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The investment problem of oilfield development is to trade off the investment exploration in-
vestment and development investment. With low return on investment got by using the existing
method to solve this problem, we construct an optimal model to improve it based on Data
Envelopment Analysis (DEA) method and the relations about investment and proven reserves,
investment and output as well as production cost. Data Envelopment Analysis (DEA) method is
used to present a method to determine the optimal scale of productivity construction investment in
unit production. The relation between total cumulated proven reserves and cumulative exploration
investment is denoted as an exponential model. The relation among productions and remaining
recoverable reserves as well as production cost may be described as an exponential operational cost
function. Based on above two relation models and investment effectiveness coefficients of every
block, we establish an optimal model whose objective function is net present value (NPV) profit
maximum, whose constrain conditions include investment, reserve/production ratio, production
and some equality constraints under the mode of sustainable development. It can be solved by
genetic algorithms. The result of case study shows that this optimal investment of oilfield devel-
opment has multi-stage investment structure under given conditions; the model can provide sci-
entific basic theory for oil companies to make a long-term strategic program and investment plan
in oil exploration and development, may decrease the subjective blindness in the investment and
bring about a reasonable and orderly exploration and development of oil resources.

Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thorough investment analysis is crucial to the decision
makers in the oilfield development due to the large costs asso-
ciated with production fields, processing facilities, compressor
stations, pipelines and other infrastructures. Many scholars have
studied the optimal problem of oilfield development and in-
vestment. For example, Kjetil Trovik Midthun [1] presented an
optimization model for analysis of system development for
@qq.com (J. Zhao).
troleum University.
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niversity. Production and host
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natural gas fields, processing and transport infrastructure. Zhang
Daoyong [2] proposed two relation models which are Gompertz
model and Exponential model about the drill footage and proved
reserves. Chermak J M and Patrick R H [3] generalized the
existing economic theory about exhaustible resource production
andmade a type test for extended theory of Halvorsen and Smith
[4] using successfully a sample of natural gas resources. Livernois
J [5] made empirical evidence analysis about cost functions for
conventional oil extraction and obtained three meaningful con-
clusions. Under technical and geological uncertainties, Almeida L
F et al. [6] studied the optimization system of valve control in
intelligent wells based on decision support system, constructed
optimal models maximizing the net present value (NPV), pre-
sented an evolutionary algorithm to solve them, and formed pro-
active well control strategies as well as optimal operation
schemes for oilfield.

Although people have obtained some experience for
investing optimally to develop oilfield, its return on investment
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y-nc-nd/4.0/).
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is often very low, especially that of Chinese oil companies is
much lower. Its reason is not only the changes of oilfield
exploitation environment but also some unreasonable invest-
ment to reduce the oilfield development benefit. In this paper,
we shall use Data Envelopment Analysis (DEA) method to study
the problem of return on investment by considering syntheti-
cally production and reserves as well as investment. And we
shall establish investment yield structure relation model and a
multiple objective optimal model about maximum profit and
return on investment as well as above investment-yield-
structural relationship to improve return on investment of oil-
field development.
2. The investment problem of oilfield development and
Data Envelopment Analysis

2.1. The investment problem of oilfield development

Exploration and development of oil are the two parts
depending on each other of the oil industry, because oil explo-
ration may provide backup reserves for oil development, oil
development is to make the oil be exploited from the under-
ground. Thus the investment problem of oilfield development is
to trade off the investment between oil exploration and oil
development. Because the investment amount of oil exploration
and oil development is limited for an oilfield enterprise, if the
investment in exploration of oil is too much, then the investment
in oil development is surely too less, and funds will be back-
logged in the form of reserves. In the sameway, if the investment
in development of oil is too much, then the investment in oil
exploration is surely too less, and oilfield may be exploited
overmuch. Whether excessive development for oilfield or the
lack of investment in oil exploration may all decrease the
explored oil reserves, which will make oilfield enterprise can not
conducive to the long-term stable development of oilfield.
Therefore, we have to make sure a reasonable scale of invest-
ment for oil and gas exploration and development to coordinate
the proportion of investment in exploration and development of
oil and gas. Only in this way, can we give full play to the overall
function of the system and achieve the best economic effect.
Then the oilfield enterprises can realize a sustainable and
continuous development.
2.2. Data Envelopment Analysis

Data envelopment analysis (DEA) is a nonparametric method
in operations research and economics for the estimation of
production frontiers. It is used to empirically measure productive
efficiency of decision making units (DMUs). When the produc-
tion process presents a structure of multiple inputs and outputs,
it is essentially a linear programming methodology to measure
the efficiency of DMUs by as follows model.

