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Chapter 9 Additional Notes and Annexes 
Along previous chapters the importance of the reserves issue was indicated, also in Chapter 5 and 
more specifically in the section Hydrocarbon Reserves Estimates Risk the use of Decline Curve 
Analysis (DCA) was mentioned as a procedure to estimate reserves.  

As DCA is a common method Annex 1 includes a summary of the theory and equations pertaining 
to production forecasting, based on Decline Curve Analysis (DCA) and normalized curves for shale 
gas and oil. It also presents a spreadsheet to estimate production profiles based on DCA.  

Annex 2 is a summary of some Oil and Gas Rights Concepts applicable in the United States as a 
complement of the topics presented in Chapter 8. 
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Annex 1 Decline Curve Analysis 
Decline Curves are one of the oldest and most common means of forecasting production because: 

 They are easy to plot 
 Yield results on a timely basis 
 Are easy to analyze 

Decline curves are a plot of production or production rate versus time. The equations that will be 
used on the associated spreadsheet are the following and the additional comments apply in each 
case. 

 

Exponential Decline 

When the logarithm of a producing rate is plotted versus linear time, a straight line often results. 
This behavior is referred to as “exponential decline” or “constant percentage decline.” The 
equation corresponding to this situation can be written as follows: 

 

𝑞 =  𝑞  𝑒 
(   ) 

𝐷 =  ln (
𝑞

𝑞
) /𝑡 

𝐻 =  
𝑞 − 𝑞

𝐷
 

 

Where:  

q = producing rate at time t, vol/unit time 

qi = producing rate at time 0, vol/unit time 

D = nominal exponential decline rate, 1/time 

t = time 

e = basis of natural logarithms, (2,71828…..) 

D*t = has to be dimensionless to use any system of units 

q and qi are expressed in the same units 

Hp = hydrocarbon cumulative production  

i.e., Oil (Np) or Gas (Gp 

Any set of units can be used if time cancels out 
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Hyperbolic Decline  

Often the data will not plot as a straight line on semi-log scale, but instead will be concave 
upward. This situation, in which the decline rate continuously decreases with time, can be 
modeled with a hyperbolic equation. A special case of hyperbolic decline is known as harmonic 
decline. The equation, which is most useful for decline curves, follows: 

 

𝑞 =  𝑞  (1 + 𝑏 𝐷  𝑡) /  

𝐻 =  
〈 〉 

 𝑞
( )

− 𝑞( )    For b < 1 

𝐻 =   𝑙𝑛     For b =1 or harmonic 

Where:  

q = producing rate at time t, vol/unit time 

qi = producing rate at time 0, vol/unit time 

Di = initial nominal exponential decline rate (t = 0), 1/time 

b = hyperbolic exponent  

t = time 

Hp = hydrocarbon cumulative production  

i.e., Oil (Np) or Gas (Gp).  

Any set of units can be used if time cancels out 

 

When: 

 b is equal to zero, this representation is the same as the exponential decline 
 b is equal to 1.0 the decline is called harmonic 

Therefore, in a way situations the real decline data is hyperbolic, with exponential and harmonic 
being special cases.  

As b increases the life of the production and the remaining reserves also increase. 

 

Spreadsheet for Production Decline 

As the main idea of this work is not the arithmetic but the concepts, it was included a spreadsheet 
that handles the equations already presented. The proposed spreadsheet for calculation follows. 
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TABLE 172 Data Input and Output _ The Spreadsheet to Calculate Gas Production Decline 
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FIGURE 74 OUTPUT FROM THE SPREADSHEET TO CALCULATE PRODUCTION DECLINE 

 

 
FIGURE 75 DATA INPUT AND OUTPUT _ THE SPREADSHEET TO CALCULATE OIL PRODUCTION DECLINE 

 

DCA and Normalized Curves for Shale Gas _ Special Case 

The initial production (IP) rate measures how many barrels of oil or standard cubic feet gas a day is 
produced by a new well. It is used as a proxy or an indication for the future productivity of such a 
well. The initial production rate is important because it is used to extrapolate to obtain an 
estimate of the total production of a well, its peak production level, and the rate at which 
production will decline, using decline curve analysis (DCA). 

