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ABSTRACT

A mathematical programming formulation has been developed to optimize the drilling program, the pro-
duction allocation, and the decommissioning time in early-stage field development planning. Various
abandonment constraints are considered in the optimization model when searching for the best de-
commissioning time for the long-term field development strategy. The model is tested on a real field
development planning consisting of two reservoirs produced with subsea wells to an offshore facility.
The novelty of this work is the utilization of mathematical programming to formulate and solve early-
stage field development planning considering the variable decommissioning time. The results show that
considering a variable decommissioning time in early-stage field development planning yields improved
economic margins. Further, it provides operators a decision-support tool with enhanced capabilities of
forecasting the best decommissioning time, improving the forecasts for processing and production plan-
ning, expected revenue and lifetime of facilities, and anticipating and preparing for field abandonment
in advance. The optimization model is capable of determining the drilling and production schedules, and

the optimal decommissioning time that yielded the maximum net present value for the project.

© 2022 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Most major oil and gas fields produce for 20 to 30 years or
more. Decommissioning is the last stage of a field’s lifecycle, often
treated as an “exit” option when a project’s income no longer cov-
ers the costs of operation. The decommissioning process is usually
long, cost-intensive, and involves a convoluted chain of activities
with multiple stakeholders and many considerations: environmen-
tal, impact on health and safety, public acceptability, economic, and
technical feasibility.

There was not much focus on decommissioning before the
1990s until a significant number of offshore oil and gas installa-
tions started to exceed or approach the end of their designed eco-
nomic life (Athanassopoulos, 1999). Even today, the decommission-
ing of oil and gas facilities is a relatively new challenge world-
wide (Martins et al., 2020). In contrast to the nuclear power indus-
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try, which usually performs a detailed decommissioning analysis in
their initial technical and economic evaluation, few oil & gas oper-
ators create a decommissioning strategy with a long-term perspec-
tive during the early stages of offshore field development. More-
over, decommissioning is believed to have an insignificant impact
on the project valuation during the planning phase. During the fi-
nal years of production, however, decommissioning and decommis-
sioning timing are of high importance as the economic cash flow of
the project is usually low (i.e., revenues from hydrocarbon sales are
similar to production costs). Changes in the oil price or production
costs can easily change the cash flow from positive to negative, of-
ten triggering a decision to decommission. At this stage, operators
usually attempt to delay cost-intensive expenditures for as long as
possible, and companies are usually looking to sell their share in
the field.

The topic of decommissioning has lately received more atten-
tion and is discussed in depth partly due to the following reasons:

o Many offshore oil and gas fields have either exceeded or are
approaching the end of their designed economic life span and
have to meet the regulatory framework of the country.

» Low oil prices and the market crisis have accelerated some de-
commissioning decisions due to negative cash flows.
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Nomenclature

T Set of all time steps

R Set of reservoirs

wr Set of wells in reservoir r

(i) Well indices i € {1,..., W'}

() Well permutations j e {1,...,2%"}
q. 0il production in period t

qtg Gas production in period t

qt, Water production in period t

NI, e Z Number of wells of reservoir r

Number of wells of field f
X}, €[0,1] Status of well i in reservoir r
St €[0,1] Status of abandonment conditions in period t

ty Abandoning timing

f) Field

() Variables associated with reservoir r € R

(0) 0il

@ Gas

(w) Water

(t) Time periods

D Discount factor

qg Maximum oil rate in the production platform
Qo Abandonment oil rate

qg* Maximum gas rate in the production platform
g Abandonment gas rate

qm* Maximum water rate in the production platform
aw Abandonment water rate

qr Maximum liquid rate in the production platform
o, pot Oil production potential

Ny Maximum drilling capacity per year

P, Qil price

P, Gas price

G} Cumulative gas production

N}, Cumulative oil production

wy Cumulative water production

fn" Wells permutation factor

RFEqin Minimum required recovery factor

gkmin Minimum field production of oil

tmin Minimum licensed production time

tmax Maximum time of facility fatigue

tShadow Maximum value of time used for optimization
Rf Original oil in place of the field f

¢ Increasing focus on environmental issues in ageing installations
with high production costs and production energy per barrel.

Most works in the literature within the decommissioning do-
main deal with the decommissioning methodology (Fowler et al.,
2014; Martins et al., 2020), cost (Abdo et al., 2018; Tan et al., 2021),
impact on the environment (Chandler et al.,, 2017; Sommer et al.,
2019), policy (Techera and Chandler, 2015; Torabi and Nejad, 2021),
socio-economic issues (Parente et al., 2006; Tan et al., 2021), and
the feasibility of using the existing platforms to facilitate and stim-
ulate the well-being of the marine ecosystem (Ekins et al., 2006;
Chandler et al., 2017). Only a few papers discuss the abandon-
ment strategy in a long-term perspective during the early stages
of field development. Tan et al. (2021) suggested that decommis-
sioning regulations should include strategies and rules for esti-
mation, and it is necessary to formulate a roadmap with a long-
term perspective. The work by Borges et al. (2018) used the
Center of Gravity Fuzzy Pay-Off Method (CoG-FPOM) as an al-
ternative real options valuation method to calculate the value
of the oilfield abandonment option when deciding the abandon-
ment timing. The timing issue is also discussed in the paper
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by Osmundsen and Tveterds (2003), in which they argue that
the abandonment time is as important as the decommissioning
method itself. Bakker (2020) addressed the issue of deciding when
to cease production using optimization, which focuses on vessel
routes and allocation of operation rigs and vessels.

Nowadays, some operators have realized the importance of
planning in advance decommissioning strategies. They intend to
develop a long-term decommissioning plan after learning from ex-
periences of underestimated, inefficient and poor resource alloca-
tion, and opportunities missed. It is recognized that a long-term
decommissioning strategy can improve the overall project perfor-
mance and is also important for regulators who scrutinize offshore
exploration and production activities closely as such activities have
the potential of environmental impact. The public has generally
been against leaving significant portions of oil and gas installa-
tions in the oceans (Torabi and Nejad, 2021). Taking Australia as
an example, under the OPGGAS' and its regulations, decommis-
sioning activities must be conducted under an accepted field de-
velopment plan, well operations management plan, environmen-
tal plan and safety case. Furthermore, variations to the planned
decommissioning activities must be approved before they com-
mence (Techera and Chandler, 2015).

Decommissioning also has great financial challenges. Decom-
missioning costs occur when there is no revenue being generated
from the project (Jahn et al, 2008; Abdo et al., 2018). Tax de-
ductions, commonly used in other field development stages, are
typically not available for decommissioning activities as they take
place when there is no income (Parente et al., 2006). Unlike most
other activities in exploration and production (E&P) projects, na-
tional governments play an extensive role in assessing and licens-
ing decommissioning options. Most countries that have offshore oil
and natural gas installations have laws governing decommission-
ing. Removal costs are tax-deductible (deducted in advance during
the operation phase) in some countries, causing a loss in revenue
for the government (Hamzah, 2003). In some cases, the govern-
ment covers a large share of decommissioning costs (e.g., in Nor-
way). Deferment of decommissioning and continued production to
maximize economic hydrocarbon recovery is generally desirable in
the North Sea basin. Therefore, a proper decommissioning strategy
can be financially beneficial to both oil companies and the host
government.

