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ABSTRACT
A field with two neighboring reservoirs was discovered in

the Barents Sea in 2013 and 2014. After a successful extended
well test of an appraisal well in 2018 and initial field planning
tasks, a preliminary drilling and production schedule was pro-
posed based on cross-domain collaboration and group work in-
volving several disciplines. In this paper, mathematical program-
ming is employed to model and optimize the economic value of
the project in order to determine the best drilling and produc-
tion schedule for the field. The optimization includes some of the
technical constraints considered by the field development team
while also considering uncertainties such as reservoir size, pro-
ductivity of well, and cost. These have been systematically eval-
uated by using simulation-based optimization (sampling). The
results were that the use of mathematical programming allows
the field planner to evaluate several scenarios within a reason-
able time frame, thereby enabling rapid changes in the decisions
to respond to new information and risk considerations in a dy-
namic environment. This paper illustrates the benefits of utilizing
mathematical programming in early field planning to optimize
the drilling and production schedule.

Keywords: Oil field development; Mathematical program-
ming; Production and drilling scheduling optimization; Barents
Sea; Case study
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NOMENCLATURE
NPV Net Present Value
NPD Norwegian Petroleum Directorate
CAPEX Capital expenditure
OPEX Operational costs
LHS Latin Hypercube Sampling
FPSO Floating Production, Storage and Offloading
CPU Central Processing Unit
GAP Difference between the best lower and upper bounds
qi Flow rate, i ∈ {o = oil,g = gas,w = water}
Np,Gp,Wp Cumulative Production of Oil, Gas, Water
GOR Gas-Oil Ratio
WC Water Cut

INTRODUCTION
It is normal that a production and drilling schedule must be

decided during the early stages of field planning even though
there is limited and uncertain information. In subsequent stages
of field development, these values are often frozen despite the
availability of new information that might prompt adjustments to
the original field development plan. As the process of creating a
field development plan is complex and time-consuming it is often
impractical to fully explore all alternatives and scenarios.
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Nowadays, oil and gas companies create field development
plans based on cross-domain collaboration and group work from
numerous related disciplines including subsurface, drilling, well
completion, facilities, subsea, marine, pipeline, process, cost,
economics, and the environment. In this process, each disci-
pline provides their recommendations for development alterna-
tives. For instance, a submarine pipeline engineer will determine
suitable pipeline routes considering the seabed survey which typ-
ically does not match the shortest path, thus incurring in addi-
tional costs. Ideally, there should be enough time in field plan-
ning to thoroughly explore all scenarios and alternatives flagged
by the experts (and their combinations) and narrow down the best
alternatives before the detailed design phase starts. However,
there are some challenges that hinder this: i) organizational and
digital barriers when transferring information and digital twins
between disciplines; ii) delays in information update (e.g. update
of uncertainty due to new tests becoming available); and iii) the
time required to evaluate multiple scenarios is often excessive.

The use of mathematical programming in field development
problems started in the 1960s [1]. A review of relevant literature
can be found in (Durrer and Slater, 1977 [2]; Sullivan, 1988 [3];
Tavallali, 2016 [4]; Khor et al., 2017 [5]; Nasir et al., 2021 [6]).
Field development optimization has also been extensively in-
vestigated from the reservoir management and closed-loop opti-
mization perspective [7–9]. When formulating the optimization
problem, two main directions are usually followed: minimiza-
tion of the investment cost [10–14], and maximization of the
NPV [6, 9, 15–20]. In general, the methods targeting investment
cost minimization deal with scheduling (e.g. drilling schedul-
ing) and how to place the platforms, wells, manifolds, pipelines
and other relevant production facilities. An example of this ap-
plication is in Klose and Drexel, 2005 [21] that reviews and
summarizes the location and distribution problem. The methods
and works that target the maximization of the NPV are typically
focused on increasing the revenue and the cash flow analysis,
mainly by improving the production planning and well alloca-
tion. The advantage of mathematical programming methods is
that they can determine and select the best scenarios considering
a large number of available alternatives. However, there are few
papers that presents real case applications instead of synthetic
models for study [22]. This probably due to the difficulties in de-
ploying these methods on real fields. As a result companies often
opt for solutions such as commercial software that are incompat-
ible with the proposed methods, they face difficulties with the
inclusion of technical constraints to the optimization problem, or
excessive computational time is required for the optimization.

