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Abstract - The dwindling non-associated natural gas production 

in offshore Field X mandates a thorough investigation into 

optimizing energy usage. This study scrutinizes various Electric 

Submersible Pump (ESP) motors for energy efficiency in 

Indonesia's mature offshore Field X, focusing on crude oil 

extraction. An efficiency analysis of Induction Motors, High-

Efficiency Induction Motors, and Permanent Magnet Motors 

was executed across Field X wells. The key aim was identifying 

and comparing energy losses, particularly in ESP motors, 

constituting 13% of total losses. Implementing Permanent 

Magnet Motors in all Field X wells is projected to slash total 

electrical energy consumption by a significant 15 MW, 

elevating ESP system efficiency to 33.1%. This shift is 

anticipated to curtail emissions by 196 tons of CO2 per day for 

every 15 MW saved, offering a promising solution to the 

declining natural gas challenge. Sensitivity to Net Present Value 

(NPV) and Internal Rate of Return (IRR) emphasizes economic 

viability, urging decision-makers to assess this transition's 

feasibility for widespread adoption and highlighting potential 

natural gas savings of 3.3 MMSCFD or 15755 USD/day. 

Keywords: Electric submersible pump (ESP), Energy efficiency, 

Natural gas savings, Permanent magnet motors, Emission. 

INTRODUCTION 

Oil and gas are limited and non-renewable energy 

sources(Flamos & Begg, 2010). If this energy source is 

produced, the amount will decrease, so an energy efficiency 

effort is needed in oil and gas production. Energy efficiency 

saves energy by utilizing new technology and equipment to 

do the same work with less energy(Olughu, 2021). 

 

 

Offshore Field X has 328 oil wells, consisting of 210 

producing oil wells and 109 shut-in oil wells as of January 

6
th

, ranking it as the biggest oil producer in Indonesia(SKK 

Migas, 2022). All oil wells in the field are produced using an 

artificial lift method, namely the Electric Submersible Pump 

(ESP)(Waskito et al., 2020). Electricity needs for ESP oil 

wells are obtained from gas electricity generators, which 

require natural gas around 16.4 MMSCFD, which produces 

50.8 MW/day of electricity. 48% of total gas production or 

84% of non-associated gas production is used for the 

electricity needs of the oil well. Non-associated gas 

production in the field is declining yearly, where gas 

production in 2019 was 58 MMSCFD, and currently, in 2023 

amounted to 19.5 MMSCFD (PHE OSES, 2023). It can 

threaten the sustainability of oil well production using ESP. 

Therefore, ESP energy efficiency is required to maintain the 

electricity supply's adequacy. 

ESP is one type of artificial lift method in oil wells that 

is very familiar and widely used worldwide, where more 

than 100,000 oil wells use ESP. ESP is an excellent artificial 

lift method that can beapplied offshore(Sayed, 2020). ESP is 

widely used because it can lift large amounts of fluid from 

the reservoir, requires little equipment at the surface, and can 

be used in wells with significant dips and doglegs. It has 

enormous efficiency (about 50%) if it produces more than 

1000 barrels/day of fluid, has corrosion resistance in oil 

wells, and has low maintenance costs(Takacs, 2009). ESP 

can be used in oil wells where reservoir pressure is still high 

or if reservoir pressure is already low, and ESP can have a 

wide range of fluid production rates ranging from 150 BFPD 

to 150,000 BFPD(Clegg, 2007). 
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ESP components include two major sections, namely 

downhole equipment components and surface equipment 

components. Downhole equipment consists of pumps, 

protectors, motors, sensors, and power cables, while surface 

equipment components consist of junction boxes, 

transformers, and VSDs. In general, ESP motors use the 

Induction Motor (IM) type. Still, other motor technologies 

can increase the efficiency of ESP systems by 10-

30%(Hamzah et al., 2017) and 10.5% - 40% increase in 

efficiency compared to Induction Motors(Leon et al., 2021), 

namely by using Permanent Magnet Motors (PMM), which 

have motor efficiency 90-93%(Ballarini et al., 2017) and 

high-efficiency induction motor (HEIM) technology where a 

minimum increase of 3.5% efficiency compared to ordinary 

induction motors(Schlumberger, 2021). This study discusses 

the energy efficiency analysis in Field X by comparing ESP 

induction motor technology, high-efficiency induction 

motor, and Permanent Magnet Motor. Then, electricity 

savings are obtained as the basis for calculating gas volume 

savings. 

