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Abstract

This report presents a systematic method of choosing 
tracts in a secondary recovery unit and estimating
appropriate minimum and maximum participation values for 
each tract. The method uses the concept of incremental 
analysis, and uses Net Present Value to measure the
profitability of unitization decisions. An example unit is 
evaluated, and the method is used to assign minimum and 
maximum participation factors to each tract. Also, linear 
programming is used to maximize each tract’s final 
participation by developing optimum participation formulas 
using estimated engineering parameters for the unit. 
Limitations and special considerations of the systematic 
method are discussed. In addition, units from Colorado are
studied statistically to determine if trends exist in the
type of participation formulas used for units based on 
field size, date unitized, number of working interest 
owners, or other factors.
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Introduction
Unitization for the purpose of increasing the 

ultimate recovery of oil or gas from a reservoir has been 
practiced in the United States and Canada for many years. 
In general, this type of unitization occurs when a group of 
operators having leases that produce from a single 
reservoir pool their operations in order to produce the 
reservoir as a single unit. Each operator receives a share 
of the production and must pay a share of the costs based 
on the fraction of the total unit his lease represents. 
The operators negotiate to determine the fractional 
participation of each lease (or tract).

The agreement reached by the operators is called a 
unit agreement and is a legally binding contract. One 
operator (usually the one with the largest ownership in the 
unit) is named unit operator and is in charge of producing 
the entire unit.

In many cases, a field is unitized in order to begin 
secondary recovery operations. Since fluid injection will 
cause oil or gas to migrate across tract boundaries, 
unitization permits each operator to hopefully receive an 
equitable portion of the production. Also, unitization 
permits all the operators in the unit to share in the 
capital costs of secondary recovery, hopefully reducing the 
total cost each owner would have to pay.
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Fieldwide unitization may be voluntary, as 
described above, or may be ordered in states that have 
unitization laws. In this case an interested party 
(usually the operator of the proposed unit) applies for a 
unitization order from the appropriate state agency. 
Hearings are held and evidence is given to show that 
unitization would promote conservation and would be 
equitable to all the operators and royalty owners involved. 
Parties opposed to the unit may give evidence as well. 
Almost all statutes require that a substantial majority of 
working and royalty interest owners approve of the unit. 
This majority ranges from 60 to 80 percent (see Table 1). 
After the hearing the agency will order formation of the 
unit if the requirements of the statute have been met.

Generally, fieldwide units are formed only in 
developed oil or gas fields. An important exception to 
this, however, is the federal exploratory unit. In areas 
predominately owned by the federal government, it is 
possible to unitize large areas of land before drilling has 
proven them to be productive. Federal units are quite 
complex and will not be discussed in this report.

Mosburg, et al. (1) present a comprehensive review of
the various kinds of units including voluntary, statutory, 
federal exploratory, and drilling units. They also present
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Table 1 - Summary of Required Statutory
Majorities

State %WI %RI Note

Alabama 75 75
Alaska 63 63
Arizona 63 63
Arkansas 75 75
British Columbia 67 67
California Sub. 65 65 A
California Town. 75 75 A
Colorado 80 80
Florida 75 75
Georgia 0 0 G
Illinois 75 75 B
Indiana 0 0
Kansas 75 75
Louisiana Sub. B 0 0 AG
Louisiana Sub. C 75 75 A
Maine 85 65
Michigan 75 75 C
Mississippi 85 85
Missouri 75 75
Montana 80 80 D
Nebraska 75 75
Nevada 63 63
New Mexico 75 75 E
New York 60 60
North Dakota 80 80 B
Ohio 65 65
Oklahoma 63 63
Oregon 75 75
Saskatchewan 0 0 F
South dakota 75 75
Tennessee 50 50
Utah 80 80
Washington 0 0
West Virginia 75 75
Wyoming 80 80
%WI - Percent Working Interest 
%RI - Percent Royalty Interest
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Table 1 - Continued 
Explanatory Notes

A - This state has two statutes that authorize 
compulsory unitization.

B - This state has an "at least one 
other" clause in its law.

C - Alternative percentages for approval:
75% total Revenue Owners
50% Royalty Owners
or:
90% Total Revenue Owners

D - This state has an "at least one
other" clause. Also it has unusual
non-consent rules and allows the 
removal of the operator by simple 
majority vote.

E - This state has the "at least one
other" clause. It also has a negative
version of this requiring two owners to defeat 
the unit. Also, the state may charge up to 
200% non-consent fee to owners not agreeing to 
the unit.

F - This province may order unit formation without 
any specific agreement of owners. This power 
is rarely used, however.

G - The law only refers to gas cycling.
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an excellent overview and comparison of the various 
statutes of the producing states, and a general history of 
state conservation and proration laws. Giles (2) explains 
how secondary recovery units are formed and explains in 
detail the analysis and negotiation that must take place to 
form a secondary recovery unit.

Prior Study of Unit Evaluation
Technical study of the unitization process has not 

been extensive, based on the number of papers addressing 
the subject in the petroleum engineering literature. 
Unitization broadly falls under the economic evaluation 
subdivision of reservoir engineering. In many cases, an 
extensive engineering study of a reservoir will be done in 
preparation for unit negotiations. In 1959, an excellent 
review of the engineering aspects of unitization was 
presented by Landis (3). In it, he divides the history of 
unitization into four periods, quoted as follows :

1. The Organized Study Period (1927 to
1931 ) during which various organiza
tions and agencies made extensive
studies, reports and recommendations.
Unit operations were generally favored.

2. The State Regulation Period (1931 to
1943 ) also an era of organized study,
distinguished by comprehensive regula
tion of production on private lands 
under state conservation statutes, and 
by federal regulation including compul
sory unit operations with respect to
most of the public domain.
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3. World War II Period ( 1943 to 1946 ) 
during which considerable federal 
control was exercised by the Petroleum 
Administration for War.

4. The Present Period (from 1946 ) charac
terized by a great need for unit 
operations so that operators may carry 
on cycling, repressuring, pressure 
maintenance and other secondary 
recovery operations, which to be 
effective and to protect correlative 
rights, usually require coordinated and 
controlled pool-wide operations and 
usually involve large investments in 
plants and other facilities.

Even though Landis’ paper was written in 1959, it 
characterizes the present day situation quite well. With 
the advent of Enhanced Oil Recovery (EOR) in the last
twenty years, the need for unit operations has increased.
The very large capital and operating costs of EOR demand
more sharing of costs and coordinated operations.

Some time later, Osborne and LaFayette (4) presented 
a set of formulas which could be used to calculate 
weighting factors in the final unitization formula. This 
work basically presented several averaging methods, which 
compared a tract's final participation with its "maximum"
and/or its "minimum" participation. The maximum and
minimum tract participation were calculated by choosing the 
engineering parameter which, if used alone to determine
participation, would yield the highest or lowest
participation for that tract. This work was one of the
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first attempts at quantifying the negotiation process. Its 
major shortcoming was that the method is totally dependent 
on choosing a set of "approved" parameters. Profitability 
was not explicitly considered, which should be a prime 
consideration of all the participants.

In 1968, Luttig and Frazier (5) introduced a novel 
unitization parameter - Displaceable Hydrocarbon Volume. 
Using special core analysis, the authors were able to 
estimate both connate water saturation and residual oil 
saturation as functions of porosity. Using this 
information, an isovol map of displaceable hydrocarbon 
volume was constructed. Use of this parameter goes one
step beyond the widely used hydrocarbon pore volume 
parameter in that a constant displacement efficiency for 
the entire field is not assumed. Unfortunately, this 
parameter has not been widely used since its introduction.

In 1971, Kipp (6) presented an interesting review of 
petroleum engineering over the last 100 years. Although 
unitization was not mentioned, he did discuss the beginning 
of state regulation of production through proration and 
well spacing in the Î93O ' s, and the advent of modern 
reservoir engineering that considered the reservoir as one 
container.