We consider that it is crucial to plan the decommissioning from
the early stages of field development for several reasons:

o Avoiding financial troubles and limited maneuverability at the
end of the field’s life due to low income, high decommissioning
costs (on average 10% of the capital expenditure CAPEX), and
tax alleviation schemes (that affect the government’s capability
of intervening).

o To achieve better resource allocation between asset operators
and service contractors at an early stage to avoid delays, cost
overruns, or stranded decommissions. This is especially impor-
tant for deepwater and ultra-deep water projects with subsea
processing that require long planning and specialized technol-
ogy for decommissioning. For instance, the presence of sub-
sea facilities increases the complexity of abandonment logistics,
and it might be challenging to book vessels for the operation. A
hindrance to achieving this is the uncertainty in the abandon-
ment timing, which we will address in this work.

e Minimizing risks and reducing environmental impact. These ob-
jectives are better met if a proper planning time is available and
the abandonment time is known more accurately.

+ To meet regulatory requirements. In many countries, the opera-
tor must prepare a decommissioning execution plan and obtain

1 Offshore Petroleum and Greenhouse Gas Storage Act.
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decommissioning approval, which might be a time-consuming
and investigation-demanding process. In the UK, for instance,
the operator must submit the detailed and revised decommis-
sioning program approximately five years before well produc-
tion is scheduled to end (Initiative et al., 2010).

e Reduce uncertainty and improve the planning of other de-
velopment subjects that depend on the abandonment of the
asset, for example, impairment tests and determining the
depletion rate of tie-backs that will be connected to the
field (Borges et al., 2018).

In this work, we focus on methodology development to deter-
mine optimal abandonment timing during the early stages of field
development. We propose to include the decommissioning timing
as an optimization variable along with other typically studied vari-
ables, such as production schedule, drilling programs, and struc-
ture layout. However, in practice, determining the optimal aban-
donment time at an early stage might be challenging because of
the system uncertainties, for example, the oil price, the size of the
reserves, well productivity, and other factors. For instance, any new
discoveries nearby the existing field or the implementation of im-
proved oil recovery techniques can create opportunities to extend
the field lifetime.

One of the largest uncertainties in the early stage of field devel-
opment is the initial reserves in place (Goel et al., 2006; Lopes and
de Almeida, 2015), which may change the production horizon.
Many real-world cases show an optimistic or pessimistic evalua-
tion of the recoverable reserves when operators create the field
development plan and leading to an extension or reduction of
the field’s lifetime. Moreover, there are uncertainties regarding the
abandonment cost and because of the immaturity of technology for
field decommissioning (Osmundsen and Tveteras, 2003). In 2019,
it was reported that, in the year 2016, the Norwegian operator
Equinor planned more than 20 field life extensions, but only 8 of
them were approved as of 2019 (2019a,b).

The conventional method to plan abandonment of oil and gas
fields is to build yearly operational cash flow projections and
plan to produce until the year has the last positive estimate
(Dias, 2014). We further develop this method into a mathematical
optimization model to automatically find the optimum decommis-
sioning timing. Therefore, the mathematical programming method
is applied to determine the optimal field development strategy, in-
cluding the decommissioning timing.

When deciding on abandonment, other issues are typically con-
sidered:

o Ageing of the installation and associated infrastructure;

e Guidelines and agreements with regulatory bodies regarding
the ultimate recovery factor. Energy or industry departments
within governments, in their role as custodians of the national
hydrocarbon assets, have a responsibility to ensure that the re-
covery of oil and gas is maximized and to avoid predatory pro-
duction;

» Oil and gas market prices, market volatility, inflation, tax regu-
lation, legal regime, and lifting costs.

In this paper, we expand the model presented
by Lei et al. (2021) in which a mixed-integer linear program-
ming (MILP) mathematical optimization model was formulated
with the objective to maximize the project’s net present value
(NPV) by optimizing well number, drilling sequence, and pro-
duction scheduling. The production performance of the field is
modeled using production potential curves, a proxy model derived
from the output of coupled reservoir-network models covering
reservoir, well, pipeline, and processing. We expanded the model
by including abandonment timing as an additional decision vari-
able. We then apply the model for the early-stage field planning of
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a real-world case study. Subsequently, we performed a sensitivity
analysis of optimal abandonment timing in terms of the field’s
reserves. To the best of our knowledge, this is the first work that
solves the decision problem of decommissioning timing at the
early stage of field development using mathematical programming.

This paper 1is organized as follows. Section 2 and
Section 3 present the problem description and a mathematical
model, respectively. Then, in Section 4, abandonment conditions
are transferred and included into the model mathematically. In
Section 5, we demonstrate the advantages of our approach with a
set of illustrative examples and a real-world case study based on
realistic data. The conclusions are presented in the last section of
the paper.

2. Problem statement

In this paper, we consider the design and planning of an off-
shore oil infrastructure with a set of R reservoirs tied-back to
the same production facility through subsea wells, as presented
schematically in Fig. 1. In each reservoir r € R, a set of W" wells
could be potentially explored and drilled as producers. The pro-
duction from each well flows in and commingles to the same pro-
cessing facility, e.g., FPSO, jackup, tension leg platform (TLP), or on-
shore terminal. The wells that belong to the same reservoir are in-
terrelated, and therefore, the production potential from the same
reservoir at a given time depends on how much oil remains in the
reservoir and how many and which producers are used for produc-
tion.

The offshore oil & gas field development planning typically con-
sists of at least two parts: the concept screening and the selection
of the main development variables. The concept screening usu-
ally includes the production facility’s type, depletion mechanism,
placement of surface and subsea facilities, among others. The de-
velopment variables involve the selection of the number, capacity,
and sequence of facilities/drilling programs and the allocation of
the recoverable reserves for each time period (rate allocation).

In this work, we focus on using optimization to determine the
drilling and production strategies, and most specifically, the op-
timal production horizons. We focus on drilling and production
schedules because they greatly affect the cash flow and the cost
of the installation (and they also define the required processing
capacity). Moreover, the drilling sequence and production alloca-
tion are interrelated. Generally, the more wells drilled in a given
year, the more production can be achieved. Specifically, and due to
the fact that wells have distinct production performance, the field’s
production potential depends on the producing wells’ combination.
The planned drilling sequence and production allocation are spread
to each time period in a specified time horizon, usually on a yearly
basis. The reasons for choosing the yearly basis are:

o The focus of our work lies in the “early stage” of oil & gas field
development, with the main purpose of selecting the concept
and deciding on the main field parameters when information
available is uncertain, scarce, or unreliable.

e A time-step of a year is also used typically by the industry
when performing discounted cash flow calculations in the early
phases of field development, and has been used extensively in
recent and established literature (Gupta and Grossmann, 2012;
Wang et al., 2019).

e Our problem has some constraints that only make sense in a
time frame of a year, for example, the maximum number of
wells that can be drilled in a year.

o A yearly time step give a good trade-off between running time
and accuracy and it enables performing probabilistic analysis.

The number of active years before stopping production defines
the abandonment timing of the field or decommissioning year.
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Topside

Fig. 1. Configuration of field, reservoir (r € R = {1, 2}) and well.

