
  

 

Abstract—The demand for the total production of oil from an 

Electric Submersible Pump (ESP) lifted oil field may vary with 

time. It may not always be economically profitable to use all of 

the available oil wells for varying production rates. Depending 

on the amount of oil to be produced from the oil field, some of 

the oil wells may have to be shut down. The number of oil wells 

to be used should be properly selected. Not only the number of 

oil wells should be known, but which wells to use should also be 

exactly identified. The operating speed of the ESP and the 

production choke valve opening of each selected oil well should 

be optimally chosen so that the profit from the oil field is 

maximized by keeping the operational expenses at the minimum. 

The oil well scheduling problem is formulated as a Mixed 

Integer Nonlinear Programming (MINLP) problem. The cost of 

the electrical power consumed by the pumps, the operational 

cost of separation process and the income from the oil 

production are considered for the MINLP formulation. In the 

first part of the paper, the production choke valves are always 

fully opened and the number of wells and their respective pump 

speeds are calculated for varying total production flow rates. 

However, in the second half of the paper, it is shown that the 

operation of the oil field can be improved in terms of power 

consumption through production valve choking. 

 
Index Terms—Mixed integer nonlinear programming, ESP 

lifted oil field, well scheduling, optimal operation, production 

valve choking.  

 

I. INTRODUCTION 

In an ESP lifted oil field, multiple oil wells are connected 

in parallel to a common gathering manifold. The oil produced 

from each of the wells is collected by the gathering manifold 

and then transported to the separator through the 

transportation lines (see Fig. 4). Each oil well is fitted with a 

multistage centrifugal pump. The main operational expense 

in the oil field is the total cost of power consumed by the 

pumps and the cost of operating the separator. The income is 

the production of crude oil from the field. The energy costs 

associated with the operation of the pumps in an ESP lifted 

oil field is of great significance when multiple oils wells are 

considered. The cost of operating the separator is less 

significant compared to the energy costs of the pumps. 

The total amount of oil to be produced from the field may 

vary. For higher production rates from the oil field, all of the 

available oil wells may be used to meet the demand. On the 
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contrary for lower production rates, some of the oil wells of 

the oil field can be shut down to meet the lower production 

demand. The lower the pump speed, the lower is the fluid 

flow rate through the well. However, running all of the 

available oil wells at lower pump speeds for fulfilling lower 

production demands might not be beneficial. The wells might 

be consuming more power than what is actually needed. 

Shutting down an oil well reduces the consumption of 

electric power as the ESP for the well is turned off. So, the 

balance between fulfilling the total production demand and 

using the oil wells economically should be maintained. As 

the production demand changes, the total number of oil wells 

to be operated has to be recalculated to meet this new demand. 

In addition, each of the chosen oil wells has to be operated in 

an optimal manner by satisfying all the operational 

constraints of the pump and the oil well. These operational 

constraints are described in the paper in Section III-A in 

detail. The speed of the pump and the production choke valve 

opening of each of the oil wells are the variables that can be 

manipulated to control the production of reservoir fluid from 

the oil field. The higher the speed of the pump, the higher the 

flow rate through the well but also the higher the 

consumption of electrical power. For example, operating 

three (out of four available) oil wells at higher speeds  to meet 

a demand might consume more power than running all the 

four oil wells at lower speeds to meet the same demand. The 

oil wells have to be configured in such a way that the 

production demand is met and at the same time the 

operational expenses are at the minimum. The main interest is 

to find the number of oil wells to be used for a specified total 

fluid flow rate from the oil field. The optimal operating speed 

and the production choke valve opening of each selected oil 

well should also be calculated. 

The well problem involves both the discrete variable (the 

number of oil wells to be used) and the continuous variables 

(the speed of the pumps and the choke valve openings). It is 

formulated as a MINLP problem. The objective of this paper 

is to find optimal operating conditions for the ESP lifted oil 

field. The paper does not focus on the development of 

algorithms for solving MINLP problems but rather deals with 

the implementation of Branch and Bound (BB) method for 

solving MINLP problems for ESP lifted oil fields. Well 

scheduling and parallel pumps configuration problem has 

been a topic of interest for various researchers. Mixed Integer 

Programming is applied to find the optimal locations of wells 

in an underground reservoir and the proper sequencing of 

flow rates from those wells so that the difference between the 

production demand and the actual flow is minimized [1], [2]. 
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BB method is used for solving pump configurations as a 

MINLP problem in [3] with respect to minimizing the total 

cost including the investment and the running costs of the 

pumps. For a non convex pump configuration problem, 

global optimum solution is obtained by using binary 

separable programming [4]. The total energy consumed by 

the pumps in a water boosting system equipped with multiple 

variable speed pumps in parallel is minimized in [5] by 

controlling the number of running pumps and their 

corresponding speeds subject to potential changes of set 

points and operating conditions. Genetic algorithm is used 

for solving the pump scheduling in water supply in [6], [7]. A 

comparison between genetic algorithm and mathematical 

optimization for solving wells placement problem shows that 

the mathematical optimization provides better solutions and 

within less computational time [8]. 