In 1972, Russell, et al.(7) presented a comprehensive 
review of state statutory unitization laws, and their
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favorable effect on unit formation. They recommended the 
laws be strengthened and that large producing states, such 
as Texas, without such laws should adopt them without 
delay.

In 1974, Haverstrite, et al.(8) presented a review of 
development and unitization of the Jay-Little Escambia 
Creek field located in Alabama and Florida. This field was 
held up as a model of cooperative development because of 
its large size, number of owners, and speed with which 
unitization and pressure maintenance was begun. The final 
formula was two phase; the first phase was based equally on 
productive acres and productive capacity. The second phase 
began when cumulative production passed total estimated 
primary recovery and it was based totally on reservoir pore 
volume.

In 1978, Rose (9) presented a discussion of 
unitization strategy. Among other things, he recommended 
periodically adjusting unitization formulas as more 
information is learned about a reservoir.

The most recent discussion of unitization was 
presented by Douglass (10). His paper appeared in the 
March, 1986 issue of the Journal of Petroleum Technology 
and recommended linear programming as a flexible and useful 
tool in unit negotiations. He presented several realistic 
examples of how linear programming could be used to

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 

GOLDEN. COLORADO 8040$



ER-3298 9

maximize a particular owner's final participation while 
taking into consideration constraints due to the minimum 
participation required by other owners, or other 
constraints.

Summary of Statutory Unitization Rules in Several Producing 
States

In the last several years, many producing states have 
passed laws requiring unitization under certain conditions. 
Usually, the law empowers a state agency (such as an Oil 
and Gas Conservation Commission) to oversee "statutory" 
unitization. The laws generally provide that the agency 
may order unit formation after an interested party has 
applied for the unit. Also, almost all the laws require 
that a certain percentage of the working interest and 
royalty interest owners in the proposed unit must agree to 
its terms and final division of participation. Table 1 
presents a list of the required majorities in many of the 
producing states.

In addition to this requirement, the statutes have 
various means of allowing owners who are unable or 
unwilling to pay their portion of the costs to be financed 
by the other owners. Also, many statutes have what may be 
called an "at least one other" clause. The purpose of this 
clause is to prevent a very large owner, who has greater
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than a statutory majority, from forming a unit without the 
agreement of any of the other owners.

The statutes also vary widely in terms of who may 
apply for a statutory unit. In some states, the applicant 
must be a working interest owner who represents a certain 
percentage of the working interest. In others, any 
interested party may apply.

Specific provisions of the laws vary widely, so the 
statute of a state where a unit may be formed should be 
referenced directly. Most of the laws have been on the 
books at least 20 years, and are modified very rarely. 
Mosburg, et al.(1) present a fairly complete discussion of 
the laws presently enacted in the U.S.

Current Industry Method for Fieldwide Unitization
Over the years, a general procedure for studying and 

negotiating fieldwide units has been developed in the oil 
industry. This method begins by an agreement (usually 
informal) among the working interest owners that 
unitization may be desirable for their field. Generally, 
an owner of a substantial interest in the field will 
initiate an engineering study to determine if a particular 
method of secondary recovery would be beneficial, and to 
estimate a set of engineering parameters for each tract. 
These parameters may be used in the final negotiated 
participation formula. Giles (2) reports that the



ER-3298 11

following parameters are generally included in the 
engineering study:

1. Usable wells (that are cased and are usable for 
secondary recovery operations).

2. Current production for a representative (stable) 
period, i.e., for the most recent calender year, 
or latest six months, or sometimes the latest 
three months.

3. Cumulative oil, to the cutoff date.
4. Remaining primary oil, as of the same cutoff 

date.
5. Ultimate primary oil.
6. Hydrocarbon pore volume (within the zero isopach 

contour).
7. Surface area (of tracts within the proposed unit 

area).
8. Original oil in place.
9. Floodable pore volume.
10. Productive area (within the zero isopach 

contour).
11. Secondary reserves.
In the case of smaller fields, it is unlikely that all 

of these would be estimated. Some parameters are measured 
quantities and are known very accurately. Examples of 
these are Number of Wells, Cumulative Production, and
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Surface Area. Some parameters are estimated and are 
therefore known with less certainty. Examples of these are 
Remaining Primary Oil, Hydrocarbon Pore Volume, and 
Original Oil in Place.

If the engineering study indicates that unitization 
would be beneficial and result in higher ultimate oil 
recovery and profitability, the working interest owners of 
the field begin negotiating a formula for calculating the 
fractional equity that each tract will have in the unit. 
This is done by considering each of the parameters that has 
been estimated and deciding which parameters should be used 
to calculate final tract participation. The chosen 
parameters are converted to percentage form by totaling 
each parameter for all tracts, then dividing each parameter 
value by this total, and multiplying by 100 to convert to a 
percentage. The total for each parameter is then 100%.

During the negotiation process, weighting factors are 
proposed for the parameters such that each weighting factor 
is less than or equal to one and the total of all the 
weighting factors is exactly one. For example, if two 
parameters were to be considered in a formula, and it was 
proposed to give each parameter an equal weight, then each 
would be assigned a weighting factor of 0.5. Douglass (10) 
presents an excellent summary of the general procedure used 
in unit negotiations.
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While negotiating, participants will strive to propose 
weighting factor sets that will maximize their total equity 
in the unit. • This is done by assigning high weighting 
factors to parameters for which they have the highest total 
percentage. The situation becomes more complex when a 
participant owns differing portions of various tracts in 
the unit.

In addition to maximizing total equity in the unit, 
participants sometimes attempt to preserve the cash flow 
they are currently receiving from their tracts. They 
recognize that additional production from unitized 
operations may be delayed. This has resulted in a widely 
used device, the so-called "two phase formula". Using this 
procedure, two formulas are negotiated; the first is used 
at the beginning of unit operations, and continues in force 
until a certain condition is met such as a specific amount 
of total production. When this condition is met, the 
second formula takes over and continues for the remaining 
life of the unit.

The two phase formula tries to take into account the 
change in recovery mechanism from primary to secondary. 
The first formula generally weighs Current Production and 
Primary Reserves fairly heavily, thereby preserving current 
cash flow for all the owners at the beginning of unit 
operations. A common trigger condition is when cumulative
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production becomes greater than total primary reserves. 
This theoretically represents the total amount of oil that 
could have been produced by primary means without 
unitization. The second formula generally gives major 
weight to Hydrocarbon Pore Volume or Secondary Reserves, 
thereby recognizing the contribution each tract is making 
to secondary oil production.

After a formula has been agreed to, the owners prepare 
a written agreement. This is a legal document that 
specifies the terms of the unit, designates a unit 
operator, and reports the participation of each owner and 
tract. The API has written model unit agreements for both 
voluntary and statutory units (11,12). These model forms 
are in general use throughout the industry.

For voluntary units, the unit agreement must be signed 
by every working interest owner and every royalty interest 
owner. A recurring problem for the industry has been that 
many fields have tens, hundreds, or even thousands of 
owners, and no matter how fair an agreement is, there seems 
to always be a few holdouts. This problem has been greatly 
reduced in states with statutory unitization. In these 
states, the unit may be executed with less than 100% 
approval, provided that a statutory majority of the owners 
have signed up. Current industry practice is for the 
working interest owners to negotiate the unit
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participation, and submit the final agreement to the 
royalty interest owners.

In addition to the unit agreement, the working 
interest owners also prepare and execute a unit operating 
agreement. This agreement specifies the rules under which 
the operator may manage and operate the entire unit. 
Generally, the operator may conduct day to day operations 
without the approval of the other owners, however, such 
approval is generally required for major expenditures and 
major changes in operating practice, such as drilling new 
wells. As with unit agreements, the API has written model 
unit operating agreements for both voluntary and statutory 
units (13,14).