Usually, it is given as an input by the decision-maker in field
development planning (Jernsten, 1992; Jonsbraten, 1998). For in-
stance, Iyer et al. (1998) illustrated an offshore oil field infrastruc-
ture investment and operations scheduling problem under a given
production horizon of 6 years. Carvalho and Pinto (2006) studied
an offshore oilfields infrastructure planning optimization problem
with a fixed time planning horizon of 10 years. Another case is
from Goel et al. (2006), which used a 15-year time horizon to op-
timize a gas field development planning. The disadvantage of opti-
mizing the field development under a fixed production horizon is
that it might lead to a sub-optimal solution. However, in our opti-
mization model, the production horizon is a variable.

Therefore, our optimization model considers as decision vari-
ables (a) how many total producer wells are needed in each reser-
voir, (b) what is the drilling sequence in time periods, (c) how
much oil production is allocated to each time period, and (d) the
field’s lifetime.

Several major assumptions are made when constructing the
field development problem:

1. The productivity of each well is distinct and changes over time.
Therefore, different well combinations will give different pro-
duction performances.

2. There is no underground communication between reservoirs.
Therefore, the production from one reservoir has no impact on
the production performance of the rest.

3. The processing capacities of oil, gas, and water are a function
of the production profiles and are given as an input into the
optimization model.

4, The location of the topside facilities and pipeline, and the as-
signment of wells to the subsea facilities are fixed and given as
input.

5. The production of gas and water is dependent on the produc-
tion of oil in terms of gas-oil ratio (GOR) and water-cut (WC)
rate. The GOR and WC of each reservoir are a function of the
recovery factor of each reservoir.

6. The decommissioning costs are fixed and given in future mon-
etary units. Variations in the value due to inflation and actual

execution year were not considered. The costs are considered
independent upon the number of wells drilled.

7. The produced fluids from different reservoirs are assumed to be
compatible at the facilities.

The model and proposed algorithm are flexible enough to in-
corporate more complex reservoir models.

3. Mathematical formulation

In this section, we formulate the field development optimiza-
tion problem described in the previous section using mathemat-
ical programming. The main decision variables per time are the
continuous variables regarding to reservoir and field rates, the in-
teger variables related to the status of the wells and the number
of drilled wells, and the field lifetime. Due to the presence of in-
teger variables related to the status of the wells and nonlinearities
appearing in the production potential curves, the problem yields
a Mixed-Integer Nonlinear Programming (MINLP) formulation. The
nonlinearities of the problem are linearized with the use of piece-
wise linear functions (PWL), which transforms the MINLP problem
into a Mixed-Integer Linear Programming (MILP) problem. The no-
tation and key parameters used in the formulation can be found in
the Nomenclature table.

The objective function of the formulated optimization model
targets the maximization of the NPV over the long-term produc-
tion horizon t € T as follows:

T t f.t t f,t f.t f.t
P -q; + Pg -qg — CAPEX™"—OPEX
max NPV = E[ d D)

(1)

where the sum of revenue from the selling of oil and gas is sub-
tracted by the costs of capital expenditure CAPEX and operational
costs OPEX. This cash flow is then discounted to its present value
using the discount factor D. The CAPEX represents the costs of well
drilling, facilities construction, installation, among other planning
and investment costs. The OPEX costs are associated with produc-
tion operations, such as power consumption, offshore personnel,
logistics, and transportation costs.
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Mass balance equations ensure that the total oil, gas and water
produced from all reservoirs r in the field f matches the total pro-
duction commingled to the same processing facilities at the plat-
form as follows:

R

qG'=) q VteT 2)
r=1
R

q' =Y g VteT (3)
r=1
R

q =) qy.VteT (4)
r=1

We assume that no fluids are accumulated in the flowlines and
that the reservoirs r are independent. Eqs. (2) - (4) ensure that the
cumulative production of field f in each time step is equal to the
sum of production from each reservoir r for all time steps t € 7.

The total flows of oil, gas, and water are constrained by the
maximum processing capacities at the topside processing facili-
ties. Additionally, the sum of oil and water production is also con-
strained by a maximum liquid processing capacity g"**. Egs. (5) -
(8) ensure that the field production is bounded by the processing
capacities for the entire producing horizon:

qtt <qM* VteT (5)
a5 < gy VteT (6)
qtf <q* VteT (7)
O+ ay =gt Ve T 8)

The oil production potential curves are obtained from the out-
put of an integrated model encompassing a coupled reservoir, a
set of wells, pipelines, and processing facilities. These proxy mod-
els for the integrated models are referred to as production poten-
tial curves, and these are used to bound the oil production from
the reservoir such that it does not exceed its maximum feasible
production rate at a given time, see Eq. (9). Notably, the oil pro-
duction rate g}’ is one of the decision variables in the optimiza-
tion model. The production potential qg’fpot, the maximum field oil
rate at a given time step t, depends on the selection of wells pro-
ducing from the reservoir at that time, namely the wells permuta-
tion factor fn"f, and the cumulative amount of oil that has been
produced until that time N;‘t. The production potential curves are
nonlinear curves which are approximated with piecewise-linear
functions. Compact formulations for piecewise-linear approxima-
tions of production potentials were presented in a previous work
by Lei et al. (2021).

a5 < qpou, YreR VNt eT (9)

qg,tpo[ = fnr’t : fé(N{f), VreR,VteT (10)

The well status x'  {0,1} is a binary variable that takes on
the value 0 when the well is shut-in and 1 when it is producing.
The production potential of the reservoir is adjusted depending on
the selection of wells permutation to produce from the reservoir.
In Eq. (10), the wells permutation factor fn"! is a factor that in-
dicates the actual production potential of the reservoir r for a se-
lected subset of active wells wg: € W' among all the possible well
permutations W', as formulated in Eq. (11), where the function
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F'(.) is the wells permutation factor based on the subset of ac-
tive wells wg. For more details, please refer to the complete well
selection formulation for different well combinations provided in
Appendix A.

fa"t = F (Woe), YWy e W', Vre R, Vt e T (11)

The total number of active wells N in reservoir r at the time
t is a summation of the binary variables representing the status
of the wells xi{. The total number of active wells in the field
N&f is given by the summation of the variables corresponding to
the active wells in all reservoirs. These relations are formulated in
Eq. (12).

NEE=SN"NGE =3 N xif VreR VEeT (12)

rerR reR weWr

Additionally, the total number of new wells drilled each year is
constrained by the drilling capacity N5, as shown in Eq. (13).
Subsequently, we defined that the well is not shut-in once it has
been drilled using Eq. (14), in order to ensure a smooth flow pro-

file.

0 <N — NE-T < NIDSX Vt e Tand t > 1 (13)
A > X Yre R,VYwe W', Vi e Tand t < |T| -1 (14)

When accounting for the total gas and water production in the
field, the cumulative gas G}, and water Wy production in reservoir

r € R are defined as functions (FG'r(-), FY7(.)) of the cumulative oil
production Ny, in the reservoir, as formulated in Egs. (15) and (16).
These functions G}, W) and N}, are built from output data sampled
with the integrated reservoir-network model. Later on, these rela-
tions are approximated using PWL functions, which are described
in Appendix B. Both the yearly gas gy and water rates gy, are back-
calculated from the cumulative produced gas G}, and water Wy, as
formulated in Eqs. (17) and (18).