Some of early-stage field development planning problem is
formulated in a mixed-integer linear programming model which
employed piecewise-linear function to approximate the model
non-linearities. Examples can be found in the works from
Angga [23] and Gonzalez [24]. With an efficient optimization
model, it is possible to perform sensitivity studies for various

scenarios and development alternatives.
On the other hand, planning the development of a field is

usually made under risks and uncertainties that stem from both
the surface and subsurface. Uncertainties that could change the
project’s profitability are the main concern in decision-making
processes. Previous works have addressed uncertainty analysis
applied to field development problems [9, 25–30]. For example,
Awasthi et al. [9] formulated a two-stage stochastic programming
model to compute an improved expected value of NPV for uncer-
tainties in oil price and productivity indices. Gupta and Gross-
mann [29] present three examples of using different approaches
(deterministic, complex fiscal rules and stochastic programming)
to solve the uncertainty in oilfield development planning prob-
lem. Capolei et al. [30] used a sequential Monte Carlo algorithm
to generate 100 permeability field realizations of a 2D reservoir
when assessing the uncertain geological scenarios. Among the
common approaches are sensitivity analysis, spider plots, deci-
sion trees, and probabilistic methods, all of which to some ex-
tent require probabilistic sampling to perform uncertainty man-
agement and deploy optimized field and reservoir management
plans. However, the drawback of using probabilistic methods
is their prohibitive computational time due to the requirement
of multiple optimization runs for the various probable scenarios.
Thus, as the computational complexity of probabilistic methods
inherits the complexity of the optimization model. A crucial step
before considering the uncertainty handling mechanism is to im-
prove the efficiency of the optimization method. Finally, an ideal
field development plan should not only include recommendations
for an optimum development strategy with an implementation
plan for a given scenario, but also provide good estimates re-
garding the risks involved in executing the proposed plan [31].

In this paper, we formulate the early-phase planning of the
offshore Alta-Gohta oil field using mathematical programming
with focus on determining well production allocation over time
and the well drilling scheduling in order to maximize the field
economic value. An initial field development plan (termed the
operator’s plan in this paper) was obtained with the traditional
inter-disciplinary work used as the starting point for the study.
Firstly the model is validated1 by verifying its ability to repro-
duce the results obtained with traditional methods considering
the same constraints. After the validation stage, the drilling
sequence was removed from the mathematical model, and the
model is optimized to find the optimal of the well drilling plan
and production schedule. In addition, an uncertainty analysis
was performed using this verified mathematical programming
model. A total of 100 cases were evaluated using the Latin Hy-
percube Sampling (LHS) method considering the uncertainties in
the reservoir size (initial oil in place), field productivity and cost.
The main goal of this paper is to demonstrate the benefits of em-

1validating means a verifying of integrated reservoir-production model by us-
ing mathematical optimization.
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ploying mathematical programming in the early-phase planning
of a real offshore oil field, especially when uncertainty needs to
be quantified.

The paper is organized as follows. The next section presents
a description of the field studied in this work. Then, the next
sections present the methodology and a mathematical program-
ming model for field development optimization respectively. We
demonstrate the benefits of applying mathematical optimization
and uncertainty analysis to field development planning of the
Alta-Gohta field in the following two sections. The final section
presents the conclusions of the paper.

FIELD DESCRIPTION
It is estimated that the Barents Sea holds about 37% of the

remaining Norwegian hydrocarbon resources. A significant per-
centage of this has yet to be proven. The undiscovered resources
from the Barents Sea are estimated at 2505 million Sm3 oil equiv-
alent in 2019 [32].

The development of offshore hydrocarbon fields in the Bar-
ents Sea is challenging due to factors such as its metocean con-
ditions, icing, the vulnerability of the Arctic environment, the re-
moteness and the difficulty to access existing gas transportation
infrastructure. Offshore structures have stricter requirements and
must be designed differently from those used in the North Sea
and Norwegian Sea. New developments are therefore required
to make large investments because of the lack of existing infras-
tructure to deliver oil and gas to the market.

