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Abstract

Complexity arises when trying to maximize oil productions from fields using
Electrical Submersible Pumps (ESP). The complexity increases with the in-
crease in the number of reservoirs and wells in a particular field. Individual
well’s ESP frequencies have to be constantly updated to ensure optimum oil
productions from the field. The choice of the ESP frequency to be used must
come from sound engineering decisions which do not come from mere intui-
tion but must be backed up by mathematical models and computer simula-
tions. This study proposes to evaluate field production network optimization
on ESP lifted wells using quadratic sequential programming techniques. The
optimization approach seeks to determine the ESP frequency for each well
that will lead to the maximum field oil production while honouring the field
operational constraints. Two reservoirs and five wells were considered. The
non-linear optimization problem for the ESP lifted wells in the field was for-
mulated with their boundary conditions. The simulations were performed in
Prosper and GAP software. Prosper software was used in building the indi-
vidual well’s ESP models for the five wells in the field. Individual well’s model
in Prosper was exported to GAP and simulations were run in GAP for the field
network system. GAP simulations were run in two cases: case 1 comprises ESP
simulation without optimization while case 2 comprises ESP simulation with
optimization. For case 1, fixed values of ESP frequency were selected for each
well and the GAP software calculates the production rates from the wells in the
network accruing from the ESP frequencies inputted. For case 2, there was no
input ESP frequency as the GAP software was allowed to calculate based on
optimization algorithms, the best suitable ESP frequencies for each well in the
field that will lead to the maximum total oil production in the field network
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while honouring the operational constraint imposed on the systems in the
field. From the results, it was realized that at the basis of well, the higher the
ESP frequency, the higher the well’s production rates. Sensitivities on the ef-
fects of separator pressure on production rates show that separator pressures
affect the well’s productions rates. A reduction in separator pressure from 200
psig to 80 psig led to a 1.69% increase in field oil rate. Comparison of results
for case 1 and case 2 showed that ESP field network simulation with optimi-
zation yields had a higher field production rate than ESP field network simu-
lations without optimization. There was an increase in oil rate of 1.16% and
2.66% for constraints 1 and 2 when ESP simulation was done with optimiza-
tion rather than without optimization. Also, simulation with optimization comes
with higher pump efficiency than simulation without optimization.
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1. Introduction

The production engineer is often faced with the complex and challenging task of
ensuring maximum recovery during the exploitation of mature petroleum assets.
Maximum recovery is made possible by utilizing current technologies and prac-
tices alongside the consistent and rigorous application of modeling, simulation
and optimization [1]. Enhanced knowledge of physical flow phenomena, advanced
mathematical techniques and high performance computing are essential factors
with the potentials to increase process efficiency and lower operational cost when
systematically applied [2] [3]. An oil and gas production system comprises many
interconnected components; these include reservoirs, wells, manifolds, pipelines,
surface equipment such as pumps, compressors, separators, etc. Given the na-
ture of the production network, an optimization approach is one that guarantees
maximum oil recovery from the field at the least operational cost given various
operational constraints imposed on the system. When considering production
optimization of petroleum assets, two approaches come to mind: the well-based
and the field-wide optimization methods [3]. At the well level, individual wells
are optimized with the intent to achieve maximum oil recovery from the well. This
is achieved by making changes or adjustments to parameters peculiar to a spe-
cific well [4] [5] [6]. Conversely, for the field-wide optimization, many complex-
ities exist because of the presence of many wells with often varying parameters in
the field. These wells mostly exist in the form of clusters. Thus, there are prob-
lems associated with field optimization in a system of well clusters. The individ-
ual wells may have varying designs, trajectory, depths, and water cuts [7]. These
may affect the common field facilities shared among the wells such as pump pres-
sure requirement, separator capacity, back pressure coming from shared surface

lines, separator position in relation to production manifolds, space availability for
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storage of produced fluids especially in offshore locations [8]. Electrical Sub-
mersible Pumps (ESPs) have found extensive application in the oil and gas in-
dustry as an artificial lift pump [9] [10]. It is mostly utilized for high productivity
wells, high water cut oil wells, dewatering of Coal Bed Methane (CBM) wells, heavy
oil wells, and deep-sea wells where it is utilized as seafloor boosting method. There
is often a great challenge in the management and production of ESP production
networks in oilfields. The accurate decision has to be made regarding the update
of individual ESP frequencies and shut-in high water-producing wells. Several
constraints exist due to interdependence between the wells in the field [11] [12].
There is a great need for production optimization utilizing precise numerically de-
veloped models of the production system that will serve as a decision support tool
in the determination of the best operating ESP frequency that will achieve the
maximum oil production while not neglecting the prevalent operational con-
straints [13] [14]. In this study, field network optimization of the heavy oilfield is
conducted using electrical submersible pumps. The Niger delta field AKUX
having two reservoirs with five wells is selected for a case study. The optimiza-
tion problem is solved using the quadratic sequential programming method by ap-
plication of non-linear mathematical optimization methodology. Prosper and GAP
software in petroleum experts’ suites are used for the simulation. Prosper ensures
the well-based simulation using ESP while GAP is utilized in the modeling and

simulation of the field network optimization.