The paper is organized as follows: In Section II, a brief 

description of the model of the oil field including the motor 

and pump models is given. Oil wells configuration problem is 

formulated as a MINLP problem and solved by considering 

the production choke valves to be always fully opened in 

Section III. In Section IV, it is shown that the production 

choke valves can also be controlled along with controlling 

the speed of the pump for profit maximization. The 

production choke valves can be slightly choked by keeping 

the pump speed constant for fulfilling a lower production 

demand and this significantly improves the operation of the 

ESP oil field. A simulation example of the optimal operation 

of the ESP lifted oil field by using a MINLP optimizer 

providing set points to local PI controllers is discussed in 

Section V. Finally, the conclusion of the research work is 

described in Section VI.  

 

II. MODEL OF THE OIL FIELD 

The ESP lifted oil field consists of modeling the electric 

submersible pump, electric motor, booster pump and 

different sections of the oil well including the riser pipe, 

gathering manifold and transportation lines. Detailed 

modeling and simulation of the oil field can be found at [9]. 

In this paper, only the final equations of the model of the oil 

field have been rewritten similar to the paper by [10], [11] 

however with few improvements and details. The number of 

oil wells is taken to be four and the number of transportation 

lines is taken to be two. The superscript i and j denote the ith 

oil well and the jth transportation pipeline. 

 
TABLE I: WATER CUT VALUES FOR THE WELLS OF THE OIL FIELD 

wells well 1 well 2 well 3 Well 4 

Water Cut 0.2 0.3 0.35 0.15 

 

A. Motor Model 

The rotor shaft of the electric motor is coupled with the 

ESP. The rotation of the motor shaft will provide the 

rotational speed ($f$) to the ESP. For a given oil well, the 

speed of the pump can be written as, 
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Here, 2P  is the number of poles of the induction motor, 

J is the moment of inertia of the rotor shaft and lT is the load 

torque. The electric torque )( eT  is given by, 
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Fig. 1. Relative viscosity of water-in-crude oil dispersion for different water 

cuts. 
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Here, bw = 60 Hz is the base speed. Krause's model [12] is 

used to calculate the d-axis flux linkage in stator (
e
ds ), 

q-axis flux linkage in stator ( ),e
qs  q-axis current in stator 

( e
qsi ) and d-axis current in stator (

e
dsi ). 

B. ESP Model 

The head characteristics and the Brake Horse Power (BHP) 

characteristics of a multi-stage ESP pumping viscous fluid at 

a given speed are dependent on the viscosity of the fluid. In 

general, the head produced by the pump decreases if the 

viscosity of the fluid increases. The BHP of the pump 

increases with the increase in the viscosity of the fluid being 

pumped. Viscosity is a function of Water Cut (WC) of the 

fluid. In [9]-[13], the water cut of each oil well of the field is 

assumed to be the same. In this paper, we consider that the oil 

wells of the field have different water cut values as listed in 

Table I. 

The impact of WC on fluid viscosity for water-in-oil 

dispersion can be expressed using Brinkman formula [14] as, 

 

             
5.2)1(  r    (3) 

 

where r  is the relative viscosity and  is the volume 

fraction of dispersed water. As the water cut increases, the 

relative viscosity also increases for water-in-oil dispersion as 

shown in Fig. 1.  If 0 is the absolute viscosity of pure oil in 

centiPoise, then the absolute viscosity of the fluid ( ) with a 

given water cut is .0 r  Pump manufacturers publish the 

pump data for the case of water being pumped. Hydraulic 

Institute Model (HIM) for viscosity correction [15] is used to 

correct the pump characteristics for pumping a viscous fluid 

as detailed in [9]. The kinematic viscosity of the fluid in 

centiStoke used in HIM is, 
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where SG is the specific gravity of the fluid. The head 

characteristics )),(( fQH i
esp  of the ith ESP after the viscosity 

correction at any speed f is written as a third order polynomial 

as,  
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Here, 
iii aaa 310 ...,,,  are the polynomial coefficients for the 

base frequency Hzf 600   and )( fQ  is the fluid flow rate 

through the ESP. The Brake Horse Power (BHP) 

characteristic )),(( fQBHP i
esp  of the ith ESP after the 

viscosity correction at any given frequency f  is written as a 

fourth order polynomial, 
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Here, 
iii aaa 410

ˆ...,,ˆ,ˆ  are the polynomial coefficients for the 

base frequency .600 Hzf   The minimum ))(( min fQ i
 and 

the maximum ))(( max fQi
 viscous fluid flow rate through the 

ESP for any given frequency f  can be calculated as, 
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Here, i
fQ min,0

 and i
fQ max,0

 are the minimum and 

maximum flow rates through ESP pumping viscous fluid at 

.0f  The head generated and the BHP consumed by the pump 

for different speeds can be calculated using the Affinity laws 

[16], [17]. Each ESP should be operated inside an operating 

window. The operating window for an ESP defines the 

maximum and the minimum allowed speed of the pump and 

the maximum and minimum flow rate through the pump for a 

given speed. Each oil well has different water cut value. 

