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Abstract

In this study, a mathematical model is formulated to select the optimal product mix of wells in terms of numbers
and types of wells that helps to maximize profit. The optimization model comprises two main components, the
first component is revenue which includes forecasting of production and oil price, and the second component is
cost which includes capital and operating costs. In addition, the model considers all related constraints such as
budget, production targets, surface facility limitations, drilling rigs availability and others. Time has influence on
the model, since its output is not limited only to the types and numbers of wells to be drilled during the planned
period, but also when each well to be drilled for the same plan. Actual planning data for three consecutive years
is used for model testing. The results show that 42% to 47% cost saving can be achieved by using the model. The
analysis shows that with every 10% increase in oil price, the profit increases by about 6%. Also, it shows that the
number of rigs and the rig daily cost affect the profit tremendously, where by reducing these two parameters by
50% an increase of 66% in oil profit can be achieved. The study confirms that oil field operating companies can
stand a better chance of maximizing their profit by using product mix optimization model to define the optimum
schedule for the number of wells, type of wells and time of drilling.

Keywords: profit optimization, product mix, drilling scheduling, oil operating companies
1. Introduction

Oil field operating companies are apparently producing one single product which is oil but in reality there are
many different types and categories of oil which involve different cost to produce and subsequently different
price at market. This entails a need to decide on the product mix similar to what manufacturing companies do.
Oil can be categorized based on two factors: first is the oil API (American Petroleum Institute) gravity such as
heavy, medium or light where the selling price associated with each is different, and second is how easy or
difficult to produce such oil where different techniques are involved which has a direct impact on cost. There is a
potential for product mix optimization by drilling the optimum number of wells for each reference (specified by
reservoir, well type and crude oil grade) where each well is associated with oil production rates and costs. It is
very important to realize that it is not a onetime cost paid at the time of drilling but there is a maintenance and
operating cost associated with each barrel produced. Furthermore, oil price fluctuation and declining oil
production per well with time must be considered.

Currently, companies use partial optimization of the wells to be drilled with limited consideration to time, and
they focus on production maximization instead of profit maximization with a misleading assumption that
maximizing profit can be achieved by maximizing the production through accelerated drilling. Pursuing this
assumption will lead to a limited optimized plans that only define the maximum number of wells and type of
wells to be drilled and ignoring the significant impact of the timing. In addition, the manual optimization
approach can't handle all constraints and it is very time consuming process. Subsequently, a maximized profit
cannot be achieved or guaranteed for the shareholders by using such approach. These difficulties can be
eliminated by using an appropriate automated optimization model that is formulated based on the fact that
maximizing the profit is guaranteed by optimizing the production through product mix optimization. Such model
handles all constraints, and defines the optimum number of wells of specific reference and when each will be
drilled during the planning period.
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This study presents a model that maximizes the profit of an oil field operating company through product mix
optimization. The model is automated using MATLAB code. The results obtained by applying the model to
actual planning data show considerable cost savings.

2. Literature Review

As early as 1950s, optimization techniques have been implemented in the upstream oil industry, it covers different
sub-fields including recovery processes, planning, history matching, well placement, drilling, facility design and
operation etc. This have been an active area for optimization in the oil and gas industry. Lee and Aronofsky (1957)
built a linear programming model to maximize profit by scheduling production from multiple homogeneous
reservoirs. The limitation of the study is the assumption that profit is known for the period of scheduling without
considering the oil price and cost involved. Also, the model is limited to reserves and facilities constraints only.
Aronofsky (1983) reviewed the application of linear programming in oil and gas development, and extended his
work to include mixed integer programming. He considered in his model the field production rate profile, flow rate
of wells, number of new wells and their production schedule. But he didn’t consider the effect of reservoir, oil
grade and price fluctuation. Van Leeuwen and Chow (1989) build a profit maximization model for a gas field by
considering revenue and cost, in addition to tax and royalty. The constraints in their model are production target
(demand) and facilities available. Arnondin (1995) focused on maximizing production, instead of profit, with one
constraint only which is facility handling capacity and focusing on existing wells and not considering future
drilling of wells. The model can be used for daily production maximization and not future planning.