METHODS 

The following is a flowchart of study on energy efficiency in 

ESP motors in Figure 1: 

 
FIGURE 1 RESEARCH FLOW CHART 

1. Calculation Baseline ESP Power Consumption Field X 

The calculation of ESP power consumption in Field X using 

existing induction motors was carried out for baseline data 

before implementing new motor technology. Theoretically, 

ESP absorbs 39% of the energy, and energy loss occurs in 

the ESP system (61%), specifically in the pump (29%), 

motor (13%), power cable (10%), tubing (4%), VSD (3%), 

and transformer (2%)(Refai et al., 2013). Power flow in the 

ESP system is presented in Figure 2. 

 

 
FIGURE 2 POWER FLOW IN ESP SYSTEM (TAKACS, 2009) 

Power flow in ESP system (Pe) was calculated using 

Equations (1-8) below(Takacs, 2009):  

𝑃ℎ𝑦𝑑𝑟 = 1.7 10
−5𝑞𝑙  (0.433 𝑆𝐺 𝑃𝑆𝐷 − 𝑃𝐼𝑃) (1) 

Δ𝑃𝑓𝑟 = 7.368  10
−6𝑞𝑙Δ𝐻𝑓𝑟  𝑆𝐺 (2) 

Δ𝑃𝑏𝑝 = 1.7 10
−5𝑞𝑙WHP (3) 

Δ𝑃𝑝 = 𝐵𝐻𝑃𝑝  (1 − 𝜂𝑝𝑢𝑚𝑝) (4) 

Δ𝑃𝑚 = 𝐵𝐻𝑃𝑚 (1 − 𝜂𝑚𝑡𝑟) (5) 

Δ𝑃𝑐 =
3  𝐼2 𝑅𝑇
1000

 
(6) 

Δ𝑃𝑠 = 𝑃
(1 − 𝜂𝑠𝑢𝑟𝑓)

𝜂𝑠𝑢𝑟𝑓
 

(7) 

𝑃𝑒 = (0.746 (𝑃ℎ𝑦𝑑𝑟   Δ𝑃𝑓𝑟   Δ𝑃𝑏𝑝   Δ𝑃𝑝𝑢𝑚𝑝
  Δ𝑃𝑚𝑡𝑟))  Δ𝑃𝑐  Δ𝑃𝑠𝑢𝑟𝑓  

 

 
 

(8) 

Meanwhile, the  ESP system efficiency (𝜂𝑠𝑖𝑠𝑡𝑒𝑚) can be 

calculated by(Takacs, 2009): 

𝜂𝑓𝑟 =
𝑃ℎ𝑦𝑑𝑟

𝑃ℎ𝑦𝑑𝑟   Δ𝑃𝑓𝑟
 

(9) 

𝜂𝑏𝑝 =
𝑃ℎ𝑦𝑑𝑟   Δ𝑃𝑓𝑟

𝑃ℎ𝑦𝑑𝑟   Δ𝑃𝑓𝑟   Δ𝑃𝑏𝑝
 

(10) 

𝜂𝑝𝑢𝑚𝑝 = 𝑓𝑟𝑜𝑚 𝑝𝑢𝑚𝑝 𝑝𝑒𝑟𝑓𝑜𝑚𝑎𝑛𝑐𝑒 𝑐𝑢𝑟𝑣𝑒 (11) 

𝜂𝑠𝑒𝑝 = 
𝐵𝐻𝑃𝑝

𝐵𝐻𝑃𝑝   𝑃𝑠𝑒𝑝
 

(12) 

𝜂𝑚𝑡𝑟
= 𝑓𝑟𝑜𝑚 𝑚𝑜𝑡𝑜𝑟 𝑐𝑢𝑟𝑣𝑒   𝑎𝑠𝑒 𝑜𝑛 𝑚𝑜𝑡𝑜𝑟  𝑜𝑎  

(13) 
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𝜂𝑐 = 
𝑃𝑚𝑡𝑟 𝑒

𝑃𝑚𝑡𝑟 𝑒   Δ𝑃𝑐
 

(14) 

