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With the increasing energy requirement and decreasing onshore reserves, offshore oil production has
attracted increasing attention. A major challenge in offshore oil production is to minimize both the oper-
ational costs and risks; one of the major risks is anomalies in the flows. However, optimization methods
to simultaneously consider well operation and flow assurance in operation planning have not been ex-
plored. In this paper, an integrated planning problem both considering well operation and flow assurance
is reported. In particular, a multi-period mixed integer nonlinear programming (MINLP) model was pro-
posed to minimize the total operation cost, taking into account of well production state, polymer flood-
ing, energy consumption, platform inventory and flow assurance. By solving this integrated model, each
well’s working state, flow rates and chemicals injection rates can be optimally determined. The proposed
model was applied to a case originated from a real-world offshore oil site and the results illustrate the
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1. Introduction

Crude oil is the major energy resource in the modern society
and continues to be so in the coming years (Kang et al., 2017).
It is typically produced by drilling production wells in large oil
fields with several reservoirs. Onshore hydrocarbon resources have
become increasingly scarce with the continuous exploitation of
the past decades. At the same time, the sea contains vast oil and
gas resources. The exploitation and usage of offshore oil resources
are receiving more and more attention. In general, deep-water oil
reserves are difficult to exploit accompanied with large production
costs due to the harsh environment and the energy intensity
required for the production (Narimanov, 2008; Zhu et al., 2018;
Wang et al., 2017). Therefore, there are clear incentives to seek
more efficient operations while reducing the risks. To this end,
optimization approaches for production planning and scheduling

Abbreviations: ESP, electric submersible pump; FPSO, floating production stor-
age and offloading; MILP, mixed integer linear programming; MINLP, mixed integer
nonlinear programming.
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have received increasing attention from both the academic and
industrial communities (Hou, 2014; Gao et al., 2018a, 2018b; Wang
et al.,, 2016).

In the literature, significant progress has been reported for
the scheduling and planning of oil production processes. Gupta
and Grossmann (2012) built an efficient strategic/tactical planning
multi-period MINLP model for offshore production optimization
with the objective of maximizing the total net present value (NPV),
considering three components (oil, gas and water), FPSO (floating
production, storage and offloading) topside’s inventory level and
the well’s production rate. Ortiz-Gémez et al., 2002 investigated
the oil production planning problem in the wells of an oil reservoir
considering nonlinear behavior of the well flowing pressure with
respect to time. Heever et al. (2000) considered nonlinear reser-
voir behavior and its impact on the complex business aspects, and
proposed a MINLP model for offshore oil facility design and plan-
ning. An integrated MILP model for making a group of strategic
decisions about oil and gas development projects simultaneously
over a long-term planning horizon was proposed by Shakhsi-Niaei
et al. (2014), where production planning, upstream transmission
planning and their interactions with projects selection and se-
quence are addressed. Kosmidis et al., 2005 presented a mixed
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Nomenclature

i oil production well

k well batch

t time period

Sets

1 oil production wells

K well batches

T time period

Parameters

hin convection heat transfer coefficient
r radius of the tubing

Og the density of gas phase

P1 the density of liquid phase

H, the liquid holdup

G the mass flow of the mixture

A the resistance coefficient

Mins thermal conductivity of insulation materials
s thickness of the insulation blanket
Stub thickness of the tubing

Ay valve opening change limit

pmax maximum wax deposit thickness
A, B; coefficients of polymer flooding of well i
Fy distribution density of wax

[max maximum inventory capacity of oil
min minimum inventory capacity of oil

T AL temperature of flowing-out
ajp,a;y  coefficients of pressure increase of well i
bio,bi7  coefficients of pressure decrease of well i