Mora et al. (2005) worked on maximizing net present value (NPV) in a mature oil field by optimizing the gas lift
operations. They used integrated mathematical models to describe the behavior of the reservoir, the fluid and gas
lift gathering system and the future economic performance. Their approach is in contrast to those in current use that
seek either maximize oil production rate or maximize gas lift efficiency of individual wells. The idea of drilling
maximum number of wells that produce maximum amount of oil may not necessarily achieve maximum profit,
and developing the reservoirs in a parallel fashion rather than sequential may not be the right way as concluded in
a research carried by Vasantharajan et al. (2006). Irgens and Lavenue (2007) and Irgens et al. (2007) conducted a
case study in Saudi Aramco where the number of drilling and workover rigs increased significantly. This caused an
exponential growth in the challenge of scheduling the rigs use and transportation. A software application was
developed and used for rig scheduling which improves the daily decisions and optimizing of both operational and
strategic objectives. Atnagulov et al. (2010) developed optimization methods of profitability assessment and well
cluster drilling with account of capital expenditure. They used the well clustering approach to develop the field
through three modules: reservoir engineering module; surface module; and economic module. Huang et al. (2012)
build simple models for the reservoirs, wells, surface flowlines and facilities to optimize trade-off between spare
production capacity and drilling schedule in order to reduce cost.

In order to maximize the profit, the oil price is a critical parameter to achieve the goal. Therefore, appropriate oil
price forecast model is required. Behmiri and Manso (2011) and Gabralla and Abraham (2013) conducted a
comprehensive review on oil price forecasting literature. Bukhari and Jablonowski (2012) studied the effect of
different oil price models on oil production optimization. Five oil price models between deterministic and
probabilistic approaches were used. Their results showed that the optimum production to achieve the maximum
NPV is the same regardless of the model used. Manescu and Robays (2014) presented nine different individual oil
price forecasting methods. Some of their models were used by Pagano and Pisani (2009) who found that
risk-adjusted future models provide a more precise forecast than the others for more than 6 months forecasting
period.

Beside oil price, oil production forecast plays a tremendous effect on predicting profit. There are many techniques
available in the industry used for this purpose, and the most popular one is Decline Curve Analysis (DCA).
Rahuma et al. (2012) and Rahuma et al. (2013) adopted the Arps equations (Arps is the developer of the DCA
model) for prediction of reservoir performance. Makinde et al. (2012) indicated that DCA and Arps equations have
limitation, and using either exponential or hyperbolic decline might be unrealistic in forecasting. They presented a
more accurate approach by combining exponential and hyperbolic declines into one new model. Darwis et al.
(2009) used DCA to develop three models by using historical data and least squares techniques. Peak oil models
forecast is another way of predicting future oil production and oil reserves, several models are available that uses
this approach (Lianyoung et al. (2008); Wang et al. (2011)). Despite the value of these researches, they are not used
in this paper for oil production forecast due to the unavailability of reservoir data, and complexity of
implementation. Most of the studies and researches on oil production forecast use DCA, therefore it is used in this
study as one of the inputs to the optimization model.

21



mas.ccsenet.org Modern Applied Science Vol. 14, No. 10; 2020

3. Model Formulation

An integer linear programming optimization model is formulated with the objective of maximizing profit
through optimization of the product mix. The decision variable (Xf,,) is the number of development wells
(terminology used for wells drilled in the future) drilled during specified month (t), for specified category (rwo).
Where “r” is the reservoir that the well will be producing from; “w” is the type of well whether it is vertical,
deviated or horizontal; and “0” is the grade of crude oil whether it is light, medium or heavy depending on its
API gravity. In this profit maximization model, revenue (R) and cost (C) are the main components of the
objective function as shown in Figure 1. Therefore, the objective function is defined as:

Maximize Profit = Revenue (R) — Cost (C) )]

Objective Function

I
v .

Revenue Cost
Component Component

I
v ! v : v

Qil Price Oil Production Capital Operating Rig Standby
Forecast Forecast Expenditure Expenditure Cost
Base Wells Development Base Wells Development
Wells Wells

Figure 1. Components and subcomponents of the objective function
3.1 Revenue Component

Two sub-components are required; that is the oil price, and the amount of oil produced each month from both the
base wells (terminology used for existing wells) and development wells.