Statistical Study of Unit Agreements in Colorado
Active development and unitization of oil and gas 

fields in the Denver-Julesburg basin of eastern Colorado 
began in the early 1950’s. Several fields were also 
unitized in western and southern Colorado during the same 
time. As fields were developed, secondary recovery methods 
were tested with good success, and approximately 50 fields 
or portions of fields have been unitized in the state for 
the purpose of secondary recovery.

The primary source of information for this study was 
the Colorado Oil and Gas Conservation Commission. 
Supplementary material was obtained from operators. One
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interesting finding of this study was that the final 
participation formulas were not reported in over half the 
unit agreements examined. Many times, the unit agreement 
would simply state the final participation factors agreed 
to without reporting the manner in which they were 
calculated. The commission generally approved any unit 
agreement that was not contested, so the amount of data 
required in most cases was small. Unfortunately, this 
reduced the number of units included in this study to 19 of 
the approximately 50 secondary recovery units which have 
been approved by the commission. Also, formal engineering 
reports were rarely included with the materials submitted 
to the commission. This precluded making tract by tract 
calculations or more than a few unit.

Table 2 presents the list of fields that were studied 
along with pertinent data about each one. Most of these 
fields were unitized in the 1950’s or 1960’s, and some have 
since been abandoned.

Table 3 presents the weighting factors used in the 
final participation formulas for each unit. If the unit 
had a two phase formula, the secondary weighting factors 
are presented. The most obvious conclusion derived from 
this data is the overwhelming use of Hydrocarbon Pore 
Volume as the major parameter of unitization. This is due 
to the widely held assumption that oil in place is an



ER-3298

Table 2 - Summary of Units Studied in Colorado
Field Name Formation No.of No.of 2 Phase Year

Tracts WIO's Formula Formed

Adena J Sand 91 74 yes 1955
Atwood-East D Sand 12 1 no 1961
Azure D Sand 2 27 yes 1961
Badger Creek-West J Sand 3 yes
Battle Canyon Dakota yes 1959
Bobcat D Sand 5 2 yes 1967
Clarks Lake Muddy 2 2 no 1965
Fort Morgan D Sand 17 no
Gary North D Sand 2 no 1962
Graylin-Northwest D Sand no 1959
Kejr-South D Sand 5 5 no 1959
Keota J Sand 4 yes 1963
Leader J Sand 3 no 1957
Lewis Creek J Sand 10 no 1958
Luster J Sand 6 2 1960
Moccasin J Sand 3 3 no 1967
Pierce Lyons 33 3 no 1965
Rangely-Northeast Weber 8 12 no 1979
Winston J Sand 8 7 no 1964
Zorichak D Sand 5 7 no 1964
WIO - Working Interest Owner.
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Table 3 - Weighting Factors of Final Formulas 
For Several Colorado Fields

Parameter Number 
Field Name 1 2 3 4 5 6 7 8 9

Adena 100
Atwood-E. 100
Badger Creek-W. 50 50
Battle Canyon 25 75
Bobcat 100
Clarks Lake 25 75
For Morgan 100
Gary North 50 50
Graylin-N.W. 100
Kejr-S. 100
Keota 100
Leader 100
Lewis Creek 50 50
Luster 100
Moccasin 50 50
Pierce 25 50 25
Rangely-N.E. 70 30
Winston 100
Zorichak 30 20 50

Total Number Studied 19
Parameter Number

Calc. Value 1 2 3 4 5 6 7 8 9

No. Times Used 14 6 4 1 1 1 1 1 1
Percentage Used 74% 32% 21% 5% 5% 5% 5% 5% 5%
Average Value 66 49 44 100 100 100 30 75 100
Maximum Value 100 75 50 100 100 100 30 75 100
Minimum Value 25 20 25 100 100 100 30 75 100

Parameter List:
1 - Hydrocarbon Pore Volume
2 - Current Production
3 - Cumulative Production
4 - Surface Area
5 - New Usable Wells
6 - Original Oil in Place
7 - Remaining Primary Reserves
8 - Ultimate Primary Recovery
9 - Remaining Total Reserves
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accurate measure of waterflood recovery. Other parameters 
that are used more than once are Current Production and 
Cumulative Production. Surface Area, the only parameter 
generally used in exploratory units, is used only once out 
of the 19 units studied.

Since very few units have been formed in the state 
since 1970, it was difficult to determine if "reserve type" 
(Remaining Primary Reserves, Secondary Reserves, Remaining 
Total Reserves, etc.) parameters have become more popular 
in recent years. Unfortunately, the lack of recent 
unitization precludes an extensive study of how the 
formulas have changed over the years. As interesting study 
could be made for a producing state where unitization has 
continued continuously over the last three to four decades.

Unit Evaluation Using Incremental Analysis
Over the years, the accepted method of determining 

participation factors for the tracts in a unit has 
concentrated on the accurate estimate of engineering 
parameters that could be used in the participation formula. 
As seen in the sample of Colorado units, parameters such as 
Hydrocarbon Pore Volume are very popular because of the 
widespread assumption that oil in place is an accurate 
measure of future secondary production and profitability.

An important consideration in unit evaluation, 
however, is that a tract owner’s ultimate decision to
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participate in unit operations is based on economics and 
profitability, which may not be accurately measured by 
engineering parameters. Each owner must determine the 
minimum amount of profit he can accept before committing 
his tract to the unit. This amount of profit must be at 
least as much as could be realized by the owner if he 
continued operating his tract outside the unit. The 
decision to join the unit must also be weighed against the 
other investment opportunities available to the owner.

A technique that has been successfully used in oil 
property evaluation is the concept of incremental analysis. 
Using this technique, a specific investment decision (such 
as joining a secondary recovery unit) is compared with 
other courses of action that are available to the owner. 
An excellent discussion of this technique is presented by 
Thompson and Wright (15).

In analyzing projects that will generate income over 
several years, it is important that the economic yardstick 
used to compare alternative investments takes into account 
the time value of money. An especially useful and easily 
applied yardstick is the Net Present Value (NPV) of a 
project or alternative. The Net Present Value of a project 
is simply the sum of all the estimated net cash flows from 
a project over its entire life, corrected for the time 
value of money. NPV is easily applied because it converts
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the profits expected from a project to a single number 
which can be compared with NPV’s from alternative projects. 
Assuming that the NPV's were calculated using consistent 
estimates of future prices, costs, interest rates and 
inflation, the NPV's may be compared directly to determine 
the most profitable alternative. The project with the 
highest NPV will be the most profitable. Readers 
unfamiliar with the concept of time value of money or Net 
Present Value should refer to Thompson and Wright (15) or 
some other text on investment analysis.

In evaluating secondary recovery units, each owner 
should identify the various options available to him. 
Obviously, the first option is to join or not to join the 
unit. To determine the most profitable course of action, 
the NPV of each option should be estimated using consistent 
assumptions, and the alternative with the highest NPV 
should be chosen. In the case of secondary recovery units, 
the owner of a tract must receive sufficient participation 
in the unit that the NPV for participating is greater that 
the NPV for not participating. This, in effect, is a 
method to estimate each owner's absolute minimum 
participation.

In addition to estimating minimum participation, 
incremental analysis may also be used to estimate the 
maximum contribution a particular tract makes to the unit's
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overall profitability. This is done by calculating the NPV 
of a unit both with and without a particular tract. The 
difference represents the contribution of profit in terms 
of NPV of that tract. The other owners in the unit would 
be foolish to grant a higher participation to a tract than 
its incremental NPV.

Using the preceding ideas, a systematic method of 
evaluating minimum and maximum participation for tracts has 
been developed.

Systematic Method of Unit Evaluation
In this section, a step by step procedure is

presented to evaluate the possible tracts to be included in
a secondary recovery unit, and to estimate minimum and 
maximum participation factors for each tract. The
procedure uses Net Present Value (NPV) as the quantitative 
measure of profitability,and assumes that all participants 
are free to either join or not join the unit.
Step 1 - Estimate the NPV of each tract being considered 

for unit operations assuming continued primary 
competitive operations.