€1,Cy coefficients of pressure variation equation which re-
sult from combinations

dy ¢ production demand of well batch k in time period t

de demand of production in period t

ey pipe roughness of well batch k

peq power generation efficiency of diesel generator set
in platform

pf“’"" up limit pressure of well i

p;? down limit pressure of well i

plo inlet pressure

X maximum production rate of well i

x,!“i“ minimum production rate of well i

o cost of start-stop operation of unit i

o coefficient for electricity consumption of valve in
well i

AL length of pipeline segment

04 the line angle

A the pipeline cross-sectional area

T, temperature of flowing-in

Ts temperature of fluid at the fluid entry point

ol is fluid density

Gl density of wax

Dr length of time period

M suitable upper limit

T length of planning horizons

y coefficient of inventory cost

1) cost coefficient of polymer flooding

0 punishment of delivery delay

T coefficient of wax removal cost

pinitial initial bottom pressure for the well i

finitialjpjtial inventory level for the oil batch k

Dy, half of the radius of the annular region volume by

uneven ups and downs

Variables

Te temperature inside the pipe

AE; ¢ recovery ratio differential of oil well i in period t

I 1 initial inventory of well batch k

Iy ¢ inventory of well batch k in the time period t

Ml quality of the precipitated wax in pipeline of well
batch k

P; ¢ polymer flooding of well i in time period t

Qacc heat accumulation

Qin heat flow in

Qout heat flow out

Qr heat transferred

SP; ¢ pressure differential in the well bore when the well
i is shut in

Tl wax removal cycle of well batch k

VI volume of the precipitated wax in pipeline of well
batch k

XP; ¢ pressure differential in the well bore when the well
i is producing

Yi ¢ 0-1variable indicating whether the well bore pres-

sure reaches the maximum allowable value in pe-
riod t when well i is closed
elecost ~ consumption of energy

p;f‘l initial pressure of well i

pi’}d well bore pressure of well i at the end of period t

pm well bore pressure of well i at the beginning of pe-
riod t

Pri, ¢ production supply of oil well batch k in the time
period t

pre production supply in period t

Vi wax deposit rate in pipeline of well batch k

wfi ¢ the occurrence of start—stop operation in equip-
ment i during t week and t + +1 week.

w; ¢ 0-1 variable denoting whether well i is working in
the period t

Xi ¢ production rate of oil in well i in the period t

ATe difference in temperature between the pipeline

product and the ambient temperature outside
wax deposit thickness

% fluid velocity in pipeline

ele energy supply

integer nonlinear (MINLP) model for daily well scheduling in oil
fields, where the nonlinear reservoir behavior, the multiphase flow
in wells and constraints from the surface facilities are considered
to decide the operational status of wells (i.e. open or closed),
the allocation of wells to manifolds or separators, the allocation
of flow lines to separators, the well oil rates and the allocation
of gas-to-gas lift wells. Carvalho and Pinto (2006) proposed an
MILP approach, reformulated from an MINLP model, to determine
the assignment of platforms to wells and the timing for fixed
assignments. In another study, a novel approach to scheduling the
startup of oil and gas wells in multiple fields over a decade-plus
discrete-time horizon was presented (Kelly et al., 2017). The major
innovation was to treat each well or well type as a batch-process
with time-varying yields or production rates that follow the
declining, decaying or diminishing curve profile. Tavallali and
Karimi (2016) developed an MINLP approach for more holistic
decisions on the order, placement (Ozdogan and Horne, 2006;
Tavallali, 2013), timing, capacities, and allocations of new well
drillings and surface facilities such as manifolds, surface centers,
and their interconnections, along with well production/injection
profiles. Ortiz-Gomez et al., 2002 described three mixed integer
multi-period optimization models of varying complexity for the
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oil production planning in the wells of an oil reservoir in order
to determine the oil production profiles and operation/shutdown
of the wells in each time period. Moreover, an oil well production
scheduling problem for the light load oil well during exploitation
was studied, which was to determine the turn on/off status and
oil flow rates of the wells in a given oil reservoir, subject to a
number of constraints such as minimum up/down time limits and
well grouping (Lang and Zhao, 2016). Iyer et al. (1998) presented
a MILP model for the planning and scheduling of investment and
operation in offshore oil field, in which the net present value is
taken as objective function and the choice of reservoirs to develop,
the well drilling and platform installation schedule, capacities of
each well and production platform, and the fluid production rates
from wells are taken as decision variables.