Gyl =F“"(Ny'), Vre RVt e T (15)
Wit =FY"(N;'), Vr e RVt e T (16)
Gl =G +qy ", VreR,VteTand t > 1,G;° =0 (17)

WH=wptt+qif ! VreR . VteTand t > 1,W;°=0  (18)

Nyt =N;"'+q;"" . VreR Vte Tand t > 1,N;° =0 (19)

Egs. (20) and (21) denote the field costs, namely the capital ex-
penditures CAPEX and operational expenditures OPEX. The CAPEX
is further divided into costs related to drilling CAPEXpjjing, Subsea
facilities CAPEXgpse, and topside CAPEXtypige- The OPEX is split
into rate-dependent OPEX;ate and rate-independent OPEXyonrate- All
cost functions are created through cost proxy models based on re-
gional history data and cost estimates, which are described in Ap-
pendix C in details. A similar expression of costs estimation us-
ing proxy models can be found in previous papers (Fedorov et al.,
2021; Gonzalez, 2020).

fr fit f.t fe
CAPEX"' = CAP EXDrilling + CAPEX jpeq + CAP EXTopside (20)
OPEX™* = OPEXi, + OPEX{j e 1)

The conceptual formulation presented in this section formu-
lates an optimization problem that is capable of determining the
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optimal drilling sequence and production allocation such that the
field’s NPV is maximized for the given production, drilling, and
processing constraints. More details about the piecewise-linear
models and the actual formulation of the selection of the wells
permutation factor can be found in Lei et al. (2021).

4. Field abandonment formulation

In this section, we have extended the presented optimization
model in Section 3 with a new set of constraints to model the
impact of field abandonment in field development planning. Es-
sentially, in typical field development planning methodologies, the
field lifetime or production horizon T is regarded as fixed and as
an input to the optimization model. However, the abandonment
time can also be considered a crucial decision in field planning,
which should be made by stakeholders and is subject to the re-
maining profitability and other technical-economic criteria of the
field. Herein, we propose an extension to the traditional field plan-
ning methodologies that consider the field lifetime T as a decision
variable in the optimization model in addition to the production
rates qo, the number of wells Ny, and the drilling schedule fn".

The conditions that trigger the abandonment of a field are
mainly economic and technical, but could also be governed by gov-
ernmental and local authority issues. Operating companies have a
responsibility to their shareholders to yield a competitive return
on investment. On the other hand, government plays an extensive
role in assessing and licensing decommissioning options since they
are responsible for ensuring that oil and gas recovery is maximized
in a sustainable manner. Meanwhile, the government is responsible
for minimizing potential impacts on the environment, ensuring hu-
man health and safety, and gaining public acceptability. Therefore,
the oil companies and host government’s preferred time for de-
commissioning will diverge and possibly conflict with each other.
Our model takes into account both the government’s and oil com-
panies’ perspectives as a set of conditions modeled as constraints
in the optimization model.

The conditions for field abandonment that are considered in the
proposed optimization model are the following:

1. Economic lifetime: the cash flow permanently turns negative.?
When the cash flow turns permanently negative due to a de-
creasing revenue, the field operation is halted, and the produc-
tion rate becomes zero. In the model, this condition reflects on
the production rates of the field, oil rate in this case.

2. Technical lifetime: the field’s life can not be longer than the
facility’s design lifetime. However, it could happen that the field
is abandoned earlier, e.g., due to low rates of oil and gas, which
give low revenue, or high rates of water, liquid, or gas, which
bottleneck the processing facilities, which prompt a reduction
in rates of oil and give low revenue.

3. Governmental policy: the recovery factor has reached a min-
imum value, within the license period, and a minimum field
lifetime has been reached. This is usually dependent on previ-
ously agreed goals between the operator and government for
sustainable social development.

More details about the practical implementation of these con-
ditions will be provided later.

4.1. Abandonment conditions

The main principle to devise long-term processing and decom-
missioning plans of offshore oil and gas fields is that all financially

2 This condition is widely used in early-phase field planning in current industrial
practices.
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Fig. 2. Decommissioning conditions.

profitable and recoverable oil and gas resources should be pro-
duced. Fig. 2 illustrates the conditions discussed earlier that should
be met to decommission a field. To keep the explanation simple,
in this figure, we assume the income declines with time as oil and
gas production from fields typically also declines in time. Costs are
assumed to increase with time due to increased maintenance costs
with time and processing and disposal of undesired by-products.
The economic abandonment condition occurs when the project’s
income crosses the costs for operating the field.

Besides this, the abandonment should also lie between the field
minimum lifetime required by the local authorities and the design
life of the facilities. Notice that, although calculating the economic
abandonment time looks straightforward in this figure, the curves
for income and cost are highly uncertain in reality. For instance,
the income will vary depending on the production scheduling, the
sales price, or due to a change of the size of the reserve and well
delivery capacity.

In order to include the time of abandonment in the model, we
add a new decision variable t4 that indicates when one of the con-
ditions for abandoning the field is met. Among the conditions are
zero-field production rate and when the revenue is surpassed by
the project costs. Moreover, since the capital expenditures and as-
set depreciation are generally negligible towards the end of the
field lifetime, the timing of abandonment or decommission can be
defined as a point at which the gross income no longer covers the
operational costs (OPEX).

As there is currently no general internationally accepted guide-
lines on whether and when decommissioning would be accepted
and in what circumstances, we use generic statements and expla-
nations with specific model details to describe the variable aban-
donment time in the optimization model in terms of the following
conditions:

Condition 1 (economic abandonment): project’s income must
be higher than costs before abandonment. Once the revenue in-
come becomes less than or equal to the operational costs, the field
meets the economic abandonment criteria, which implies closing
the field and setting the production rates to zero from that time
on:

bt — 0, Vt, : t € T such that Revenue® < Cost"* (22)

Condition 2 (technical abandonment): when the oil produc-
tion rate is less than the minimum processing rate:

g =0, Vta : t € T such that g5 < qf, (23)

where qgo is termed abandonment oil rate, and it represents the
minimum processing rate at the facilities, being either a fixed tech-
nical minimum rate or a varying flow rate related to the cost and
product prices. For instance, a lower rate can be compensated by a
higher oil price. The minimum required rate can also change with
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upgrades in processing equipment as such expansions typically re-
quire extra investments.

Condition 3 (technical abandonment): when produced water
and gas rates reach the corresponding upper limits in the process-
ing facilities:

g =0, Vty : t € T such that ¢ff > qf, (24)
g5 =0, Yty : t € T such that qgt > qﬁlg (23)

where qlgw and ng are the maximum water and gas processing

rates. In some scenarios, the field must stop production (qff =
0, Vt > t4) when water and gas rates approach the maximum al-
lowed processing capacity of the facilities (Eq. (6) and (7)). These
conditions will vary depending on the study case. For example,
excessive amounts of produced water may not affect the produc-
tion from an onshore field because it is possible to cost-effectively
expand and upgrade the facilities, but it may cause a production
shutdown in an offshore field. Water and gas production rates are
computed by the model using the water cut, the gas-oil ratio, and
the oil rate.

