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Design and Performance Analysis of an Oil Pump
Powered by Solar for a Remote Site in Nigeria

Onyinyechukwu Chidolue and M. Tariq Igbal

Abstract — Oil companies typically abandon stripper wells
with production rates below 15 barrels per day because the
production and maintenance cost exceed the pumping rate. Oil
spillage is the primary cause of low production rates; an
example of such failure is the Oloibiri oil well in Nigeria. During
the peak of operation, the flow rate was 5,100 barrels per day in
1960 and was abandoned due to the declining production rate.
The Oloibiri oil site has 18 drilled wells, and only the oil well 17
can be classified as stripper well. Because Nigeria has high solar
irradiance and insolation, a proper PV system sizing for a solar-
powered pump that should lift oil from a depth of 3800 metres
at a flow rate of 15 barrels per day is evaluated for two different
running times. In that way, the solar-powered pump will be used
to solve the ongoing issue of stripper oil wells by curbing oil
spillage from the oil wells abandoned by these production
companies and rendering a low-cost pumping system. This
paper evaluates the pump performance and completes the
system design. It compares the system design to the PVsyst and
HOMER sizing.

Keywords — HOMERPro, Oil Pumping, Photovoltaic,
PVsyst, Remote Oil Well, Solar Energy.

I. INTRODUCTION

More than 3.2 million abandoned oil and gas wells in the
United States are obsolete for various reasons. The effects of
stripper wells are environmental concerns caused by oil
spillage. Stripper wells produce fewer than 15 barrels of oil
per day; according to Energy Information Administration
(EIA), 380,000 remote oil wells in the US are in terrible
condition and pollute the environment [1]. Oil spillage affects
agriculture, climate change, and aquatic life. These numerous
abandoned oil wells are still actively polluting the
environment, and the spill hazard is still a concern. Other
cost-effective options, like renewable energy, should be
incorporated to power the pumping system. Two hundred
eighty-one kilotons of methane have been released into the
atmosphere in the US from abandoned wells [2],[3]. Methane
is the most dangerous compared to other greenhouse gases
that trap oxygen.

II. LITERATURE REVIEW

Five wells are operating in the Aztec Willson K property
[4]. However, there is no power supply because of the remote
setting, and each well was expected to produce just five
barrels per day; as a result, the project's costs needed to be
kept at a satisfactory rate due to the low pumping rate. The
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site's location makes installing electricity lines expensive
because of the lack of infrastructure to build a power grid. A
submersible progressive cavity pump was installed because
of its capacity to use solar power and lower installation and
maintenance costs, and the DC brushless motor was selected
for the pumps' low power requirements, which is compatible
with the PV system. The PV system design and a total remote
monitoring capacity are installed because the site location is
remote; cloud-based software is used for system monitoring.
All pumps are monitored and managed by the software using
any internet-connected device. A liquid level sensor monitors
the fluid level in each well and sends the data via the cellular
network.

In [5], the project aims to support the company's target to
reduce its carbon emissions across the Cooper Basin and
Queensland in Australia by 5% by 2025 and the Energy
Solutions team is created to drive the increment of energy
efficiency and the reduction of carbon emissions. It believes
that switching the power source from crude oil to 100%
renewable energy will positively affect the environment and
the economy by increasing system uptime and production,
reducing fuel usage, and removing dependence on fuel
generators, which are not always dependable. Additionally, it
will reduce maintenance and fuel trucking operational costs.
High-efficiency photovoltaic (PV) arrays are used in the
system, and the DC power generated is converted to AC
electricity by an inverter to power the beam pump. Excess
energy is stored in the battery. When the load on the beam
pump exceeds the capacity of the PV generation, the batteries
release the stored energy through the inverters to power the
pump. A control system monitors and controls the charging
and discharging of the batteries remotely.