𝜂𝑠𝑢𝑟𝑓 = 𝑎𝑟𝑜𝑢𝑛  97% (15) 

𝜂𝑠𝑖𝑠𝑡𝑒𝑚 = 𝜂𝑓𝑟𝜂𝑏𝑝𝜂𝑝𝑢𝑚𝑝𝜂𝑠𝑒𝑝𝜂𝑚𝑡𝑟𝜂𝑐𝜂𝑠𝑢𝑟𝑓 (16) 

2. Implement New Technology ESP Motor and Economics 

Analysis 

New technology ESP motors, such as high-efficiency 

induction motors (HEIM) and permanent magnet motors 

(PMM) were applied in several wells. 

Table 1 presents more details about the comparison of 

the technologies. Then, calculations will be conducted for 

each sub-system ESP's power consumption and efficiency 

using those new motors. After that, the most efficient motor 

was chosen to calculate all wells' projection power 

consumption and efficiency. Finally, natural gas savings and 

economic calculations were performed. 

 
 

TABLE 1  

COMPARISON NEW TECHNOLOGIES ESP MOTOR 

 

RESULTS AND DISCUSSION 

1. Baseline ESP Power Consumption 

Based on the results of the calculation of energy 

consumption for each ESP subsystem Field X in Figure3, the 

energy consumption of lift power (Phyd) at 35%, pump 

(ΔPpump) at 27%, system back pressure at the wellhead (ΔPbp) 

at 15%, and motor (ΔPmotor) at 13% are the four major 

contributors to energy loss in the ESP system.  

It is because the efficiency of the four ESP subsystems 

is the smallest among other ESP subsystem efficiencies, 

ΔPfr, ΔPc, and ΔPsurf, following the results of research by 

Mazzola(Mazzola et al., 2015). Based on Table 2, the most 

significant electrical power consumption is in the ESP class 

"Hi Moderate" of 34.3% or 17.4 MW, and the class 

contributes the most considerable production contribution of 

41.6% or 608,646 BFPD, following the research of 

Hamzah(Hamzah et al., 2017) where the higher the flow rate 

produced by ESP, the higher the electrical power needed. 
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TABLE 2  

DETAILS POWER CONSUMPTION ESP FIELD X 

 

 
FIGURE 3 SUMMARY POWER CONSUMPTION ESP FIELD X 
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FIGURE 4 EFFICIENCY SUB SYSTEM ESP FIELD X 

Figure4 shows that the highest efficiency in the ESP 

sub-system of Field X is ηc (96.2%), ηsurf(97%), and ηsep 

(97.8%). Meanwhile, the lowest efficiency is in ηpump 

(61.2%), ηbp (75%), and ηmotor (84%), and the average 

efficiency of the ESP system is 31.8%. The pump's flow rate 

and recommended operating range (ROR) impact pump 

efficiency. The flow rate must also be at the peak of the 

ROR to achieve the best efficiency point (BEP) on the 

pump. With the current pump technology in Field X, the 

highest efficiency ranges from 75–80%. Motor efficiency is 

strongly influenced by the motor load, as represented by the 

comparison of running amperes with nameplate motor 

amperes. The more the running ampere approaches the 

nameplate motor ampere, the higher the motor efficiency. 

For induction motors, the motor efficiency ranges from 80–

83%(Leon et al., 2021). However, in this study, the motor 

efficiency ranges from 81.9–85.8% due to different types of 

induction motors compared to other studies. The maximum 

ESP system efficiency is up to 43%, which aligns with 

Clegg's study(Clegg et al., 1993). More efforts are needed to 

increase the efficiency, for example, by changing to larger 

tubing to reduce energy loss due to friction in the tubing or 

by adding surface pumps on each offshore oil platform to 

reduce wellhead pressure to obtain energy loss due to minor 

system backpressure. 

2. Implement New Technology ESP Motor in Field X 

To increase the motor's efficiency, new ESP motor 

technologies, namely high-efficiency induction motors 

(HEIM) and Permanent Magnet Motors (PMM), werecarried 

out in field X.  