3.1.1 Oil Price Forecast

The oil price is one of the most volatile elements of the model, it’s not only affected by the supply and demand
but also by the political situation that in many cases can’t be predicted. There are deterministic and probabilistic
models to predict the oil price, and their results show that the optimum production which achieves the maximum
NPV is the same regardless of the model used. So, a deterministic model called "Floating Price model" is used
because it is easy for implementation and less attributes are required compared to the probabilistic models. The
model assumes that the crude prices are inelastic and grow with time regardless the effect of demand, it is given
by (Bukhari and Jablonowski, 2012):

Pt= PO« (14P9), t=12 ...t 0=12..00 )

Where, tt is the planning period in months; 0o is the total number of crude oil grades; P? is the current price of
crude oil grade (0); and (P;)) is the monthly price growth calculated using historical data for crude oil price as
obtained from the US Energy Information Administration, 2014. The monthly data since January 2000 is plotted
and the best fit shows the (P) value of 0.009 USD as in Figure 2.
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Figure 2. Crude oil monthly price — US dpllars per barrel
3.1.2 Oil Production Forecast

As per literature review, there are different methods used in estimating oil production forecast, and the simplest,
most reliable and accurate method for a developed oil field is Decline Curve Analysis (DCA). Arps equations
are applied to define three decline models: exponential; hyperbolic; and harmonic. Three parameters must be
known to apply the model equations. Those parameters are initial production rate (g2,,), initial exponential
decline rate (D,,,,) and the degree of curvature or what is known as hyperbolic exponent (b,,,,). The three Arps
equations are (Bukhari and Jablonowski, 2012):

Exponential decline model (b,,,,=0)

Q1€wo = qgwo eXp(_Drwo *(t— 1)): 3)
t=12,..,tt; r=12,...,rr; w=12,...,ww; 0 =1,2,...,00
Hyperbolic decline model (0<b,.,,,<1)

qgwo
4
(1+brwo*Drwo*(t_1))1/brwo ( )
t=12,..,tt; r=12,...,rr; w=12,...,ww; 0 = 1,2, ...,00
Harmonic decline model (b,,,=1)

t —
qT‘WO -

t _ qgwo
Trwo = (13D yoe(t-1)) ©)

t=12,..,.tt; r=12,...,rr; w=12,...,ww; 0o = 1,2, ...,00

Where, qf,,, is the daily oil production in barrels of a single well produced from reservoir (r) of well type (w) and
crude oil grade (o) during month (t).

On annual basis DCA is carried for all wells by using specialized software where each well is matched with one of
the decline curves based on its historical production. Thus, the exponential decline rate (D,,,,) and the hyperbolic
exponent (b,,,) are obtained for each well. The first time daily oil production rate (q2y,) for similar wells of type
(w) producing from reservoir (r) of crude oil grade (o) are averaged and fed into one of Arps Equations (3) — (5) to
predict the future oil production rates.

The daily oil production forecast of all development wells produced from reservoir (r) of well type (w) and crude
oil grade (o) during month (t) in barrels (Q¢,,,) is calculated for the new wells drilled during this month as well as
the ones drilled during the previous months, which have declined production rates, using the following equation:

t+1-i

Qﬁwo = €=1X7”:‘WO * Qrwo (6)

t=12,..,tt; r=12,...,rm;, w=1,2,...,ww; 0 = 1,2, ...,00
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The daily oil production of all developed wells in all reservoirs of oil grade (o) during month (t) in barrels is given
by (TQO):
TQO; =YL, X% ijo ,t=12,..,tt; 0=12,...,00 (7

The forecast of the daily oil production of the base wells from reservoir (r) of crude oil grade (o) (gb%,) in barrels
is calculated by applying Arps exponential decline model:

qbt, = qb?, exp(—Dbm * (t — 1)), t=12,..,t; r=12,...,rr; 0=1,2,...,00 (8)

The model requires current production rate of base wells (gbh2,) and their initial exponential decline rate (Db,).
The base wells oil production forecast of crude oil grade (o) during month (t) in barrels (TQBO}) is given by:

TQBO! =Y'T, qbf,, t=12,..,tt; 0 =1,2,...,00 )

Thus, the total daily revenue (R) in USD is given by the total oil produced per day from base wells and
development wells during specific month multiplied by the oil price forecast of that month:

R = %92, 5% ,(TQO} +TQBO]) » P/ (10)
3.2 Cost component

To calculate the cost component of the objective function, three sub-components are required these are the capital
expenditure, the operating expenditure and finally the rig standby cost.