The solar-powered oil pumping system product built by
Solar Lighting International consists of a Crank Rod Pump
for shallow and low-flow oil wells, especially those located
in rural areas [6]. Unlike the linear rod pump, the solar-
powered crank rod system eliminates the technical mechanics
of conventional pumping equipment. It transforms variable-
speed rotary motion into vertically reciprocating motion,
which powers the rod string using a primary crank
mechanism. The unit is small, light, and simple to install and
move. It mounts directly to the wellhead. The crank rod pump
speed is low, allowing low-volume wells to continue
producing without being shut down, making it a perfect
alternative for pumping stripper wells. The sucker-rod pump
has a control system that maximizes production while
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protecting the pumping system. The crank rod pump system's
unique ability to operate on solar power makes it a flexible
and environmentally responsible solution for regions
disconnected from the power grid. Power demand is balanced
by flywheel energy storage, while power usage control
ensures that the complete output of the solar collecting array
is always used, allowing the device to pump in a wide variety
of fluids. Only a few solar-powered oil pump studies are
found in the literature review, and none of the current studies
provided full design details and methods used. In this paper,
we present a case study for a site in Nigeria and include a
complete design, system sizing and analysis of the designed
system.

III. SITE CHARACTERISTICS: OLOIBIRI OIL FIELD

The Oloibiri oilfield is located in Bayelsa State, Nigeria,
and the 13.75 km? oil site is under a marsh of Oil Mining
License OML 29. The discovery well Oilwell 1 depth is 108
feet and was founded on August 3, 1955 [7]. On average, the
field produced five thousand hundred barrels daily for the
first year. After that, production increased as new wells were
drilled and put into use, reaching peak production in 1964,
with a total of eighteen oil-producing wells. The field
produces heavy oil with an API rating of 20.6, with the
oilfield's total production rate of over 20 million barrels
during its 20-year life. When oil production finally ended in
1978, the field was shut down the following year due to the
low production rate, which was not profitable for the
companies [7]. The Oloibiri oilfield was neglected without
any possibility of recovering the remnant still present on the
site. The pipeline connecting the Oloibiri field to Port
Harcourt and the Bonny was constructed by Royal Dutch
Shell, the country's first crude oil pipeline. The first crude oil
exports from Nigeria's Oloibiri oil field occurred in February
1958, initially at a rate of 5,100 barrels per day.

A. Oil Well Development

After declining production, the Oloibiri-17 appraisal well
was drilled to a depth of 12,520 feet, and this was due to the
pump rate from the previous appraisals being drastically low.
The oil spillage from Oloibiri caused most oil wells to dry up.
At that time, the field's output decreased less than its peak
production period. Only oil well 17 was considered a stripper
well with a production rate of under 15 barrels per day [7].
The current condition of the oil well and oil spillage are
shown in Fig. 1 and Fig. 2.
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Fi. 2. Oloibiri Oil well spillage.

Since oil well No. 17 is considered a stripper well with a
production rate of about 15 barrels per day, this paper will
design and analyze a solar power pump.

IV. ISSUES OF ABANDONED OIL WELLS IN NIGERIA

The House of Representatives Petroleum Resources
(Upstream) and Environment Committees looked into the
precise reason behind the oil spills at the OML 63, OML 18,
and OML 29 neglected wells in Nigeria. Cawthorne Channel
Well 15 under the Oil Mining Lease (OML) 18 is a deserted
and remote well which was the cause of the oil spill [9].
According to reports, hundreds of thousands of barrels of
crude oil were dumped into the Santa Barbara River, and the
spillage ruined the ecosystems that sustain farming, drinking
water and aqua life. Unfortunately, the root cause of the oil
leak on OML 29 is still unknown. OML 63 experienced a
leak, the cause of which has not yet been determined and is
under review [10]. In Nigeria, over 800,000 barrels of crude
oil are still being produced at a lower rate than before.
Although the exact reason for the Nigerian oil well leak is
unknown at this time, it is believed to be the result of low-
quality oil construction or piping material wear and tear.