There are two fields currently in operation in the Barents
Sea, Snøhvit (gas) and Goliat (oil). Johan Castberg (oil) is a re-
cently sanctioned field and is currently under development. The
Wisting and Alta-Gohta fields are oil fields currently in the early-
stage planning phase. Existing oil fields in the Barents Sea chose
the concept of an FPSO linked to seabed templates with wells
(producer and injector) [33]. Due to the long distance between
discoveries and the nearest shoreline, the produced gas from oil
fields is often re-injected into the reservoir for pressure support.

The Gohta and Alta reservoirs were discovered in 2013 and
2014 respectively. Their location is shown in Fig. 1, about 190
kilometers northwest of Hammerfest, the closest town on the
Norwegian mainland. According to a report from the Norwe-
gian Petroleum Directorate (NPD) [34], the estimated total sur-
face volume of recoverable oil of two discoveries is 29.79 million
Sm3 (based on an update released on December 31st, 2019). The
Alta reservoir is considered to be the larger of the two. The wa-
ter depth in the license area is around 380 m, and the distance
between the two discoveries is 15 km. The distance from the
reservoirs to the shore is 160 km. Lundin Energy Norway is the
operator of both fields. The proven reserves of these discoveries
are not large enough to be economically viable to develop sepa-
rately as stand-alone fields. An integrated field development plan
with a common FPSO was considered and studied [35].

FIGURE 1. ALTA-GOHTA FIELD LOCATION. Ref: NPD

Last year, it was decided that the Alta-Gohta will not be de-
veloped as a stand-alone project because it is unprofitable (as
stated in Lundin’s year-end report 2019) [36, 37]. However, the
authors believe it is still worthwhile to use it as a case study to
assess the effectiveness of mathematical optimization in deter-
mining optimal development plans.

The original plan was to develop the field using 9 produc-
tion wells with 2 or 3 subsea templates linked to the FPSO [35].
Here, 6 out of the 9 producers are in Alta and 3 wells in Gohta.
The produced water and gas are designed to be re-injected into
the reservoir with the purpose of pressure maintenance, but also
because of the high cost of transporting the gas the long distance
to shore.

METHODOLOGY
Hatvik et al. [38] reported that, since the discovery of the

Alta-Gohta field, an integrated model of reservoir, well and net-
work has been used to determine the best development alterna-
tive. In this study, the operator provides a field development
plan (operator’s plan) based on integrated teamwork involving
multiple disciplines. The operator’s plan has a specified drilling
schedule and allocated production rate for each well during the
whole lifetime of the field. In this plan, 9 producing wells are
recommended to produce from these two reservoirs and their tra-
jectories and locations are given. We will refer hereafter to this
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plan as the preset development plan and its drilling schedule as
the ’original’ schedule. We used the operator’s plan as the basis
for our analyses and as a baseline for comparison.

Two important factors that determine the revenue and eco-
nomic value of a petroleum asset are the oil price and production.
In this paper, we focus only on the effect of production. Using
the provided preset plan as a starting point, we address two ques-
tions: i) how many wells are necessary and in what sequence
is it best to drill them to maximize the economic value of the
project? ii) how to allocate the production in time and by well to
maximize the economic value of the project? At the same time,
producing all recoverable reserves within the production horizon.

The methodology proposed in this work is described as a
workflow depicted in Fig. 2. It consists of four main parts:

1. Flag of relevant field development scenarios;
2. Development of a proxy model to estimate production pro-

files considering active well combination and initial oil in
place;

3. Formulation and execution of the mathematical optimization
model to maximize the Net Present Value (NPV);

4. Uncertainty analysis of the optimization results using
simulation-based optimization (sampling).

The first step is to list all relevant well combinations. For
a given field with a number of w wells, if all combinations are
relevant there are 2w scenarios that must be studied.

The second step concerns the generation of a proxy model
for the integrated asset to predict production profiles. The proxy
model consists of production potential curves representing the
maximum oil production that a group of wells can deliver as a
function of cumulative production and active well combination.
The shape of the production potential versus cumulative produc-
tion depends on the type of fluid and recovery mechanism acting
in the reservoir. The value of the production potential is set as
the upper bound of the field oil rate (decision variable) in the
optimization. Production potential curves have been used exten-
sively in the past, for example in previous works from Gupta
and Grossmann, 2017 [29]; Lin and Floudas, 2003 [39]; Goel et
al., 2006 [40]; Tarhan et al., 2009 [41]. Gonzalez showed that
a production potential proxy model compared favorably against
the output of a 3D reservoir model generated in Eclipse, with an
average relative error of 8% [42]. Angga [23] found that a pro-
duction potential proxy model could reproduce the output from
a coupled model of material balance and network with excellent
accuracy. Stanko [43] showed that a production potential proxy
model compared favorably against the output of a 3D reservoir
model coupled with a network model.