2. Literature Review

[15] [16] classified production system optimization methods into simulation-
based, heuristic-based and mathematical programming methods. They agreed
that these methods have aided in the design and operation of production sys-
tems, rate allocation, reservoir planning and development. Nevertheless, there are
areas where these methods fail to yield satisfactory results. These include natu-
rally flowing vertical well and wells with structure specific methodologies. [17]
conducted a thorough research relating the differences between production op-
timization from petroleum engineering and process systems perspectives. Their
research enabled them to classify research endeavors into oil field design, oil field
operations and integrated field design and operations. They concluded that op-
timization from petroleum engineering perspective paid more attention to sub-
surface while optimization from process system perspective paid more attention
to surface networks. They recommended that further research should focus on
ways to integrate field design and operation; hence helping to capture surface
and subsurface complexities. [18] conducted a research where they combined de-
cline curve analysis using real production data with production optimization. They
targeted to achieve quick prediction of future operating rates in the field and as
well reduce the time requirement in developing detailed numerical reservoir mod-
els, and the difficulty of using such models for optimization purposes. Though

their approach did not sufficiently capture the fundamental flow physics, they
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argued that it could offer good initial solutions for subsequent large-scale opti-
mization problems with full reservoir simulation. [19] presented a very peculiar
solution of field network optimization using ESP. They used Mixed Integer Li-
near Program approach and formulated a piecewise linearization which enabled
them to determine the ESP performance characteristics for the different wells in
their production network. They reported fast solution which gave credence to
their approach and makes its suitable to be applied in real-time. The work of [20]
revealed the challenges surrounding a simulator in an optimization problem. They
maintained that most simulators find it difficult to calculate gradients required
for quick performance of an optimization process. They proposed a solution to
this problem by using simulation based optimization method that considers the
complex behaviour of production system components via simulator data ap-
proximation. [21] presented a comprehensive discussion on the roles of ESP sur-
veillance to analyze and improve the operation of ESP-lifted wells. They utilized
historical and real-time data during startup, operation, shutdown and modeling.
[22] developed a system that serves as an advisory aimed to support the produc-
tion management of Rubiales field based on performing short-term model-based
optimization. Their approach involves the application of mathematical optimi-
zation techniques on a numerical model of the production network developed in
a commercial software. They assumed pseudo-steady state inflow deliverability
in formulating their model which was able to solve the flow equilibrium and
helped in the computation of the rates, pressure and temperatures along the sys-
tem. Changing ESP frequencies was used in the optimization process aimed at
ensuring maximum oil recovery while honoring multiple operational constraints.
They made use of an open source interior-point filter line-search algorithm as
the optimization tool. They obtained values for ESP frequencies that maxi-
mized oil recovery. However their model was limited by high running time pe-

riods.

2.1. Electrical Submersible Pumps (ESPs)

ESPs are multistage centrifugal pumps used as artificial lift pumps to lift fluids
from the wellbore to the surface. They are placed several metres below inside the
well tubing. The operation of ESP is achieved by making adjustments to the ro-
tational speed of the pump and the production choke. These constitute the two
variables that can be manipulated in the ESP operation in a well [23]. In ESP
operation, the size of the pump defines the maximum capacity of the ESP at a
given rotational speed. Also, the size of the production casing determines the maxi-
mum pump size and rate of the ESP to be fitted. Also, the rotational speed of the
ESP depends on the alternating speed (frequency) of the current supply [24].
Variable speed drives are utilized for adjusting and controlling frequency there-
by enabling the control of production rates over a range for each pump. ESPs
achieve highest performance when the fluid lifted is entirely liquid. Because ESPs

are centrifugal pumps, the presence of gas in the lifted fluid impacts on its per-
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formance. The presence of gas deteriorates ESP lifting capacity and pump block-
age may occur at higher volumetric gas fractions [25]. However, ESP has the ca-
pacity to handle free gas in fluid up to 20% volume fraction without separation
of gas or without the presence of gas handling equipment [24] [25]. Higher vo-
lume fraction of gas in fluid lifted by ESP can be detrimental to pump perfor-
mance, life and gas handling equipment may be required to separate the gas
[25].

2.2. ESP Optimization in a Field of Clustered Wells

A field may have several ESP lifted wells producing to a common manifold. In
such a case, the operation of one ESP in a well affects the operation of other
ESPs lifted wells in the field due to coupling through the pressure of the mani-
fold. This is because the wells share a common manifold. Furthermore, other dif-
ferences such as fluid viscosity, reservoir inflow conditions and the available power
may also change, which affects the optimal operation of the pump. The volume
of fluid production from each well in the field is varied by changing the speed of
the ESP pump. The ESP speed can be changed by changing the electrical frequency
of the driving motor. Aside the ESP, the production from the reservoir can be
regulated by the chokes. Usually ESP operates at its normal frequency usually 60
Hz. Most times, operating at this frequency does not yield optimal results. For
instance if the separator capacity is low, running ESP at 60 Hz means that the
pumps are consuming higher power for low flow rate. In ESP optimization, the
target is to produced higher fluid flow rates at least power consumption possible.
ESP must be operated within the frequency of 45 Hz - 80 Hz. Operation of ESP
outside this window reduces the operating life of the pump. In apportioning flow
rates which is determined by ESP frequency and well chokes, it is important to
consider the capacity of the separators and the surface storage in order to ac-
commodate produced fluids especially in offshore location where space is a ma-

jor limitation.

