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ABSTRACT 

This work considers the Decline Curve Analysis (DCA) approach as a quick tool to estimate the gas 
reservoir performance of field “ABC” in the Niger Delta region. The conventional Arps’ models: 
Exponential, Harmonic and Hyperbolic, alongside with the Reciprocal and Quadratic models were used. 

Production data: gas production rate ���� and gas cumulative production ���� were obtained from 13 

wells in the field “ABC”. Multivariate analyses were performed with the mentioned models to establish the 
decline constant (Di) and decline exponent (b); for hyperbolic model, of the field “ABC” in the Niger Delta 
region. A decline constant of 0.000064day

-1
 was obtained from all the models with exception of 

Reciprocal model with 0.00053day
-1 

for the gas field. Also, the decline exponent (b) obtained for 
Hyperbolic model was 0.9999. The statistical analysis: absolute error, standard deviation and coefficient 
of determination, of the fitted models used to ascertain the extent of their predicted values differ from the 
field test data results in Arps’ models: Exponential - 0.1150, 0.02666 and 0.9981; Harmonic - 0.11547, 
0.02665 and 0.9982 and Hyperbolic - 0.11547, 0.02665 and 0.9982, respectively. Furthermore, 
Reciprocal and Quadratic models generated an absolute error, standard deviation and coefficient of 
determination of 0.09726, 0.026745 and 0.9911, and 0.0097, 0.000008 and 0.9998, respectively. Thus, 
the results indicate that, modern rate decline models for reservoir performance analysis can compete with 
the well-known Arps’ model(s). Therefore, the fitted Quadratic-based model can be used as a quick tool 
to analyze the reservoir performance of the gas field “ABC” in the Niger Delta region. 
 

Keyword: Rate decline analysis, Gas reservoir, Arps’ models, Reciprocal model, Quadratic model, Niger 
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1. INTRODUCTION 

In petroleum engineering, Decline Curve Analysis (DCA) is the most used reserves estimation approach 

when historic production data are available and sufficient to establish a trend. The most popular decline 

trend is that which present the decline in the hydrocarbon production rates with time; another is 

production rate against cumulative hydrocarbon production (Rahuma et al., 2013). Arps in 1945 created 

the foundation of decline curve analysis by proposing simple mathematical curves: exponential, harmonic 

and hyperbolic, as a tool for creating a reasonable outlook for the production of an oil well once it has 

reached the onset of decline (Hook, 2009). Rate decline analysis is established on the postulation that the 

production history of hydrocarbon reservoir(s) and factors causing the historical decline continue 

unchanged during the forecast period. These factors include both reservoir conditions and operating 

conditions. Some of the reservoir factors that affect the decline rate are pressure depletion, number of 

producing wells, drive mechanism, reservoir characteristics, saturation changes and relative permeability 

(Ahmed and McKinney, 2005). Additionally, the operating conditions that influence the decline rate 

include: separator pressure, tubing size, choke setting, workovers, compression, operating hours and 

artificial lift (Ahmed, 2006). Although the decline rate comes with its drawbacks, the biggest advantage of 

decline curve analysis is that it is virtually independent of the size and shape of the reservoir or the actual 

drive mechanism (Doublet et al., 1994). In other words, the detailed description of the reservoir or 

production data is not required to perform the rate decline analysis. Decline curves of various forms can 
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be used to create significant outlooks for fluid production of a single well or an entire field. Conversely, it 

should be emphasized that in many field cases a single curve is not sufficient to obtain a good fit and it 

may be necessary to use a combination of curves to obtain good agreement (Haavardsson and Huseby, 

2007). A great number of models for decline rate analysis are heuristic and still based on Equation of 

Arps (1945); presented in equation 1 (Kamari et al., 2016), for oil wells during pseudo steady-state period. 

Fetkovitch (1980) presented another approach - type curve, to analyze production data. This type curve 

consist of two portions: transient and boundary dominated production periods. The transient portion 

comes from constant pressure type curve developed by van Everdingen in 1949 while the boundary 

dominated portion is the same as Arps (1945) depletion stems. Arps (1945) and Fetkovitch (1980) models 

are derived empirically, however, Arps’ models are still the preferred method for forecasting oil production 

and proven reserves (Bahadori and Vuthaluru, 2010). Fetkovitch’s method calculates the ultimate 

recovery, but it is constrained to existing operating conditions earlier alluded. Further works by 