Producing wells (oil or gas) typically have an initial production rate that is fairly small compared to 
peak production, because (for example) oil production follows a bell curve shape. However, shale 
oil and gas wells decline much more rapidly after the initial surge.  

In the case of unconventional shale gas the production from the wells declines continuously and 
rapidly within a month or two of initial production (IP). Gas rate can fall to 50-85% of the IP rate 
within a year, to less than 10% of their IP rate after three years. In some other cases the 
production declines 50-60% within one year and around 73% over the first two years. Higher rates 
of production decline mean shorter production life and a lower ultimate recovery. 
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For conventional hydrocarbons with only 2-3 years of production history, it is difficult to know 
whether production will continue to decline at the same rate or whether the rate of decline will 
slow down as a future hyperbolic decline curve, which has a rate of decline that diminishes over 
time. In the hyperbolic model the production rate declines with time according to the following 
relationship: 

 

𝑞 = q
1 

(1 + 𝑏 𝐷  𝑡) /
 

 

Where:  

q is the time-varying production rate 

qi is the initial production rate parameter 

b is the hyperbolic decline exponent parameter 0 < b < 1 

Di is the initial decline rate parameter 

Integration of this equation leads to an expression for the estimated cumulative gas production 
(Gp) (or the cumulative oil production (Np)). 

 

𝐺𝑝 (𝑜𝑟 𝑁𝑝) =  
𝑞

𝐷  (1 − 𝑏)
 (𝑞( )

( )
−  𝑞( )

( )
) 

 

Estimating the rate of production decline is therefore essential to both forecasting production and 
assessing the Estimated Ultimate Recovery (EUR) of the well. This is the main determinant of 
project profitability. For these cases, the simplest methodologies for forecasting future decline 
rates and EUR go under the heading of Decline Curve Analysis (DCA).  

Analysis of production decline for shale gas wells using hyperbolic equations typically results in a 
best-fit value of greater than unity for the decline exponent parameter, b. This will usually be the 
result when data from the transient-flow period are used to fit the entire period including 
boundary-dominated flow. The use of b values > 1 leads to the physically unrealistic result that 
cumulative production becomes unbounded as time increases. To overcome this situation, the 
exponential equation is used in sequence after the hyperbolic equation. 

 

The equation for exponential decline is: 

 

𝑞 =  𝑞  𝑒 
(  ) 
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Ds, which is the decline rate at the point (to be defined) where production shifts from hyperbolic 
to the exponential tail and qie is the rate at the end of the hyperbolic period. 

 

 
 

 

 

FIGURE 76 HISTORY MATCH FORECAST HYPERBOLIC EXPONENTIAL 

 

The parameters for these curves are usually derived by statistically fitting such curves to historical 
production data, with the key parameter being determined is the “b constant.” Larger values of b 
imply slower rate of decline of production and higher ultimate recovery.  

The exponential decline curve exhibits a constant rate of decline, D (i.e., the percentage of change 
in production between time t and time t+1 is constant), and a plot of the natural log of production 
versus time takes the form of a straight line.  

In contrast, the hyperbolic decline curve exhibits a reducing decline rate over time, so that a plot 
of production rate versus time takes the form of a curve. The b constant represents the rate at 
which that decline rate decreases. 
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e = exponential  hy = hyperbolic ha = harmonic 

FIGURE 77 RATE VERSUS TIME EXPONENTIAL, HYPERBOLIC, AND HARMONIC DECLINE 

 

While the exponential decline curve is simpler, the hyperbolic curve is often found to provide a 
more accurate representation or model of conventional oil and gas fields, since the rate of 
production decline typically slows rather than remain constant.  

Production from conventional gas wells typically declines less than 40% per year in the early 
stages, but production from shale-gas wells declines much faster, more than 60% per year. Rather 
than focusing on the initial rate of decline, which is apparent after only a few months of 
production, the key is how quickly and by how much will these decline rates reduce. 

The debate has sometimes been characterized as an argument between hyperbolic and 
exponential decline. However, exponential decline can be viewed as a special case of hyperbolic 
decline, where b=0. Therefore, the key is finding the appropriate value of b.  