In the field of oil production process optimization, the existing
results mainly focused on onshore but very little has been done
on the offshore oil production processes, especially for deep water.
The above-reviewed studies, whilst often shedding insight into
the various aspects of the challenge, are not suitable for direct
application in practice. A major limitation is that most of them
considered only one or a few sections of the entire production
system, such as the well type and location, production rates,
status of oil wells, the allocation of flow lines (Yeten et al., 2002;
Gunnerud and Foss, 2010; Aseeri et al., 2004; Ulstein et al., 2007),
polymer flooding process, artificial lift process (Hallundbzk, 2016)
and flow assurance (Luna-Ortiz et al., 2008; Zhou et al., 2014).
Flow assurance refers to ensuring successful and economical flow
of hydrocarbon stream from reservoir to the point of sale or
storage, which is widely viewed as a major challenge for offshore
oil and gas production (e.g. due to hydrate formation and wax
deposition in the pipe). To the best of our knowledge, integrated
planning optimization that consider both facility operation and

flow assurance has not been reported in the literature, despite
that the topic is of great importance to ensure safety, in particular
for offshore oil and gas production.

The particular challenge to be addressed in this work is the
flow assurance, in contrast to the existing focus on subsea ex-
ploitation equipment operation aiming for maximum yield. It is
well known that a change of well operations results in varying
flowrate in subsea pipelines, thus has a big impact on the subse-
quent multiphase flow transportation processes. Therefore, in this
work, a multi-period mathematical model involving well operation
and flow assurance for the planning optimization of offshore oil
production is presented. We propose a discrete time representa-
tion based entire process planning model including the subsea
production process, polymer flooding process (Wang et al., 2005),
flow assurance (Hou and Zhang, 2004), platform storage of oil and
delivery process. The rest of this paper is organized as follows.
First, the problem statement and process description are given
in Section 2. On the basis of process analysis, Section 3 provides
the detailed entire process planning model. A case study from
a real-world production process is presented to demonstrate the
feasibility of the proposed MINLP model in Section 4. Finally,
conclusions are drawn in Section 5.

2. Process description and problem statement
2.1. Process description

From the wells to the platform, the whole production process
can generally be divided into three parts: the under-well reservoir

process, the under-water production process and the over-water
platform section (Fig. 1).

Master Control Station
(MCS)

Electric/
communications unit chemicals

Platform, usually FPSO

— Platform level

I I
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Fig. 1. An integrated oil production system.
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PLEM

Fig. 2. Illustration of pipeline network and well batch in oilfield.

Oil field is composed by a large number of wells which can
spread over a wide geographical area. Usually, one oil field con-
tain a lot of reservoirs, each of which contains many wells. The
wells can be divided into different batches of oil wells by close
geographic location which can determine the well’s geological
properties and physical characteristics as illustrated in Fig. 2
(Lang and Zhao, 2016). The wells which belong to the same batch
interconnect with each other through a complex comprehensive
pipeline network to convey liquid to manifold. The wells in one
specific reservoir are grouped into one batch. The whole wells
normally share a surface equipment, usually named floating
production, storage and offloading unit (FPSO).

The typical industrial engineering process flow of the subsea
oil production is shown in Fig. 1.

(1) The surface supporting facilities mainly include surface
control unit relying on oil treatment facilities, power supply
unit and the required chemical injection unit, et al.

(2) Underwater production facilities refer to the well comple-
tion equipment, the basic components of subsea production
system and equipment on the basis of marine control
technology.

(3) Submarine pipelines and risers mainly include production
pipeline, umbilical cable, submarine cable et al.

In order to complete the oil production task, decision instruc-
tions such as electric and hydraulic signals, chemical injection etc.
is transmitted from the surface master control station through
umbilical cable to underwater total distribution devices. Electrical
signals are distributed by the electric power distribution unit to
control Christmas trees and the downhole electric submersible
pump. Chemicals are delivered to injection wells close to the
production wells to increase production. The opening of the valves
are controlled by hydraulic or electric signals. Oil is collected at
transmission manifold and then is pumped to offshore platform
through output pipeline for further separation and storage.

2.2. Problem statement

The main challenges for offshore oil production, largely due to
the severe environmental conditions are given below.

(1) For subsea wells, electric submersible pump (ESP) as an
artificial lifting method plays an important role due to
their minimal space usage, high efficiency and endurance to
harsh conditions (Mohammadzaheri et al., 2016) which can
replenish energy to the well bottom hole. How to optimize
its operating state to save energy is a major challenge.