Let the number of DMUs as n, in which there are y input
variables xij; i ¼ 1;2; :::; y; j ¼ 1;2;/;n and s output variables
yrjðr ¼ 1;2; :::; sÞ. If the maximum ratio of the linear combination
of output variables and the linear combination of input variables
in j0�th DMU is set as the goal, and that the ratio of the linear
combination of output variables and input variables for all DMUs
is less than or equal to 1 is set as constraint conditions, then we
get a DEA model of comprehensive relative efficiency evaluation
for j0�th DMU. By the Charnes Cooper conversion, its specific
form is as Equation (1-1) [6].
min q� ε

 Py
i¼1

s�i þ Ps
r¼1

sþr

!

s:t:

8>>>>><
>>>>>:

Pn
j¼1

ljxij þ s�i ¼ qxij0 ; i ¼ 1;2; :::; y

Pn
j¼1

ljyrj � sþr ¼ yrj0; r ¼ 1;2; :::; s

lj � 0; s�i � 0; sþr � 0; j ¼ 1;2; :::;n

(1-1)

Assume that we solvemodel (1-1) and get its optimal solution
q*; l*j ; s

*þ
i ; s*�r , j ¼ 1;2;/;n ; i ¼ 1;2;/; v ; r ¼ 1;2;/; s. If

q* ¼ 1, then the j0�th DMU is weak effective of DEA; if
q* ¼ 1; s*þ ¼ s*� ¼ 0, then the j0�th DMU is effective of DEA; if
q* < 1, then the j0�th DMU is not effective of DEA.
3. The method and models about oilfield development
investment

3.1. The method to determine the optimal scale of productivity
construction investment based on DEA

It will first be solved to determine the investment scale of
development engineering construction in unit production in
considering oilfield development investment plan, which is al-
ways studied by using Empirical analysis method and averaging
method. That is to calculate the average investment scale of
construction investment for unit productivity in study area ac-
cording to available data. When use these two methods, the
premise is that all the happened investment is reasonable and
effective, it does not exclude occasional factor and does not
make analysis on the input/output result for previous invest-
ment. Therefore, the investment scale for unit productivity
obtained by above methods is not always the optimal invest-
ment scale. With this weak point, we use the DEA method to
determine optimal investment scale of development engineer-
ing construction by considering of oilfield practices in this
paper.

The optimal scale of productivity construction investment in
unit production is determined by using DEA method as follows:

(1) Collect history data of oil development in one year before
beginning programming year, and classify the data of different
types of developed reservoirs withmethod of clustering analysis.

In order to determine accurately the optimal scale of pro-
ductivity construction investment in unit production, we first
need to classify the data of different types of developed reser-
voirs to construct of decision making units (DMUs) of evaluating
productive efficiency in one year before beginning programming
year.

Let the number of reservoir samples as l, each sample
Xh(h¼ 1,2,…,l) represents a category reservoir. Inwhich there are
m input indexes Xht; h ¼ 1;2; :::; l; t ¼ 1;2;/;m (such as re-
serves, drilling investment, surface engineering construction
investment, recovery factor, etc.). Then sample matrix is written
as:

X ¼

2
66664
X1
«
Xh
«
Xl

3
77775 ¼

2
66664
X11 / X1t / X1m
« « «

Xh1 / Xht / Xhm
« « «
Xl1 / Xlt / Xlm

3
77775 (2-1)

First, calculate the distance matrix D0 between two samples
according to Equation (2-3):
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D0 ¼

2
66664
d11 / d1h / d1l
« « «

dh1 / dhh / dhl
« « «
dl1 / dlh / dll

3
77775 (2-2)

d2hk ¼
Xm
t¼1

ðXht � XktÞ2 h; k ¼ 1;2;/; l (2-3)

Then, find the smallest distance d2i‘j‘, and accordingly merge Xi‘
and Xj‘ as a new category, written as Xlþ1:

Xnþ1 ¼
� xi‘1
xj‘1

xi‘2
xj‘2

/
xi‘m
xj‘m

�
(2-4)

Re-calculate category distance between new category Xlþ1
and other categories according to Equation (2-4), obtain first
order category distance matrix D1, and merge two nearest cate-
gories into one new category, written as Xlþ2. Repeat above
calculation till the reasonable number of categories (6) is
acceptable, that is, the reservoir samples are finally classified
into6 categories, which are treated as 6 DMUs of DEA model
(1-1).