3. Methodology

The methods comprise formulating the equations for ESP, forming the optimi-
zation equations and constraints, gathering of data, modeling and simulation in

Prosper and GAP software.

3.1. Formulation of Equation for ESP

ESP as a type of centrifugal pump and like other centrifugal pumps, ESP does
not displace a fixed amount of liquid but it keeps its pressure relatively con-
stant in the flow system. Thus the output flow rate depends on the backpres-
sure.

The Pumping head for ESP is given as:

. (1)
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Ap = pdischarge ~ Psuction (2)
Puction = Pur — 0433y, D (3)

where: 4 = pumping head, ft, Ap = Pressure differentials, psi;

Paischarge = discharge pressure, psi, = Suction pressure, psi;

psuction

¥, = Specific gravity of production fluid, D = Depth of production interval,

ft.
The minimum pump depth is given by:
D = D-— Pwi — Psuction (4)
pump 0.433y,
where: D, = Minimum pump depth, ft.
The number of stage for ESP is given as:
z
n, = T (5)

where: n, = number of design stages, Z = Total dynamic head, ft, Z, = Lift per
stage.
The equation for ESP motor horsepower calculation is given as:

th = Phs x ns X Py (6)

where: Py, = motor horsepower; P, = horsepower per stage; n, = number of de-
sign stages.

p; = specific gravity of fluid.

3.2. Formulation of the Optimization Problem

Consider a field where ESP is to be applied to a cluster of N wells. The wells
share common manifold, separator and flow lines, and are tied to each other. If
we assume that the separator is close enough to the production manifold such
that there is negligible pressure difference between separator and production
manifold and that flow lines are horizontal. Then, the total oil production rate
for the field Q, from all the N wells is the sum of the individual well’s oil pro-
duction q;

Mathematically:
N
Qo = Zizlqoi (7)

3.3. Gas Lift Optimization Problem

Oil production maximization (objective function):
N
Qo = max Zizl qoi (8)

Equation (8) is subject to the following constraints:
1) The ESP intake pressure (B, g5 ) should be equal to or greater than the
bubble point pressure (B, ) to avoid cavitation:

I:’in_ESP 2 IDbub (9)

2) The flow rate of fluid within the pump must be within the operating win-
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dow. That is to say the fluid flow rate within the pump should not be greater
than the flow rate that corresponds to the maximum frequency and should not

be less than the flow rate that corresponds to the minimum frequency:
erﬁmin < ql < merﬁax (10)

3) The speed of the pump (frequency) should be between 50 and 70 for speed

constraint 1 and 45 and 80 hertz for speed constraint 2:

50< f, <70 (Speed constraint 1) (11)
45< f, <80 (Speed constraint 2) (12)

4) The production choke valve should be within 0 and 100:
0<v<100 (13)

5) The liquid produced should not be greater than the maximum capacity of

the storage:

Zi’\‘:lq" < Qe (14)
Qmax =Qu +Q; (15)
(i) Qyuax < 70000 sth/d (16)
(ii) Watercut(WC)<0.8 (17)

6) Separator pressure must not exceed 250 psig;

7) Node pressure must not exceed reservoir pressure.

3.4. Sequential Quadratic Programming in GAP

The natural responses of individual wells in a field to the well’s production rate
are given below using the nodal analyses. For each node the following relation

can be observed:

>lm=0 (18)

Pups - Pdown -AP=0 (19)
AP = f (m, p,T,L) (20)
P_ = Constant (21)

sep

3.5. Field Case Study

Field AKUX is an onshore field. This field has two reservoirs and a total of five
wells drilled to it. Well-1 and Well-2 are from reservoir AKUXR1 while Well-3,
Well-4 and Well-5 are from reservoir AKUXR2. In the early life of the field, these
wells were operated solely using the primary energy inherent in the reservoir
(primary drive mechanism). It was later decided that artificial lift was used to com-
plement the natural production. Electrical submersible pump was selected after
rigorous section criteria performed. Because of the peculiarity of each well in its
geometry and completion, ESP performance on each well varied in the field. Each
well has its own optimum production potentials if the wells are treated as sepa-

rate units. This is done in well optimization, where the optimization is focused at
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well level. In the field, the network of wells imposed further constraints the sys-
tem when optimization is required. Because the wells are linked up to the field
network system, production activities on one well affects the other. To fully op-
timize the field, it is necessary to consider at the field level, the conditions neces-
sary for optimum oil production in the field given certain constraints imposed by
pump frequency, separator size and pressure, etc. In this work, the following are
considered: 1) Five wells in a field of two reservoirs are completed with Electrical
submersible pumps. Each pump in a well is controlled by the Variable Speed Drive
(VSD) unit that is installed near the well; 2) Surface network manifold, flow lines
and pipelines help to gather production from each well and take it to a common

processing facility.