All of the subsystems in the KTA-05 well that use the 

PMM motor are using less energy.The total amount of 

electricity needed (Pe) has decreased by 25.6 kW, as shown 

in Table 3.The total electrical power has been reduced due to 

the increase in motor efficiency and the efficiency of other 

subsystems, such as the back pressure, separator, and cable, 

as seen in Table 4. The efficiency of the new pump has 

decreased because the new flow rate is lower than the initial 

flow rate. For energy use, kW/BFPD KTA-05 fell from 

0.0364 to 0.0323, which can be concluded to have decreased 

electricity consumption in installing this PMM motor, as 

seen in Table3. For other ESP wells (FRC-01, CNH-13, and 

WDE-10) installed with PMM motors, the ΔPmotor and total 

electrical power consumption decreased. Therefore, it can be 

concluded that using PMM motors increases motor 

efficiency and total efficiency and reduces the consumption 

of motor electric power and total electric power in these 

wells.  

For wells using high-efficiency induction motors 

(HEIM), the energy consumption of the motor ΔPmotor only 

decreased in the ZLE-10 well. However, in the other two 

wells, ZLE-03 and FRC-11, the motor's energy consumption 

increased. The total energy consumption of the ESP system 

using high-induction motors has decreased in two wells, 

FRC-11 and ZLE-10, while in well ZLE-03, the total energy 

consumption has increased. The highest increase in HEIM 

efficiency is 0.2% in the ZLE-03 well, which means that the 

increase in motor efficiency has not increased significantly. 

At the same time, the system efficiency ranges from 2.6% to 

8.3%. 
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TABLE 3  

ENERGY CONSUMPTION OF ESP SUB-SYSTEMS WITH NEW MOTOR TECHNOLOGY 

 

TABLE 4  

EFFICIENCY OF ESP SUB-SYSTEMS WITH NEW MOTOR TECHNOLOGY 
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As presented in Table 3 and Table 4, it can be 

concluded that the use of PMM motors provides better motor 

efficiency values than high-efficiency induction motors 

(HEIM), PMM motor energy consumption is better than 

high-efficiency induction motors (HEIM), and kW/BFPD 

PMM motors are better than high induction motors. The 

PMM motor gives a power saving ΔkW/BFPD range from 

11.3% to 40%, with an average power saving of 31.1% that 

will be used for calculating power saving and natural gas 

savings. Therefore, this research chose a PMM motor to be 

applied in other ESP wells in field X. 

3. TheEstimated Natural Gas Savings and CO2 Emission 

ReductionUsing ESP PMM Motor in All Oil Well      

Field X. 

Using the ESP motor with the best efficiency, namely PMM, 

then calculating the estimated natural gas savings and CO2 

emission reductions.The electricity generated by the Gas 

Turbine is assumed to be 1 MMSCFD, generating 4.5 

MW(Ojijiagwo et al., 2018), and the price of natural gas is 6 

USD/MMBTU(Kementrian ESDM, 2022). Using the GHV 

of the non-associated gas source in Field X is 787 BTU/SCF, 

the natural gas price is 6 USD/MMBTU x 787 

MMBTU/MMSCF = 4722 USD/MMSCFD. Therefore, the 

electricity price is 4726 USD/MMSCFD x 1 MMSCFD/4.5 

MW = 1050 USD/MW. 

Calculation of gas savings due to the use of PMM 

Motor in Field X, which has an average value of electricity 

savings of 31.1%. The total electrical energy can be 

projected to decrease by 15 MW from 50.8 MW to 35 MW 

due to the replacement of the ESP PMM system, and gas 

savings are = 15 MW x 1050 USD / MW = 15755 USD / 

day. CO2 emission from open cycle gas turbine generator 

was 547 kgCO2/MWh(Steen, 2011), soimplementingESP 

PMM in all oil well Field X can reduce emission196 

TonCO2/day every 15 MW electricity saving. 

4. Economic Analysis 

The Gross Split Oil and Gas Field X contract parameters are 

used for the economic analysis. The rental cost of the PMM 

ESP + VSD is USD 650/day, the cost of replacing the ESP 

with a workover rig is USD 450,000/job, and the cost of 

lifting is USD 28/day. The results of PMM motor usage have 

an average value of total electricity savings obtained ΔkW / 

BFPD of 11.3%–40% with an average of 31.1%.  