Due to high pressure and low temperature in the deep-

water environment, oil and gas transportation from sea-bed

to platform faces great difficulties and risks, such as hydrate
formation, wax deposition, severe slug flow and so on

(Luna-Ortiz et al., 2008). Moreover, the mechanism of flow

assurance problems, such as hydrate formation, wax depo-

sition and so on, is complex and can be described in fluid’s
temperature, pressure and flowrate. Different sources of oil
and gas have different oil-gas-water-sand ratios, different
pressures or even temperatures. Individual well operation
results in flow changes and thus leads to condition fluctua-
tion, i.e. pressures and temperatures in manifold and risers.

Clearly, separate optimization scheme and well operation

without considering flow assurance is not suitable. How

to utilize the flow assurance mechanism, balance oil wells
and optimally determine the operation scheme to guarantee
flow assurance is another major challenge.

(3) With the exploitation of offshore oil, bottom-hole pressure
tends to decrease. To guarantee the reservoir’s safety and
production stability, the bottom hole pressure constraint
must be satisfied by injecting a particular quantity of
polymer flooding. For a well, different injection quantities
result in different oil/gas production yield. Moreover, the
wells exhibit distinct production yields even under the
same injection policy (i.e. injection fluid type and quantity).
Hence, how to distribute each well’s injection with a given
polymer quantity is another challenge.

(4) After the oil/gas has been safely transported to the platform,
separation and storage operation is required. However, the
separation and storage capacity of offshore platform is
limited. Hence, it is necessary to integrate the well and
platform operation to avoid mismatch.

—
N
—

In a summary, the whole offshore oil/gas production processes
interact with each other, requiring an integrated consideration
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of the subsea well operation, injection operation, subsea delivery
operation and platform operation. In this paper, we propose an
integrated planning model to address these problems.

3. Mathematical model

The integrated planning model defined as a multi-period
MINLP has been developed considering both well operation and
flow assurance, taking the minimum value of the total operating
costs over the planning horizon as the objective function while
satisfying all the constraints.

Several assumptions are made in this study as follows:

(1) The production wells are separated and totally independent
of each other. It is natural because each well has its own
independent reservoir.

(2) During the middle and later periods of oilfield develop-
ment, artificial lift technology and polymer flooding is
indispensable.

(3) All the electric submersible pumps have the same working
characteristic curve.

(4) Geological properties characterizing the well are available.

(5) In the absence of polymerization flooding, oil recovery rate
remains the lowest.

(6) The location of easily blocked pipeline section is known.

With the above assumptions, the model relies on the following
given information:

(1) A planning horizon and planning period;

(2) Production tasks for each batch of oil wells along the plan-
ning horizon;

(3) Working load range of oil production wells;

(4) A set of storage bins, their minimum and maximum stock
and initial inventories;

(5) The penalty of switching operations and stock out;

(6) A set of cost coefficient and model parameters.

The decision variables are:

(1) The production rate and operating state of each oil well in
each time period.

(2) The detailed delivery quantity in each oil batch in each time
period.

(3) The wax removal cycle of each oil well.

(4) The polymer flooding injection policy, i.e. the injection time
and quantity.

3.1. Objective function

Mathematically, the objective function is given as follows:
minZ=Z1+Zz+Zg+Z4+Z5+ZG (1)

The objective described in Eq. (1) aims at minimizing the
overall cost (Z), which includes the oil well open-close switching
penalty (Z;), energy consumption (Z,), oil inventory (Z3), and
chemicals cost (Z4), wax removal cost (Zs), and the costs of stock
out penalty (Zg).

3.2. Open-close operation of oil wells

According to production task and inventory requirements, it is
necessary to first determine the working state w; , of the under-
water tree in each time period which is related to the production
plan task, and is restricted by the downhole pressure. When the
well is open, then the well bore pressure decreases, but if the well
is closed, then the pressure increases.

Frequent open-close operations should be avoided. The switch-
ing cost can be expressed as Eqs. (2)-(4), where wf;; =1 denotes

Fig. 3. The behavior of the well bore pressure.

the occurrence of open-close switches operation. The state switch-
ing variable wf; ; is penalized in the target function, which can
limit wf; ; to 0 when there is no state switching operation.