Since the head and the BHP characteristics of a pump vary 

with the water cut value of the fluid being pumped, the 

operating window for each ESP of the oil field will be 

different as shown in Fig. 2.  

The differential equations representing the dynamics of 

each ith oil wells are, 
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Here, trcrl qqqq ,,,  are the average fluid flow rates 

through a well, from the reservoir into the tubing, through the 

production choke valve and through the transportation 

pipeline respectively. rrtt LALA ,,,  are the cross sectional 

areas and lengths of tubing in Section I and II (see Fig. 4) 

respectively. mmtrtr LALA ,,,  are the cross sectional areas 

and lengths of the transportation pipeline and the gathering 

manifold respectively. smanwhwf PPPP ,,,  are the bottom 

hole, well head, gathering manifold and separator pressures. 

bpesp HH ,  are the head produced by the ESP and the booster 

pumps. trl  ,  are the densities of fluid flowing through the 

well and the transportation line. tr
f

t
f

r
f PPP  ,,  are the 

pressure losses due to friction in Section I and II of the tubing 

and in the transportation pipeline. 
i

rf  is the speed of the 

pump,   is the bulk modulus of the reservoir fluid and 
in
manq  

is the total fluid (including the injected water) flowing into 

the gathering manifold. 
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Fig. 2. Operating window of an ESP for different water cuts. 

 
i
rq  can be expressed using the Productivity Index (PI) 

model [17] and reservoir pressure rP  as, 
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cq  can be expressed using the standard flow equation 

ANSI/ISA S75.01 developed by Instrument Society of 

America [18] as, 
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Here, )103600( 5
66 NN   with .3.276 N  The valve 

characteristics as a function of its opening ))(( i
v uC  is 

modeled by three linear equations by fitting the data supplied 

by the choke supplier as, 
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The pressure loss due to friction is calculated using 

Darcy-Weisbach formula [19] as, 

 

h

D
f

D
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  (16) 

Here,   is the density of fluid flowing through the 

pipeline, hD  is the hydraulic diameter of the pipe and v  is 

the velocity of the fluid. The Darcy friction factor Df  can be 

evaluated using Serghide's explicit approximation to 

Coolebrook-white equation [20].  

 

III. OPTIMIZATION OF THE OIL FIELD 

The main task with the optimal operation of an ESP lifted 

oil field is to calculate and identify the exact number of oil 

wells to be used for producing a specified total flow rate from 

the oil field. In addition, the speed of the pump and the 

production choke valve opening of each selected oil well 

should be calculated which are non-integer variables. The 

problem consists of both the integer variables and the 

continuous variables. Thus, the problem is formulated as a 

MINLP problem. The MINLP formulation is based on the 

nonlinear dynamic model of the oil field described in Section 

II. 

The production choke valve of an oil well is placed 

downstream the ESP in series. For many industrial practices, 

in general for such a pump and a valve configuration, the 

valve is normally fully opened to save consumption of power 

by the upstream pump. It is considered to be wastage of 

electric power to choke the downstream valve and to run the 

upstream pump at higher speed to maintain the flow rate. It is 

economically better to reduce the speed of the pump (if it is 

possible and is inside its operating window) while fully 

opening the valve. Moreover, in several research works as in 

[10], [11] and [13], it has been shown that when all the oil 

wells in the field are used it is more profitable to keep the 

production choke valve fully opened. The speed of the pumps 

in each oil well is used to control the flow rate from the oil 

well.  

In this section, we formulate the pump configuration 

problem by assuming that the production choke valve for 

each oil well should be fully opened if the well is selected. If 

an oil well is not selected, both the speed of the pump and the 

production choke valves are shut down. Later in Section IV, 

the advantage of choking the production valve for improved 

operation of the oil field is described. 

A. MINLP Problem Formulation 

The objective function to be maximized is the profit 

obtained from the oil field. The profit is calculated as the 

difference between the total income obtained from the crude 

oil production and the total operational expenses. The total 

cost of the electric power consumed by the pumps and the 

cost incurred during the separation process are considered to 

be the total operational expenses of the oil field. The 

investment and the maintenance costs are not included in the 

objective function formulation. The same economic objective 

function for the oil field has also been used in [10], [11] and 

[13].  

Let N= 4 be the number of oil wells, 2bN be the number 

of transportation lines, 0C be the unit price of the crude oil, 

eC be unit price of the electrical power, sC be unit price for 

running the separator and 
i
wWC be the water cut for each well. 

Then the objective function in terms of minimization can be 

written as, 
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The first term of the objective function is the value of the 

crude oil produced from the oil field. The second term is the 

total cost of electric power consumed by the pumps and the 

final term is the cost of operating the separator. A binary 

number 
iy can be used to denote the state of an ith oil well. If 

the oil well is used 1iy and if the oil well is not used 

0iy .  