(2) Analyze respectively on the investment effectiveness for
every category of reservoirs.

For one group of data on each category of reservoir, by using
model (1-1), let investment data (input variable) as gij; i ¼ 1;2;
j ¼ 1;2;/;6, output data (output variable) as production qrj,
r ¼ 1, calculate investment effectiveness judgment factor q* for
each group of data according to DEAmodel (2-5) in the following
way, and determine whether investment locates in effective set.

min q* ¼ q� ε

 X2
i¼1

s�i þ sþr

!

s:t:

8>>>>><
>>>>>:

P6
j¼1

ljgij þ s�i ¼ qgij i ¼ 1;2

P6
j¼1

ljqrj � sþr ¼ qrj r ¼ 1; j ¼ 1;2;/;6

lj � 0; s�i � 0; sþr � 0

(2-5)

For the 6� th category of reservoir, if there are ru groups of
inputeoutput data whose investment effectiveness factor q* ¼ 1,
then the sum of drilling investment in production wells is
expressed as

Pru
l¼1g

0
1l; the sum of surface engineering construc-

tion investment is expressed as
Pru

l¼1g
0
2l; the sum of oil produc-

tion is expressed as
Pru

l¼1q
0
1l.

Thus, the effective drilling investment a for unit productivity
in each category of reservoirs is calculated as:

a ¼
Pru

l¼1 g
0
1lPru

l¼1 q
0
1l

(2-6)

The effective surface engineering construction investment b
for unit productivity for each category of reservoir is calculated
as:

b ¼
Pru

l¼1 g
0
2lPru

l¼1 q
0
1l

(2-7)
3.2. The model of investment and output on oilfield development

3.2.1. A model of exploration investment and proven reserves
growth

The growth of total proven reserves of oil companies usually
experiences the process of low-high-slow, which has been used
to establish many prediction models using extrapolation method
bymany scholars [7e10]. Wang YuTao et al. [7] analyze changing
rule of the proved reserves and exploration benefit in xinjiang
oilfield, come at the exploration investment growth is an
important guarantee of reserves continue to grow steadily. Other
mathematic models for predicting production or recoverable
reserves include Logistic model [8], Hubbert model [9] and
Gompertz model [10].

These models have certain rationality for the prediction of oil
company reserves growth. However, as the models illustrate, the
rules that accumulated proven reserves growwith time are just a
superficial phenomenon. Intrinsically, exploration results are
achieved based on the exploration workload in certain period,
whereas, the completion of exploration workload is on the
premise of certain exploration investment. So it is more
reasonable to establish a relation model between proven re-
serves and explorationworkload, which is usually considered the
exponent curve type. Of course, its relation model can also be
expressed between proven reserves N and exploration invest-
ment f as Equation (2-8) [11].

N ¼ b� a expð�kf Þ (2-8)

This model indicates the growth rules of proven reserves to
be predicted for geological unit with simple geology condition
and less types of reservoirs, that is, larger scale oil reservoirs are
discovered in primary period of investment, proven reserves rise
faster in primary period of exploration; however, as the major
reservoirs and main layers are discovered successively, explora-
tion difficulty gradually increases and reserves rise slowly in
their middle and later periods. Equation (2-8) shows the relation
of cumulate proven reserves and exploration investment, whose
coefficients a>0; b>0; k>0 may be computed by fitting histor-
ical data of cumulate proven reserves and cumulate exploration
investment in the different exploration period using Least Square
Method.