In this study, we generated a coupled model of network, well
and reservoir using the commercial software IPM (Petex) [44]
and modeled the reservoirs with two non-communicating tanks
(using material balance equations). The model was validated
against output from an integrated model of the well, network

FIGURE 2. THE WORKFLOW OF FIELD DEVELOPMENT OP-
TIMIZATION

and reservoir that modeled the reservoirs using a 3D simulator.
Due to confidentiality reasons, it was not possible to use this sec-
ond integrated model directly in this study nor show its details.
Production potential curves were extracted from the first model
using the procedure outlined by Stanko [43].

Due to the fact that the two reservoirs, Alta and Gohta,
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are non-communicating and that they produce separately to the
FPSO it is possible to generate production potential curves for
each separately. The steps are:

1. Run a simulation with all wells active and producing as
much as possible during the complete production horizon.
Collect data of total oil rates and cumulative production;

2. Compute the maximum oil rate at initial time for all relevant
well combinations. For each well combination considered,
compute the ratio between the maximum oil rate at initial
time of the combination and the maximum oil rate at initial
time when all wells are active ( f i

n =
qpp,i

qpp,max
). Create a table

listing all relevant well combinations and their correspond-
ing fractional factor.

At a given time step, the maximum oil production that the
reservoir can deliver is given by the production potential at the
current cumulative production (found by interpolating in the ta-
ble found in step 1) multiplied by the fraction of the particular
well combination (found by performing a look-up in the table
generated in step 2).

This proxy model captures the production interdependency
of the wells and the effect of reservoir pressure decline on pro-
duction. Moreover, it assumes that all produced gas is re-
injected.

The workflow for creating production potential curves and
the scenarios table is described in Appendix B.

The third step consists of setting up and running an opti-
mization model to automatically determine the optimal drilling
scenario and production schedule. The objective function of the
optimization model is maximizing the project’s NPV, which is
the sum of the discounted cash flows during the lifetime of the
field. Apart from the two variables of drilling schedule and pro-
duction profile, which are constrained by the outputs from the
second step, additional constraints of the field architecture and
the parameters of cost and economics are also included in the
optimization model.

The fourth step in the workflow is the evaluation of uncer-
tain parameters such as cost, initial oil in place in both reservoirs
and well productivity. We did not consider the uncertainty on
the oil price and it was assumed constant during the production
horizon. Each uncertain parameter has a probability distribution
function associated to it. To quantify the effect of uncertainty on
the optimization results, random samples were drawn using LHS
to generate the uncertain scenarios. The optimization was run for
each of the scenarios and a frequency analysis was performed on
the results.

The use of production potential curves as a proxy model
for production performance will probably not be appropriate for
complex production systems such as compartmentalized reser-
voirs, highly heterogeneous reservoirs, or capturing realistic in-
jection processes. Another limitation of the current implemen-
tation of this approach is that reservoir pressure is not modeled

explicitly and we not track the production and cumulative pro-
duction of individual wells, but rather the production and cumu-
lative production of the total number of wells producing from the
reservoir.

However, the authors believe that this approach is still appro-
priate for early phases of field development when limited data is
available, and reservoir models are highly uncertain, under con-
struction or unavailable. Moreover, this approach allows the for-
mulation of an efficient optimization model that has high com-
putational efficiency, low runtime and therefore is suitable to use
in extensive uncertainty analyses.

MATHEMATICAL PROGRAMMING
In field development optimization, we intend to obtain the

optimal yearly wells combination, drilling sequence, and pro-
duction allocation, by maximizing the NPV of the Alta-Gohta
field development. In this work, we apply a mixed-integer lin-
ear programming model to optimize the early-phase development
plan for the Alta-Gohta field. We present a nonlinear conceptual
model for the problem, which contains a high-level mathematical
formulation.