Blasingame and Lee (1988) and Agarwal et al. (1999) are similar to Fetkovitch’s type-curves for analysis 

of production data. The major difference is the incorporation of flowing pressure data along with 

production rate to solve for hydrocarbon in-place analytically.  On the other hand, Arps’ approach and its 

modified varieties have been used widely to estimate future performance of hydrocarbon reserves all over 

the world. It remained so until of recent when new methods such as Reciprocal method (Reese et al., 

2007) and Quadratic method (Johnson et al., 2009) were introduced into the computation of rate decline 

analysis. The Reciprocal rate method presumes that flowing well bottom-hole pressure is approximately 

constant and was used to estimate hydrocarbon reserves using only rate-time production data. This 

model requires a plot of the reciprocal of flow rate ��	
� against the cumulative production to flowrate 

ratio ��� �� 
 as presented by Equation 2. Also, Johnson et al. (2009) developed a method which makes 

use of the Semi-analytical formulation by Blasingame and Rushing (2005) and Empirical formulation by Ilk 

et al. (2008). He modified the equations to yield the relation expanded in Equation 3. Though, the 

aforementioned methods have been tested and validated to be effective in hydrocarbon reserves 

estimation in several regions of the world, they are yet to be used as much as the Arps’ approach 

especially in the Niger Delta region. This is due to the fact that developed models available in literature for 

gas reservoir performance analyses were not based on Niger Delta data. Additionally, their prediction 

results may not be that accurate, as the mentioned limitation of the available models poses a major 

challenge on the prediction of the gas reservoir performance using models in the literature. Therefore in 

this paper, rate decline-based models were fitted and validated for use as quick tools for gas reservoirs 

performance predictions in the Niger Delta region. �� = ���
�� �� ��� ��              (1) 

  
where: ��  = gas flow rate at time t, MMscf/day �� = initial gas flow rate, MMscf/day  

t = time, days 
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�� = decline constant, day 
−1

 

b = decline exponent 

 
�� = 
�� + ���� ����� �           (2)  

      �� = �� − ���� + 
 ��� ��             (3) 

       

Additionally, analysis of Equation 3 indicates that a plot of  
��	����   against  �� yield a straight line with an 

intercept equal to the decline constant (��) and slope as 
�� �. Also, the extrapolation of 

��	����   = 0, 

gives ��!"# =  2�. 

Where � approximate equivalent to ��!"#  = 
����. Thus, � is expanded as; 

� = �� ��            (4) 

 
where: �� = Cumulative gas production, MMscf  ��!"# = Maximum Cumulative gas that can be produced, MMscf � = Originial Gas in place, MMscf 

 

2. MATERIALS AND METHODS 

2.1. Data Acquisition and Models Fitting 

The production data: gas production rate �q&� and gas cumulative production �G(�  of the gas field “ABC” 

in the Niger Delta region was obtained from 13 wells. The range of these gas production data is 

presented in Table 1. Multivariate analyses were performed based on the existing rate decline models: 

Arps (i.e., Exponential, Harmonic and Hyperbolic), Reciprocal and Quadratic model to determine the 

decline constant (��) and exponent (b) - in terms of Hyperbolic model for the “ABC” gas field. The general 

reduced gradient (GRG) iteration protocol in the Microsoft Excel Solver was used to fit the 

aforementioned rate decline models. The fitted models are presented in Table 2. 

 
Table 1: Summary of Production data 

Type of data Range 

Flow rate ()*), MMScf/day 113.79 – 600.52 

Cumulative Production (+,), MMScf 113.79 – 379080.20 

Number of Wells producing 13 
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2.2 Models Comparison and Validation 

The various fitted models’ predictions were compared with the obtained field test data from the gas field 

“ABC”. The parameters considered for comparison were field test production rate (��-�./0) and fitted model 

predicted production rate (��!10./) against time (2), field test cumulative production (�3-�./0) versus fitted 

model predicted cumulative production (�3!10./), and field test cumulative production (�3-�./0) and fitted 

model predicted cumulative production (�3!10./) against time (2). In addition to these comparisons, 

statistical analyses were performed to validate the reliability of the fitted rate decline models’ forecasted 

or predicted values. The statistical methods used are the average error (Eavg), absolute error (Eabs), root 

mean square error (Erms), normalized root mean square error (Enrms), coefficient of determination (r
2
), 

standard deviation (SD) and normalized standard deviation (NSD). Thus, their respective mathematical 

equations are expanded in Appendix A. The results of the statistical analyses are presented in Table 3. 