The theoretical basis for a hyperbolic decline curve assumes ‘boundary-dominated flow’ - where 
the influence of the reservoir boundaries affects the flow rate behavior. In 1973 a study 
(Fetkovich) showed that exponential decline is the long-time solution to the diffusivity equation 
under conditions of constant wellbore pressure. 

In normal circumstances, b is generally found to be between 0 and 1. However, shale-gas and 
other unconventional gas resources exhibit more “transient” or heterogeneous flow rates, and it is 
possible to fit curves with b constants higher than 1.0.  

Data on shale gas decline rates is sparse, given the commercial sensitivity of this real data, but b 
constants between 1.4 and 1.6 have been used by shale gas companies currently active in the 
United States. However, using a b constant of 0.5 would more accurately reflect for investors the 
uncertainty associated to such production. This difference significantly affects the EUR/well: a b 
constant of 1.1 results typically in an estimate of 6.5 MMMSCF/well, while a value of 0.5 results in 
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only 3.0 MMMSCF/well (billion cubic feet cumulative production). The latter is a more frequently 
attained value. 

Guidelines from the Society of Petroleum Engineers (SPE) identify a possible range for the b 
constant of values between 0 and 1.5 for shale gas, but suggest that a conservative decline rate 
(lower b) be used to report proved reserve volumes. A more optimistic decline rate (higher b) may 
be used for proved plus probable (2P) reserves. Another approach is used by some authors with a 
cut-off production rate of 133 MCF/d which results in an estimated ultimate recoverable resource 
(EUR) of about 1.4-2.7 billion cubic feet and a well life time of 11-29 years. 

On average, for the shale gas wells, the initial cumulative production before the peak rate 
accounts for about 7% of total well production, which means the decline curves capture most of 
the production. The production of such a shale-gas well usually peaks shortly after being brought 
on-stream, and the decline curve describes the decline phase after the peak. Thus, the highest 
production before the onset of decline is denoted “Initial Production (IP)” 

 

Normalized Curves 

Another way to characterize decline curves for shale gas wells has been labeled the normalized 
value approach. It allows many different wells to be compared directly. The production data are 
normalized in the sense that the maximum initial production is set to a value of 1.0, and the 
following monthly production figures are displayed as a fraction of this maximum rate from the 
initial production period (Qg =Qgi/QgMax). 

 

  
FIGURE 78 GAS RATE NORMALIZED VS. MONTHS FROM BEGINNING OF PRODUCTION 

 

The production profile of typical shale gas wells entails a rather sharp initial decline in the 
production rate and, after a few months, a much slower rate of decline. This becomes very 
important in determining the profitability of shale gas wells versus conventional gas wells. 
Production in the initial several years of the well’s productive life declines hyperbolically, and at 
some point, the production decline levels off, reflecting an exponential (constant annual 
percentage) decline rate. 
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Characteristic decline curves can also be studied at either the average aggregate or individual well 
level. The “average aggregate decline curve” is fitted to the average monthly production of several 
wells, smoothing fluctuations and representing an average behavior for a collection of wells. 

As any other production forecast entails risk that is translated to the reserves estimates and to the 
economic analysis of the project.  

 

Comments on Decline Curve Analysis 

The decline curves are not just academic exercises. This sort of analysis is used to help determine 
whether specific hydrocarbon energy development projects are likely (or not-likely) to pay off. The 
high initial production rate and steep initial decline is characteristic of unconventional gas wells 
(and is different from the slower decline in many conventional gas wells).  This implies that most 
of a project’s revenue – sometimes as high as 80% of total project lifetime well revenues – can be 
accrued over the first five to seven years of the well’s producing life.  

To correct for the anomaly of decline curves suggesting is some cases infinite production time, an 
economic “cut-off or truncation economic point” must be assumed, where the value of produced 
hydrocarbon drops below some assumed cost of operation. The well is then assumed to be no 
longer profitable, and is “shut-in.” Such calculations require assumptions about the capital and 
operating cost of the well, the expected price of hydrocarbon over the well lifetime and the period 
over which these costs should be amortized. Another way to stop a forecast is based on a 
hydrocarbon price, so wells are no longer profitable when producing below an economic 
hydrocarbon rate. 
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Annex 2 Oil and Gas Rights Definitions in the United States 
These concepts are not intended to be the basis for legal advice. Rather, the objective is to present 
examples of fundamentals definitions so that non-experts can begin to familiarize with the option 
of participating in hydrocarbon industry-related investment projects in the USA.  