Zy=) Y a;-wfy (2)

Wfir +Wir >Wieyy VielteT (3)

Wfie+Wipq >wiy VielteT (4)

Because of the resistance to the oil flow between the reservoir
and the well bore, the well bore pressure usually decreases with
time. A simple expression has often been used Eq. (5) (Horne,
1998) to describe such behavior:

141.2x, By
g = oy - 12
11 0000246kt ) 0007 () VierteT  (5)
2 D pcir?

where B, u, k, h, ®, ¢; and r; are formation volume factor, viscosity,
permeability, reservoir thickness, porosity, total system compress-
ibility and wellbore radius respectively, and are experimentally
determined geological properties. In this study, it is assumed that
the values of the geological properties of the well are known a
priori. Therefore Eq. (5) can be reformulated as Eq. (6),

Viel,teT (6)

where, ¢y, ¢, are the parameters calculated from Eq. (5) and Dr =t
is the duration.

Fig. 3 represents the behavior of the well bore pressure. If
the well is open, i.e. w;; =1, the well bore pressure will then
decrease, and flowing pressure is expressed as Eqs. (7)—(8) where
XP; , indicates pressure drop. Eq. (9) describes the pressure
minimum requirement raised by reservoir engineers. For more
information, refer to Horne (1990).

ped = pi" — ¢y X (InDr + ¢3)

XPi,t = ﬂinYfaio(a,‘] + lnDT) Viel,teT (7)
pd = pit —XP, VielteT 8)
P',-’} —XP, > P{-"W Viel,teT (9)

When the well is closed, i.e. w;; =0, two cases should be
considered shown in Eq. (10)-(11). SP; ; is pressure increase.

SP. = bjp(by; +InDr)(1 —w;,) VielteT (10)
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Define Y; . representing whether pressure reaches its max-
imum, the pressure is then calculated separately for different
Y; t, shown as Eq. (11) in a generalized disjunctive programming
format.

3.3. Energy consumption model

In this section, electric submersible pump (ESP) as artificial lift
method and valve opening and closing movement consume a lot of

—W;
d Wi Yie y —Yig
end _ pin _ xp : L 11
Pl XA s pl:’)‘;*5 Vienter| ||V =piashv| o= i
E ’ p, + Sk < p;” p, + SR > pj*

Eq. (11) can be reformulated by using the big-M formulation
Balas, 1985) which is described as following Eqs. (12)-((20).

end

p — pit £ XPy > -M(1-w;) VielteT (12)
pizgd - +XP, <M1 -w;y) VielteT (13)
pit—p™ —XP, > -M(1—-wy) VielteT (14)
ped —pit —SP, = -M(1 Y +w;,) VielteT (15)
pingd _ p;'_‘nt —SP, <M(1 =Y +wi,) VielteT (16)
pt—p® 4P, <M(1—Yi +wy,) VielteT (17)
pid — piP > —M (Y +wi,) VielteT (18)
pid —plP <M(Yie +wi) VielteT (19)
Pt —p" +SP; > —~M(Yii +w;;) VielteT (20)

Eq. (21) corresponds to the linking constraints from a time pe-
riod to the next time period. Eq. (22) provides the initial condition
for the well bottom pressure.

energy. The working characteristic of centrifugal pump usually be
presented by discharge curves, power pressure head and efficiency.
The characteristic curves were drawn according to the results of
laboratory test by the regression, in which the nonlinear curve
represents the pump efficiency while the linear one depicts the
pump power. For more information about performance characteris-
tics of the centrifugal pump, refer to Muhannad RAM et al. (2018).
From Fig. 4, it is clear that there is a nonlinear relationship for the
ESP’s energy consumption in term of well’s production flowrate.

In this study, electricity is the main form of energy consump-
tion. The electricity supply of platform (i.e. FPSO) comes from
diesel generating sets.

The total electricity consumption elecs; is calculated in Eq. (23).
Meanwhile, the oil well production capacity is restricted by
Eq. (24). Eq. (25) represents the whole energy consumption cost.

elecosr =y > Bi(xip.wie) VielteT (23)
P

Wi XM < x; o < wi XM VielteT (24)

Z; = peq - elecst (25)

where B; is the nonlinear model between production flowrate
and energy consumption, shown in Fig. 4; pe; denotes the power
generation efficiency of diesel generator set on platform.

p;glt _ pﬁrggl VielteT 1) 3.4. Oil storage model
in _ pinitial /i ¢ | (22) Since crude oil composition varies from region to region, oil is
Pii =Di < stored in batches. The inventory balance and inventory capacity
power of electric motor efficiency