The indexes, sets, parameters, and variables used in the non-
linear model are listed in Appendix A. The objective function
and constraints are described below.

The objective is defined as:

max NPV = ∑
t

po ·q f
o,t −CAPEX(t)−OPEX(t)

(1+ γ)t (1)

whereas the constraints are the following:

CAPEX(t) =CAPEXFacility(t)+CAPEXWell(t),∀t ∈T (2)

OPEX(t) = OPEXRate(t)+CAPEXNon−rate(t),∀t ∈T (3)

q f
i,t =

R

∑
r=1

qr
i,t , ∀i ∈ {o,g,w},∀ t ∈T , ∀ r ∈R (4)

Dmax ≥ ∑
w∈W

xr
w,t − ∑

w∈W
xr

w,t−1, ∀ t ∈T \{0}, ∀r ∈R (5)

xr
w,t−1 ≤xr

w,t , ∀ t ∈T \{0}, ∀r ∈R (6)

q f
i,t ≤q f ,max

i , ∀i ∈ {o,g,w},∀ t ∈T (7)

q f ,max
l ≥ q f

o,t +q f
w,t , ∀ t ∈T (8)

Nr
p,t =Nr

p,t−1 +qr
o,t−1 , ∀ t ∈T \{0} , ∀r ∈R,(Nr

p,0 = 0)
(9)

Gr
p,t =Gr

p,t−1 +qr
g,t−1 , ∀ t ∈T \{0} , ∀r ∈R,(Gr

p,0 = 0)
(10)

W r
p,t =W r

p,t−1 +qr
w,t−1 , ∀ t ∈T \{0} , ∀r ∈R,(W r

p,0 = 0)
(11)

Gr
p,t = f r

G(N
r
p,t) , ∀ t ∈T , ∀r ∈R (12)
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W r
p,t = f r

W (Nr
p,t) , ∀ t ∈T , ∀r ∈R (13)

qr
o,t ≤ f i

n(x
r
t ) · f r

q(N
r
p,t) , ∀ t ∈T , ∀r ∈R (14)

The objective function to be maximized is defined in Eq. (1),
which is the NPV of the Alta-Gohta oil field. Since the only sales
product is oil, the revenue comes from the production rate of oil
solely, and is also affected by the oil price. The two items re-
ferring to the cost are the capital expenditures (CAPEX Eq. (2))
such as the cost of facilities (CAPEXFacility), well construction
costs (CAPEXWell) and operational costs (OPEX Eq. (3)) such as
well maintenance, topside maintenance, personnel, among oth-
ers. CAPEXWell(t) is a linear function of the number of pro-
ducing wells ∑xr

w,t drilled at a given time t. The OPEX is di-
vided into non-rate dependent OPEXNone−rate that is a linear
function of the number of producers in time t and rate-dependent
OPEXRate, a linear function of the oil rate qo, gas rate qg and
water rate qw in time t. CAPEXFacility is a linear function of the
maximum rates of oil, gas and water and the maximum number
of producers. Therefore, the revenue and cost functions depend
on the number of producers and the production rates of oil, gas
and water.

For all cases studied, it was assumed that the number of in-
jectors is present from year zero and remain constant in time. The
presence of injectors adds constant amounts to CAPEXFacility,
CAPEXWell and OPEXNone−rate.

The constraint in Eq. (4) denotes the field production as the
total production coming from the different reservoirs. The con-
straint in Eq. (5) limits the number of yearly drilled wells to the
maximum yearly drilling capacity of the field. Eq. (6) ensures
that the well remains opened after being activated. The constraint
in Eq. (7) bounds the total commingled fluids from both fields
by the maximum production rates at the processing facilities for
oil, gas, water, and the total liquid. The gas rate and water rate
are back-calculated using Eq. (10) and Eq. (11) respectively, in
addition to the function of cumulative oil rate in Eq. (12) and
Eq. (13).

In the production potential approach, constraints are placed
on the total production of a group of wells, not on individual
wells, and we do not track the production of each well. To calcu-
late the flow rate of gas and water, we use curves of cumulative
gas production and cumulative water production versus cumula-
tive oil production, assuming that GOR and WC are functions of
cumulative oil production only and are not affected by the well
combination.