In this step, the future revenues and costs of
continued primary operations are estimated and the 
resulting net cash flows are converted to NPV’s. These are 
referred to as "primary" NPV's. This step is important for 
two reasons. One, each owner is aware of the potential
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profit he is sacrificing in order to join the unit.
Second, future primary production is in many cases a good
indicator of relative performance of the tracts during 
secondary unit operation. In most cases, decline curve 
analysis would be used to forecast future primary 
production.
Step 2 - Select the "base tract."

In this step, the process of unit formation is begun 
with the first tract to be considered, called the base 
tract. There are several ways to choose the base tract.
The most rigorous way is to estimate the NPV of each tract 
being considered assuming that secondary unit operations 
were initiated on that tract alone. The tract with the 
highest NPV estimated in this way would be the most 
profitable single tract to initiate secondary recovery. In 
many cases, the NPV's estimated in this manner may be 
negative or smaller than the primary NPV's. This indicates 
that no single tract can profitably undertake the secondary 
process being considered. The tract with the highest
relative NPV estimated in this way should be chosen as the 
base tract.

Other more direct methods of selecting the base tract 
include choosing the tract with the highest primary NPV, or 
simply choosing a tract near the center of the field. As 
the unit is enlarged, tracts contiguous with the base tract
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will be considered and added to the unit in descending 
order of their contribution to total secondary NPV. Also, 
tract ownership may be considered when choosing the base 
tract, since a particular owner may own several tracts near 
each other.

The choice of base tract is very important because 
the results of the method being presented are dependent on 
the order in which tracts are evaluated and added to the 
unit. This will be seen better as the method is presented. 
Step 3 - Estimate the NPV of operating the base tract as a 

secondary unit.
This step will have already been done if the rigorous 

method of choosing the base tract was used. As stated 
before, the NPV estimated for this situation may be 
negative or less than the primary NPV for the base tract. 
This indicates that more tracts need to be added to the 
base tract to form a profitable unit.
Step 4 - From the tracts contiguous with the base tract, 

choose the next tract to add to the unit.
As before, the rigorous method of adding tracts is to 

estimate the contribution of each tract to the unit and 
choose the one that adds the largest NPV to the unit. By 
following this procedure, a profitable unit will be formed 
using the fewest number of tracts. This is important 
because by forming a profitable unit with a few tracts, it
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is possible to assign maximum participation factors to all 
subsequent tracts that are evaluated.
Step 5 - Compare the secondary NPV of the new unit with the

sum of the primary NPV’s of the tracts of the
unit. If secondary NPV is still less than the sum 
of primaries, then continue to add tracts in order 
of descending incremental secondary NPV until the 
unit NPV is greater than the sum of the primary 
NPV's.

In this step, contiguous tracts are added to the unit 
until a profitable unit is formed. To be a profitable
unit, the secondary NPV estimated for the unit must be
greater than the sum of the primary NPV’s of the tracts 
included in the unit up to that point.

When a profitable unit has been formed, it is called 
the core unit. From now one, adding more tracts will not 
determine whether a unit is formed, since enough tracts 
have been included to make the unit profitable. This gives 
a distinct advantage to the tracts that are included in the 
core unit.

It is not possible to assign individual maximum 
participation fcators to tracts in the core unit, since it 
is assumed that all must participate for the unit to be 
formed. Also, since the core unit will make a positive 
amount of profit above primary recovery, this amount of
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profit will be claimed by the owners in the core unit. As 
a group, they must have sufficient participation to include 
this incremental profit, otherwise they would not allow 
participation by any other tracts. As will be seen later, 
this is equivalent to saying that no additional tract will 
be admitted to the unit for more participation than is 
represented by the incremental secondary NPV for that 
tract.
Step 6 - Continue adding contiguous tracts to the unit in 

descending order of incremental secondary NPV 
until the incremental secondary NPV of a tract is 
less than its primary NPV calculated in Step 1.

During this stage, additional tracts are added to the 
unit so long as a tract ' s incremental secondary NPV to the 
unit exceeds that tract’s primary NPV. Since inclusion of 
these later tracts is not required for unit formation, 
their incremental secondary of NPV represents the maximum 
amount of profit the other owners would be willing to pay 
for this tract. These tracts have both a minimum and a 
maximum participation based on the NPV's estimated in step 
1 and step 6.
Step 7 - After all the tracts have been chosen for the 

final unit, calculate maximum and minimum 
participation factors for all the tracts in the 
following manner:
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Minimum participation factors for all tracts are 
calculated by taking the primary NPV of a tract and 
dividing it by the total secondary NPV for the final unit.

Maximum participation factors for tracts not included 
in the core unit are calculated by taking the incremental 
secondary NPV for a tract and dividing it by the total 
secondary NPV for the final unit. For tracts in the core 
unit, the maximum participation is calculated by assuming 
that all the other tracts in the unit received their 
minimum participation, and subtracting that total from 
100%.

If done correct ly, the sum off the minimum 
participation factors will be less than 100%, and the sum 
of the maximum participation factors will be greater than 
100%. Since final participation must sum to exactly 100%, 
an equitable formula may be negotiated so that each owner 
receives a final participation between his minimum and 
maximum value.

In addition to establishing minimum and maximum 
participation factors for the included tracts, the above 
procedure also may be used to determine which tracts should 
be included to form the "optimum" unit from all the 
possible tracts in the field. In many cases, marginal 
tracts near the edge of a field may be worth more to the 
owner in primary NPV than they are worth to the unit.
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Figure 1 is a definition of terms for the Systematic
Method. Figure 2 is a flowchart summarizing the Systematic
Method. In the following section, an example unit is 
evaluated using the preceding procedure to illustrate its 
use.

Example Unit Evaluation
A field in eastern Colorado is being considered for 

waterflooding by its owners. There are seven leases in the 
field that are being considered as part of the project. 
The owners of the leases are small operators without much 
experience in waterf looding, so they hire a Petroleum 
Consultant to evaluate their properties and recommend a 
waterf lood design. He also has had experience in unit 
negotiations and offers to help in this endeavor as well.

The field produces from the "J" sand geologic zone 
and has a fair amount of water influx from the southwest.
The field presently has sixteen producing wells and no new
drilling is anticipated. Figure 3 is a map showing the 
seven tracts and their relative location.

Using decline curve analysis, a forecast of future 
primary production for the next ten years was prepared, and 
is reported in Table 4. Costs for continued primary 
production are easily estimated, so primary net present 
values are calculated using reasonable estimates of
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FIGURE 1

Definition of Terms Used in Systematic Method 
Tract Primary NPV - The net present value of a tract if 
competitive primary operations continue.

Tract Incremental Secondary NPV - The NPV added to the unit 
by the inclusion of a tract
(NPV of unit with tract - NPV of unit without tract).

"Extra1* NPV of Core Unit - The difference between the NPV 
of core unit and the sum of the tract primary NPV’s of 
tracts in the core unit. "Extra" NPV must be positive to 
have a valid core unit.

Total Secondary NPV - The NPV of the final unit.
Tract min. participation factors - Calculated using :

Tract Primary NPV x 100%
Total Sec. NPV

Tract maximum part, factors - Calculated using :
Tracts not in core unit -

Tract Inc. Sec. NPV x 100%
Total Sec. NPV

Tracts in the core unit -
1 - Z Min. PF’s of other tracts.