2000 r 70

1800 60
S
1600 <
31400 - 50 g
x >
ey Q
21000 ©
2 800 r30 ¢
= @
£ 600 20 £
400 H
[J)
L 10

200
0 0
0 50 100 150 200 250 300 350

flow rate Q (m3/d)

Fig. 4. Electric submersible pump performance curve depiction.
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constraints for different batches of oil wells are expressed in
Egs. (26)-(29). Eq. (26) shows that final oil inventory I  is given
as the balance on the previous inventory level I, ; plus pro-
duction amount of oil well batch k minus delivery amount pry ;.
Eq. (27) provides the initial condition for the oil inventory. Storage
capacity constraint is described as Eq. (28). Eq. (29) shows the in-
ventory cost where y denotes the cost coefficient of oil inventory.

e =Teeo1+ ) Xie—prie VkeKteT (26)
ieK

I, =Ml Vi e K (27)

M <f <I™ VkeKteT (28)

=337 h (29)
k t

3.5. Cost of polymer flooding

During the middle and later periods of oilfield development,
injection of oil displacement agent is significant to increase the
oil recovery. It can be described as Eqs. (30)-(32). Based on the
assumptions that were made at the beginning, the improvement
of oil recovery ratio can be expressed as Eq. (30). The formula of
polymer flooding P; ; and recovery ratio AE; . is represented as
Eq. (31) where A; and B; are the specific relationship coefficient
which can show that P; ; is linear with AE; ; on semi-log coordi-
nate. There is a hypothesis that if polymer flooding is not injected
then the oil recovery rate has been at the lowest production speed.
Eq. (32) shows the cost of polymer flooding in which § denotes
the cost coefficient.

AEy = Wit =X i VielteT (30)
1

logP; = A; + B;AE;;

Zi=3.3 "8 R (32)
it

Viel,teT (31)

3.6. Flow assurance

In deep water, extreme conditions such as low temperatures
and high pressures promote the formation of solid in pipeline that
can potentially reduce or completely block the flowline. In this
work, flow assurance is considered as constraints.

3.6.1. Hydrate formation prevention

Pipeline temperature is of importance for hydrate formation
prevention, so it is necessary to model it. For a specific point in
the pipeline, heat balance?? is satisfied, shown as Eq. (33),

Qin - Qout - Qr = Qacc (33)
where Q;, represents the incoming heat by convection in pipeline,
calculated as Eq. (34); Quu: represents the heat taken away by

convection, calculated as Eq. (35); Qr is the radial heat transfer, as
Eq. (37). The heat stored in fluid is Qgcc, as Eq. (36).

Qu = PCUAT, At (34)
Qout = PCpVATL AL AL (35)
Quee = pCPAALATe (36)

o 27k ALAt(Te,“ - Tout)

VkeK, teT (37)
R

1 + 1 In T+S4 S (38)
hinr )‘ins T+ Stup

where r denotes the radius of the pipeline, A;,s is the thermal
conductivity of insulation materials, h;, is convection heat transfer
coefficient, s is the thickness of the insulation blanket, s, is the
thickness of the tubing, v is the fluid velocity in pipeline, p is fluid
density, A is the pipeline cross-sectional area, Cp is the fluid heat
capacity. R; represents the thermal conductivity of the unit pipe
length, which is a conductivity characteristics and determined by
the pipe material and structure.

From Eqs. (34) to (38), to obtain the fluid temperature T, in
pipeline, the outside water temperature Ty, is needed. The most
common T-type distribution structure for vertical temperature is
adopted (Romero et al., 1998).

Once the inside fluid temperature Te, , for the batch k is
obtained, the Eq. (39) is listed to prevent hydrate formation. What
should be highlighted is that Tekmi“ and Tep?®* are given based
on complex hydrate mechanism analysis, which is out of scope
of this paper. Clearly, Tel’?i“ and Te® need update when fluid
composition varies. According to field experience, there is no need
to change in the planning horizon.