 

FIGURE 5 SENSITIVITY ANALYSIS POWER SAVING TO NPV 

USING PMM MOTOR 

 

FIGURE 6 SENSITIVITY ANALYSIS POWER SAVING TO IRR 

USING PMM MOTOR 

 

FIGURE 7 SENSITIVITY ANALYSIS POWER SAVING TO POT 

USING PMM MOTOR 
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The economic sensitivity analysis of Net Present Value 

(NPV), Internal Rate of Return (IRR), andPay Out 

Time(POT) compared to power savings can be seen in 

Figures5, 6, and 7. The increased power savings from using 

ESP PMM in an oil well lead to reduced operating costs, 

resulting in higher positive cash flows, which, in turn, 

contribute to a higher NPV and IRR. However, the effect of 

changes in power savings on the impact of POT is not very 

significant.  

CONCLUSION 

Using PMM motors for ESP is the best way to keep the X 

Field's electricity supply adequate. Tests in four oil wells 

(FRC-01, KTA-05, CNH-13, and WDE-10) showed that this 

increased motor efficiency by as much as 8.5% and 

decreased the total amount of electricity needed by ESP by 

at least 19 kW in the CNH-13 oil well and 123.6 kW in the 

WDE-10 oil well, which was the most significant reduction. 

The projected use of PMM motors in all oil wells in Field X 

can decrease energy consumption in ESP motors by 11.3% -

40 %, with an average value of electricity savings of 31.1%. 

The total electrical energy can be projected to decrease by 

15 MW from 50.8 MW to 35 MW if the ESP PMM system 

is used and the emission of 192 tons of CO2 per day for 

every 15 MW of electricity saving is reduced. Natural gas 

savings due to PMM motor usage in Field X amounted to 

3.3 MMSCFD, or 15755 USD/day. Power savings using 

ESP PMM are sensitive to NPV and IRR and less sensitive 

to POT. 

NOMENCLATURES 

𝜂𝑠𝑖𝑠𝑡𝑒𝑚 ESP system efficiency, %. 

𝑞𝑙 Liquid flow rate, STB/day 

SG Liquid specific gravity, dimensionless 

PSD ESP setting depth, ft 

PIP Pump intake pressure, psi 

𝑃ℎ𝑦𝑑𝑟  Hydrostatic energy to lift fluid, HP 

𝑃𝑒 Total power electricity ESP, kW 

Δ𝑃𝑓𝑟  Energy loss due to tubing friction, HP 

Δ𝐻𝑓𝑟  Head loss tubing friction, ft 

𝜂𝑓𝑟 Efficiency tubing friction, % 

Δ𝑃𝑏𝑝 Energy loss due to system back pressure, 

HP 

WHP Wellhead pressure, psi 

𝜂𝑏𝑝 Efficiency system back pressure, % 

Δ𝑃𝑝𝑢𝑚𝑝 Energy loss in pump, HP 

𝐵𝐻𝑃𝑝 Brake horsepower required by pump, HP 

𝜂𝑝𝑢𝑚𝑝 Efficiency pump, % 

𝜂𝑠𝑒𝑝 Efficiency gas separator, % 

𝑃𝑠𝑒𝑝 Brake horsepower required by separator, 

HP 

Δ𝑃𝑚𝑡𝑟  Energy loss in motor, HP 

𝐵𝐻𝑃𝑚 Brake horsepower required by motor, HP 

𝜂𝑚𝑡𝑟 Efficiency motor, % 

𝑃𝑚𝑡𝑟𝑒  Electricity energy in motor, kW 

Δ𝑃𝑐 Energy loss in power cable, kW 

I Electricity current required by motor, A 

𝑅𝑇 Power cable resistance, Ohms 

𝜂𝑐 Efficiency power cable, % 

Δ𝑃𝑠𝑢𝑟𝑓 Energy loss in surface equipment, kW 

P Total energy loss, kW 

𝜂𝑠𝑢𝑟𝑓 Efficiency surface equipment, % 
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