3.2.1 Capital Expenditure (CAPEX)

It is a one-time fixed cost paid initially at the time the well is drilled. CAPEX consists of three cost elements:
drilling cost; completion cost; and site preparation cost. The following is the details of each.

The well drilling cost (C2,,) is given by:
CTDWO = DDyo*RR, r=12,...,r; w=1,2,...,ww; 0 =12, ...,00 (11)

Where, (DD,.,,) is the number of days needed to drill a well of type (w) in reservoir (r), and RR is the daily drilling
rate in USD.

The completion cost (CS,,) is the cost of preparing the well for operation and put it on production after the drilling
is completed. Actual cost data from recently completed wells for each type of job is used to come-up with a cost
catalog for each well type (w) drilled in a reservoir (r) of crude oil grade (o), in USD.

Site preparation and hook-up cost (C) is the cost spent at the preparation stage prior to drilling the well, in
addition to the hook-up cost spent for laying oil and gas lift pipelines from well manifold to the well location.
Based on historical cost data an estimated single value of CS is provided for site preparation and hook-up cost in
USD.

Thus, the Capital expenditure during month (t) in USD (CAPEX") is:
CAPEX' = YL YW 302 X # (Ch + Cli +C5) ,t = 1,2, tt (12)
3.2.2 Operating Expenditure during Month (t) (OPEX*)

It is obtained by adding the total oil produced from both base and development wells that are producing the same
crude oil grade and multiplying the result by the operating cost of that crude oil grade (o) in USD / barrel(C?). It is
given by:

OPEX' =92 ,(TQOL + TQBOL) * CP, t =1,2,..,tt (13)
Rig standby cost: The number of required rig days during month (t) (RDR") is obtained by:
RDR® = 37T, WY Y02, X iy * DDyjpe, t = 1,2, tt (14)

Whereas the monthly average number of available rig days during month (t) (RDA?) is:
(Ngigs*365)_DFE_DUPT)
12
Where, Ngigs is the number of rigs during year T, Dypr is the number of unproductive days, and Dgg is the

number of days spent for formation evaluation.

RDA! = (

, T=12,..,TT; For allt = (12T — 11), (12T — 10),..,12T (15)

Therefore, the rig standby cost during month (t), (Rig_Cost?), is obtained by:
Rig_Cost® = (RDA* — RDRY) xRR, t=1,2,..,tt (16)
Where, RR is the drilling rig daily rate in USD.
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Thus, from Equations (12), (13) and (16), the total cost during month (t) CM"¢ is:

CM' = CAPEX' + OPEX' + Rig_Costt, t =1,2,..,tt (17)
And the total cost (C) over all months of the plan is:
C =YL, (CAPEX' + OPEX® + Rig_Cost") (18)

Therefore, the revenue Equation (10) and cost Equation (18) are fed into the objective function Equation (1) that
to be solved for profit maximization.

3.3 Constraints
For this profit maximization problem seven inequality constraints are identified.
3.3.1 Annual Budget Constraints
It is important to keep the annual spending within the annual budgeted amount (BT). Thus:
2l2my-11CM' < BT, T=12,..,TT (19)
Where, (CM?") is the total cost for month i.
3.3.2 Oil production Constraints

The oil operating company should maintain the average daily oil production for specific year (T) (TQAT) above the
required minimum daily oil production for that year (TQTT). Falling below this minimum requirement might result
in paying penalties or compensation to the field owner. Thus:

TQA™ = 31205111 222 ((TQOE + TQBOZ)/12) =2 TQT" ,T =1.2,..,TT (20)
3.3.3 Facilities Constraints

It is very important to understand the capability of the existing surface facilities in handling the base wells and
development wells’ oil, water and gas production rates. In addition to the oil production, the water production
and gas production are also calculated for both base and development wells.