The constraint presented in Eq. (14) specifies the upper
bound on the oil rate at time/year t. The term f r

q(Np,t) denotes
the maximum production rate as a function of cumulative pro-
duction Np,t , while fn(xr

t ) is the well combination factor of the
field at time/year t for a given combination xr

t , which is illustrated
in the Appendix B of scenarios table in Fig. 10. It ensures that
the production does not exceed the maximum feasible oil rate the
production system can deliver. Depending on the mechanisms of

FIGURE 3. NORMALIZED MAXIMUM PRODUCTION POTEN-
TIAL CURVES OF ALTA AND GOHTA FIELD

fluid communication between reservoir, the upper bound of the
maximum production potential curve can be defined either indi-
vidually or commingled. In the Alta-Gohta field, the maximum
production rates were specified for Alta and Gohta separately,
meaning that Eq. (14) is imposed for each reservoir separately.

The production potential of a specific well group is automat-
ically calculated based on this fractional value and as a function
of cumulative production. It should be kept in mind that the pro-
duction potential curves are non-linear and the well combination
involves using binary and integer variables, thus the optimization
is a mixed-integer nonlinear problem, which is hard to solve. We
employ the piecewise-linear functions to linearize these nonlin-
ear functions and yield a computationally feasible mathematical
formulation for the problem.

ALTA-GOHTA FIELD DEVELOPMENT OPTIMIZATION
The proposed workflow and mathematical model are applied

to optimize the Alta-Gohta field development. Data to create the
scenarios table are taken from the operator’s plan. As previously
mentioned, this plan employed an integrated model of the well,
network and reservoir that modeled the reservoirs using a 3D
simulator. More detailed information of the integrated model can
be found from the works of Alkindira [45]. This integrated model
was validated against output from the operator’s original model.
Production potential curves for Alta and Gohta were extracted
from this model and are presented in Fig. 3 (curves have been
normalized due to confidentiality reasons).

The linear cost functions were derived from cost data pro-
vided by the operator. We then validated the mathematical opti-
mization model against the operator’s plan. We have considered
the following assumptions when building the models:

• There is no underground flow communication between Alta
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and Gohta;
• The production from Alta is hydraulically decoupled from

the production of Gohta, as they are transported through sep-
arate risers to the FPSO;
• The producing GOR and WC of each reservoir are a function

of the cumulative oil production from the reservoir;
• Each well and well combination has distinct production per-

formance;
• Once a well is drilled, the production will start in the same

year and the drilled well will not be shut-in;
• All produced gas and water will be re-injected into the reser-

voir for the purpose of pressure support. It is assumed that
a fixed number of injectors are available for this task from
production start. The number of injectors and location is not
considered in the optimization;
• There are a total of 3 subsea templates to place producing

wells. Moreover, there are specific wells that are allowed
to be drilled in each template. The costs of these tem-
plates are included in the mathematical model in the term
CAPEXFacility.

The parameter values of oil, gas, water processing capacities
used in the optimization are not listed here for a confidential rea-
son, but constraints of oil price, maximum number of wells per
year, and discount rate are provided in Tab. 1. The optimization
model was formulated using the software AMPL [46] and solved
using the Gurobi solver [47], the computational performance is
tested on a computer of Intel(R) Core(TM) i7-8565U CPC @
1.80 Hz 1.99 GHz 64 bytes.

TABLE 1. INPUT DATA

po : 60 USD/barrel

Dmax : 3 well/year

γ : 0.08

The optimization model is validated by assessing how accu-
rately the proposed mathematical model reproduces the results
of the operator’s plan. To do this, we input the ’original’ drilling
schedule given in the preset plan to the optimization model, but
keep the production rate as a variable. Fig. 4 is a comparison of
the production profile between the preset plan and the optimiza-
tion results. The figure shows that the results are comparable,
except for the high rates predicted by the optimization model at
the beginning and an early reduction in rate from Alta at the end
of the field life. The reason for this difference could be that the
time steps used in the optimization model and in the preset stud-
ies are different (1 year versus 1 month respectively). However,

FIGURE 4. A COMPARISON OF THE OIL PRODUCTION
PROFILE BETWEEN PRESET MODEL AND OPTIMIZATION
MODEL WITH SAME DRILLING SEQUENCE, THE PRODUC-
TION RATE(Y-AXIS) AND HORIZON(X-AXIS) ARE NORMAL-
IZED TO THE MAXIMUM PROCESSING CAPACITY AND LIFE-
TIME

the time steps were kept sparse as reductions in the time step in
the optimization model increases significantly the computational
time.