It is a requirement that the speed of the pump should be 

within 45 Hz to 80 Hz if it is selected. If the well is not 

selected the speed of the pump should be zero. To incorporate 

both the selected and not selected conditions in one single 

equation, the binary variable 
iy can be used to represent the 

constraint as, 
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r
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If the pump is selected ( 1iy ), the speed of the pump will 

be between 45 Hz to 80 Hz from Eq. 18. If the pump is not 

selected ( 0iy ), the inequality constraints of Eq. 18 will be 

changed to an equality constraint 0i
rf . So the use of binary 

variable 
iy with the constraint forces the speed of the pump 

to be zero if the well is not selected. 

The production choke valve opening should be 100% if the 
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well is selected and 0 if the well is not selected. It can be 

expressed as an equality constraint. To maintain consistency 

in writing the constraints for the optimization problem, the 

equality constraint for the valve opening along with the 

binary variable 
iy  can be written as inequality constraints, 

                  
0100

0100





ii

ii

yu

yu
 (19) 

Again, the binary variable 
iy forces the production choke 

valve to close completely when the well is not selected and to 

open fully when it is selected. The fluid flow rate through the 

pump should be within its minimum and maximum values for 

a particular pump speed. The minimum and maximum fluid 

flow rates through the ESP are defined by the maximum 

tolerable down thrust and the up thrust acting on the vertical 

pump. Excessive down thrust and up thrust acting on the 

pump can lead to a mechanical failure of the pump. The 

minimum/maximum values of the pump flow rate and the 

pump speed defines the safe working window for the ESP. 

The fluid flow rate through the pump should be within the 

operating window for the whole range of allowed pump 

speeds. The inequality constraint for the flow through the 

pump is written as, 

max

max

( ) 0

( ) 0

i i i i

l r

i i i i

l r

q Q f y

q Q f y

 
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                           (20) 

If an oil well is not selected, the binary variable ensures 

that the flow rate through the well is zero. Since the minimum 

and maximum flow rates through the pump have always 

positive values, the inequality constraints of Eq. 20 ensures 

that the flow through a well is always positive when the well 

is selected.  If the ESP intake pressure ( iin
espP , ) is less than the 

bubble point pressure (
i

bubP ), cavitation can occur leading to 

a physical damage to the pump parts. The ESP intake 

pressure should be greater than the bubble point pressure. 

 

0,  i
bub

iin
esp PP  (21) 

 

It is not necessary to use the binary variable 
iy for the 

constraint of Eq. 21. If the oil well is not selected, the bottom 

hole flow pressure ( wfP ) will be equal to the reservoir 

pressure. The ESP intake pressure will be less than the 

bottom hole flow pressure only by an amount equal to the 

hydrostatic pressure drop. So, the ESP intake pressure will be 

sufficiently higher than the bubble point pressure and the 

constraint of Eq. 21 will be always satisfied. The last 

constraint for the optimization problem is the total production 

flow rate (
max
totq ). The total fluid flowing through both the 

transportation pipelines should be equal to the specified 

production flow rate from the oil field. The production flow 

rate constraints can arise due to limitation of the topside 

processing facility like the separator capacity or due to 

changes in the oil production demand. It can be formulated as 

an equality constraint as, 

max

1

bN
j

tr tot

j

q q


                              (22) 

B. Problem Solution 

The MINLP problem of Eq. 17 - Eq. 22 is solved by using 

the Branch and Bound method [21]. The open source solver 

BONMIN (Basic Open-source Nonlinear Mixed INteger 

programming) distributed on COIN-OR (COmputational 

INfrastructure for Operations Research) [22] under the CPL 

(Common Public License) is used for solving the MINLP 

problem. The solver BONMIN can be interfaced to 

MATLAB by the use of OPTI Toolbox [23] which is a free 

MATLAB Toolbox for Optimization. BONMIN is a local 

solver and the solution found by BONMIN may not be a 

global optimal solution. However, the BB-method of 

BONMIN solver can also be used for solving the non convex 

MINLP problems. Options in BONMIN solver allow for 

solving the root node or each node of the tree with the user 

specified multiple feasible starting points, saving the best 

solution found [24]. The feasible starting points are chosen 

carefully and the start point values for a well shut down 

condition are also included. This ensures that the solutions 

found by BONMIN are closer to the global optimal solution. 

In BB-method, subproblem of the original MINLP problem 

is constructed at each node. Each subproblem consists of a 

NonLinear Programming (NLP) relaxation of the MINLP 

and the integer variables are allowed to take on any real 

values between their bounds. The relaxed NLP subproblem is 

then solved using any NLP solver. The search for the optimal 

solution continues by the divide and conquer method until all 

the nodes are fathomed. Details about the BB-method are not 

the objective of this paper and can be read elsewhere as in 

[21], [25] and [26].  

The total production flow rate (
max
totq ) is varied within a 

wide range from a low value of 2817 Sm3/day to a high value 

of 15433 Sm3/day. The MINLP problem is solved for large 

numbers of specified total production flow rates. For each 

production flow rate, the number of oil wells and the identity 

of each well to be used are calculated. The speed of the pump 

of each selected oil well is chosen optimally so that the 

pumps consume the least amount of electric power. The 

optimal results of solving the MINLP problem are listed in 

Table II. 