3.6. Modeling

Advanced production and system performance analyses software (PROSPER)
and general Allocation Package (GAP) software was used for modeling in this
research work. Prosper was used to model well-by well ESP design and performance
while GAP was used to model the field network optimization performance. Figure
1 shows the modeling workflow while Table 1 shows the data utilized for the mod-
eling.

PVT data and then adjusting the correlation model until there is fit with the
measured data. The potentials of the well and pressure loss calculations during
production depends highly on the accuracy of the PVT data. The IPR and VLP
curves were generated for each well. In matching the VLP, non-linear regression
techniques were utilized by prosper to optimize the various components entered
for the optimization. The matching of the VLP helps to reveal the inconsisten-
cies in the PVT model or in the equipment description which were adjusted for

accurate results.

3.6.1. Construction of the Well Model

All the wells were modeled individually in prosper. PVT data for each well were
entered and regressed to match standard correlations. Each well’s data includes
deviation surveys, downhole completion, geothermal gradient and average heat
capacities. ESP properties for each well in well-by-well ESP includes, pumps selec-
tion, motors selection and turbine selection. In prosper modeling, the down-

hole-equipment gradient, inflow performance and ESP designs were modeled for

e

DATA PROSPER GAP v?"ETSI:J (';LST RESULTS WITH

COLLECTION SIMULATION SIMULATION OPTIMISATION OPTIMISATION
N

V
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Table 1. Reservoir, well and PVT data utilized for the study.

Parameter Welll Well2 Well3 Well4 Well5
Reservoir pressure (psi) 4490 4490 4458 4458 4458
Bubble point pressure (psi) 1958 1958 1940 1940 1940
Reservoir temperature (°F) 210 210 210 210 210

Reservoir permeability (mD) 600 - 800 600 - 800 600 - 800 600 - 800 600 - 800

Reservoir thickness (ft) 100 100 120 120 120
Average porosity 0.20 0.20 0.25 0.25 0.25
Solution GOR (scf/stb) 507 507 434 434 434
Oil gravity (API) 342 342 31 31 31
Oil viscosity (cP) 0.63 0.63 1.1 1.1 1.1
Gas Gravity (SG) 0.92 0.92 0.91 0.91 0.91
Water salinity (ppm) 220,000 220,000 220,000 220,000 220,000
Well depth (ft) 11,188 11,200 11,244 10,748 11,200
Tubing size (inch) 3.5 4.5 4.5 4.5 3.5
Geothermal gradient (BTU/h/ft%/°F  8.383 8.43 8.4 8.71 10.16
Watercut (%) 16 60 40 10 30
PI (stb/d/psi) 13 3.8 4.7 14.7 10
Oil fvf (rb/stb) 1.35 1.35 1.29 1.29 1.29

each well. VLP curves were generated for varying water cuts, GOR, skin, node
pressures, and ESP motor speeds and exported to GAP (the surface network simu-

lator). Figure 2 depicts ESP pump plot for the well operation.

3.6.2. Field Network Modelling

The field network model was achieved using GAP software. GAP is a multiphase
system optimization software that models and optimizes both production and
injection networks. The network here is the general network consisting of both
surface and downhole components. In its optimization method, GAP uses a non-
linear sequential quadratic programming technique. GAP allows to maximiza-
tion of certain objective functions while honoring certain constraints imposed in
the system. In simulating the field network models, the VLP curves generated in
Prosper for each well is exported to GAP. Upon running the GAP model for the
field network model, both the IPR and VLP curves were extracted.

3.6.3. Construction of the Surface Network of the Field

GAP software was used to model the surface network system. The surface net-
work system comprises the ESP production systems for the well clusters. The
ESP production system consists of the wells (5 wells), wellheads, flow lines, ma-

nifolds and separator. There are two types of flow lines here: one is the flow lines
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Figure 2. ESP pump plot for well operation.

from wellheads to the manifolds and the other is the flow lines from the manifolds
to the low pressure single stage separator. The pipelines used were properly de-
fined. In the definition, their lengths, inner diameters, roughness and multiphase
correlations were inputted and used to calculate the pressure drops. The pipe-
lines were then matched with the standard pipeline correlations chosen. The
field network model was simulated for two cases: Case 1 is running the GAP si-
mulation without optimization. Here, the required ESP frequency for each well
was inputted and GAP calculates the individual productions from each well and
also the total production for the whole field which is a function of the reservoirs,
the wells in the field and the motor frequency. For these, three ESP frequencies
were considered. They are 50 Hz, 60 Hz and 70 Hz. 60 Hz was taken as the base
frequency. Case 2 is running the GAP simulation with optimization. In the GAP
optimization case, ESP frequencies are not entered as input but GAP software is
allowed to run by performing optimization and determining the best ESP fre-
quencies to achieve optimum field liquid production rate for the field. Thus, the
ESPs shown after the optimization solver finishes the network solution because
the optimum ESP frequency to achieve optimum production rates for the field.
In achieving the optimization case, constraints were imposed on the ESP pump
system. The first constraint on the frequency of the ESP pump is that the fre-
quency must fall between 50Hz and 70Hz. The second constraint imposed on
the ESP pump is that the frequency of the ESP pump must fall between 45Hz
and 80Hz. Other constraints imposed on the field network system are outlined
in section 3.3. The target here is not on well basis but the entire field network
with cluster of five wells communicating together. Figure 3 depicts the ESP Sys-
tem Field Production Network.
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Figure 3. ESP system field production network.