3.2.2. The relationship model of output and investment
Oilfield output depends on the developed blocks and the

exploration investment after production. So the relationship
model of output and exploration investment is as follows [11].

qt ¼
Xt
k¼1

lt�kþ1wk þwt t ¼ 1;2; :::; T (2-9)

wt ¼ 1
aþ b

IDt t ¼ 1;2; :::; T (2-10)

3.2.3. The model of production cost
According to Chinese accounting system, development in-

vestment of an oil company is divided into two parts: one part
is the investment of new productivity construction, namely
oilfield development engineering construction investment,
which includes drilling investment and surface engineering
construction investment; the other part is the investment
maintaining production capacity, namely oilfield operating
cost.
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Many studies have been done on production cost of un-
renewable resources [3e5,12], and production cost is thought
to be a regression model about wells, water content and oil price
etc. [4], or a function of accumulated output and remaining
recoverable reserves [3,5]. Through the studies on various
regression models, it is found that the logarithmic form of oil
production cost model (2-11) has the best fitting degree.

Ct ¼ exp
�
a1 þ b1 ln Npt þ b2 ln Rt þ b3 ln tt

�
(2-11)

4. The optimization model of investment on petroleum
exploration and development

4.1. Decision-making variables

The goal for investment optimization of exploration and
development is to find a rational ratio of exploration investment
and development investment in a long period of time, so that an
oil company can get the maximum profit. Two decision-making
variables are set as IEt ,I

D
t , where IEt means exploration invest-

ment in the t-th year and IDt means development investment in
the t-th year.

4.2. Objective function

For the Oil Company with m oil bearing blocks, the objective
function of n years developing these m oil bearing basins is net
present value (NPV) maximum, which can be described as
Equation (3-1).

max NPV ¼
Xn
t¼1

2
4Xm

j¼1

�
Ptqt;j� IEj � IDj �Ct;j

�
ð1þ rtÞ�t

3
5 (3-1)

4.3. Restrictive conditions

(1) Boundary condition

The sum of IEt and IDt should not exceed It, where Itmeans total
investment limits in the t-th year. That is,

IEt þ IDt � It (3-2)

(2) Reserve/production ratio restriction

In order to determine the reserves, we need to consider the
quality of its reserves, the decline rate and moisture content in
the oilfield exploration and development stage. According to the
actual oilfield to determine the reserves which can stable and
increase yield, this is expressed as [13].

ft �
Xm
j¼1

Nt;j

,Xn
t¼1

qt;j (3-3)

(3) Production restriction

In order to ensure continuity of oilfield development activ-
ities, avoid excessive and destructive development every year,
we should have exploration and development activities ensuring
the continuity of a maximum yield limit, assumed to maxðqtÞ
[13], the annual production should meet the following
constraints:

qt � maxðqtÞ (3-4)

(4) Development investment constraint

Exploration investment is the preparation of development, so
before drilling investment, exploration investment no less than a
regulation coefficient r of development investment

Xt
k¼1

IEk � r
Xt
k¼1

IDk (3-5)
4.4. Constructing optimal model

max NPV ¼
Xn
t¼1

2
4Xm

j¼1

�
Ptqt;j � IEj � IDj � Ct;j

�
ð1þ rtÞ�t

3
5

s:t:

8>>>>>>><
>>>>>>>:

IEt þ IDt � It

ft �
Xm
j¼1

Nt; j

,Xn
t¼1

qt; j

qt � maxðqtÞ
ð1=rÞ Pt

k¼1
IEk � Pt

k¼1
IDk

(3-6)

This model is a non-linear programming model related with
complicated variables. This optimization model can't be solved
with traditional methods. But it can be resolved with genetic
algorithms. In genetic algorithms objective function is demanded
to be calculable, rather than continuous or differentiable. And
genetic algorithms is an optimal search in the whole scope,
especially suitable for the complicated non-linear problems,
therefore it is adopted to resolve the above problem.
5. Case study

The case calculation is based on the data of several operating
blocks of an oilfield in china. Suppose the oil company needs to
draw up an investment plan for exploration and development
investment in the next ten years.

The data of drilling investment, surface engineering con-
struction investment and oil output data of 10 reservoir blocks
are shown in Table 1 in 2005. Because the type of these reservoir
blocks is simple, they are directly taken as 10 DMUs of DEA
model (1-1). Investment effectiveness coefficients (q) of every
block can be got by using the method presented in Section 2.1. As
shown in Table 1, oil development engineering investments in
the blocks of No.1, 5, 8 and 10 are effective according to DEA
method. Thus the relative effective coefficients of productivity
investments are calculated with Equations (2-6) and (2-7) to get
a ¼ 110 Yuan/t; b ¼ 60 Yuan/t.