Condition 4 (governmental requirements to avoid predatory
production): the ultimate recovery factor (RF at abandonment)
needs to be above a certain threshold:

NEt

— = REn, (26)
f.t f.min Ngt f

45" = g5 if RT < REyin (27)

here, Rannm is the minimum required recovery factor. This value
is often defined in an agreement between the government and
the operator. Before reaching the minimum recovery factor, the
field normally produces above a certain minimum field production
(qff > q{;mi“). In the optimization model, the ultimate recovery fac-
tor is calculated based on the ultimate oil cumulative production.

Condition 5 (governmental policy): often, the field production
lifetime must last more than the minimum licensed production pe-

riod t,;, for ensuring a socio-economic sustainable development:

ta = tmin, Y{ta} € T (28)

qg[ = qg’mi“, ift < tmin (29)

A similar approach can be used to model the case where there is
a maximum licensed production period, if applicable.

4.2. Mathematical modeling of abandonment conditions

In our work, we formulate the field abandonment by constrain-
ing the production rate when abandonment conditions are met, in-
stead of considering economic issues in the definition of the field
lifetime only. Fig. 3 presents a schematic of how the constraints
in the oil rate are used to represent the field abandonment. A bi-
nary variable S, {0, 1} is introduced to indicate when at least one
of the abandonment conditions is met. The corresponding time of
abandonment is the abandonment time t4, and it occurs when the
field oil rate is less than the abandonment oil rate, then Sy = 1. It
also requires the production rate to be equal to or higher than a
minimum oil rate when triggering technical abandonment condi-
tions, as illustrated in Fig. 3.

St =1, if gi' < qf,,(abandonment active)

S, =
" sy =o,

otherwise
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Formulation of constraint 1 (economic abandonment): the
economic abandonment condition is triggered when the costs be-
come higher than the revenue obtained with the selling of the hy-
drocarbons.

0 < Cost™ < Revenue™ . (1 —S.,),Vt e T (30)

notice that if 52 =1, the condition is met, and the above constraint
is activated. When the field is producing, qu = 0 and this constraint
will ensure that the costs remain below the revenue.

Formulation of constraint 2 (minimum production rate): the
minimum production rate condition is met when the field produc-
tion becomes lower than a minimum threshold.

0t = qhy - (1-Sp),VeeT (31)

¢it<M-(1-S,),VteT (32)

where M is a big-M, as illustrated in Fig. 3. When the field is pro-
ducing, S, =0 and these constraints ensure that the field produc-
tion is above a certain minimum rate. The big-M condition is re-
laxed. Otherwise, when S, = 1, the field abandonment condition is
met and the field rate gff is set to zero.

Formulation of constraint 3 (maximum processing capacity):
the maximum processing capacity abandonment condition is met
when the gas or water production of the field surpasses the maxi-
mum processing capacity.

0<qf <qy, (1-Sy).VteT (33)
0<qy <qy - (1-S).VteT (34)

in which, qgw and qgg are the maximum water and gas process-
ing rates, respectively. The maximum liquid handling capacity of a
platform g™ can be included as an abandonment condition when
suitable.

Formulation of constraint 4 (minimum recovery factor): this
abandonment condition is met when the recovery factor of the
field becomes lower than a certain lower bound.

Nf,t
o ZREL Sy VeeT (35)

in which, N{;t is the cumulative oil production at time ¢, Rf is the
original oil in place of the field, and RFrfm1 is the minimum require-
ment for the field recovery factor.

Formulation of constraint 5 (feasible window for field pro-
duction): this abandonment time requires the field to operate
within a feasible time window (tyin. tmax)-

Eshadow — Zsfa > tpin, Vt € T (36)
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Table 1
Parameters of the reservoir and network model.

Reservoir & Well

Parameter Reservoir-1 Reservoir-2
Reservoir Pressure (bara) 195 243
Reservoir Temperature (°C) 70 90
0il in place (MSm?) 56.25 39.25
Solution gas-oil ratio (Sm3/Sm3) 115 150
Initial water saturation (fraction) 0.05 0.05
Number of wells 6 3
Productivity index (Sm3/d/bar) 1500 500
Tubing size (inch) 5.5 5.5
Surface Network
System type Production
Seabed Temperature (°C) 4
Pipeline diameter (inch) 6-10
Pipeline Length (km) 17.5
Separator Pressure (bara) 20

tshadow — Y S < tmax, Yt € T (37)

where tgp 400 IS the maximum number of time in the dataset T
that can be used in the optimization. It has to be large enough to
cover the optimized abandonment time t4. The parameter t;;, is
the minimum time that the field must operate according to the
authorities, see Eq. (28), and tmax is the maximum lifetime of
facilities due to design lifetime. Notice that the maximum viable
producing time tmax can be used as the optimization feasible time
window, tspagow. directly.

5. Case studies and simulation results

In this section, we describe a case study involving a real-world
field to demonstrate the benefits of the proposed formulation, in
which the field abandonment timing is optimized together with
the decisions regarding the drilling program and the production
scheduling. In field development activities, it is often the case
that the operations are extended when new discoveries are made.
To assess the impact of field operation extensions, an uncertainty
analysis considering the field lifetime is performed using a sam-
pling method that generates a discrete set of cases over the field
lifetime uncertainty envelope.

The case study involves the field development planning for
the exploration of two oil discoveries located in the Barents Sea.
These discoveries are considering for a joint development. The
main product is oil, and the produced water and gas will be re-
injected into the reservoir for pressure maintenance. In total, there
are 9 candidate wells (6 from Reservoir-1, and 3 from Reservoir-2)
which were proposed after a detailed geological and reservoir en-
gineering study. The field production potential is a function of the
produced oil and the selected subset of producing wells from the
field. The key reservoir parameters are listed in Table 1.

Two case studies are investigated for the optimization of field
development planning for the reserves described previously.

o Study-1: The first case study involves a field development plan-
ning with the main decision variables being the production al-
location, the selection of a subset of wells to produce with
its corresponding drilling schedule, and the field abandonment
timing. The purpose of Study-1 is to assess the results obtained
with the mathematical model with a large focus on the auto-
matic and proper calculation of the more profitable abandon-
ment timing for the field.

Study-2: The second case study is a field development planning
with the same variables of the Base case in Study-1 but consid-
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Table 2

Abandonment constraints variation.
Constraints Base case Case-A Case-B
Minimum field lifetime, t.,;, (year) 15 15 15
Facility Design lifetime, tmax (year) 25 25 25
Minimum recovery factor, RE. (%) 20 20 20
Abandonment oil rate, gf,, (Sm*/day) 900 1500 500
Ceiling gas rate, qf‘g (MSm3 /day) 6 6 6
Ceiling water rate, qgw (Sm3/day) 11000 11000 11000
Optimization Results
Optimal abandonment timing, t, (year) 20 18 20
Net present value, NPV (MUSD) 4,749.98 4,690.87 4,753.00
Recovery factor, RF (%) 22.00 21.83 22.00
Computational time (second) 1621 3843 755

Table 3

Computational performance and optimiza-
tion details of the Base Case.