Interested parties normally obtain the right to explore for and extract oil and gas by leasing that 
right from the owner of the mineral rights of a piece of property. The hydrocarbon interest may or 
may not be owned by the same person who owns the surface rights.  

When the mineral rights are bought and sold separately from the surface rights, the minerals are 
called “severed.” In cases where the hydrocarbon interest is sold, this may be done forever or only 
for a specific period. 

 

Assets  

It is an item or group of items, or a resource (mineral or otherwise) to which a value can be 
assigned. It could be equipment, a project, or a human resources functional group. 

 

Authorization for Expenditure (AFE) 

This is typically a standard form of presenting a financial estimation of all funds required to 
execute a job, for example, drill and complete a well. The estimates for AFE’s are usually obtained 
from experience of recent expenditures in the same area where the operation will occur, drilling 
contractors, services companies, current catalogs, and/or a combination of all the above, etc. 

 

Bond  

This is a financial instrument for long-term debt financing. The bond is a promissory note, where 
the borrower agrees to repay the principal amount of the bond at a specific future date, while 
paying a certain amount (interest rate on the borrowed amount). Thus, bonds are characterized by 
a face value, a coupon rate (the interest rate applied to the face value paid to the lender), and a 
maturity date (when the principal amount or face value will be repaid). Bonds provide fixed 
income to the bond purchasers but the exchange value of the bond (buy/sell price at any time 
before maturity) will change continuously and in the opposite direction to the market interest 
rate. 

 

Joint Ventures 

It relates to the pooling of resources by two or more firms for the purpose of exploring, developing 
or expanding existing operations. Joint ventures can operate through anyone of a variety of 
business forms, but overall managerial control usually resides in a Board of Directors, or 
Management Committee including representatives from each venture in proportion to that 
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partner’s ownership share in the organization. Joint Ventures are particularly attractive for large 
capital projects in high-risk environments.  

 

Landowner 

This term is often used to mean the owner of the material interest. A landowner having the 
mineral rights may grant or retain the following interests associated with the mineral: 

 

A MINERAL INTEREST 
The holder of a mineral interest owns the mineral rights (or a portion of them) under a piece of 
property. 

Whether the mineral interest holder owns the surface or not, the holder has the right to 
reasonable access to develop the hydrocarbons. 

The holder must compensate the surface owner for any damage caused by the operations to 
explore for or produce the hydrocarbons. 

The mineral interest owner may own all the minerals at the subsurface or may only own certain 
minerals like coal, oil or gas. 

The owner of the mineral interest may grant a leasehold interest. In that instance, the mineral 
interest owner becomes the lessor and the owner of the leasehold interest is the lessee. The 
lessor usually retains a royalty interest as compensation for allowing someone else to extract the 
minerals in place. 

 

A LEASEHOLD INTEREST 
A leasehold interest is conveyed or transferred by the mineral interest owner (lessor) to the 
lessee. 

The leasehold interest owner, or working interest owner, has the right to explore for and produce 
minerals. 

A 100% working interest (WI) owner would pay all the costs to develop and produce the mineral 
and would receive all the revenues minus any royalty interest retained by the mineral interest 
owner in the leasing transaction. 

The leasehold interest is created by a legal agreement (a lease). It is subject to any provisions 
contained in the agreement. Common lease provisions are: 

 The primary term: Leases area usually in effect for a period of one to ten years (called the 
primary term) 

 Lease bonus: The lessee pays a “sign-up” bonus to the lessor to induce him to sign 
 Delay rentals: Unless operations are commenced on or before one year from the effective 

date of the lease, the lease terminates unless the lessee pays a delay rental 
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 Shut-in gas well provisions: A lessee can hold the lease beyond the primary term by paying 
an amount equal to the annual delay rental if there is a completed gas well on the lease 
which is shut in 

 Cessation of production clause: Leases normally provide that if a well becomes incapable 
of production, the lessee must commence reworking or drilling operations within 60 days 
or lose the lease if the primary term has expired 

