 

 The main components accounted for in the productivity index equation (see 

Equation 4) are the reservoir fluids and formation properties. For a specific reservoir 

height, permeability and fluid properties are relatively constant with time, and the only 

variable that could be adjusted is skin factor. Skin effect is formation damage due to 

drilling and production operations that creates an additional pressure drop and reduces the 

productivity potential of the well. It can be reduced or eliminated thought matrix 

stimulation. As a part of well diagnostics, this study performed a look back on 

stimulation operations that took place during the analyzed production period. Results of 

pre- and post-stimulation productivity indexes calculated by the expanded dynamic 

material balance were compared to the existing results of pre- and post-stimulation 

analysis of all the producing wells of Field “A”.  

A total of 12 acid stimulation jobs performed on nine wells were analyzed by use 

of extended dynamic material balance and were compared to the results of pre- and post-

stimulation well tests (Table 4.4). The selection of these acid jobs was based on the 

dynamic material balance trend change. According to extended dynamic material balance 
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analysis, not every stimulation operation the enhanced productivity of the well. The post-

stimulation flow back test used for estimation of productivity index takes place in two to 

four weeks after well treatment, which in most of the cases is not long enough period for 

a well to reach radial flow regime. As a result, the measured flowrate could be a 

simultaneous and unstabilized rate that will change as the pressure pulse reaches the 

boundary of the drainage area.  

Dynamic material balance and well test results were compared in terms of 

efficiency ratio, Jpost/Jpre (post-stimulation productivity index to pre-stimulation 

productivity index), because it was the only data available for acid job look back. Most of 

the wells represented comparable values, except the stimulation jobs on wells A-2, A-3, 

A-4 and A-12. For these wells, the dynamic material balance showed results several 

times more promising in comparison to well test results. However, new perforations in 

upper and lower intervals were also added at those wells prior to acid stimulation, with 

the exception of Well A-3, which had a workover with tubing replacement. This well was 

shut-in for approximately two years due to high tubular scale issues. Addition of new 

perforations has a major impact on the well productivity and its capacity. This leads to a 

question when pre-stimulation well test took place, before or after deepening and 

workover operations. If it was after then it explains why there is such a big difference. 

However, if the well test was taken before it makes question the accuracy of the welltest. 

Based on the well diagnostics performed, dynamic material balance presents more 

reasonable estimates for well productivity potential, because well test investigates only a 

short period and DMB presents a long terms effect.  
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Table 4.4: Pre and Post Stimulation Results Evaluation 

  Jpost/Jpre 
(welltest) 

Jpost/Jpre 
(DMB) Comments 

A-2: Jul-99 2.96 6.02 New perforations added in upper and lower intervals and acidized 
A-3: Jun-04 10.54 19.97 Workover, changed tubing (high scale) and acid clean up 
A-4: Aug-98 1.74 1.84 High pressure acid clean up 
A-4: Sep-03 1.35 7.93 New perforations added in lower intervals and acidized 
A-5: Dec-03 1.25 1.09  Matrix stimulation 
A-7: Mar-94 2.26 3.68 High pressure acid clean up 
A-12: Jun-96 2.10 3.50 High pressure acid clean up 
A-12: Mar-03 1.53 7.06 New perforations added in upper intervals and acidized  
A-15: Jul-05 1.32 1.70  Matrix stimulation 
A-17: Sep-02 1.78 1.00  Matrix stimulation 
A-19: May-00 1.97 2.53 High pressure acid clean up 
A-19: Dec-04 1.22 1.36 Matrix stimulation 

 

 
Figure 4.6: Pre- and post- stimulation job evaluation and diagnostics using well test data and extended 
dynamic material balance. 
 

 The extended dynamic material balance productivity index results were also 

compared to the productivity index results from the well tests using flowing tubing 

pressure (FTP) analysis. The downside of FTP data that it is only available mostly after 
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2005, and the time period 2005-2007 covers only a part of the last trend on the dynamic 

material balance charts and does not represent change of productivity index from 

stimulation operations (see Figure 4.7). Both of the methods compared, DMB and FTP 

well tests, have lots of assumptions because Field “A” belongs to a huge system of multi-

layer reservoirs with presence of crossflow within each compartment. Based on that 

statement, the results presented in Figure 4.7 are within a same range of agreement. The 

extended dynamic mayterial balance is applicable and should be used for well 

diagnostics. 
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Figure 4.7: Productivity index comparison chart of FTP well test and dynamic material balance 
results for Wells A-2, A-3, A-4, A-5, A-8 and A-9. 
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Figure 4.8: Productivity index comparison chart of FTP well test and dynamic material balance 
results for Wells A-10, A-13, A-15, A-16, A-17 and A-20. 
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____________________________________________________ 

 

CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

____________________________________________________ 

This chapter discusses the main conclusions obtained from this study, as well as 

proposes the direction for future work. The main objective of this research was to 

develop a mathematical formulation and a methodology for the extended dynamic 

material balance that allows performing material balance calculations using production 

data. A set of real data from Field “A” was used to analyze the applicability of this 

technique and to compare it to other industry accepted techniques. 