The water production forecast of a single development well in barrels/day produced from reservoir (r) of well
type (w) and crude oil grade (o) drilled during month (t) (W},,,) is given by:

Who = Qhwo * WORe, t=12,..,tt 21
Where, WOR,.,, is the water oil ratio of a single development well.
Thus, water production forecast of all development wells (W,%,,,) is given by:
Wio= Y X *xwiii ™, t=12,.,t; r=12,..,r; w=12,..,ww; 0 =1,2,..,00 (22)

Similarly, water production forecast of base wells produced from reservoir (r) of crude oil grade (o) (WB{,) in
barrels/day is given by:

WBY, = qbt, * WORB,,,t = 1,2,..,tt (23)
Where, (WORB,,) is the base wells water to oil ratio.

The daily gas production forecast of a single development well produced from reservoir (r) of well type (w) and
crude oil grade (o) drilled during month (t) (gf,,,) in thousand standard cubic feet per day (Mscf/d) is given by:
Giwo = qtwo * GORyyp, t=12,..,tt (24)
Where, (GOR,.,,) is gas oil ratio of a development well.
Hence, the daily gas production forecast of all development wells (Gf,,,) in (Mscf/d) is given by:
Glvo = Yt Xhwo x gttt t=1.2,..,tt; r=12,...,r; w=1.2,...,ww; 0 =1,2,..,00 (25)

Similarly, the daily gas production forecast of base wells produced from reservoir (r) of crude oil grade (0) (GBY,)
is obtained by:

GB!, = qbl, * GORB,,, t =1,2,..,tt (26)
Where, (GORB,,) is the gas to oil ratio of base wells.

Therefore, the daily liquid production (oil and water) form both base wells and development wells for any
month should be less than the total capacities of the well liquid handling manifolds (WML,) in barrels per day,
ie.

L 2 X821 Qb + W) + ZiZ1 X021 (qbj + WB) < ZXUMWML, 6 =12,..,tt (27)
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Where, (NW M) is the number of well manifolds.

Similarly, the daily gas production from both base wells and development wells for any month should be less
than the total capacities of the well gas handling manifolds (WMG,) in (Mscf/d), i.e.:

121 221 X021 Gl + XLy X021 GBy < Xl WMG, 6 = 1.2, tt (28)

3.3.4 Reserve Constraints

The amount of oil produced from base and development wells should not exceed the available recoverable
amounts. This can be achieved by calculating the amount of oil expected to be produced from both base and
development wells and the remaining recoverable amount of oil that can be produced.

The amount of oil that is expected to be produced form reservoir (r) of oil grade (o) (EOR,.,) in barrels is calculated
by:
EORy, =22 8, X% (QLjo + qblo) , 7= 1,2,...,775 0 = 1,2,...,00 (29)

The oil reserve (ROR,.,) is the recoverable amount of oil that can be produced from the Original Oil In Place
(OOIP,,) in barrels, and it is established by:

ROR,, = (00IP,, * RE.,)) — QP,., , v =1,2,...,717; 0 = 1,2, ..., 00 (30)
Where, RF,,is a recovery factor, QP,,is cumulative oil that already being produced from reserve available.
Thus, the reserve constraints are:
ROR,, =2 EOR,,, r=12,...,17; 0 =1,2,...,00 (31
3.3.5 Number of Drilling Rigs Constraints

The number of rig days available during month (t) (RDA") should be equal or greater than the number of rig days
required during the specific month (RDRY). Thus, the drilling rig constraints are:
RDR' < RDAY, t=12,..,tt (32)
3.3.6 Maximum Number of Wells Constraints
These constraints have been introduced to avoid interference in production between wells, and to guarantee that
the model have an upper limit for each decision variable to avoid infinite and unrealistic number of decision
variables. Thus, the maximum number of wells constraints are:
o Xho SNpwo , T=12,.,r; w=12,...,ww;0=1,2,..00 (33)
Where, N,,,, is the maximum number of wells to be drilled from reservoir (r) of well type (w) of crude oil grade
(0).
3.3.7 Integer Decision Variables Constraints
Since a portion of a well cannot be drilled, all decision variables need to be integer as the following:
All XL, are integers, t =1,2,..,tt; r=1,2,...,rr; w=1,2,...,ww; 0 = 1,2, ...,00 (34)
4. Model Solution Using MATLAB
Since all formulated equations are linear, and the decision variables are constrained to be integers, therefore the
most suitable optimization model for solving the problem is an integer liner optimization model. Mixed-integer

linear program (MILP) function "intlinprog" of MATLAB software is used to solve the model. The "intlinprog"
function minimizes the objective function using the optimization options and the given constraints.