Item Value
Variables: 13,214
Binary variables: 1150
Integer variables: 90
Constraints: 8041
Nonlinear constraints: 24
Linear constraints: 8017
Equality constraints: 1162

Inequality constraints: 6850
Computational time: 1621 seconds

ering uncertainty on the total recoverable reserves. In practice,
there is high uncertainty regarding the recoverable reserves at
an early stage of the field development activities, thus the in-
clusion of uncertainty associated with the total recoverable re-
serves in the model is particularly relevant for its great impact
on the field’s lifetime.

5.1. Case study 1

In Study-1, we set tg,u40, to 30 years, assuming that the aban-
donment timing will not be longer than 30 years. The base case is
built using the parameters listed in Table 2 for the abandonment
constraints, and some other optimization results are also shown
in the table. The problem is formulated using AMPL (Fourer et al.,
2003), solved with Gurobi (Gurobi Optimization, 2020), and com-
puted using ThinkPad of Intel(R) Core(TM) i7-8565U CPU 1.80 Hz
1.99 GHz 64 bytes. The computational performance and more in-
formation about the formulation size for the Base case are shown
in Table 3.

Fig. 4 presents the optimal results obtained for the base case,
including the optimal production schedule, drilling program (both
subset of active wells and drilling schedule), and abandonment
timing. From Fig. 4, we can see that the optimized subset of ac-
tive wells contains 8 out of the 9 candidate wells, with w1 being
left out of the drilling program. The elimination of w1 is an op-
timization result respecting the distinguishment of different wells
combinations and the resulting balance of costs and the NPV value.
Wells of w2, w4 and w5 are selected to be pre-drilled before pro-
duction, and the optimized sequence of drilling is to drill wells w6
and w9 in the first year, then drill wells w7 and w8 in the sec-
ond year, and finally, well w3 is drilled in year 3. The optimal tim-
ing of abandonment is in the year 20, meaning that the optimum
production lifetime is 20 years for the considered parameters and
constraints. The optimized abandonment timing is identical to the
operator’s plan of a 20 years production horizon, which is based on
a cross domain study conducted in decision gates. This serves as a
soft validation of the model as an actual validation in the real field



G. Lei, M. Stanko and T.L. Silva

Computers and Chemical Engineering 165 (2022) 107910

22000
20000
3
g 18000 E i e 0, producing c
| . A~ (o]
E 16000 | i 1, abandonment acting . E
% 14000 i 2
9 | 3
© 12000 i Production potential curve ]
[
5 10000 £
g 5
3 8000 2
o =
5 6000 §
O 4000 Abandonment
2000 /Rate =900 Sm3/d
o —-"""""""" ‘" o
drilling schedule w3
[
s
predrilled{ s
wells [
123456768 91011121314151617 181920212223 24252627 2829 30 =
Production horizon, year |

Fig. 4. Optimal results for the Base case.

Table 4

Fractional factors of different well combinations.
Reservoir-1
Well combinations fi Well combinations ;!
wil 0.166 w2 0.249
w3 0.195 w4 0.293
w5 0.198 w6 0.113
wil,w2 0.332 wil,w3 0.357
wil,w4 0.413 wl,w5 0.365
w1l,w6 0.279 w2,w3 0.436
w2,w4 0.467 w2,w5 0.448
w2,w6 0.362 w3,w4 0.477
w3,w5 0.393 w3,w6 0.308
w4,w5 0.492 w4,w6 0.406
w5,w6 0.304 wl,w2,w3 0.516
wl,w2 w4 0.524 wl,w2,w5 0.530
wl,w2,w6 0.445 wl,w3,w4 0.591
wl,w3,w5 0.556 w1,w3,w6 0.470
w1,w4,w5 0.611 wl,w4,w6 0.526
w1l,w5,w6 0.470 w2,w3,w4 0.642
w2,w3,w5 0.635 w2,w3,w6 0.549
w2,w4,w5 0.665 w2,w4,w6 0.580
w2,w5,w6 0.553 w3,w4,w5 0.676
w3,w4,w6 0.590 w3,w5,w6 0.499
w4,w5,w6 0.597 w3,w4,w5,w6 0.781
w2,w4,w5,w6 0.771 w2,w3,w5,w6 0.740
w2,w3,w4,w6 0.755 w2,w3,w4,w5 0.841
wl,w4,w5,w6 0.717 wl,w3,w5w6 0.661
wl,w3,w4,w6 0.704 wl,w3,w4,w5 0.790
wl,w2,w5,w6 0.636 wl,w2,w4,w6 0.637
wil,w2,w4,w5 0.722 wl,w2,w3,w6 0.629
wl,w2,w3,w5 0.714 wl,w2,w3,w4 0.696
wl,w2,w3,w4,w5 0.895 wl,w2,w3,w4,w6 0.809
wl,w2,w3,w5w6 0.820 wl,w2,w4,w5,w6 0.828
w1,w3,w4,w5,w6 0.895 w2,w3,w4,w5,w6 0.946
wl,w2,w3,w4,w5w6 1.000
Reservoir-2
Well combinations f? Well combinations f?
w7 0.527 w8 0.606
w9 0.644 w7,w8 0.807
w7,w9 0.878 w8,w9 0.907
w7,w8,w9 1.000

is not feasible as the asset is still not approved for development.
Moreover, in the obtained results, the abandonment rate was the
trigger for the field abandonment. Before the abandonment of the
field, the production rate is maintained at a level slightly higher or
equal to the abandonment rate of 900 Sm3/day in the last 4 years.

Two additional cases, i.e., Case-A and Case-B, are created, as
shown in Table 2, with the goal of assessing the impact of differ-
ent abandonment oil rates on the field production performance. All
optimizations achieved a dual gap of 0% but used different compu-
tational budgets of time. Fig. 5 shows a comparison of the opti-
mal results for all three case studies, Case-A, Case-B and the Base
case, as described in Table 2. The dashed lines in the plots show
the optimized production rate and abandonment time for cases A
and B.

In all the cases studies, the constraints regarding the ceiling gas
and water rate, minimum recovery factor, and the facility design
lifetime are not active at the time of abandonment.

Fig. 5 (a) presents a comparison of the results obtained with
Case-A and the base case. In Case-A, the abandonment oil rate
o is increased from 900 Sm3/day to 1500 Sm3/day in compari-
son with the base case, whereas the other constraints are the same
as the base case. The optimal results show the following: (1) the
abandonment time t; is reduced from 20 to 18 years in Case-A, (2)
the production profile is different from the base case from year 4,
and (3) the NPV and recovery factor are slightly reduced when the
abandonment rate is increased, see Table 2.

Fig. 5 (b) shows a comparison of the results obtained with Case-
B and the base case. In Case-B, the abandonment oil rate g, is
reduced from 900 Sm3/day to 500 Sm3/day compared to the base
case, whereas the other constraints remain the same. The conclu-
sions based on the results obtained are the following: (1) the op-
timal abandonment time t; obtained is 20 years in both cases, (2)
the production profiles are the same up to year 15, (3) the recovery
factor obtained with the strategies is the same, being 22.00% as all
recoverable reserves are produced, and (4) the NPV is slightly in-
creased in Case-B compared to the base case, see Table 2.