After the model was validated, we rerun the optimization
including the drilling schedule as a variable in addition to the
production profile. The purpose of this simulation is to check
whether the mathematical model can find a better field develop-
ment plan than the present in terms of NPV. The computational
performance of this simulation and the previous one is given in
Tab. 2. As can be seen from the table, there is an increase in the
number of constraints, variables and CPU time when the drilling
schedule is included as a variable. A solution with slightly higher
NPV than the original was found (100.72% vs 100%).

TABLE 2. COMPARISON OF COMPUTATION PERFORMANCE

With drilling schedule Without drilling schedule

Constraints: 4931 5275

Variables: 8782 8790

CPU time: 8.32 seconds 1834.51 seconds

GAP: 0% 0%

NPV: 100% 100.72%

The production profiles obtained are shown in Fig. 5. As
seen in the figure, the Gohta oil production profile is same in
both cases, but Alta has a slightly different profile (areas with the
largest differences are marked with a red box in the plot).
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FIGURE 5. THE PRODUCTION PROFILE FROM THE OPTI-
MIZED MODEL AND ORIGINAL WELL SCHEDULE, SAME NOR-
MALIZATION AS FIGURE. 4

In Tab. 3, we list the wells drilled in Alta and Gohta each
year from the ’original’ schedule and the optimization model.
Only 8 wells were selected in the optimal plan, instead of 9 as
suggested in the preset plan. The candidate well w1 from Alta
field was inactivated by the optimization model, but the results
reached a similar production profile (Fig. 5). This means that the
operator could potentially produce a similar oil rate with one well
less and thus generate a higher project NPV. Besides that, the pre-
drilled wells from Alta field were changed from w1, w2, w4 to
w2, w3, w5. The first well to drill in Gohta also changed from
w7 to w8.

TABLE 3. DRILLING SEQUENCE

Year Original Global Optimal

Alta Gohta Alta Gohta

predrill w1,w2,w4 / w2,w3,w5 /

1st Year w1,w2,w4,w5,w6 w7 w2,w3,w4,w5 w8

2nd Year w1,w2,w4,w5,w6 w7,w8,w9 w2,w3,w4,w5 w7,w8,w9

3rd Year w1,w2,w3,w4,w5,w6 w7,w8,w9 w2,w3,w4,w5,w6 w7,w8,w9

4thYear ... ... ... ...

5thYear ... ... ... ...

UNCERTAINTY ANALYSIS
The following uncertainties are considered in this study: i)

the well productivity; ii) the initial oil in place in Alta and Gohta;
and iii) the costs (CAPEX and OPEX). Among these uncertain-
ties, the well productivity and the initial oil in place are of geo-
logical origin, because they depend on the reservoir permeability,

thickness, porosity, and oil saturation, among other factors. The
uncertainties in cost are economic uncertainties.

In this study, we performed an uncertainty analysis using
simulation-based optimization (repeating the optimization with
different inputs). The samples of the uncertain variables are ob-
tained using LHS as it has been reported [48]. This has the ad-
vantage of achieving convergence with less samples than other
methods (for example Monte Carlo).

A total of 100 samples were generated using LHS. These
samples were used as the input data for the optimization problem,
resulting in 100 optimal solutions. We assume these parameters
exhibit the following probability distributions: i) a log-normal
distribution in the initial oil in place; ii) a normal distribution in
the cost; and iii) a uniform distribution in the productivity. How-
ever, instead of using the value of the variable directly, in the
optimization model we employed uncertainty factors, a ratio be-
tween the uncertain value and the base case (uc =

random value
Base value ).

The cumulative probability distribution function of each uncer-
tainty factor for each variable is presented in Fig. 6.

FIGURE 6. THE CUMULATIVE DISTRIBUTION OF THE UN-
CERTAINTY FACTOR OF OIL IN PLACE OF ALTA AND GOHTA,
WELL PRODUCTIVITY AND COST

To present the result of the uncertainty analysis we use box-
and-whisker plots, which graphically depict groups of numerical
data through their quartiles2. Fig. 7 presents the drilling sched-
ule. Despite the uncertainty in the input, 3 wells are assumed
to be always pre-drilled in Alta before production. The distri-
bution of pre-drilled wells found by the optimizer is presented
in Fig. 8. Pre-drilling wells w3, w4, w5 from Alta is the most
probable (28%) out of the 100 optimal solutions.