 

3. RESULTS AND DISCUSSION 

Table 2: Rate Decline Fitted Models 

S/N Model Flow Rate (��); MMscf Cumulative Production (��); MMscf 

1. Reciprocal 
1�� = 1�� + 0.00053�� ����� 
 ����� = 1886.7��� − ��� 

2. Exponential �� = ��<=>�	?.????@A�� ����� = 15625��� − ��� 

3. Harmonic �� = ���1 + 0.0000642� ����� = 15625 ��CD �����
 

4. Quadratic �� = �� − 6.4 = 10	E�� +  3.4 = 10	
F��  ����� = 15625��� − ��� 

5. Hyperbolic �� = ���1 + 0.0000642� �G.HHHH ����� = 1.6 = 10
?�� I1 − J��?.????
��?.????
KL 

 
 

Table 3: Statistical Validation Analysis 

S/N Validation tools Reciprocal Quadratic Exponential Harmonic Hyperbolic 

1 Average Error (Eavg) 0.01772 0.0097 -0.1150 -0.11547 -0.11547 

2 Absolute Error (Eabs) 0.09726 0.0097 0.1150 0.11547 0.11547 

3 
Root Mean Square 
Error (Erms) 

0.01176 0.00013 0.0162 0.2354 0.01627 

4 
Normalized Root 
Mean Square Error 
(Enrms) 

0.00000003 0.0000 0.00000004 0.0000006 0.00000004 

5 
Coefficient of 
Determination (r

2
) 

0.9911 0.9998 0.9981 0.9982 0.9982 

6 
Standard Deviation 
(SD) 

0.026745 0.000008 0.02666 0.02665 0.02665 

7 
Normalized Standard 
Deviation (NSD) 
 

10.85 0.01143 12.736 12.698 12.698 

 

As earlier alluded, multivariate analyses were performed with the obtained field data to determine the 

decline constant of the “ABC” gas field in the Niger Delta region. The established decline constant (��) for 

the “ABC” gas field is 0.000064day
-1 

for all the models except for Reciprocal model which establish 
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decline constant (��) of 0.00053day
-1

. In addition, the hyperbolic approach - Arps’ model establish a 

decline exponent (b) of 0.9999 for the “ABC” gas field. This decline exponent for the Arps’ models implies 

that, harmonic and hyperbolic models will predict similar production values (data) for the “ABC” gas field; 

as the decline exponent for harmonic model is unity (1). The similarity of the two models predictions are 

observed in their statistical analyses presented in Table 3.  

a. Arps’ Models: 

Figures 1 through 6 present the results obtained based on the Arps’ models. Figures 1 and 2 depict the 

exponential approach for the rate decline analysis. The comparison of the fitted model’s prediction (i.e., 

production rate – time) with field data in Figure 1 indicates an alignment of the predicted production rate – 

time with the actual field data. Also, Figure 2 presents the comparison of the field cumulative production 

(�3-�./0) with the predicted cumulative production (�3!10./) based on Arps’ exponential model. The 

comparison of these results indicates close predictions of the “ABC” field data. The degree of this close 

prediction is indicated in the coefficient of determination (r
2
) of 0.9981. Furthermore, Figure B-1 in 

Appendix B depicts the cumulative production – time comparison for the field data and fitted model 

prediction. The result indicates close alignment of the predicated data with the actual field data. On the 

other hand, the harmonic and hyperbolic models with about the same decline exponent (b) of unity have 

the same predictions. Figures 3 and 5 indicate the alignment of the predicted production rate with the field 

production rate for harmonic and hyperbolic models, respectively. Similarly, Figures 4 and 6 presents the 

comparison the field cumulative production and predicted cumulative production for harmonic and 

hyperbolic model, respectively. These models’ predictions resulted in coefficient of determination of 

0.9982 with the field data; an indication of close prediction of the actual field data. Additionally, Figures B-

2 and B-3 presents similar results for the cumulative production – time comparison for the field data and 

fitted model prediction. 