The results of Study-1 clearly show that the optimum field
lifetime depends on the criteria of abandonment; changes to the
abandonment rate impacted the optimum abandonment timing.
Consequently, the solutions yield different economic performance,
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Fig. 5. Optimal results for Case-A, Case-B and the Base case.

recovery factors (although very similar in this case), production
strategy, and drilling sequence>. In other words, if we set a fixed
production horizon of a given value (e.g., 20 years for Case-A), the
project’s performance and economic margins might be sub-optimal
solutions even the optimization is used to search for an optimum
drilling and production schedule.

5.2. Case study 2

In the second case study, referred to as Study-2, we designed a
set of scenarios considering uncertainty in the recoverable reserves
to assess its impact on the abandonment timing and the effect of
the field design lifetime. This is usually a case of practical interest
for oil and gas companies.

The analysis is performed using simulation-based optimization,
in which a set of optimization runs are performed for different re-
coverable reserves within a certain uncertainty envelope. The sam-
ples of the uncertain variables are obtained using Latin Hypercube
Sampling (LHS), which has an advantage of achieving convergence
with fewer samples than other methods (for example, Monte Carlo
Sampling). A total of 100 samples of the recoverable reserve were
generated using LHS. The distributions of the recoverable reserves
for each discovery are synthetic, but the distribution parameters

3 The drilling sequence is not displayed in plots, but it is interrelated with the
production rate.
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Fig. 6. Distribution of normalized recoverable reserves. (the original recoverable re-
serve of each reservoir refer to 1.00).

are based on real spreads reported in plans for development and
operations.
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Fig. 7. Sensitivity analysis: Distribution of abandonment timing with constraints
both on minimum license lifetime of 15 years and facility design life of 25 years.

When generating samples, the reserve distributions of these
two reservoirs are considered to be independent, considering a
long distance in location and the separate setting of the actual pro-
duction potential of the selected subset of producers within each
reservoir (see Table 4). These sampled recoverable reserves were
then used as input data for the optimization problem, resulting in
100 optimal solutions.

The distributions of the normalized recoverable reserves for
each reservoir are shown in Fig. 6. In the diagram, each LHS-
generated recoverable reserve is normalized by dividing the recov-
erable reserve value of the base case. Then, a total of 100 optimiza-
tions were run to find the corresponding optimal drilling schedule,
production allocation, NPV, and abandonment timing.

Fig. 7 shows the optimized abandonment timing for different
recoverable reserves but the same abandonment constraints of the
base case. The results show that both abandonment constraints of

Computers and Chemical Engineering 165 (2022) 107910

25 T T T T

20t 1

Counts

10 1

-

30

10 15 20 25 35

Abandonment timing, year

Fig. 8. Sensitivity analysis: Distribution of abandonment timing with constraints of
minimum license lifetime of 15 years only.

minimum 15 years field lifetime and the maximum facility design
lifetime of 25 years are met for several samples. The upper bound
in optimal abandonment timing of 25 years is met in 22 samples
out of the 100 scenarios. Suppose the constraint on the facility de-
sign lifetime is increased to 30 years and the optimizations for
these 22 samples are re-run, the resulting distribution has a log-
normal shape, exhibiting a peak at 17 years, as shown in Fig. 8.
We further studied the relation between the abandonment tim-
ing and the values of recoverable reserves of Reservoir-1 and
Reservoir-2. A bubble chart is presented to display the relation be-
tween abandonment timing and reservoir size in Fig. 9. The opti-
mization results show that the abandonment timing is more sensi-
tive to the size of Reservoir-1 compared to the size of Reservoir-2.
An explanation for this is that the reserves in Reservoir-1 are larger
and there are also more producers available in this reservoir. When
the reservoir size is reduced, it is likely that the field production
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Fig. 9. Bubble chart of abandonment timing in terms of reserve scale factors both of Reservoir-1 and Reservoir-2.
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time is shortened. Similarly, when the reservoir size is larger, the
abandonment timing is likely to be postponed.

6. Conclusions

We proposed a formulation based on mathematical program-
ming for early-phase field development optimization of offshore
hydrocarbon fields. The optimization consists of determining the
abandonment timing and the drilling and production schedule that
maximizes the project value for a multi-reservoir field.

The main contribution of this work is that we proposed a novel
way to automatically search for optimal abandonment timing, in
addition to determining optimal drilling and production scheduling
for field development problems.

The proposed methodology was applied and tested on a real-
world case in order to assess the benefits of including a variable
abandonment timing in the optimization. The results of this work
indicate that the abandonment timing can significantly impact a
project’s economic and performance evaluation; the decommis-
sioning timing has to be optimized, similar to the searching of op-
timum drilling and production scheduling in the early stage of field
development. The commonly used method of running optimization
with a fixed production horizon might lead to sub-optimal solu-
tions, which will yield lower net present value, lower recovery fac-
tor, and unfavorable production strategy.

Through an uncertainty analysis on the recoverable reserves, we
conclude that the field’s production horizon is highly sensitive to
the size of the reservoir reserve, which is very uncertain at an
early stage of field development. Performing an uncertainly anal-
ysis allows to map the limiting constraints and it allows to obtain
lower bounds and upper bounds of the abandonment timing of the
project, which is often of practical interest for oil and gas compa-
nies.

Future work includes the expansion of the proposed method-
ology. For instance, decommissioning timing is more than a tech-
nical or economic issue but also involves concerns regarding envi-
ronmental impacts, which have a critical role in the management
of decommissioning timing. It may be interesting to expand the
model to a multiobjective optimization model including other de-
commissioning elements, such as policy, environmental impacts,
and taxation. There is currently no general internationally accepted
guidelines on whether and when decommissioning would be ac-
cepted and in what circumstances. Therefore, an interesting direc-
tion for research involves extensions to the proposed formulation
to consider environmental constraints and policies in the decision-
making.

As the abandonment cost varies in terms of decommissioning
methods, risks, and financial rewards, an open question is how
to include these parameters into the mathematical programming,
particularly when the industry experience and historical data are
scarce. For instance, as operators are often looking for the cheap-
est way to abandon a field, an interesting application of the for-
mulation would be to optimize the abandonment timing for fields
in operation when accounting for decommissioning costs.

Some other possible directions for future work could be: con-
sidering blending and compatibility complexities when mixing flu-
ids from different reservoirs, performing stochastic optimization to
evaluate rigorously the effect of uncertainty in, for example, the
initial oil and gas in place, abandonment cost, or well production
performance.
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Appendix A. Formulation of wells permutation selection

Let g": {1,...,2M"1} > W be a function that maps an index j
from all permutations of well combinations wg to the set of wells
W' such that:

g ={iew :wi()=1}, Vje{l.....2M} (38)

where W;(l') denotes the i-th element of the tuple w;. This function
indicates which wells w € W™ are active in reservoir r for the j-th
well combination. A table with a map generated by function g'(-)
is calculated off-line and used in the constraints regarding the well
permutation selection as follows:

Forall reR,je{1,...,2M1}:
firt< i+ 3T A-xH+ Y L Ywe{l W)

ieg’ (j) ewn\g (j)

(39)

frt = = 3 (- X -

ieg'(J)

> oxw Ywe{l,... W}
ieWr\g'(j)
(40)

Egs. (39) and (40) create a set of disjunctions such that, depending
on the active wells denoted by the binary variables x{, the poten-
tial factor of the reservoir fn"t will be set to the potential factor
fng corresponding to the correct well combination w; from all per-
mutations.