2the minimum-0th percentile, the maximum-100th percentile, the sample me-
dian(in red)-50th percentile, and the first 25th percentile and third quartiles-75th

percentile
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The median value is drilling 6 wells in Alta after Year-6,
instead of 5 stated in the global optimal in previous section, ob-
tained by using only the values of the base case. This value is
closer to the preset plan. In Gohta, all 3 wells have to be drilled
in the first 3 years, but there is some variation in drilling sequence
in Year-1 or Year-2.

FIGURE 7. DRILLING SCHEDULE UNDER UNCERTAINTY
ANALYSIS

FIGURE 8. PREDRILL WELLS UNCERTAINTY

Figure 9 shows the field production profile. Most cases give
a production plateau of 3-4 years, but there are some outliers in

FIGURE 9. ALTA-GOHTA TOTAL FIELD OIL PRODUCTION
PROFILE UNDER UNCERTAINTY ANALYSIS, SAME NORMAL-
IZATION AS FIGURE. 3

different periods from the production horizon.

CONCLUSION
In this paper, we presented a real-world application of math-

ematical programming to determine an optimal drilling and pro-
duction schedule in early field development of an offshore oil
field in the Barents Sea. Based on the study, we have the follow-
ing observations:

1. The mathematical programming model developed satisfac-
torily reproduces the results previously obtained by the
multi-disciplinary field development team (the operator’s
plan) when including their design constraints.

2. The mathematical programming model proposed has low
running time and is computationally efficient. Therefore, it
allows the evaluation of several scenarios in a short time and
can perform exhaustive uncertainty evaluation.

3. If uncertainty is neglected, the optimization results show that
the NPV of the Alta-Gohta could be increased slightly if one
producer well is not drilled and the drilling sequence is ad-
justed slightly.

4. When considering geological uncertainties (in place vol-
umes and well productivity) and economic uncertainties
(CAPEX and OPEX), all cases show that 3 pre-drilled wells
are required in the Alta reservoir and all 3 wells must be
drilled in Gohta. Also, almost all cases indicate that a pro-
duction plateau duration of 3-4 years is likely.
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Appendix A: Sets, Parameters and Variables

Indexes and sets:

w ∈W : set of candidate wells

t ∈T : set of years in the field lifetime

i ∈I : set of well combination scenarios

r ∈R : set of reservoirs within the field f

f ∈F : set of fields
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Decision variables:

xr
w,t :

well status of well w from reservoir r at time t: 1
when the well is active, and 0 when it is shut-in. The
vector containing the status variables of all wells is
denoted by xr

t

q f
o,t : oil production rate from field f at time t

q f
g,t : water production rate from field f at time t

q f
w,t : gas production rate from field f at time t

qr
o,t : oil production rate from reservoir r at time t

qr
g,t : water production rate from reservoir r at time t

qr
w,t : gas production rate from reservoir r at time t

Nr
p,t Cumulative oil prod. of reservoir r at time t

Gr
p,t Cumulative gas prod. of reservoir r at time t

W r
p,t Cumulative water prod. of reservoir r at time t

Parameters:

γ Discount rate

po : Oil price

q f ,max
o : Maximum Oil processing capacity

q f ,max
g : Maximum Gas processing capacity

q f ,max
w : Maximum Water processing capacity

q f ,max
l : Maximum total liquid processing capacity

Dmax : Maximum drilling capacity per year

f i
n(xr

t ) :
Fractional ratio of total production potential of the
field as a function of well combination xr

t

f r
q(N

r
p,t):

Field potential as a function of the cumulative oil
production Nr

p,t

f r
G(N

r
p,t):

Cumulative gas production as a function of the cu-
mulative oil production Nr

p,t

f r
W (Nr

p,t):
Cumulative water production as a function of the
cumulative oil production Nr

p,t

Appendix B: Workflow of drilling scenario creation

FIGURE 10. THE WORKFLOW OF CREATE SCENARIOS OF
FIELD DEVELOPMENT
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