The equations formulated are re-arranged to be suitable for MATLAB. This is done by arranging the objective
function and constraints coefficients in matrix and vector formats. As shown in Figure 3, the Main Module in
MATLAB calls 16 sub-modules in sequence. This structure helps in future updates and enhancement of the
model. The optimization results obtained by the output sub-module are used to generate fluid streams, revenue,
cost and profit which are based on the decision variables' results. The output sub-module creates the report
header and contents and exports it to Excel spreadsheet.
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START

[ Import data sub-module ] —b[ Production constraints sub-module ]
[ Parameterslsub-module ] [ Facilities constralints sub-module ]
[ Oil price s!lb-module ] [ Reserves constraints sub-module ]
[ Oil wells production sub-module ] [ Rig constraints sub-module ]
[ 0il base production sub-module ] [ Max wells constraints sub-module ]
|
[ Revenue coefficients sub-module ] [ All constraints sub-module ]
[ Cost and profit coefficients sub- ] [ Optimize stb-module ]
module
[ Budget constraints sub-module ]— [ Output sub-module ]

Figure 3. MATLAB main-module
5. Model Validation

The validation process is carried out by testing different sets of data in MATLAB and Excel spreadsheet model
and comparing the results. Microsoft Excel built-in SOLVER tool is used. However, SOLVER has limitations, it
can only handle up to 200 decision variables and 100 constraints' cells. In addition, SOLVER can only solve
problems created in a single sheet which limits the range of data sets to be used.

An Excel model is developed that consists of four parts, part one is for the input parameters. In part two,
computations are made for oil price forecast, wells oil production forecast, base wells' oil, gas and water forecast,
and remaining facilities handling capacities. In part three, the initial values for the decision variables are entered,
and based on these values the objective function is calculated. In part four, the seven constraints are
automatically computed in excel. Once all parts are arranged and inputs are entered, the SOLVER analysis tool is
run.

Different combinations of parameters and constraints are used for creating ten validation examples. The
examples are categorized into three categories considering the number of reservoirs, number of well types,
number of crude oil grades and number of decision variables as summarized in Table (1). A combination of the
number of reservoirs, number of well types, and number of crude oil grades are referred to as a Reference (Ref).
Other parameters such as oil price, budget, facilities handling capacity, number of rigs and cost are also changed
from one example to another.

Table 1. Categories of model validation examples

Category Example Number of:
Number Number Reservoirs Well types Crude oil grade Ref. Decision variables
1 1,2,3,4 1 1 1 1 24
2 5,6 1 2 1 2 48
7 2 2 2 2 48
3 8,9 2 3 1 4 96
10 2 3 2 3 72

The parameters for each example are entered in the spreadsheet model and MATLAB model, and the
optimization results are obtained and compared. After running the ten validation examples, it is found that both
Excel spreadsheet model and MATLAB model provide exactly matched optimum results with the same number
of development wells and same monthly distribution of these wells over two years planning period, as well as the
same value of the objective function (profit). In addition, the monthly oil production rates, and the monthly cash
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flow of revenue, cost and profit generated by the two models are the same. A summary of the results from the ten
examples are graphically illustrated in Figures 4 and 5.
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Figure 4. Model validation examples: Number of wells
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Figure 5. Model validation examples: Objective function
6. Model Application for Solving Real Case Problems

Annually oil field operating companies prepare their five-year plan where the strategies and budget needed for
developing the field and reservoirs are included. One of the main strategies is planning the number of
development wells to be drilled in the next five years with the oil production forecast associated with it. The
selection of well mix in the plan is mainly based on maximizing production instead of profit. Although it sounds
that maximizing production will lead to maximizing profit but this is not always true. In order to measure the
benefits of using this research optimization model, real data sets are used. Three sets of data for plans of three
consecutive years, each of five years period, are used. The data coverage is summarized in Table (2).

Table 2. Three years data sets summary

Year Number of':
Reservoirs Well types Crude oil grade  Ref. Decision variables  Constraints
A 9 4 2 19 1140 3620
B 9 5 2 36 2160 6680
C 9 5 2 56 3360 10280

The model is run for the three years plans. The model output is referred to as optimized plan, and the company
prepared plan is referred to as original plan. In the following paragraphs the MATLAB optimized plan for year C
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and the corresponding original plan are compared and discussed, then a summarized comparison of the three
years plans is presented.