After a core unit has been formed, only tracts whose Inc. 
Sec. NPV > Primary NPV are added to the unit.
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FIGURE 2
Flowchart Summarizing Systematic Method
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FIGURE 3
Proposed Unit for Example Problem
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Table 4 - Estimated Future Primary Production
< = = Year = = >

Tract 1 2 3 4 5

1 1500 1100
2 37000 31000 27000 22000 1900
3 12000 10000 8000 7000 600
4 11000 9000 7000 6000 500
5 62000 51000 41000 34000 2700
6 6000 4000 4000 3000 300
7 12000 10000 7000 5000 400

Total 141500 116100 94000 77000 6400
< = = Year = >

Tract 6 7 8 9 10

1
2 16000 15000 14000 13000 1100
3 5000 4000 3000 3000 200
4 4000 3000 3000
5 22000 18000 15000 12000 1000
6 3000
7 4000 3000 3000 2000 200

Total 54000 43000 38000 30000 2500
Note : Future Primary Oil Production Reported 

in Barrels per Year.
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interest rate, oil price, and inflation. The net cash 
flows and NPV’s for the tracts assuming continued primary 
production are presented in Table 5.

For the waterflood analysis, the Consultant assumes that 
two of the wells on the western edge of the field will be 
converted to injectors, thereby supplementing the natural 
water influx. Since the Consultant is familiar with other 
waterflood projects in this area, he estimates the 
waterflood performance on a tract basis by the widely used 
method of analogy. His calculations indicate that an 
economic waterflood would last seven years from the first 
day of injection. The forecasted secondary production is 
presented in Table 6.

Using the information in Table 6, and estimated 
secondary production costs, net cash flows for the seven 
years of the waterflood are estimated and reported in Table 
7. Also, secondary net present values are reported on a 
tract basis in Table 7 as well. These values are 
"incremental" NPV's for each tract in that the initial 
waterflood investment of $1,000,000 has not yet been 
included. These incremental secondary NPV's reported in 
Table 7 are assumed to be additive in this example. As 
will be seen later, this greatly simplifies the 
calculations. In general, this is not always true. Since 
the addition of new tracts may necessitate drilling new
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Table 5 - Estimated Primary Net Cash Flow 
and Net Present Value

<== Year = = >
Tract 1 2 3 4

1 $ 5,000 $ 1,000 $ 0 $ 0 $
2 330,000 270,000 230,000 180,000 150,00
3 110,000 90,000 70,000 60,000 50,000
4 90,000 70,000 50,000 40,000 30,000
5 570,000 460,000 360,000 290,000 220,000
6 40,000 20,000 20,000 10,000 10,000
7 110,000 90,000 60,000 40,000 30,000

< = = Year = = >
Tract 6 7 8 9 10

1 $ 0 $ 0 $ 0 $ 0 $ 02 120,000 110,000 100,000 90,000 70,000
3 40,000 30,000 20,000 20,000 10,000
4 20,000 10,000 10,000 0 0
5 170,000 130,000 100,000 70,000 50,000
6 10,000 0 0 0 0
7 30,000 20,000 20,000 10,000 10,000

Tract NPV Assumptions :
1 $ 5,372 Discount Rate = 10%
2 1,148,015 Lease Expense = $10,000 /year/well
3 358,640 Net Oil Price = $10 /bbl
4 244,269
5 1,761,783
6 86,603
7 310,031

Total$3 ,914,714
No Inflation or Abandonment costs. Production continues
until the end of the last profitable year or for ten years, 
whichever comes first.
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Table 6 - Estimated Future! Secondary Production
< = = Year = = >

Tract 1 2 3 4 5

1 1845 1217 2100 4260 3000
2 38840 31624 38200 44720 35000
3 12460 10156 10800 12680 10000
4 12495 9507 16100 14460 18000
5 67175 52755 72500 97900 72000
6 7380 4468 12400 20040 15000
7 12805 10273 11900 14940 11000

Total

Tract

153000

6

120000 164000 
< = = Year = = >

7 8

219000

9

164000

10

1 1320 471 0 0 0
2 23040 8229 0 0 0
3 6760 2414 0 0 0
4 9720 3471 0 0 0
5 41800 14929 0 0 0
6 8280 2957 0 0 0
7 7080 2529 0 0 0

Total 98000 35000 0 0 0
Note : Future Secondary Oil 

in Barrels per Year.
Production Reported
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Table 7 - Estimated Secondary Net Cash Flow 
and Net Present Value

<== Year ==>
Tract 1 2 3 4 5

1 $ (1,550) $ (7,830) $ 1,000 $ 22,600 $ 10,000
2 308,400 236,240 302,000 367,200 270,000
3 104,600 81,560 88,000 106,800 80,000
4 84,950 55,070 121,000 204,600 140,000
5 571,750 427,550 625,000 879,000 620,000
6 33,800 4,680 84,000 160,400 110,000
7 108,050 82,730 99,000 129,400 90,000

< = = Year ==>
Tract 6 7 8 9 10

1 $ (6,800) $(15,286) $0 $0 $0
2 150,400 2,286 0 0 0
3 47,3600 4,143 0 0 0
4 57,200 (5,286) 0 0 0
5 318,000 49,286 0 0 0
6 42,800 10,429 0 0 0
7 50,800 5,286 0 0 0

Tract Sec. NPV Assumptions :

1 $ 2,834 Discount Rate = 10%
2 1,207,021 Lease Expense = $20,000 /year/well
3 380,226 Net Oil Price = $10 /bbl
4 469,898 Investment = $1,000,000
5 2,532,826
6 294,370
7 416,632

Total $5,303,807
Waterflood continues for seven years. No tracts are 
abandoned until the end of the seven years.
No inflation or abandonment costs.
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wells or significantly changing the project design, the 
incremental secondary NPV’s will not always be additive. 
The incremental secondary NPV of a tract is rigorously 
calculated by estimating the total secondary NPV of the 
project excluding the tract, and subtracting that from the 
total secondary NPV of the project including the tract. In 
this example, since no new wells are being drilled and the 
project design is not significantly affected by the 
addition of new tracts, the incremental secondary NPV's are 
assumed to be additive.

Step 2 of the systematic method is to determine the 
base tract for this field. Tract 5 has the highest NPV for 
both the primary and secondary case, so it should be chosen 
as the base tract.

Step 3 of the procedure is to estimate the NPV of 
operating the base tract as a single unit. In this 
example, the initial investment to waterflood is $1,000,000 
regardless of the unit size or number of tracts in the 
final unit. This is a simplified assumption, but a 
reasonable one in many cases. To calculate the NPV of 
waterflooding the base tract, the initial investment is 
subtracted from the "incremental" secondary NPV for tract 5 
to obtain the NPV of waterflooding tract 5 alone:

$2,533,000 - $1,000,000 = $1,533,000.
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This value is now compared with the primary NPV estimated 
for tract 5, which is $1,762,000. This value is larger 
than the NPV calculated above which means that 
waterflooding tract 5 alone is not as profitable as 
continued primary production.

Step 4 is to determine the next tract to add to the 
unit. In this case, tract 2 has the next highest NPV (both 
primary and secondary), however, after examining Figure 1, 
the Consultant decides that tract 5 and tract 2 are not 
contiguous, due to the limited boundary that they share. 
This is a judgment call, but one that is reasonable. After 
tract 2, tract 4 has the next highest incremental secondary 
NPV, but tract 7 has the next highest primary NPV ( tract 3 
is not contiguous with tract 5 ). Here is a case where 
primary profit is not a good indicator of secondary profit. 
This happens infrequently, but it is possible. In this 
case, tract 4 would be added next since it contributes the 
most incremental secondary NPV to the unit.

The next step is to calculate the incremental 
secondary NPV of the unit consisting of tracts 5 and 4. It 
is the following:

$1,533,000 + $470,000 = $2,003,000.

This is compared with the sum of the primary NPV's 
for tracts 5 and 4:
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$1,762,000 + $244,000 = $2,006,000.

Since the primary NPV for the unit is still slightly 
higher than the secondary NPV, at least one more tract must 
be added to form the core unit. The next step (step 5 of 
the Systematic Method) is to keep adding tracts until the 
core unit is formed. Since tract 4 was added, tract 2 is 
now contiguous with the unit, and is the next most 
profitable tract to add. Calculating the secondary NPV of 
tracts 5, 4, and 2:

$2,003,000 + $1,207,000 = $3,210,000.