 

Figure 1: Gas Production Rate - Time Plot (Exponential Model) 
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Figure 2: Field Data – Model Predicted Cumulative Production Plot (Exponential Model) 
 

 

Figure 3: Gas Production Rate - Time Plot (Harmonic Model) 

 

 

Figure 4: Field Data – Model Predicted Cumulative Production Plot (Harmonic Model) 
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Figure 5: Gas Production Rate - Time Plot (Hyperbolic Model) 

 

 

Figure 6: Field Data – Model Predicted Cumulative Production Plot (Hyperbolic Model) 
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Figures 7 and 8 depicts the obtained results for the comparison of field production rate (��-�./0) and 

predicated production rate (��!10./) – time, and field cumulative production (�3-�./0) against predicted 
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actual field cumulative gas production (�3-�./0) with coefficient of determination (r
2
) of 0.9911 as shown in 

Figure 8. Conversely, it is worth noting that the fitted reciprocal model predictions (cumulative production) 
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the flexibility of the model; especially in the production rate prediction, since the reciprocated production 

rate value(s) is/are return to normal form to compare with the actual field data. 

 

Figure 7: Gas Production Rate - Time Plot (Reciprocal Model) 
 
 

 

Figure 8: Field Data – Model Predicted Cumulative Production Plot (Reciprocal Model) 
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Figure 9: Flow rate - Time Plot (Quadratic Model) 
 

 

Figure 10: Field Data – Model Predicted Cumulative Production Plot (Quadratic Model) 
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models: Reciprocal and Quadratic model to assess their prediction of gas reservoir performance in the 

Niger Delta. These fitted models were tested and validated with field production data and the following 

conclusions can be made: 

i. the established decline constant (��) for the ‘ABC’ gas field in Niger Delta is 0.000064day
-1

; 

ii. the Arps’ models - Exponential and Harmonic are sufficient to predict the ‘ABC’ gas field 

performance with an absolute error, standard deviation and coefficient of determination of 0.1150, 

0.02666 and 0.9981, and 0.11547, 0.02665 and 0.9982 respectively; 

iii. the Reciprocal model prediction of the gas field performance is relatively accurate in the early 

period of production with an absolute error, standard deviation and coefficient of determination of 

0.09726, 0.026745 and 0.9911 respectively; and  

iv. the Quadratic model accurately predicted the field production data with an absolute error, 

standard deviation and coefficient of determination of 0.0097, 0.000008 and 0.9998, respectively. 

Therefore, the model can be used as a quick tool to predict gas field ‘ABC’ performance in the 

Niger Delta region. 
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APPENDIX B 

 

Figure B-1: Cumulative Production - Time Plot (Exponential Model) 

 

 

Figure B-2: Cumulative Production vs Time Plot (Harmonic Model) 

 

Figure B-3: Cumulative Production - Time Plot (Hyperbolic Model) 

 

 

Figure B-4: Cumulative Production - Time Plot (Reciprocal Model) 
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Figure B-5: Cumulative Production - Time Plot (Quadratic Model) 

 

 

Figure B-6: Cumulative Production - Time Plot (All Models) 

 

Figure B-7: Gas Production Rate - Time Plot (All Models) 

 

 

Figure B-8: Field Data – Model Predicted Cumulative Production 
Plot (All Models) 
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APPENDIX A 

The equations used for the statistical analysis of the fitted models’ prediction and field test data: 

1. Average Error: 
 MNOP = 1Q R �3-�./0 − �3!10./�3-�./0

S
�T
                                                                                                                              �U − 1� 

 
2. Absolute Error: 

 MN�V = 1Q R W�3-�./0 − �3!10./�3-�./0 WS
�T
                                                                                                                            �U − 2� 

 
3. Root Mean Square Error: 

 MXYV = 1Q R J�3-�./0 − �3!10./�3-�./0 K S
�T
                                                                                                                      �U − 3� 

 
4. Normalized Root mean Square Error: 

 MSXYV =  MXYV�3-�./0�Z[\� − �3-�./0�Y�S�                                                                                                                      �U − 3� 

 
5. Coefficient of Determination: 

 

] = 1 − ∑ ��3-�./0 − �3!10./� 
∑ ��3-�./0 − �̅3!10./�                                                                                                                           �U − 4� 

 
 

6. Standard Deviation: 
 

`� = 1Q aR J�3-�./0 − �3!10./�3-�./0 K − R J�3-�./0 −  �b 3!10./  �3-�./0 K S
�T


S
�T
                                                                 �U − 5� 

 
 

7. Normalized Standard Deviation 
 

Q`� = 100a 1Q − 1 R J�3-�./0 − �3!10./�3-�./0 K S
�T?                                                                                                   �U − 6� 

 

where:  ��-�./0 = Field Data 

  ��!10./= Predicted Data 

  N = Number Field Data 

             �>Ycdef= Average Predicted Data 