The easiest way to explain the table is to start from the last 

section of Table II. The maximum amount of fluid that can be 

produced from the oil field is 15433 Sm3/day with all the 

wells running at their top speed of 80 Hz and all the 

production choke valves 100% opened. The corresponding 

total BHP consumed by all the running pumps is 3759.4 HP. 

Now as the production flow rate or production demand 

reduces, the speeds of the pumps are reduced. The reduction 

of the pump speed causes the reduction in the fluid flow rate 

through each oil well. Obviously, the consumption of electric 

power also reduces. The reduction of the pump speed for 

controlling the fluid flow rate continuous until the production 

flow rate of 8271.6 Sm3/day. For higher production flow rate 

( 6.8271max totq ), all the available oil wells are used with 

their production choke valve fully opened. 
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It is interesting to note that the distribution of the speed of 

the oil wells follows a definite pattern for each production 

flow rate. As an example, for a production flow rate demand 

of 12000 Sm3/day , the oil well with the lowest water cut 

(well 4) is allocated the maximum speed of 67.3932 Hz and 

the oil well with the highest water cut (well 3) is allocated the 

minimum speed of 59.1286 Hz. Thus, the speeds of the 

pumps are distributed with respect to the water cut values of 

the selected oil wells. As a matter of fact, this pattern can be 

observed not only for a production flow rate of 12000 

Sm3/day but for the whole flow rate range (including cases 

with wells shut down) taken into consideration in Table II. 

The amount of fluid that flows towards the separator when 

all the oil wells are used at their lowest permitted speed of 45 

Hz is 8271.6 Sm3/day. Now, if the production flow rate is just 

slightly reduced to 8200 Sm3/day then one (or more) of the oil 

wells have to be shut down to fulfill the lower production 

flow rate. The focus of interest is to find out how many and 

which of the oil wells should be turned on and which of them 

should be turned off. As can be seen from Table II, for 

8200max totq  Sm3/day one oil well should be shut down. The 

oil well which is shut down is well 3. The speed of the pump 

and the valve opening of well 3 are both equal to zero. 

Another point of interest is the power consumption and the 

speed of the remaining three running wells. The total power 

consumed by the pumps is 732.6974 HP which is greater than 

the power consumed when all four wells are running for the 

case of 6.8271max totq  Sm3/day. So the power consumption 

increases even if 
max
totq  has decreased. It can be explained by 

observing the way the pump speeds for the remaining oil 

wells are distributed. When well 3 is shut down, it does not 

produce any fluid causing a reduction in the total fluid flow 

rate. To compensate for this reduced flow rate, the remaining 

oil wells have to produce more by increasing their pump 

speed. The speeds of the pump of well 1, well 2 and well 4 are 

increased from 45 Hz each to a new higher value of 51.6601 

Hz, 48.0550 Hz and 53.5424 Hz respectively. The 

relationship between the BHP and the pump speed is given 

by Eq. 6. When the pump speed and the flow rate through a 

pump increase, the BHP of the pump also increases as shown 

in Fig. 3. 

 
TABLE II: OPTIMAL OPERATION OF AN ESP LIFTED OIL FIELD FOR DIFFERENT PRODUCTION FLOW RATES 
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Fig. 3. Power consumed by the pump for different frequencies. 

 

When the production flow rate is lowered below 8200 

Sm3/day until 7148 Sm3/day, only three oil wells will be used 

and well 3 will always be shut down. The speed of the pumps 

of the active oil wells are reduced to control the fluid flow 

rate and the total BHP reduces as the production demand 

decreases towards 7148 Sm3/day. The amount of fluid 

flowing towards the separator through the transportation line 

is 7148 Sm3/day when the active oil wells 1, 2 and 4 are each 

running at their lowest allowed speed of 45 Hz and with their 

valves 100% opened. As mentioned before, if the production 

demand reduces just slightly to 7100 Sm3/day, then some 

wells have to be shut down. In this case, well 2 and well 3 are 

shut down. The total power consumed by the pumps is 

768.8736 HP which is greater than 498.5338 HP for the case 

470

International Journal of Modeling and Optimization, Vol. 4, No. 6, December 2014



  

of 
max
totq =7148 Sm3/day. The speed of the pumps of well 1 

and well 4 are respectively 58.5573 Hz and 60.9716 Hz 

which are both greater than 45 Hz (for 
max
totq  = 7100 

Sm3/day). This causes higher consumption of power for 

fulfilling comparatively lower flow rate. 

With only well 1 and well 4 as the active oil wells, as the 

production flow rate is reduced from 7100 Sm3/day, the 

speeds of the active wells are also reduced and the total BHP 

is decreased. The distribution of the speed among the active 

oil wells still follow their water cut values with lower water 

cut well being given the higher speed. When well 1 and well 

4 are both at 45 Hz with the production choke valves at their 

fullest and well 2 and well 4 shut down, the amount of fluid 

produced from the field is 5170.2 Sm3/day. When the 

production flow rate is slightly reduced to 5100 Sm3/day, in 

addition to well 2 and well 3, well 1 is also shut down. From a 

production demand of 5100 Sm3/day and below, only well 4 

is active and the remaining three oil wells are shut down. As 

the production flow rate decreases with only well 4 being 

active, the speed of the pump is also reduced to control the 

flow rate through the well. The maximum fluid that can be 

produced from the oil field with only one well running at its 

lowest permitted speed of 45 Hz is 2817 Sm3/day. 