 Pooling clause: Pooling applies to the aggregation of small areas of land necessary to form 
a drilling unit (acreage needed for one well) 

 Unitization clause: Unitized area includes the entire reservoir. Without specific pooling or 
unitization terms in the lease agreement the lessee may not commit the leased acreage to 
a unit or pool without the consent of the royalty owner  

 

A ROYALTY INTERESTS 
In addition to the bonus, the lessee agrees to pay the lessor a certain percentage of the money 
received from the sales of hydrocarbons. The lessor does not have to pay any of the costs of 
drilling and equipment of the wells or the costs of treating the hydrocarbons. The lessor pays the 
severance, ad-valorem, and windfall profit tax. 

 

ASSIGNED RIGHTS 
The owner of the leasehold interest or working interest owner may convey or assign rights 
provided for the lease agreements. These rights terminate when the lease expires. Some rights 
are: 

 Overriding Royalty Interest: This is like a landowner’s royalty. The holder of an override 
receives a portion of the production fee clear of all costs. An override is created from the 
share of the leasehold revenue 

 Revisionary Interest or Back-in: This happens when an override reverts to working interest 
at some specific moment e.g., at payout 

 Carried interest: This is an interest which is not responsible for any costs and does not 
receive any revenue until a certain condition is met 

 Net Profit Interest: It receives a portion of the net proceeds from a well after all costs have 
been paid. The net profits interest is different from the carried interest, because the latter 
shares in the costs and receipts after a set of specified conditions have been met while a 
net profit interest continues for the duration of the production. On an unsuccessful well, a 
working interest will lose money while a net profit interest will not share in the losses 

 Production Payment: This is a share of the hydrocarbon produced from a lease, free and 
clear of costs of production, terminating when a given amount of oil and/or gas has been 
produced or when a given amount of money from the sale of those hydrocarbons has 
been realized 
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Non-operating Interest 

In taxation language, this term refers to royalty, overriding royalty, and net profits interest. This is 
an interest that is not burdened with the cost to find, develop and produce the minerals. In some 
other cases, the non-operating interest is the working interest of owners that are not responsible 
for the day-to-day operational decisions that the operator must make. Working interest owners 
are loaded with the cost of finding, developing, and producing the minerals. 

 

Operating Agreement 

It is a necessary component to any hydrocarbon deal, because several entities could share the cost 
and revenues associated with an oil and gas lease. Some examples clauses in an operating 
agreement (OA) could be: 

 Cost and Revenue Sharing: Identify the working interest (WI) and net revenue interest 
(NRI) from each party. The working interest (WI) of players is their fractional share of 
100% of the costs, and the net revenue interest (NRI) of the players is their fractional 
share of 100% of the revenues. These concepts might be different for land and legal 
departments.   

 Operator Responsibility: The operator is required to conduct the operations in a 
professional manner. Any operation done must be undertaken on a competitive basis; 
even if the operations are performed using equipment owned by the operator, the 
charges must be competitive 

 Expenditure Limits: The OA limits the amount that the operator can spend on a single 
project before prior approval is required from all parties. Any major operation requires the 
consent of all parties subject to certain non-consent clauses 

 Non-Consent Clause: When all the parties do not consent to a proposed job, a provision of 
the OA should specify how the costs and revenues are to be shared if the job is 
undertaken 

 Accounting Procedures: The accounting procedure to be used should address how direct 
costs, overhead, and pricing of material purchases, transfer, and dispositions will be 
handled 

 

Operating Interest 

For the Internal Revenue Service (IRS) of the United States federal government, the operating 
interest is any interest in minerals in place that is burdened with the cost of development and 
operation of the property. 

 

Operator of an Asset 

This is the entity which is responsible for the day-to-day management activities. Operators get 
approvals for their activities and are reimbursed for their costs by the non-operators. An operator 
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must be designed to carry out the terms and obligations of the lease for the parties. The 
operator’s specific activities and limitations should be clearly specified in an Operating Agreement. 

 

Partnerships 

This is the formalized relationship between two or more persons or corporations who join to carry 
on a trade or business. A drawback under this business format is that each partner is individually 
liable for the acts of every other partner made in the name of the firm. 
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