The data of exploration investment and new incremental
proven reserve in the past 10 years are listed in Table 2. We used
Least Square Method to get the relation model (4-1) of



Table 2
Data of exploration investment and proven reserves.

Serial no. of
investment
year

Exploration
investment
(104 yuan)

Increased proven
reserves (104t)

Relative error
ratio (%)

2006 4396 40.45 20.24
2007 4098 59.62 42.51
2008 1000 20.76 20.40
2009 1001 21.21 4.49
2010 1771 10.61 0.72
2011 19,869 72.19 1.60
2012 10,430 91.35 11.06
2013 12,208 131.2 19.83
2014 19,159 115.94 6.72
2015 18,120 140.45 7.14

Table 3
Oil operating cost, output and remaining recoverable reserves.

Serial no. of
investment
year

Output
(104 t)

Remaining
recoverable
reserves (104 t)

Actual cost
(Yuan/t)

Predicted
cost
(Yuan/t)

Relative
error
ratio (%)

2006 84 2674 340.42 354.58 4.16
2007 84 2617 352.81 359.81 1.98
2008 87 2557 350.68 360.54 2.66
2009 99 2490 348.17 360.01 3.55
2010 114 2413 362.17 389.35 7.50
2011 128 2327 421.57 422.14 0.14
2012 127 2242 509.20 506.16 �0.60
2013 126 2158 534.92 559.39 4.57
2014 128 2069 577.23 601.52 4.21
2015 131 1982 590.07 626.45 6.16

Table 1
The data of productivity investment and output for each block in 2005.

Serial no.
of block

Drilling
investment
(104 yuan)

Surface engineering
construction investment
(104 yuan)

Output
(104 t)

q

1 649 778 15.3 1.0000
2 812 772 11.9 0.9455
3 715 1172 17.3 0.9310
4 752 88 12.2 0.9250
5 760 1130 15.4 1.0000
6 649 663 6.9 0.9996
7 648 921 18.6 0.9872
8 715 546 9.5 1.0000
9 718 1468 171 0.9265
10 678 342 8.3 1.0000

Table 4
The data of investment.

Serial no.
of investment
year

Total investment
(104 yuan)

Comprehensive
production annually
declining rate (%)

Construction investmen
in unit productivity
(Yuan.t�1)

2006 85,000 0 110
2007 80,000 0 120
2008 98,000 2 132
2009 118,000 1 133
2010 120,000 3 159
2011 115,000 6 160
2012 153,000 10 158
2013 238,000 12 172
2014 278,000 14 183
2015 351,000 15 212
Total/average 1,636,000 7.18 1539
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accumulated exploration investment and proven reserves
growth, which is by MATLAB R2013b software to fit regression
Equation (2-8) of the exponential proved reserves model and its
corresponding parameters a, b, k according to the real historical
data of 10 years. At the same time, we also used obtaining model
(4-1) to predict the exploration investment of in past 10 years.

N ¼ 1:056� 120:4 exp
�
� 1:993� 10�5f

�
(4-1)

The data of oilfield operating cost and oil output as well as
remaining recoverable reserves in the past ten years are listed in
Table 3. The oilfield operating cost function model (4-2) is fitted
according to Equation (2-11) with the relative data in Table 3 by
MATLAB R2013b software.

ln ct ¼ 242:1625� 16:0159 ln NPt � 7:4598 ln Rt

þ 10:8764 ln tt (4-2)

Based on the optimization model of (3-6) and the data on
each year total investment and comprehensive production
annually declining rate in the Table 4 as well as above prediction
results, we constructed the optimal model to make a planning of
exploration and development investment from 2006 to 2015.
Moreover, we solved it by using genetic algorithm, and got
annual exploration investment and annual development in-
vestment as well as the net present value, which were shown in
Table 4. In order to check the model, the real net present value
was also shown in Table 4.