Appendix B. Piecewise linear equations

The non-linearities of the problem appear in the production po-
tential curves, including the actual potential based on the wells
permutation in Eq. (10), but also in the cumulative production
rates for gas phase in Eq. (15) and water phase in Eq. (16). In
this work, we propose PWL approximations using Log model for
the non-linear functions Eqs. (10), (15) and (16).

The Log model implementation of the branching scheme pro-
posed by Vielma and Nemhauser (2011) requires new concepts and
definitions. Let Se = {sg,...,sn} be the set of ordered breakpoints
on the coordinate e, and Z, := {[sg,S1].....[Sn_1.Sn]} be the inter-
vals containing pairs of consecutive breakpoints. Let Z.(s) :={Z ¢
T : S € I} be a set of the intervals containing the breakpoint s, and
De([s;,si41]) =i+ 1 be the index of an interval [s;,s;,1] € Ze. We
define the function B: {1, ..., |Z¢|} — {0, 1}/1°€2(1ZeD1 to be a map-
ping between the interval indices and a binary code according to
the Gray code property, meaning that B(i) and B(i + 1) must differ
by only one bit. The vertices of the domain is V(P) =S5y x --- x S,
and d is the dimension.
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The first phase of the branching scheme uses the sets
v = (s€8e 1 B(Pe(D)) =1.¥T € Ze(s)} and ]23.1 ={seS:
B(®¢(Z)); =0,VZ € Z¢(s)}. The constraints which implement the
first phase of the Log branching scheme are defined as follows:

D Av=xen Vee{l,....n} le{l,... Tlog (7)1}  (42a)
VeV,

D Avs=xe Vee{l,....n} le{l,... Tlog,(|Z)]}  (42b)
vevd,
X1 €{0,1}, Vee{1,....,n}, 1l e{1,..., [log,(|Z.)1} (42c)

where Vi = {veV(P):Ve e/} and VOB, ={veV(P):vee
eB,} The sets V Bl and VOB, create the partitioning P in each

coordinate e of the domain, and the intersection of the partition-
ing in all coordinates will constrain the domain to a single active

hypercube.

The second phase selects a simplex of the hyper-
cube obtained in phase one using the sets L;s={ve
V(P) : v; is even andvs is odd} and Rrs={veV(P):
v; is odd andvs is even},Vr,s e D={1,...,d}, such that r<s.

The second branching phase can be implemented in Log with the
following constraints:

Y vy V(rs)el (43a)
velrs

YA sl-yV(rs)el (43b)
VERs
yrs €{0,1}, V(r,s) e T (43¢)
where r:={rs)e{l,..., d} x{1,....d}:r <s} is the
set of index pairs indicating which weighting variables

are to be disabled in the convex combination. The sets
Lrs:={veV:v; is even andvs is odd} and Rrsi={veV:
v, is odd andvs is even} create the partitioning responsible for
scoping the active polytope to a simplex within the selected
hypercube in phase 1.

The Log PWL approximation of Gg[ defined in Eq. (15) is for-
mulated as follows:
Z n r k (4421)
kekg
Nit= " it Nk (44b)
keKg
Yomt=11m1=0 (44c)
keKg
Yoot =xP e {1, ... [log,(1Zc, )1} (44d)
ke}CEl
YMonpt=1-xP lefl..... [log(|Zcp) 1} (44e)
kek |
P c{0,1}, [ e{1,..., [log,(|Zcp]) 1} (44f)

where Kgl and Icgl are the first-phase branching sets for the set
of ordered breakpoints K¢, and Zg), is the set of intervals contain-
ing the ordered pair of breakpoints in IC - These sets are defined

analogously to the sets used in the ﬁrst branchmg phase formu-
lated with Eqs. (42a), (42b), and (44f).
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Next, we formulate an approximation using Log for the function
fw(Np(t)) defined in Eq. (16) with the following set of equations:

t
Ty ot it (45)
keKw
N;’[ — Z U}:,t 3 N;'k (46)
keKw
O.TI — -17 Ur‘[ > 0 (47)
k k
keKw
3 ot <x™ 1e{1..... Tlog,(|Twp) T} (48)
I(EK:\TV.]
Yooopt<1-x" lef{l..... [log,(|1Zwp) 1} (49)
keIC\DN.I
xPe{0.1}, 1 e{1..... [log, (I Zwp)1} (50)

with KJV,I and K\(;v,l being the first-phase branching sets, and Zy,
the set of intervals containing the ordered pair of breakpoints of
Kw. Notice that the Log approximations of both (15) and (16) use
only the first branching phase. This is because the function do-
mains are unidimensional, thus the active polytopes will be an in-
terval belonging to Zg, and Zyy,,.

The last function to be approximated with Log is the production
potential fq. As this function is present in a nonlinear multiplica-
tion of variables in Eq. (10), we approximate these relations with
a two-dimensional PWL approximation using Log as follows:

qgtpot - Z Z Q]kt f(;.k (51)
JjeKr keKq
frrt=%" 3" Qn - fn] (52)
JjeKr kekq
3o Qn <X lefl..... [log(|Z:)1} (53)
jeIC. keKq
> > =1-x Le(l,.... [log, (IZe)1} (54)
je)C(FJ.lke/CQ
X e {01} Le{1,.... [og,(1Ze) 1} (55)
33 =x¥ e (1., Tlog, (1Zo])1} (56)
je)Cpke)Cf
Yoy, s1-xY . lef{l.... log(Z)1} (57)
JEKer}COV
X% e {0,1}. 1e{1...., [log,(IZo)) T} (58)
> Qe =V YUK el (59)
(Jk)eL;y
Yo Q= 1-V YU k) el (60)
(Jk)ER K
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Vi €101}, Y k) e T} (61)

where Egs. (53)-(55) implement the first branching phase of the
Log for the set Kp, whereas Eqs. (56)-(58) are responsible for
the first phase branching for set Kq. The second phase branch-
ing scheme is implemented by Eqs. (59)-(61). Notice that the sets
K KJ‘F’J, ICJQZI. IC[F"I, Ir, and I are defined analogously to the def-
initions of the first phase branching in Eqs. (42a)-(42c). The sets
Liw Rjk and I'{ on its turn are defined analogously to the def-
initions used in the second phase branching scheme denoted by
Eqs. (43a)-(43c).

Appendix C. Cost model

The cost model in Eq. (20) and Eq. (21) might further be ex-
pressed as:

CAPEX [ e = 01 x (NG =N+ B1, Ve e T (62)
o x Lf. + a3 x NE. -I—ﬁz
f.t _ pipe Jjoint
CAPEXE, = o Vee(l,- No} (63)
capextt = 24X o U5 X e T X G P Vet Np[64)
opside ND
OPEXTL, = a7 x g5t + g x g5 + g x qff + Ba. Ve € T (65)
OPEX\! e = 010 X N + oy x LT+ ap x Nigy 4+ Bs Ve e T
(66)
which L;,.pe and N]foint represent the length of pipeline and the

number of subsea joint units (manifold, flowline joints, or subsea
pumps). The Np is the total number of years in which the initial
CAPEX is distributed. The coefficients of a; — a1, and By — Bs are
the value used in the cost proxy model.
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