On closer analysis of the results obtained by solving the 

MINLP problem, a pattern on how the wells are selected can 

be observed. From Table II, it can be seen that the first oil 

well to be shut down is well 3. The second oil to be shut down 

is well 2 followed by well 1. The water cut of well 3 is higher 

than well 2 which in turn is higher than well 1. The oil with 

the lowest water cut is well 4 which is the only well always 

running for the whole range of production flow rate. This 

means that the selection of the oil wells for shutting down is 

dependent on the water cut value of the wells. For higher 

production rate, it is profitable to run all the oil wells of the 

field and for the lower production rates, it is profitable to run 

alone the oil well with lowest water cut. An oil well having 

the lowest water cut produces the maximum pure crude oil 

per unit volume. During the minimization of the objective 

function of Eq. 17, because of much higher value of crude oil 

compared to the cost of electricity and cost of separator 

operation, it is more profitable to use the oil wells with lowest 

water cut as much as possible. From Table II, well 4 with the 

lowest water cut is used the most. The second most used well 

is well 1 with second lowest water cut value and so on. 

Not only is the selection of the oil wells to be used based 

on water cut, the distribution of the speed among the selected 

oil wells is also based on water cut as explained earlier. It is 

economically beneficial to pump out more from among the 

selected oil wells which has the lowest water cut. Thus, 

greater speed for this well should be allocated followed by 

the speed of the well with second lowest water cut value and 

so on. 

TABLE III: IMPROVED OPERATION OF THE ESP LIFTED OIL FIELD FOR DIFFERENT PRODUCTION FLOW RATES 

 
 

IV. IMPROVED OPERATION WITH VALVE CHOKING 

In the previous section, the production choke valves are 

assumed to be always fully opened and MINLP was solved to 

calculate the number and identity of the active wells and their 

corresponding pump speeds. This section describes how the 

production choke valves can also be manipulated for 

improving the operation of the ESP lifted oil field. Instead of 

always keeping the valves fully opened, they can also be used 

under certain conditions to properly regulate the flow 

through the oil well. In other words, choking of the 

production choke valves can improve the operation of the 
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field significantly.  

The objective function to be minimized is similar to the 

one described in Eq. 17 in Section III-A i.e. the interest is on 

maximizing the profit by minimizing the total operational 

expenses of the oil field. All the constraints of the MINLP 

problem remains the same as described in Eq. 18 - Eq. 22 

except the constraint for the production choke valve opening 

in Eq. 19. Since, the production choke valves are allowed to 

be used for regulating the flow through the wells, it can take 

any values from fully closed (0%) to fully opened (100%). 

This condition can be expressed as inequality constraints as, 

100 0

0 0

i i

i i

u y

u y

 

  
                                 (23) 
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Fig. 4. Optimal control structure for ESP lifted oil field with MINLP optimizer. 

(Figure of only the oil field excluding the control structure is the courtesy of Statoil Research Center, Porsgrunn, Norway). 

 

 

 
Fig. 5. Optimal operation of an ESP lifted oil field. 

If the well is not selected, the production choke valve 

should be fully closed. As explained before, this is done by 

using the binary variable .iy  When 0iy , the inequality 

equations of Eq. 23 changes into equality constraint .0iu  

The newly formulated MINLP problem of Eq. 17, Eq. 18 and 

Eq. 20 - Eq. 23 is solved using the same BONMIN solver 

with BB-method as in Section III-B for a wide range of 

production flow rates. The results of the simulation are listed 

in Table III. 

Table III looks very similar to II. However, there are also 

some interesting differences in between these two tables. 

Description of Table III is also started from the bottom row of 

the table and moving upwards. For higher production flow 

rate capacities from 15433 Sm3/day to 8271.6 Sm3/day, the 

results in both the tables are identical. Thus, the discussion 

remains the same as already described in Section III-B i.e. the 

production flow rate capacities are controlled by controlling 

the speed of the pumps and with %.100iu  When all the 

four oil wells are running at 45 Hz with each production 

choke valve fully opened, the production flow rate is 8271.6 

Sm3/day. In Table II when the production flow rate is slightly 

reduced to 8200 Sm3/day, well 3 is shut down and the total 

power consumption is 732.6974 HP. However, the results 

from Table III indicates that for 
max
totq  = 8200 Sm3/day, 

instead of shutting down well 3, the production choke valve 

opening of well 3 can be choked to 77.8666% opening to 

control the reduced flow rate. The well can still be active at 

its lowest permitted operating speed of 45 Hz and it is not 

necessary to shut down the well. The total power consumed 

by the pumps when the valve of well 3 is choked is 658.5128 

HP which is less than 732.6974 HP when well 3 is shut down. 