The rational scale of exploration investment on this oilfield is
4.583 billion Yuan, development investment is 11.777 billion
Yuan, the average of exploration and development investment
ratio is 7.18%, the total predictive net present value of exploration
and development investment is 15.4492 billion Yuan, and the
real net present value of exploration and development invest-
ment is 14.3191 billion Yuan. Comparing the theoretical net
present value to the real net present value of oilfield, we found
that these results fit with the actual and show that the oilfield
exploration and development investment efficiency is better,
which may laid a solid foundation for Long-term and stable
development of oilfield enterprises.
6. Conclusions

With respect to the investment structure in exploration and
development of oil companies, the following ideas are drawn:
the relation between proven reserves and exploration invest-
ment can be described by exponent model; the relation model
between oil productivity and oil development engineering
t Annual exploration
investment
(104 yuan)

Annual development
investment
(104 yuan)

Net present
value
(104 yuan)

The real net
present value
(104 yuan)

25,300 59,700 112,547 107,289
24,100 55,900 136,472 130,932
28,700 69,300 160,287 151,900
41,500 76,500 181,910 171,520
42,000 78,000 227,715 208,923
25,600 89,400 200,523 189,477
32,200 120,800 170,347 153,645
67,100 170,900 126,074 119,863
72,300 205,700 119,904 99,223
99,500 251,500 109,141 99,134

458,300 1,177,700 1,544,920 1,431,906
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construction investment can be got with DEA method; the
optimal solution of long-term total NPV model can be got with
genetic algorithms and simple programming. Above methods
can provide foundation for petroleum companies to make long-
term exploration and development strategic planning. Moreover,
they may also provide references for reducing blindness and
subjectivity during exploration and development investment.

Nomenclature

q judgment coefficient of investment effectiveness,
dimensionless, 0 � q � 1;

q* optimal solution of investment effectiveness,
dimensionless, 0 � q* � 1;

ε infinitesimal of non-Archimedes
xijði ¼ 1;2; :::; y; j ¼ 1;2; :::; nÞ investment amount of j-th DMU

for i-th input variable;
yrjðr ¼ 1;2; :::; sÞ output quantity of the j-th DMU for the r-th

output variable;
s�i ; s

þ
r slack variable;

lj decision-making variable of DEA model;
Xhðh ¼ 1;2; :::; lÞ the h� th reservoir sample;
Xht; h ¼ 1;2; :::; l; t ¼ 1;2;/;m the t� th input index of the h�

th reservoir sample;
g1j drilling investment of development wells in j�th

category reservoir, 104 Yuan;
g2j surface engineering construction investment of

development wells in j�th category reservoir, 104

Yuan;
q1j oil output of development wells in j�th category

reservoir, 104t;
l serial number of samples of effective investment

reservoir (l ¼ 1;2; :::; ru);
g01l drilling investment of development wells in l� th

effective investment reservoir, 104 Yuan;
g02l surface engineering construction investment of

development wells in l� th effective investment
reservoir, 104 Yuan;

q01l oil output of development wells in l� th effective
investment reservoir, 104t;

a effective drilling investment for unit productivity in
each category of reservoir, Yuan/t;

b effective surface engineering construction investment
for unit productivity in each category of reservoirs,
Yuan/t;

N accumulated proven reserves, 104t;
f accumulated exploration investment, 106Yuan;
a,b,k coefficients to be determined, a>0; b>0; k>0;
qt;j oil output of the j-th oil bearing blocks in the t-th year,

104t;
lt�kþ1 decline factor of output in the t � kþ 1-th years, %;
wt new capacity in the t-th year, 104t;
IDt development investment in the t-th year, 104 Yuan;
Ct oil & gas production operating cost in the t-th year, 104

Yuan;
a1,b1,b2,b3 fitting coefficient;
Npt production accumulated to the t-th year, 104t;
Rt remaining recoverable reserves at the t-th year, 104t;
tt oil & gas production time accumulated to the t-th year,

a;
NPV objective function, represent profits, 104 Yuan;
Pi oil price in the t-th year, Yuan/t;
IEt exploration investment in the t-th year, 104 Yuan;
It total investment limits in exploration and

development in the t-th year, 104 Yuan;
ft reserve-production ratio in the t-th year;
qt;j output of the j-th oil bearing block in the t-th year, 104t;
max (qt) maximum annual output limits in the t-th year, 10 t;
r regulation coefficient, 0 � r � 1;
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