This compared with the primary NPV of the unit: 

$2,006,000 + $1,148,000 = $3,154,000.

Since the secondary NPV is greater than the primary 
NPV for the unit formed by tracts 5, 4, and 2, these tracts 
form the core unit. This means that regardless of any 
additional tracts that are added to the unit, these three 
are sufficient to justify the waterflood and unit 
operations.

The "extra” secondary NPV of the core unit may be 
calculated by subtracting the primary NPV from the 
secondary NPV:

$3,210,000 - $3,154,000 = $56,000.
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This is the "extra" NPV gained by these three tracts 
by unitizing, and must be claimed by them when the final 
participation percentages are calculated for the final 
unit. Since an assumption of this method of analysis is 
that no individual owner or group of owners would 
intentionally lose money, then as a group the core unit 
must claim a total participation in the final unit 
representing at least an NPV equal to $3,210,000. This is 
equivalent to saying that no other tract will participate 
in the unit for more than that tract contributes in 
secondary NPV. This idea should become clear as the 
analysis continues.

Step 6 of the Systematic Method is to continue to add 
tracts to the unit in descending order of incremental 
secondary NPV until the incremental secondary NPV 
contributed by a tract is less than the primary NPV for 
that tract. In the field under consideration, the next 
tract to be added would be tract 7, since it has the 
largest incremental secondary NPV of any of the remaining 
tracts. Also, its incremental secondary NPV is greater 
than its primary NPV, and it is contiguous with the unit. 
Adding tract 7, the secondary NPV of the unit becomes :

$3,210,000 + $417,000 = $3,627,000.

Tracts 3 and 6 are added in the same manner as tract 7 :
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$3,627,000 + $380,000 = $4,007,000.

$4,007,000 + $294,000 = $4,301,000.

At this point, the only tract left is tract 1. The 
incremental secondary NPV estimated for tract 1 is $3,000. 
However, the primary NPV for tract 1 is $5,000. This means 
that for the owner of tract 1 to be interested in joining 
the unit, his participation must represent a NPV of at 
least $5,000. However, the other owners in the unit would 
be foolish to offer such a participation since tract 1 only 
contributes $3,000 in NPV to the unit. In this case, it is 
in neither party's interest for tract 1 to be included in 
the unit, so it is not.

To calculate minimum and maximum participation 
factors for the tracts, it is necessary to determine the 
options of each owners. Since not joining the unit is an 
option that each of the owners have, the minimum 
participation for each tract is that tract's primary NPV 
divided by the total secondary NPV for the unit. The 
maximum participation factor for tracts not in the core 
unit is the secondary NPV that each of these tracts 
contributes to the unit divided by the total secondary NPV 
for the unit.

Since it is assumed that the tracts in the core unit 
must participate for the unit to be formed, the maximum
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they could receive as a group is simply the participation 
left if each of the other tracts received their minimum 
participation. Table 8 presents the minimum and maximum 
participation factors for the tracts in this example. 
Notice the large spread in values for tracts 5, 4, and 2. 
Since these tracts are in the core unit their maximum 
participation will include the "extra" NPV contributed by 
their tracts plus the "extra" NPV contributed by all the 
other tracts.

Negotiating Final Formula Using Linear Programming
Having estimated ranges of participation for the 

tracts included in the final unit, it is possible to use 
the linear programming techniques described by Douglass 
(10) to determine an acceptable participation formula 
depending on the engineering parameters available for the 
negotiations. Table 9 presents a set of engineering 
parameters prepared by the Consultant for the example unit. 
These parameters are reported in percentage form, and are 
calculated by taking the raw parameter for a tract and 
dividing by the total for all the tracts, and multiplying 
by 100%.

Two cases were investigated using the linear program. 
Case 1 maximizes the sum of the weighing factors subject to 
the constraint that the sum must be less than or equal to 
one, and that the final participation factors for the six
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Table 8 - Minimum and Maximum
Participation Factors

Core
Tract Unit? Minimum Maximum

1 * * *
2 Yes 27% 36%
3 No 8% 9%
4 Yes 6% 15%
5 Yes 41% 50%
6 No 2% 7%
7 No 7% 10%

Total 91% 127%
* Tract 1 was not included in the unit.
Note : Absolute constraint is that the sum of the

participation factors be exactly equal to 100%.
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Table 9 - Engineering Parameters Used to Calculate Final 
Participation Formula

Tract NW CP CUM PA HPV RPA RHPV UPR RPR

2 27% 23% 25% 24% 22% 24% 17% 26% 26%
3 7% 9% 10% 6% 3% 7% 4% 9% 7%
4 13% 11% 11% 16% 9% 17% 14% 14% 20%
6 33% 45% 41% 34% 48% 31% 46% 41% 41%
7 7% 8% 5% 7% 5% 8% 7% 5% 5%

Engineering Parameter Definitions
NW - Number of Wells 
CP - Current Production 

CUM - Cumulative Production 
PA - Productive Area 

HPV - Hydrocarbon Pore Volume 
RPA - Remaining Productive Area 

RHPV - Remaining Hydrocarbon Pore Volume 
UPR - Ultimate Primary Recovery 
RPR - Remaining Primary Reserves
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tracts be within the ranges reported in Table 8. When the 
linear program is set up in this way, it chooses a valid 
formula without trying to maximize any tract's 
participation. The sum of the weighting factors must add 
to exactly one to have a valid formula. Table 10 presents 
the input data for Case 1, run A. The results are reported 
in Table 11. In run A, only the first five engineering 
parameters listed in Table 9 were considered. In run B, 
all nine parameters were considered.

When the first run was attempted, the problem was 
declared infeasible because the minimum participation 
factor for tract 2 reported in Table 8 was too high to 
allow the problem to converge. Only by reducing the 
minimum participation of tract 2 from 27% to 24% was the 
problem solved. This indicates that there are no 
participation factors derived from the proposed engineering 
parameters (such as number of wells, for example) that will 
fall into the range estimated in Table 8 for tract 2. This 
discrepancy means that either the engineering parameters 
are not an accurate measure of equitable tract 
participation, or that the economic analysis used to 
calculate the range of participation factors reported in 
Table 8 is overly optimistic, and the minimum participation 
should be reduced. This situation illustrates that the 
Systematic Method of determining tract participation is
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Table 10 - Linear Programming (LP) Input Data 
For Case 1, Run A

Maximize the following Objective Function:
W1 + W2 + W3 + W4 + W5

Subject to the following Constraints :
0 < W1 + W2 + W3 + W4 + W5 < 1 
(Sum of the weighting factors < 1)
24% < W1 (27%) + VI2 ( 23% ) + W3(25%)

+ W4(24%) + W5(22%) < 36%)
(24% < Tract 2 Participation < 36%)
8% < Wl(7%) + W2(9%) + W3(10%)

+ W4(6%) + W5(3%) < 9%
8% < Tract 3 Participation <9%)
6% < W1(13%) + W2(11%) + W3(11%)

+ W4(16%) + W5(9%) < 15%
(6% < Tract 4 Participation < 15%)
41% < W1(33%) + W2(45%) + W3(41%)

+ W4(34%) + W5(48%) < 50%
(41% < Tract 5 Participation < 50%)
2% < W1(13%) + W2(4%) + W3(8%)

+ W4(13%) + W5(13%) < 7%
(2% < Tract 6 Participation < 7%)
7% < W1(7%) + W2(8%) + W3(5%)

+ W4(7%) + W5(5%) < 10%
(7% < Tract 7 Participation < 10%)

Definitions
W1 - Weighting Factor for Number of Wells (NW).
W2 - Weighting Factor for Current Production (CP).
W3 - Weighting Factor for Cum. Production (CUM).
W4 - Weighting Factor for Productive Area (PA).
W5 - Weighting Factor for Hydro. Pore Vol. (HPV).
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Table 11 - Results of LP Using Case 1 
Objective Function and Constraints

Maximize Sum of the Weighting Factors 
A - First 5 Parameters Considered 
B - All 9 Parameters Considered

Tract A B

2 24.3% 24.0%
3 8.3% 8.3%
4 11.7% 14.0%
5 41.0% 43.7%
6 7.0% 3.0%
7 7.7% 7.0%

Total 100% 100%

Final Participation Formulas
(A) (.33)NW + (.67)CP
(B) (.67)CP + (.33 )RPR
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fairly independent of the Current Industry Method and the 
results can vary considerably. In this case, by reducing 
the minimum participation of tract 2, linear programming 
may be used to derive the final participation formula, and 
so this is what is done.