5.1 Conclusions 

Conclusions answering the objectives of this research are presented below: 

1. A mathematical formulation for the extended dynamic material balance 

has been developed. This technique incorporates additional physics into 

the original formulations (Mattar and Anderson 2005), such as pressure 

dependent total compressibility and reservoir fluid PVT properties, to 

estimate the original oil-in-place, reservoir pressure and productivity 

index.  

2. A methodology to analyze extended dynamic material balance techniques 

has been developed on the example of Field “A”. This methodology 

includes gathering of input data (production rates, flowing bottom hole 

pressures and allocated cumulative oil production, PVT properties, etc), 
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performing material balance calculations and regression analysis of the 

trendline. The methodology of the extended dynamic material balance is 

flexible and could be used on different fields. This was confirmed from 

the results of conventional material balance, volumetrics and numerical 

simulation.  

3. Extended dynamic material balance technique can be used to estimate the 

average reservoir pressure and in cases where shut-in pressure 

measurement data is available, this method could be used to check if the 

build-up time was sufficient. It was proved that slope analysis is more 

precise for average reservoir pressure calculations because it does not 

affect from flowrate fluctuations. “Average reservoir pressure versus 

time” charts were developed to understand reservoir pressure depletion. 

4. Dynamic material balance can be used for diagnostics of pre- and post-

stimulation job efficiency. It facilitates understanding of the effects of 

stimulation operations on well productivity and drainage area.  The 

achieved results were in a reasonable range of agreement with available 

productivity index results from the welltests. Since dynamic material 

balance analyzes the long-term effects of a stimulation job, it provides a 

more accurate evaluation, in comparison to a well test, which is usually 

performed 2-4 weeks after a well stimulation. This time is not enough for 

a well to reach a radial flow regime, especially for wells with large 

drainage areas.  
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5. Numerical simulation that was performed on the basis of the existing 

monitoring model for Field “A” proved previous expectations for the 

impact of the offset wells on the trend analysis. Change of the production 

parameters of one well, affects its drainage area and at the same time, 

affects the drainage areas of the offset wells.  

5.2 Recommendations for Future Work 

This study presented a set of evidences that verifies the applicability of extended 

dynamic material balance for reserve estimation and well diagnostics. This study 

developed several ideas that are beyond the objectives of the research and are 

recommended for future development of this topic. These recommendations are 

summarized as follows: 

1. Developed a software that will automatically perform the extended 

dynamic material balance calculations and will be used for well 

diagnostics. 

2. Perform extended dynamic material balance for other types of reservoir, 

such as gas, natural fractured fields, etc, and understand what adjustments 

are required for each type of reservoir. 

3. Apply similar methodology of single-well extended dynamic material 

balance technique to a group of wells using a multi-well approach.  

4. Perform extended dynamic material balance for analyzing the dynamic 

performance of the enhanced oil recovery mechanisms (CO2 flooding and 

natural gas injection), which is a violation of the basic assumption of a no 

flow boundary. 
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____________________________________________________ 
 

APPENDIX: LIST OF CD-ROM CONTENTS 

____________________________________________________ 

The CD-ROM materials were divided into three folders: (a) Original dynamic 

material balance results, (a) Input data and (b) Slope and intercept analyses graphs. 

Contents of each folder are presented below: 

a.Input Data for Extended Dynamic Material Balance 

 The contents of this folder mainly contain the general information about the field, 

production data that was used in the analysis (production rates, wellhead pressures and 

temperature, etc), PVT properties (formation volume factor and viscosity), as well as 

static shut-in pressure measurement results (SGS pressures). 

 General_data.pdf 

 Production_data.txt 

 PVT_data.txt 

 SGS_data.txt 

 

b.Original Dynamic Material Balance 

 This folder contains one file related to original dynamic material balance rsearch 

results that were previously performed using the techniques proposed by Mattar and 

Anderson (2005). 

 DMB_trends.pdf 
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c.Slope and intercept analyses graphs 

 This folder compares the results of average reservoir pressure by slope and 

intercept analyses. It contains comparison graphs similar to Figure 3.9 presented in 

Chapter 3.4. 

 Slope_vs_intercept_graphs.pdf 
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