VkeK, teT,iel (39)

R =

w; Ten < Tey,, < w; Tef™

3.6.2. Wax removal model

At a given pressure, as the temperature drops, the wax will
first precipitate out. So the wax should be cleaned at the same
time with the prevention and treatment of hydrate. Eq. (40) de-
scribes the wax removing cost related with the wax removal
cycle Tl,, where t denotes the cost coefficient. Assume that pipe
roughness is ey, and D, is half of the radius of the annular region
volume accounted for by uneven ups and downs, so the side
of well pipe capturing the quality of wax in unit time can be
represented as following Eq. (41). Then the volume is represented
as Eq. (42) where Gl denotes the density of wax. Wax deposit rate
is described in Eq. (43) that is used to calculate the wax removal
cycle as Eq. (44). Eq. (45) signifies the constraint of wax deposit
thickness which should not interfere the production.

Zs = floor(%) T (40)
e + Dye? .

MI; = 2F, K Tk Yieg] 41
i dggx'uiuegunkek re (41)

Vi, =My vkek (42)

Dy —/D} — Tt

U = f"” Vk e K (43)

Tl = h/z,,k Vk e K (44)

0 <h<hm* (45)

3.7. Model of delivery

Qil delivery should be no more than the demand as shown in
Eq. (49). Therefore stock out state of oil is considered as Eq. (46),
in which the penalty factor € is introduced. Production planning
is formulated in accordance with the well batch production which
can be described in Eqs. (47)-(48).

Zsg=) 6-(d:—prr) (46)
t

de=Y di, VteT (47)
k



pre=Y pree VteT (48)
k

prk,t =< dk,t Vt € T, k ek (49)

4. Case study
4.1. Description of the case

The model is tested on a case originated from a real-world
subsea oil site in China to verify the effectiveness of proposed
model. The site has 12 oil wells split into 3 well batches depend-
ing on their geographic location, where the wells 1#~4#, 5#~8#
and 9#~12# are grouped into three different batches respectively.
Table 1 shows the monthly demands of 3 oil well batches. The
planning horizons are 12 months. The parameters used in the
case, such as production rate limits of each oil well, max and
min limitation of downhole pressure and inventory, which are
originated from the actual production, are shown in S1 in the
Supporting Information.

The case is computed by GAMS win32 24.0.2, and solved by
the solver of ALPHAECP in an Intel core i5-7500 CPU, 3.41 GHz
machine with 8 GB of RAM. The model statistics and solution
times of the case are shown in Table 2. The optimality tolerance
is set to 1% and the computational time limit is set to 7200 s.
Clearly, the optimality gap does not reach the set value; we also
observed that it is difficult to improve the performance by simply
increasing the computational time limit. It is clear to know that
the large-scale properties of the MINLP model is the critical factor
result in difficulty in finding its solution. Consequently, how to

Table 1
Monthly demands of well batches.
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reduce the optimality gap and improve the solution quality of the
proposed integrated model is under our further research.

4.2. Results and discussions

The solution shows that the total cost is 515,030,600 CNY. The
amount of monthly oil production of wells is shown in Fig. 5. The
inventory of oil in each well batch is shown in Fig. 6. According to
the Figs. 5 and 6, the monthly amount of oil production minus the
monthly inventory of oil well batch can satisfy the given monthly
demand. That is to say, there is no shortage. From Fig. 5, the
largest oil production is 53,700 ton per month. The total demands
in the sixth and seventh months exceed the maximum production
capacity of the well. The inventory of each oil well batch in fourth
and fifth months as shown in Fig. 6 is large in order to satisfy the
demands.

The detailed delivery of each well batch is shown in Fig. 7. The
working state of each oil well during the planning time horizon
is shown in Table 3 (a working state of a well is represented
as shaded, while the idle state as white). From observation of
Table 3, wells 44#, 5#, 8# and 11# are working during the whole
planning horizon. There are start-stop operations for the rest
of oil production wells. The trade-off among the constraint of
bottom hole pressure, the demand of oil production and switching
operation cost need the frequent start-stop switching operations
of oil production wells. The production plan arrangement of each
well is shown in Fig. 8, where although the oil production wells
4#, 5#, 8# and 11# are working through the whole planning
horizon, but do not reach their capacity. The surplus produc-
tion capacity is chosen by given task and limited by downhole
pressure.