Both configurations however are producing the same amount 

of fluid (8200 Sm3/day) from the field. So, for producing the 
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same amount of oil from the field, the production choke valve 

can be choked while the wells are still running and this 

configuration is economically more beneficial than shutting 

down the oil wells. 

If the production flow rate is decreased below 8200 

Sm3/day, the choking of the valves with all wells turned on 

can still be continued for lower flow rates.  More than one oil 

well can participate in reducing the flow rate by choking its 

valve as shown in Table III. As an example for 
max
totq  = 8000 

Sm3/day, the production choke valves of well 1 as well as 

well 3 are reduced to 83.0727% and 64.8084% respectively. 

An interesting thing to note is while the valves are being 

choked for regulating the lower flow rates, the pump speed of 

each active well are at the lowest speed of 45 Hz and are not 

changing. This is true because if the valves are more choked 

and at the same time if the speed of the pumps are increased 

above 45 Hz to maintain the flow rate, the pumps will 

consume unnecessarily more power. In other words, it is a 

waste of electrical energy to choke a valve located 

downstream a pump and then to increase the speed of the 

pump to maintain the flow rate. 

However, the choking of the production choke valves 

while still keeping the wells active will be beneficial only for 

a while as the production flow rate decreases more. From 

Table III it can be seen that for 
max
totq  = 7800 Sm3/day, well 3 

is shut down instead of further choking the production choke 

valves and running all the four wells. The total consumption 

of power with well 3 shut down is 635.7732 HP. If the 

production choke valves are choked and all the four wells are 

kept running, it will still be possible to fulfill the same 

production flow rate capacity but the total consumption of 

power will be 646.3128 HP. Clearly, it is more profitable to 

shut down well 3. When well 3 is shut down, there will be a 

loss of fluid production from this well. To compensate this 

loss, the speed of the pumps of the remaining active wells 

( well 1, well 2 and well 4) are increased to 49.2626 Hz, 

45.8529 Hz and 51.0712 Hz respectively from their previous 

speed of 45 Hz each. At the same time, the choke valve 

openings are increased to their full opening of 100% from 

their previous choked positions. 

Now once again but with a well shut down (well 3), the 

production flow rate capacities below 7800 Sm3/day can be 

controlled by controlling the speed of the pumps of the active 

oil wells and at the same time by keeping the choke valves at 

their maximum opening (without performing any choking 

actions). Pump speed control with %100 ii yu  can be 

continued until all the active oil wells reach to their minimum 

allowed speed of 45 Hz for which the total production flow 

rate is 7148 Sm3/day. Here, the binary variable 
iy is used to 

denote that the valve opening of the inactive well 3 is 0%. For 

a slight lower capacity of 7100 Sm3/day, in Table II, two 

wells (well 2 and well 3) are shut down and the total power 

consumption is 768.8732 HP. In Table III, it is shown that the 

same capacity (or in other words the same amount of crude 

oil production) can be fulfilled by keeping well 2 still running 

at 45 Hz and choking the production choke valve of well 1 to 

88.9581%. The total power consumption due to valve 

choking is 497.9386 HP which is significantly lower than the 

case when well 2 and well 3 are shut down. 

The control of the production flow rate below 7100 

Sm3/day can now be performed by choking the valves of the 

active oil wells (well 1, well 2 and well 4) while keeping the 

speed of the pumps of the active wells at their lowest allowed 

speed of 45 Hz. The valve choke control with 
ii

r yf 45 Hz 

can be continued only for a while as the production flow rate 

decrease until it is more profitable to shut down another oil 

well instead of further choking the valves. In Table III, for 
max
totq  = 5900 Sm3/day, well 2 is shut down in addition to well 

3. At the same time, the speeds of the active well 1 and well 4 

are increased to 49.3224 Hz and 51.3949 Hz respectively 

from 45 Hz and their choke valves are fully opened. If the 

production demand is lowered below 5900 Sm3/day, the 

production flow rates can once again be controlled by 

controlling the speed of the pumps with %100 ii yu  until a 

capacity of 5170.2 Sm3/day when all the active pumps are at 

back to their lowest allowed speed of 45 Hz. Fulfillment of 

even more lower production demand is controlled again by 

choking the valves of the active oil wells with 
ii

r yf 45 Hz 

until it is profitable to shut down additional oil well. 

This continues until the oil field is running with only a 

single oil well. From Table III and from Table II, when only 

well 4 is running at its lowest operating speed of 45 Hz with 

its valve at 100%, the amount of fluid transported to the 

separator is 2817 Sm3/day. However, the valve of well 4 can 

be further choked if the total production flow rate is further 

decreased. With 454 rf Hz, the valve of well 4 can be 

choked to up to 54% for fulfilling the production flow rate up 

to 1632.7 Sm3/day. It cannot be choked below 54% because 

the operating point will otherwise lie outside the operating 

window of the pump. 

Thus from this section, it can be understood that the 

operation of the ESP lifted oil field can be improved by 

choking the production valves of the wells of the field. In fact 

the well operation follows a specific pattern as follows:            

“Control the production demand by using the speed of the 

pumps and keep the choke valves fully opened until all the 

active wells are operating at their lowest allowed speed of 45 

Hz. As production demand decreases, choke the production 

valves of the active wells and keep their pump speeds 

constant at 45 Hz. Follow this until it is more profitable to 

shut down additional wells. Again control the lower 

production demand by using the speed of the pumps of the 

remaining active wells and keep their valves fully opened. 