Decision variables: The optimized results recommend to drill 238 wells from 25 well references compared to 926
wells from all 56 well references in the original plan, i.e. about 74% reduction in the number of wells to be drilled.
Both optimized and original plans suggest to drill the same number of wells for 24 references, and they suggest to
drill different number of wells for one reference. On the other hand, the optimized plan recommends not to drill
any well from the remaining 31 well references, while the original plan recommends to drill around 700 wells from
these remaining references, where only two of them are used to drill 500 wells.

The original plan schedule recommends continuous drilling for 5 years with uniform number of wells for each
year, where in the first two years it averages 12 wells per month from different well references, and around 24
wells per month mainly from two specific references for the remaining years as illustrated in Figure 6. The
optimized plan recommends to drill the majority of the wells in different batches at different timings. The first
batch consists of around 60 wells to be drilled in the first four months mainly from specific reference, while the
second batch consists of over 50 wells to be drilled from month 10 to 14 mainly from another specific reference.
The third batch proposes to drill over 150 wells, more than 50% from one reference during the period from 28 to
36 months. The final batch recommends to drill over 80 wells from different well references at the end of the
fourth year and beginning of fifth year as illustrated in Figure 7.

Oil production: Oil production forecast rates from base wells is the same for both plans. In both plans, the
production starts at 51 600 and declines to around 15 200 barrels/day by the end of year 5. Whereas for
development wells, it is proportionally related to the number of wells being drilled. Therefore, the original plan
shows a continuous increase in oil production rate from 900 to 52 500 barrels/day due to the continuous drilling
activities. It is noticed that oil production rate is higher in the last three years due to more wells are planned in those
years. On the other hand, the optimized plan proposes wells to be drilled in mainly four batches, therefore the oil
production rate increases with every drilling batch, then declines afterwards. Thus, for the development wells the
oil production rate reaches its maximum of 33 800 barrels/day at month 49 and declines to 25 400 barrels/day by
the end of the fifth year.

The total oil production is plotted for both plans in Figure 8, where the original plan shows a higher oil
production rate than the optimized plan for the entire period with the exception of the first five months. The gap
between both plans increases with time and reaches to 26 700 barrels/day by the end of the planning period. The
total oil production by the end of the five years is 67 700 and 40 600 barrels/day for the original and optimized
plans, respectively.

Revenue: Revenue from base wells is the same for both plans, it starts at $5.2 million and declines to around $2.6
million by the end of fifth year with a total revenue of $224 million for the planning period. For development wells,
the original plan shows continuous increase in revenue from $0.1 million to $9 million with continuous increase of
oil production and oil price. Whereas for the optimized plan, the revenue increases from $0.13 million to $4.3
million showing sudden increases with the increase of oil production associated with each drilling batch. The total
revenue of the development wells from original and optimized plans are $232 million and $156 million,
respectively.

The total revenue is plotted for both plans in Figure 9, where the original plan shows a higher revenue than the
optimized plan for the entire period with the exception of the first five months. The gap between both plans
increases with time and reaches to $7.7 million by the end of the planning period. The total revenue from the
original and optimized plans are $456 million and $380 million, respectively.

Cost: The operating cost of base wells is the same for both plans and it is almost negligible compared to the capital
and overall cost. It starts with $0.62 million and declines to around $0.18 million by the end of fifth year with a
total cost of $21.5 million for the planning period.

About ninety eight percent of development wells cost is related to the capital cost and rig standby cost, and the
remaining is related to the operating cost. The total operating cost for the original plan is $23.5 million versus
$13.1 million for the optimized plan (44% reduction). The capital cost depends on the number of wells to be
drilled, therefore the original plan have continuous capital spending due to the continuous drilling, resulting into

a total capital cost of $1342 million. On the other hand, the optimized plan capital cost is focused on specific
periods associated with drilling batches. The total capital cost of the latter plan is $359 million with more than 73%
reduction compared to original plan cost. Since the original plan have a continuous drilling versus an intermittent
drilling by the optimized plan, therefore the rig standby cost for original plan is lower at $151 million than the
optimized plan at $617 million (300% higher cost).
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The total cost is shown in Figure 10 for both plans, the optimized plan shows a higher cost by $2 million in the
first four months from the original plan. For the remaining months the original plan shows a higher cost with the
exception when the optimized plan recommends to drill, the costs of both plans are nearly the same. The total
cost for the original and optimized plans are $1538 million and $1011 million, respectively, where original plans
has a higher total cost of $527 million (34% cost reduction for optimized plan).