4. Results and Discussions

The results of the simulations performed in Prosper and GAP are given and dis-
cussed in this section. The results are given for the simulation without optimiza-

tion and with optimization for the field network modeling.

4.1. Case 1: Simulation without Optimization

In simulating for case 1, GAP software was modeled by entering a fix value for
the ESP frequency with 60 Hz as base frequency and subsequently sensitivity of
50 Hz and 70 Hz were analyzed. For the base frequency, 200 psig was considered
as the separator pressure. Separator pressure relates to the pressure of the sepa-
ration process. In the sensitivity analyses, effects of separator pressure on pro-
duction rates and recovery were analyzed. Separator pressures of 180 psig, 140
psig, 120 psig, 100 psig and 80 psig were further considered alongside that of 200
psig taken as base. The results are given for well-by-well simulation basis and for
field network simulation basis. The well-by-well simulation results gives the
production rates corresponding to the ESP input parameters for that particular
well. Being that each well differ in well properties such as deviation, drilling and
completion design, ESP design features; the production rates from individual
wells will be different as production from wells are a non-linear of different con-
tributory factors prevalent in the well and the reservoir. On the other hand, for
the field base simulation without optimization, the field was considered to be a
network of five wells communicating with each other. However, because the GAP
stimulation was not run with optimization in this case, individual well frequencies
were entered as input variables in the GAP software and the software was al-
lowed to calculate the production rates for the field given the frequencies entered
for the wells in the field.
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4.1.1. Well-by-Well Production Rates at 60 Hz and 200 Psig Separator
Pressure

The production result for well-by-well simulation using 60 Hz ESP frequency
and 200 psig separator pressure is given in Figure 4. From Figure 4, it can be
observed that well 4 has the highest oil rate followed by well 1. The well with the
least oil rate is well 2. Similarly, well 4 has the highest liquid rate followed by well
1 while well 1 has the least liquid rate. In analyzing the water rate, well 2 has the
highest water rate followed by well 3. The well with lowest water rate is well 4.
The individual well production capacity reveals their capacity to be lifted by the
electrical submersible pump. Well 4 has the best performance than all the other
wells with low water production and higher oil production than all the other
wells. Since all the wells were produced with same operating ESP pressures it can
be observed that well 2 produces more water than oil, owing to this ESP pump
would be the best choice to produce well 2 because of the high water cut. For all
the wells, the water cut constraints of not more than 80% was met. The highest
water cut was for well 2 with 40% water cut. The tabular display of the simula-
tion result for well-by-well simulation using ESP of 60 Hz at 200 psig separator

pressure is given in appendix.

4.1.2. Field Performance at Varied Separator Pressures for Base ESP
Frequency (60 Hz)

It was necessary to investigate the effect of separator pressure on the perfor-
mance of the ESP system on the field network modeling. This was done by va-
rying the separator pressure and observing changes in production rates and
pump characteristic factors. Table 2 gives the results of the simulation conduc-
ted for several separator pressures on the base ESP frequency (60 Hz) while Fig-
ure 5 depicts the field oil rate for several separator pressures for the same base
ESP frequency. It is evident from Table 2 that the lower the pressure of separa-
tion, the higher the rates of production and also the pump power requirement
and the surface voltage. But the degree of this change is important. A change from
separator pressure of 200 psig to 80 psig gives an increased field oil rate of 547
stb/d. representing 1.69%. Decreasing the separator pressure creates higher pre-

ssure differentials and thus higher driving energy for the fluids to be produced.

14000
m Qil rate, stb/d

12000 -
g M Liquid rate, stb/d
g 10000 Water rate, stb/d
E 8000
s
2 6000
(S
3 4000
o
& 2000 I

0

Well -1 Well -2 Well -3 Well -4 Well -5
Wells

Figure 4. Well-by-well results of production rates for case 1 (without optimization).
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Table 2. Field performance without optimization at varied separator pressure for the base
case.

Separator Oil rate, Liquid rate, Water rate, Gas rate, Pump power, Surface voltage,

pressure stb/d stb/d stb/d  MMscf/d hp volts
200 32,320 35,970 11,780 15.10 1752.6 3172.91
180 32,430 361,220 11,830 15.16 1753.7 3174.02
160 32,540 36,260 11,870 15.20 1754.78 3175.12
140 32,640 36,390 11,920 15.25 1755.73 3176.1
120 32,730 36,500 11,960 15.29 1756.59 3176.99
100 32,800 36,600 11,990 15.32 1757.34 3177.76
80 32,870 36,680 12,020 15.34 1757.97 3178.38
32900
32800
- 32700
S~
o)
% 32600
)
& 32500
S 32400
32300
32200
0 50 100 150 200 250

Separator pressure, psig

Figure 5. Oil rate as a function of separator pressures at 60 Hz ESP motor frequency.