Follow this, until remaining active wells are all operating at 

45 Hz after which valve choking can once again be 

performed. Repeat this process, until the field is running with 

only a single oil well”. 

With the improved well operation through valve choking, 

the well selection also follows a specific pattern as explained 

in Section III-B. The selection of the oil wells are based on 

their water cut values. The oil well with highest water cut is 

shut down first, followed by wells with lower water cuts. 

Similarly, the distribution of the speed of the pumps among 

the selected oil wells is also based on the water cut values. 

The oil well with lowest water cut value will be assigned the 

highest speed followed by other wells with higher water cut 
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values. 

 

V. SIMULATION EXAMPLE 

The operation of the ESP lifted oil field can be optimally 

controlled with a two level control hierarchy. The MINLP 

optimizer can function as a supervisory controller which 

provides set points to the lower level local controllers. The 

speed of the ESP of each oil well can be controlled using a PI 

controller. The electrical frequency of the three phase supply 

can be manipulated to control the speed of the pump. 

Similarly the optimal fluid flow rate through each well can be 

controlled by manipulating the production choke valve 

openings of the well using a PI controller as shown in Fig. 4. 

The PI controllers are tuned by trial and error to give good 

performance. The production choke valves cannot be 

opened/closed by more than 1% per second and the speed of 

the ESPs cannot be changed by more than 1 Hz per second if 

the pumps are working inside the operating window. 

However, for shutting down a well, specific actions are 

applied as follows [9]: 

 The speed of the pump is varied at the rate of 1 Hz per 

second until it reaches 30 Hz. 

 From 30 Hz to 0 Hz, the rate of change of the pump 

speed is 5 Hz per second. 

 The production choke valve is simultaneously closed at 

the rate of 1% closing per second. 

The simulation is started with a production flow rate 

demand of 9000 Sm3/day. For this flow rate, all the wells of 

the field are used. The optimal speed of the pumps for well 1 

to well 4 are 50.1264 Hz, 46.7368 Hz, 45.1519 Hz and 

51.7643 Hz respectively as shown in Fig. 5(a). The optimal 

fluid flow rates from well 1 to well 4 are 1561.4, 1550.9, 

1069.2 and 1729.8 Sm3/day respectively (Fig. 5(d)) and 

hence the corresponding choke valve openings of each oil 

well is 100% as shown in Fig. 5(b). The total power 

consumed by the pumps is 829.911 HP as shown in Fig. 5(c). 

The total fluid flowing through the both the transportation is 

equal to the production flow rate demand of 9000 Sm3/day 

(Fig. 5(e)). All the wells are operating safely inside their 

operating window as shown in Fig. 5(f). 

At the simulation time of 50 seconds, the production flow 

rate demand is decreased to 7100 Sm3/day. The MINLP 

problem is again solved for this new production flow rate and 

a set of new optimal solutions are obtained. These are then 

provided as the set points to the local PI controllers. After 

simulation time of 50 seconds for fulfilling the decreased 

production flow rate, well 3 is shut down. The choke valve 

and the pump speed of well 3 are taken towards zero by the 

controllers as seen in Fig. 5(b) and Fig. 5(a) respectively. The 

production choke valve of well 1 is choked to 88.9581% and 

the valve openings of well 2 and well 4 are still 100% at their 

steady states. The speeds of the pumps of the active wells 

(well 1, well 2 and well 4) are running at their minimum 

allowed speed of 45 Hz each. The total power consumed by 

the active pumps is 497.9386 HP (Fig. 5(c)). The optimal 

fluid flow rates through the active oil wells are 1412.6, 

1591.3 and 1536.5 Sm3/day respectively as shown in Fig. 

5(d). The head produced by the pump of well 3 is decreased 

to zero and all the active wells are running safely inside their 

operating window as can be seen from Fig. 5(f). The 

production demand of 7100 Sm3/day is fulfilled as shown in 

Fig. 5(e). At the steady states, the simulation results are 

exactly the same as listed in Table III for the production flow 

rate of 9000 Sm3/day and 7100 Sm3/day for the simulation 

time before and after 50 seconds respectively. 

 

VI. CONCLUSION 

Selection and the identification of the number of oil wells 

in an ESP lifted oil field to be used for a specified total 

production flow rate is formulated as a MINLP problem. The 

problem is solved using the Branch and Bound method 

implemented in BONMIN solver for calculating the optimal 

pump speed and the production choke valve openings of the 

wells. The wells to be operated are selected on the basis of 

their water cut values. Similarly, the distribution of the speed 

of the pumps of the selected oil wells are also based on the 

water cut values of the oil wells. The use of production choke 

valves for controlling the fluid flow rate from the wells 

improves the operation of the oil field. By choking the 

production choke valve for regulating the total flow rate, the 

power consumed by the pumps can be significantly reduced.  
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