Profit: The profit has a negative cash flow (i.e. loss) as illustrated in Figure 11. The conclusion is that profit is
driven by drilling capital cost for the original plan and rig standby cost for the optimized plan. The loss with the
original plan ranges between ($5.7 million) to ($29.4 million), and it ranges between ($2.3 million) to ($29.1
million) with the optimized plan

The cumulative profit presented in Figure 12 shows the total profit versus time. By the end of the planning
period, the original plan has a loss of ($1082 million) and the optimized plan has a loss of ($631 million). Which
means that the optimized plan has 42% less loss than the original plan.

The actual data used in this study is obtained from a company which did not breakeven yet, therefore all the
benefits and savings reflected in the results produced from the optimization model is described as minimizing
losses rather than maximizing the profit. Running the optimization model using the actual data for plans of three
consecutive years, each of five years period, has shown that:

. For the three plans, both original and optimized plans do not show breakeven point within the five years
planning period and need to extend for longer periods to start getting profit.

o The optimized plans provide less losses than the original plans for the three plans as illustrated in Figure
13. An average cost saving of around $471 million can be achieved for each plan with cost saving ranging between
42% and 47%.

The plans have the potential for further improvements by optimizing number of rigs, while at the same time
meeting the oil production target through the product mix.
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Figure 6. Original plan results: Decision variables (Year C)
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7. Sensitivity Analysis

Sensitivity analysis started with eliminating all parameters related to reservoir characteristics and well
performance since those are either facts or data that need extensive studies. The second step is to focus on factors
affecting the profit (revenue and cost), this includes oil price, rig daily cost, completion cost, site preparation and
hook-up cost, budget, minimum oil production rates, number of rigs and facilities handling capacities. The model
is run for Year C data set where each factor identified is increased or decreased by +/- 10% in each step and up to
+/-50%, whereas the other parameters are set constant. Figure 14 presents the results obtained from running each
case.
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Figure 14. Sensitivity analysis results
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It is found that budget and facilities handling capacities have no impact on the profit, whereas completion cost,
site preparation and hook-up cost and minimum production target have minor impact on profit. On the other
hand, oil price have a good impact on profit, the analysis shows that with every 10% increase in oil price, the
profit increases by about 6%, thus profit is 33% higher with 50% increase in oil price. Also, the number of rigs
and rig daily cost rate affect the profit tremendously, where by reducing these two parameters by 50% an
increase of 66% in profit can be achieved.

8. Conclusion

Using the appropriate optimization methods is an effective way for solving many problems in the oil industry
such as optimizing oil production and wells' drilling schedule. An integer linear mathematical programing model
is formulated for solving the problem of maximizing profit by optimizing the oil production through optimum
wells' mix. The model is solved by using MATLAB. Furthermore, an Excel model is formulated for small sized
product mix problem for validation purpose. It is confirmed that the MATLAB model is valid, reliable and can
be used for large sized real problems. Running the optimized model with data of real case has shown the
advantages over the manual optimization approach used currently. The model optimized plans provide better
performance than the tested original plans by showing an average cost saving of around $471 million (47%) for
each plan. Furthermore, the analysis shows that with every 10% increase in oil price, the profit increases by
about 6%. Also, it shows that the number of rigs and the rig daily cost affect the profit tremendously, where by
reducing these two parameters by 50% an increase of 66% in oil profit can be achieved. Thus, it is concluded
that the number of rigs, daily rig rate and oil price are the major parameters that affect the profit, and any minor
enhancement in any of these three parameters can affect the profit tremendously.

Two recommendations are suggested for future studies: first, to develop multi-objective optimization model that
consider in addition to wells scheduling, wells surface locations; and second, to modify the model to consider the
net present value (NPV) of money, this will change the model from integer linear to integer nonlinear optimization
model.
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