Since the reservoir and wellhead pressures are not altered but kept constant, re-
ducing the separator pressure creates higher energy of flow for the fluids from
the reservoir to the stock tank. However reducing the separator pressure creates
more favourable environment for more gases to be produced as is evident in Ta-
ble 2. A reduction in pressure from 200 psig to 80 psig leads to an additional gas
production of 0.24 MMscfd representing an increase in gas production of 1.6%.
Additionally, beaming up (Ze., in this case reducing separator pressure) has the
additional consequence of leading to water coning or gas cupping which would
be an operational difficulty and costly to handle. Since the separator pressure is
part of the integrated production system which starts from the reservoir down to
the separator, the optimum separator pressure would be based on the liquid and
gas handling capabilities of the field. Although decreasing the separator pressure
increases the production rate, but the increase is not profound as can be ob-
served from Table 2. From Figure 5, it can be observed that the oil rate increas-
es with decrease in separator pressure (from 200 psig to 80 psig). This increase is
attributed to higher pressure differentials created in the production system.
Since the field network system is modeled as a complete single integrated system

from the well to the surface separator, decreasing the pressure at the separator
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creates higher energy of low for the wellbore fluids to come to the surface. This
however includes increase e in both the gas production rates and the water pro-
duction rates which may create additional gas and water handling problems since

there is a constraint on the surface liquid and gas handling volumes.

4.1.3. Field Performance at Different Frequencies and Separator Pressures
The oil rate for different frequencies and separator pressures for case 1 (without
optimization) is depicted in Figure 6. From Figure 6, it can be observed that the
higher the ESP motor frequency, the higher the oil rate. A decrease from the
base frequency of 60 Hz to 50 Hz decreased the oil rate by 13.85% while an in-
crease in ESP motor frequency from 60 Hz to 70 Hz increased the oil rate by 15%.
Similarly, the liquid rate for varied ESP motor frequency is depicted in Figure 7.
The field liquid rate for 60 Hz ESP motor frequency is 44,090 stb/d while the lig-
uid rate for 50 Hz and 70 Hz ESP motor frequencies are 37,540 stb/d and 51,150
stb/d respectively. A decrease from 60 Hz to 50 Hz reduced the field liquid rate
by 14.87% while an increase from 60 Hz to 70 Hz increased the field liquid rate
by 16%.

4.2. Case 2: Simulations with Optimization

For the field network simulation with optimization, network analysis was performed
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Figure 6. Oil rate for different ESP motor frequency at base separator pressure of 200 psig.
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Figure 7. Liquid rate for different ESP motor frequency at base separator pressure of 200 psig.
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in GAP with the “optimize all constraints” checked. This simulation technique
allows the software to determine the conditions that will yield the optimum pro-
duction rates while honouring the imposed constraints in the field and on the ESP
system. GAP software was allowed to calculate by optimization technique the best
ESP motor for each well that will lead to optimum total oil production for the
field. Two types of constraints based on the frequency limits were observed. The
first constraint on the motor frequency is that the frequency of each well should
not be less than 50 Hz and should not be greater than 70 Hz. The second ESP mo-
tor frequency constraint considered is that the motor frequency should not be
less than 45 Hz and should exceed 80 Hz. These two constraints on motor frequency
are evaluated to determine the effect of lower and upper boundaries of motor fre-
quencies on the performance of the ESP system in field network optimization of

oil wells.

4.2.1. Oil Production Rate for Case 2
Table 3 depicts ESP simulation with optimization for case 2 while Figure 8

Table 3. ESP simulation with optimization for case 2 for different fluid rates.

Separator Oil rate, stb/d Liquid rate, stb/d Water rate, stb/d
pressure, Constraint 1, Constraint 2, Constraint 1, Constraint 2, Constraint 1, Constraint 2,
psig stb/d stb/d stb/d stb/d stb/d stb/d
32,690 33,180 43,710 43,650 11,020 10,470
180 32,790 33,290 43,850 43,760 11,060 10,470
160 32,890 33,390 44,000 43,890 11,110 10,500
140 32,980 33,480 44,130 44,030 11,140 10,550
120 33,060 33,560 44,250 44,160 11,190 10,600
100 33,130 33,630 44,340 44,250 11,210 10,620
80 33,190 33,680 44,420 44,330 11,230 10,660
33800 —e— Constraint 1: 50/70
—@— Constraint 2: 45/80
33600
o
= 33400
b
o 33200
©
8 33000
32800
32600