Case 2 maximized the final participation of a 
particular tract with the added constraint that the sum of 
the weighting factors be equal to one. This step would
inform a particular tract owner of the maximum 
participation he could expect based on the engineering 
parameters being considered. Table 12 reports the results 
of linear program runs which maximize each of the tract’s 
final participation. As before, the minimum participation 
of tract 2 had to be reduced to 24% for the problems of 
converge.

Linear Programming is a useful tool as well in 
situations where an owner may have a fractional interest in 
several tracts in a project. This is a common occurrence 
and the linear program can be set up to maximize the total 
participation of a particular owner.

Limitations and Special Considerations of the Systematic 
Method

The Systematic Method is useful for determining range 
of participation factors for tracts in a secondary 
recovery unit. However, it should be noted that the method
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Table 12 - Results of LP Using Case 2 
Objective Function and Constraints

Maximize Individual Tract Participation 
Both Minimum and Maximum Constraints Were Used 

All 9 Available Parameters Considered
Tract A B C D E F

2 24.8% 24.0% 24.2% 24.0% 24.3% 24.0%
3 8.0% 9.0% 8.0% 9.0% 8.3% 8.3%
4 13.7% 11.2% 15.0% 12.0% 11.7% 12.0%
5 41.0% 42.6% 41.3% 43.7% 41.0% 41.0%
6 5.5% 6.1% 4.5% 4.3% 7.0% 6.9%
7 7.0% 7.1% 7.0% 7.0% 7.7% 7.8%

Total 100% 100% 100% 100% 100% 100%
A - Maximize Tract 2 Participation
B - Maximize Tract 3 Participation
C - Maximize Tract 4 Participation
D - Maximize Tract 5 Participation
E - Maximize Tract 6 Participation
F - Maximize Tract 7 Participation

Final Formulas
(A) (.25)NW + (.50)CP + (.25)RPR
(B) (.12)NW + (.63)CP + (.25)CUM
(C) (.50)CP + (.17)RPA + (.33)RPR
(D) ( .67)CP + (.33)UPR
(E) ( .33)NW + (.67)CP
(F) (.23)NW + (.68)CP + (.09)RPA
See Table 9 for List of Available
Engineering Parameters.
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assumes a particular order in evaluating the tracts, and 
that the range of participation obtained by this method 
depend on the order that the tracts are evaluated. Since 
the order of evaluation is largely determined by which 
tract is chosen to be the base tract, an owner can gain 
substantial advantage by having at least some influence 
over this decision.

Another important point in the process occurs when 
enough tracts have been included to form a core unit. 
Tracts in a core unit have an inherent advantage over other 
tracts because they control whether or not a unit is even 
formed. In a large field, it should be possible to put 
together several core units using different combinations of 
tracts. In this manner, a particular owner may "join 
forces" with his neighbors to collectively improve their 
negotiating position.

As seen in the example problem presented earlier in 
this report, discrepancies can exist between the 
participation ranges estimated by the Systematic Method and 
participation factors calculated from the engineering 
parameters. Since NPV is not directly related to many of 
the engineering parameters now in common use, the fact that 
they don’t always agree is not particularly surprising. 
This is a difficult problem because current industry 
practice requires that a set of engineering parameters in
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linear combination be used to determine final participation 
in secondary recovery units. Perhaps the best approach to 
this problem is to favor ”reserve type" parameters which, 
in general, should agree more closely with the ranges 
estimates in the systematic method than other more commonly 
used parameters.

To illustrate the path dependency of the systematic 
method, the analysis was repeated, but this time the choice 
for base tract was tract 2. Also, the last tract added to 
the unit was tract 5. In this case, a profitable unit was 
not formed until all the tracts had been included. This 
resulted in all the tracts being in the core unit, and with 
no tract having an effective maximum. In the linear 
program, the maximum values for each of the tracts was 
removed and only the minimum constraints were used. Table 
13 reports the results of the linear program using only the 
minimum constraints and attempting to maximize each tract.

Comparing the results reported in Tables 12 and 13, 
an important observation is that the final participation 
calculated from the formulas are very similar despite the 
attempt to maximize a particular tract at the expense of 
all the others. The reason for this is that the values of 
the engineering parameters themselves along with the 
minimum participation factors have constrained the problem 
so much that it is not possible to increase the
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Table 13 - Results of LP Using Case 2 
Objective Functions and Constraints

Maximize Individual Tract Participation 
Minimum Constraints Only Were Used 

All 9 Available Parameters Considered
Tract A B C D E F

2 24.8% 24.0% 24.2% 24.0% 24.0% 24.0%
3 8.5% 9.1% 8.0% 9.0% 9.0% 8.4%
4 12.2% 11.2% 15.0% 12.0% 12.0% 12.0%
5 41.0% 42.6% 41.3% 43.7% 41.0% 41.0%
6 6.5% 6.1% 4.5% 4.3% 7.0% 6.8%
7 7.0% 7.0% 7.0% 7.0% 7.0% 7.8%

Total 100% 100% 100% 100% 100% 100%
A - Maximize Tract 2 Participation
B - Maximize Tract 3 Participation
C - Maximize Tract 4 Participation
D - Maximize Tract 5 Participation
E - Maximize Tract 6 Participation
F - Maximize Tract 7 Participation

Final Formulas
(A) (.25)NW + (.50)CP + (.25)UPR
(B) (.10)NW + (.60)CP + (.30)CUM
(C) (.50)CP + (.17)RPA + (.33)RPR
(D) (.67)CP + (.33)UPR
(E) (.29)NW + (.42)CP + (.18)CUM

+ (.03)HPV + (.08)RHPV
(F) (.23)NW + (.68)CP + (.09)RPA
See Table 9 for List of Available 
Engineering Parameters.
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participation of any one tract by a large amount. These 
results show that the choice of engineering parameters and 
the manner in which they are estimated has a large 
influence on the final participation of each tract. This 
may be in spite of the fact that participation factors 
estimated using economic assumptions are significantly 
different from those calculated from the engineering 
parameters, as in the case for tract 2 in the example unit 
evaluation.

Another important consideration is which engineering 
parameters are available during the negotiations and the 
range of weighting factors for each parameter that are 
considered "acceptable." As shown in the statistical study 
of Colorado units, certain producing provinces have 
definite trends as to which engineering parameters are 
considered during the unit negotiations. In the case of 
Colorado, Hydrocarbon Pore Volume was used most of the 
time, and generally had a weighting factor of greater than
0.5.

To test the effect of using only "typical" 
engineering parameters, a set of linear programming runs 
was made considering only three parameters, Hydrocarbon 
Pore Volume, Current Production, and Cumulative Production. 
In addition, each weighting factor was assigned both a 
minimum and a maximum value, and these were used as the
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constraints in the linear program. The purpose of this 
exercise was to determine the participation factors of the 
tracts in the example unit assuming that only "traditional" 
engineering parameters and weighting factors were used. 
The minimum and maximum participation factors derived from 
the Systematic Method were not used as constraints. The 
results of these runs are reported in Table 14.