Well Monthly demand

batch

1 2 3 4 5

7 8 9 10 1 12

1 12,600
21,000

19,200

15,000
16,800
16,200

15,000
18,000
9000

16,200
9000
9000

9000
11,400

3 10,200

27,000
15,000
9000

15,000
9000
23,400

15,000
18,800
16,200

22,000
15,000
9000

18,000
14,400
24,000

16,200
15,000
13,200

9000
19,800
21,000

Table 2
Model statistics.

Equations #  Binary variables #

Continuous variables #

CPU time (s)  GAP (%)

6656 2304

4760

7200 6.4

60000
50000
40000

-
o)

0000
20000

total oil production/t

10000

0

6 7

month

9

Fig. 5. The monthly total oil production.
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Working states of oil wells.

Table 3

2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th

1st month

oil well

1#

2#

3#

5#

6#

7#
8#

o#

10#

11#

12#
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Fig. 9. The well downhole pressure changes with time.

The well downhole pressure (i.e. wells 1# and 2#) variation
curves are shown in Fig. 9. When the well is open, the downhole
pressure decreases along with time. In contrast, when oil wells are
closed, the downhole pressure increases. The more oil is exploited,
the more pressure drop is resulted.

The diesel consumption of the platform (FPSO) diesel generator
sets is shown in Fig. 10. As we can see, the power consumption
of diesel is largest in ninth month. The larger demands in ninth
and tenth months lead to the full load condition of oil wells 2#,
34#, 44, 7#, 10#, 11# and 12# in ninth month. However, the diesel
consumptions in fourth and fifth months are less. The cause of
this situation is the demands of fourth and fifth months are few
and there are a lot of wells closed.

The monthly polymer flooding injection quantity is shown in
Fig. 11. Due oil well 1# is shut during 10th and 12th month, the
quantity of polymer flooding is zero for the well 1# in 10th and
12th month. On the contrary, the ninth and eleventh month have
the maximum oil production, so the quantity of polymer flooding
in these two months is maximum.

For each batch, there is a dedicated transportation pipeline
after manifold. The temperatures of well batch 1, 2, and 3 are

shown in Fig. 12. When the oil well is open, the temperature
satisfies the temperature constraint. Moreover, the faster the
flowrate, the higher the temperature. That is because the heat
transfer time between the fluid and the environment decreases
as the flow velocity increases. Both well 10# and 12# are closed
in the fifth month, which is also reflected in the temperature
change. It is clear that the pipeline cools down to the ambient
temperature. The flow rate in the fifth month was minimal, so the
lowest temperature came in the fifth month. About the change
in pipeline pressure, the change of pressure is too small, not an
order of magnitude with external pressure, which has little effect
on solid formation, so it need not be discussed here.

The wax removal cycle of each oil production well batch
is shown in Fig. 13. The wax removal cycle of batch 1 is the
shortest, only 43 days. And the longest cycle of wax removal
belongs to batch 3. The cause of this situation is as follows.
Firstly, well 4# has always been in working state and working
at full capacity in the whole planning time cycle and most of
the time well 1#, 2# and 3# are working, which results in a lot
wax precipitation content. Furthermore, well 9#, 10# and 12# are
idle for at least three months and not working at full capacity,
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well batch

30 40 50

wax removal cycle/day

Fig. 13. The wax removal cycle of each well batch.

so the wax precipitation content is little without frequent wax
removing.

5. Conclusion

In this paper, the study has addressed the integrated optimiza-
tion of both plant-wide production process. An MINLP planning
optimization model is proposed for a real-world practical deep
sea oil production in a discrete time period which is aimed to
minimize the cost of whole oil production process. The proposed
model can reflect start-stop operation of oil wells to reduce
unnecessary costs. Energy consumption has been taken into con-
sideration by modeling the diesel consumption of diesel generator
set. Also the polymer flooding injection and flow assurance is
taken into account in order to assure that the simulated results
are well in agreement with that of the practical production. The
practical production constraints, such as the well batches demand
for oil production, the limit of bottom holes pressure, the pipeline
temperature and pressure constrains, and the minimum and
maximum of oil inventory are taken into consider. Then one case
originated from a real production process have been provided to
verify the applicability and superiority of the proposed model.
Compared with the previous research results, this study considers
various aspects of oil production such as oil well production state,
polymer flooding process, energy consumption, platform storage
and flow assurance which can possess more significant effects on
practical production. The productivity and reliability of deep-water
developments will be enhanced as a result of this work.
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