0 50 100 150 200 250

Separator Pressure

Figure 8. Oil rate vs Separator pressure for ESP simulation with optimization at different
constraints.
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depicts Oil rate as a Separator pressure function for ESP simulation with opti-
mization at different constraints. From Table 3, the oil rate at 200 psig was cal-
culated to be 32,694.26 stb/d for constraint 1 (50 Hz/70Hz) and 33,180 stb/d for
constraint 2 (45 Hz/80 Hz). Also from Figure 8, it can be observed that constraint
2 had higher field oil rate than constraint 1. This is attributed to higher frequency
interval of 35 Hz (45 Hz/80Hz) for constraint 1 as against 20Hz (45 Hz/80Hz) for
constraint 1. The liquid rate for constraint 1 and 2 are 43,720 stb/d and 43,650
stb/d respectively. There were more production rates for constraint 2 than 1 and
this again is attributable to higher frequency interval. Constraint 2 had an addi-
tional oil rate of 485 stb/d than constraint 1. Thus more oil was produced from
constraint 2. Nevertheless, more liquid was produced from constraint 1. The lig-
uid rate of constraint 1 surpassed that of constraint 2 by 68 stb/d. From constraint
1, the water produced was 11,020 stb/d while the water rate for constraint 2 was
10,470 stb/d. Thus more water was produced for constraint 1 than for constraint 2
and this attributed to the higher liquid rate observed in Table 3.

Figure 9 shows the oil production for individual wells for ESP optimization
with two ESP constraints imposed for case 2. It can be observed from Figure 9
that the difference between the oil rate for constraint 1 and constraint 2 is very
small for the other wells except for well 4. The percentage difference in oil rate
for constraint 1 and 2 are given as: —2.32% for well 1, —19.27% for well 2, —3.54%
for well 3, 11.15% for well 4 and —3.11% for well 5. As can be observed, for all
the five wells, constraint 1 gave higher oil rate than constraint 2 except for well 4.
Well 4 has a positive percentage difference which means that constraint 2 has great-
er oil rate than constraint 1. This higher oil rate for well 4 of constraint 2, entails
higher pump power requirement for well 4. The oil rate for well 4 greatly surpasses
those of the other wells. Even though for well 1, well 2, well 3 and well 5 the oil
rate for constraint 1 is higher than that of constraint 2, the total oil rate for con-
straint 2 is higher than that of constraint 1 because of the high oil rate from well
4 which offsets the production rate from the other wells and makes constraint 2

to have higher total oil production rate.

4.2.2. ESP Pump Power
The pump power is the horse power requirement for each ESP pump operating
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Figure 9. Oil rate for individual wells for ESP optimization with constraints.
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in each well. Depicted in Figure 10 is the Pump power for individual wells for
ESP optimization with constraints. From Figure 10, it can be observed that for
all the wells aside well 4, constraint 1 requires higher pump power operation of
the wells than constraint 2. Thus, constraint 2 is more conservative in energy
usage than constraint 1 for well 1, well 2, well 3 and well 5. Nevertheless, well 4
prove otherwise with constraint 2 requiring higher pump power than constraint
1. More pump power was required for well 4 of constraint 2 because well 4 yields
higher oil rate than other wells of constraint 2 as can be observed in Figure 9.
However, more pump power signifies more energy requirement and thus more
operational expenditure. Thus, the incremental oil rate must be able to offset the
operational cost in terms of energy requirement (Ze., electrical power require-
ment to run the ESP) before the conclusion is made as to the constraint that is

most conservative.

4.3. Comparison of Simulation with Optimization
and without Optimization

Figure 11 depicts comparison of Oil rates for ESP simulation with and without
optimization while Table 4 depicts Pump efficiencies of the ESP pumps in dif-
ferent applications in the field. It is important to determine the incremental oil
rate accruing to the two cases considered in order to suggest the best approach
for optimum recovery of oil in field of clustered wells. From Figure 11, it can be
observed for ESP frequency values of 50 Hz and 60 Hz that performing field
network with optimization produces more oil than performing field network
without optimization. This is because for the case of optimization, the GAP solver
calculates between ESP frequencies of 50 Hz and 60 Hz, the best ESP frequency
that would yield the optimum production rate for the field. This is calculated
based on the inherent intrinsic properties of each well and for the field as a
whole when the wells are connected together. By this, the effect of backpressures
from the communicating wells and lines at the surface have been accommo-
dated and the best ESP frequency requirements that would cause the least re-

sistance to cumulative fluid flow from the well cluster are given as the calculated
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Figure 10. Pump power for individual wells for ESP optimization with constraints.
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Table 4. Pump efficiencies of the ESPs in different applications in the field.

Case 2: with optimization

Case 1: without optimization

Wells Pump efficiency Pump efficiency
Constraint 1 Constraint 2 50 Hz 60 Hz 70 Hz
Well-W1 0.64 0.64 0.64 0.64 0.64
Well-W2 0.64 0.62 0.64 0.64 0.64
Well-W3 0.68 0.69 0.69 0.69 0.67
Well-W4 0.65 0.69 0.64 0.65 0.65
Well-W5 0.64 0.64 0.63 0.65 0.64
Average 0.65 0.656 0.648 0.654 0.648
37000 —®— 50 Hz (Without Optimisation)
35000 —®— 60 Hz (Without Optimisation)
o
o 33000 EEEm 70 Hz (Without Optimisation)
©
= 31000 —®—50/70 constraint (With
o Optimisation)
29000 +45/§0 .con.stralnts (With
H—‘—Q.*H Optimisation)
27000
0 50 100 150 200 250

Separator Pressure, psig

Figure 11. Oil rates for ESP simulation with and without optimization.