An interesting situation arises when the Systematic 
Method is applied to a unit where a two phase formula is 
proposed. Since the Systematic Method provides minimum and 
maximum overall participation factors for a tract, the best 
approach to this problem is to convert the participation 
factors in the two phase formula into an equivalent overall 
participation and then compare this value with the minimum 
and maximum factors provided by the Systematic Method. 
This may be done using the forecast of total secondary net 
cash flows for the unit. A stepwise procedure is presented 
below.

Step 1 - Divide the forecasted total secondary net 
cash flows into phase 1 and phase 2 portions based on the 
trigger point of the two phase formula.

Step 2 - Calculate the Net Present Value (NPV) of 
each of the two portions. The sum of these should equal 
the total secondary NPV of the unit.
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Table 14 - Results of LP Using Only Typical 
Engineering Parameters and Weighting Factors

All Runs Considered Only 3 Parameters 
(CP,CUM,HPV) and Used the Following 
as Constraints :
.25 < Weighting Factor for HPV < 1.0
.20 < Weighting Factor for CP < .75
0.0 < Weighting Factor for CUM < .50
Minimum and Maximum Participation Factors 
From Systematic Method Were Not Used.

Tract A B C D E F G

2 22 .2% 23.8% 23.8% 23.8% 22.2% 22.2% 22.8%
3 4.2% 8.0% 8.0% 8.0% 4.2% 4.2% 7.5%
4* 9.4% 10.5% 10.5% 10.5% 9.4% 9.4% 10.5%
5 47 .4% 43.7% 43.7% 43.7% 47.4% 47.4% 45.7%
6 11 .2% 8.3% 8.3% 8.3% 11.2% 11.2% 6.2%
7 5.6% 5.7% 5.7% 5.7% 5.6% 5.6% 7.3%

Total 100% 100% 100% 100% 100% 100% 100%
A - Maximize the Sum of the Weighting Factors

No Tract Favored.
B - Maximize Tract 2 Participation.
C - Maximize Tract 3 Participation.
D - Maximize Tract 4 Participation.
E - Maximize Tract 5 Participation.
F - Maximize Tract 6 Participation.
G - Maximize Tract 7 Participation.

Final Formulas
(A)
(B)
(C)
(D)
(E)
(F)
(G)

(.20)CP 
(.25)CP 
SAME AS 
SAME AS 
SAME AS 
SAME AS 
(.75)CP

+ (.80)HPV 
+ (.25)HPV 
(B)
(B)*
(A)
(A)
+ (.25)HPV

(.50)CUM

* Tract 4 is maximized by using either 
formulas reported for Runs (B) or (G ).
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Step 3 - For a given tract, calculate the
participation factors for each of the two proposed 
formulas.

Step 4 - The equivalent overall participation factor 
for the tract is:

p(eq) = p(ph 1)*NPV(ph 1) + p(ph 2)*NPV(ph 2)
NPV(total)

Where:
p(eq) = Equivalent participation factor for the
tract.
p(ph 1) = Phase 1 participation factor for the
tract.
p(ph 2) = Phase 2 participation factor for the
tract.
NPV(ph 1) = NPV for phase 1 of the unit.
NPV(ph 2) = NPV for phase 2 of the unit.
NPV(total) = Total NPV for the unit.

This equation may be used in the negotiations to 
choose various combinations of phase 1 and 2 participation 
factors that give a desired equivalent participation 
factor, or to calculate the equivalent participation factor 
of a proposed two phase formula. Keep in mind that if the 
trigger point for the two phase formula is changed, the 
NPV ’ s for phase 1 and 2 must be recalculated using the 
forecast of secondary net cash flows.

Conclusions
1. Over the last three decades, a fairly standard

ized procedure has been developed for evaluating
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and negotiating fieldwide secondary recovery 
units in the domestic petroleum industry.

2. There has been little technical literature 
written on the subject of fieldwide unitization. 
This may be due to the common notion that 
unitization is more a legal and land function 
than an engineering function.

3. Statutory unitization is an important option for 
owners to consider if the field to be unitized is 
in a state that has a unitization law. Such a 
law provides for unitization if a statutory 
majority of the owners (both working and royalty 
interest) agrees to the unit. Statutory unitiza
tion has increased unit formation in the states 
that have it.

4. A statistical study of secondary recovery units 
in Colorado indicates that Hydrocarbon Pore 
Volume is the most commonly used engineering 
parameter for calculating tract participation. 
This is probably due to the common assumption 
that oil in place is a good relative indicator of 
waterflood recovery.

5. Linear programming is a useful tool in unit nego
tiations. It allows the tract owners to incorpo
rate the results of the systematic evaluation
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with the engineering parameters that will be used 
in the final participation formula.

6. The participation factors estimated from the 
Systematic Method do not always agree with 
feasible factors calculated from linear combina
tions of engineering parameters ( the Current 
Industry Method). This is because many engi
neering parameters are not directly related to 
future profitability, and because of the many 
assumptions that must be made to calculate 
participation factors using NPV.

7. In general, the minimum participation factors 
estimated by the Systematic Method are more 
reliable and easier to obtain that the maximum 
factors. This is because the minimum is simply 
the NPV of a tract assuming continued competitive 
operations divided by the total NPV of the 
proposed unit. Using this approach, the sum of 
the minimum participation factors should be less 
than 100% for an economically feasible unit.

8. Estimating maximum participation factors requires 
more engineering analysis than is routinely done 
for fieldwide units. Forecasted secondary 
production must be allocated on a tract basis, 
and multiple development schemes may need to be
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examined. However, by estimating maximum as well 
as minimum participation factors, appropriate 
engineering parameters may be chosen so that the 
final factors will fall within or near the range 
of factors estimated in the Systematic Method.

9. In many cases, the relative values of the
engineering parameters available in a unit 
negotiation will force the possible participation 
factors for each tract to fall within a narrow 
range. This is especially true of any parameters 
are of a similar nature, such as productive area 
and productive volume. This result indicates 
that the choice of engineering parameters and the 
techniques and assumptions used to estimate them 
has a large influence on the final participation 
factors calculated for each tract.

Recommendations
1. In preparing for unit negotiations, an owner

should estimate a minimum participation factor 
for each tract and owner. These minimum values 
along with available engineering parameters 
should be analyzed using a linear programming 
model to determine which engineering parameters 
will maximize the owner's final participation.
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The owner may then formulate sound technical 
arguments supporting parameters that benefit him.

2. The linear programming model described above 
should also be run using only commonly used 
engineering parameters and typical ranges for 
weighting factors included as constraints. If 
commonly used parameters are beneficial to the 
owner, this fact may be used to argue for their 
inclusion in the final participation formula.

3. Two phase formulas are common in units. When 
negotiating with two phase formulas, the equiva
lent one phase participation factor should be 
estimated and compared with the estimated minimum 
and maximum participation factors for a tract.

4. In the case where a statutory unit is being 
formed, the statutory majority required for unit 
approval should be considered in the negotiating 
strategy. Certain parameters may benefit several 
owners at the expense of the other owners. In 
this case, a coalition of owners may have a 
statutory majority and be able to vote in a 
favorable participation formula. Such a strategy 
should be considered while preparing for 
negotiations.

* j. Î ' I -tl j u t HiiLU'lltY
COLORADO SCHOOL of MINES 

GOLDEN, COLORADO 60401
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5. The Systematic Method presented in this report
uses future profitability as the primary measure 
of a tract’s value. This is a difficult quantity 
to estimate, however. Future work should focus on 
better ways to measure the "incremental" profit 
contributed by a tract. Perhaps post unitization 
production history could be used to test the 
assumptions made at the time of unitization and 
improve our ability to forecast future reservoir 
performance on a tract basis as well as a field 
basis.

6. Further studies should be made to determine which
engineering parameters best predict future 
profitability, and their increased use should be 
encouraged. Such parameters as Remaining Total 
Reserves, Remaining Secondary Reserves, and 
Displacable Hydrocarbon Volume (5) are possible 
improvements over the commonly used Hydrocarbon
Pore Volume parameter, which in most cases only
measures relative oil in place at original 
conditions.
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