ESP frequencies corresponding to the ESP frequency constraints imposed (in
this case between 50 Hz and 70 Hz). Conversely, with ESP frequency of 70 Hz
for case 1, the production rate exceeded that of case 2. This is because for case 1
at ESP frequency of 70 Hz, all the five wells operated at the 70 Hz ESP frequency.
But for case 2, only well 4 operated at ESP frequency of 70 Hz as stated in Figure
9. Other wells operated at ESP frequencies below 70 Hz which affected their pro-
duction rates because the production rate increases with increase in ESP frequen-
cy. In reality, ESP frequency is kept around 60 Hz. If 60 Hz is taken as base, then
it is justified that simulation with optimization yields higher oil rate than simu-
lation without optimization. Thus, simulation with optimization as against simu-
lation without optimization leads to increase in oil production rate of 1.16% for
constraint 1 and 2.66% for constraint 2 respectively.

Thus, the field network optimization has enabled increased production of oil
from the field resulting from recovery of different wells using electrical submersi-
ble pumps. The increased oil recovery in the field network analysis results from
the use of modeling and simulation runs to aid decision making in field network
analyses. The simulation runs pays off with increased recovery and revenue gener-
ation to the asset owner which ultimately leads to higher overall recovery efficien-

cy from the field and increased motor and pumps efficiency in the field with the
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pump efficiencies given in Table 4. From Table 4, ESP simulation with constraint
2 gave the highest average pump efficiency. The average pump efficiency is the
median of the pump efficiency of the individual well’s ESP pump. The least pump
efficiency was realized for ESP simulation without optimization at motor frequen-
cies of 50 Hz and 70 Hz. Depicted in Table 5 is the motor efficiency of the ESPs
utilized for the simulation. From Table 5, it can be observed that simulations with
optimization for constraint 2 had the highest motor efficiency of 87.5% followed
by constraint 1 with motor efficiency of 87% than those of simulations without
optimization with 84.8%, 85.4% 84.4% for 50 Hz, 60 Hz and 70 Hz respectively.
The high efficiencies of the motors for constraints 2 and 1 also contributed to
higher oil production rate of constraint 2 as depicted in Figure 9 followed by that
of constraint 1 for case 2 with optimization. On the other hand, the low efficien-
cies of the motors for case 1 which were operated without optimization also con-
tributed to lower oil production rate obtained at 50 Hz, 60 Hz and 70 Hz.

Table 5. Motor efficiencies of the ESP pumps in several applications in the field.

Case 2: with optimization Case 1: without optimization
Wells Pump efficiency Pump efficiency

Constraint 1  Constraint 2 50 Hz 60 Hz 70 Hz

Well-W1 0.88 0.88 0.87 0.88 0.85

Well-W2 0.84 0.86 0.83 0.84 0.81

Well-W3 0.88 0.88 0.88 0.88 0.85

Well-W4 0.9 0.9 0.83 0.83 0.9

Well-W5 0.85 0.854 0.83 0.84 0.81
Average 0.870 0.875 0.848 0.854 0.844

5. Conclusions

Oil field network analyses have been conducted on the Niger Delta field AKUX
comparing two reservoirs and five wells. An electrical submersible pump system
has been deployed in the field to aid in oil production. It was required to deter-
mine the best ESP operability that will guarantee the highest oil recovery from
the field. ESP motor frequency and separator pressure were selected as the va-
riables on which sensitivities were performed. ESP simulations were done with
and without optimization techniques using GAP software.

The following conclusions were drawn from this study:

1) Constraint 2 (comprising of 45 Hz/80 Hz, lower and upper frequency lim-
its, respectively) yielded a higher oil rate than constraint 1 (comprising of 50
Hz/70 Hz, lower and upper frequency limits, respectively);

2) The average frequency for simulation with optimization (case 2) is 59.65 Hz

for both constraint 1 and constraint 2;
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3) There was an increase in oil rate of 1.16% and 2.66% for constraints 1 and 2
when ESP simulation was carried out with optimization than without optimiza-
tion;

4) The highest pump efficiency was realized for case 2, constraint 2. This justi-
fies the better pump performance can be obtained in simulating with optimiza-
tion;

5) Higher motor efficiencies were realized for case 2 (simulation with optimi-
zation) than for case 1;

6) It is recommended that simulation should be carried out to determine the
optimum motor frequency for each well in the field of many wells. This frequency
will yield the maximum field production recovery from the field and lead to higher

revenues.
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Nomenclature

ESP: Electrical submersible pump;
ESPs: Electrical submersible pumps;
CBM: Coalbed methane;

GAP: General Allocation Package.
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