V. SOLAR ENERGY IN NIGERIA

The geographic location of Nigeria is an advantage for
solar energy utilization due to its high solar irradiance. Solar
energy in Nigeria has a high global horizontal irradiance, with
the northern part receiving the highest portion. The country
has a solar radiation value of roughly 19.8 MJ/m? and 6 hours
of sunshine on average per day. The amount of sunshine
varies depending on the site location ranging from 9 hours in
the far north to 3.5 hours near the coast [11], [12].

Nigeria typically receives about 7.00kWh/m?2, which is
25.2MJ/m? of solar radiation daily. Fig. 3 shows the solar
radiation map of Nigeria and can be used to estimate the
nation's solar capacity, which is between 3.5 kW/m?2/day to
7.0 kW/m?/day, with average daily sunshine hours of 4 to 7
[11]. There are currently only a few recent developments in
remote microgrid systems using solar energy for other
applications rather than residential use.
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Fig. 3. The geographical Solar irradiance range in Nigeria [11].

1900 2050 2200 > kWhim? ©2011 GeoModel Solar s.ro

VI. SYSTEM DESIGN CALCULATION

The primary aim of this design is to evaluate the best-fit
running time for the solar pump, and this will be compared
under two conditions, first, when the system runs at the solar
isolation of the location, that is 5 hours a day and then when
the system runs for 24 hours non-stop. The pump
performances for each condition are carried out on Pvsyst
software since the site characteristics, and oil well parameters
can be inputted in the software, while the PV system sizing
will be carried out using HOMERpro.

A. Site Description

The choice of a pump depends on the flow rate and head.
The pumping level was chosen at 3800 m to avoid pump
damage from any foreign body, like sediments or sand from
crude oil. The oil well depth is 3816 m with a total dynamic
head of about 3820 m and a static water level to the ground
of 3710 m. About 15 barrels of oil are produced at this
location each day, which is equal to 2.4m3/day per day.
Under the following running time, the performance of the two
systems will be compared and examined.

e Condition A; the system runs for 5 hours daily when it
is sunny in the vicinity.

2.4
5X60x60

= 0.00013m3/
(1)

Flow rate per second =
s(0.5m3/h)

e Condition B; system is running for 24 hours, non-stop,
irrespective of solar irradiance.

24 _
24X60X60

0.000027m3 /s
(2)

©)

Flow rate per second =
(0.1 m3/h)

TDH = 3816 + [(091)+ 5]x 0.2 = 3817m

but 3820 m will be the estimation for the total dynamic head
to give room for other losses.
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B. Solar Irradiance of the Site

The best use for this renewable energy technology in
Nigeria will be the integration of solar energy due to the
country's high solar irradiance and prolonged hours of solar
insolation. The solar irradiance of the site was evaluated
using the Homer software. Fig. 4 below indicates the site's
solar resources obtained from HOMERpro software.

SOLAR GHI RESOURCE ﬁ
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Fig. 4.The solar average global horizontal irradiance data
for the site from homer.

The highest monthly average solar irradiation occurs in
January, while the lowest occurs in July. Oloibiri, Nigeria
experiences an annual average solar radiation of
4.13kWh/m?/day. The solar day was demonstrated by the
minimum and maximum sunshine durations varying from 5
to 9 hours.

C. Pump Sizing
The proper pump sizing can be calculated using hydraulic
power over the efficiency for a simple calculation.

hydraulic power =.p X g X H X Q 4
__ hydraulic power

Shaft power = o riciency &)

where,

p is the density.

H is the total dynamic head in m,
Q is the flow rate in m3/s, and
g is the gravitational constant in m/s2.

A pump efficiency of 30% is assumed for the simple
calculations to give a rough sketch of the system design.
Heavy crude oil density is 925 kg/m3. However, because of
the well's depth and high pressure at the bottom level, the
density is nearly equal to that of water which is 1000 kg/m3.
Since the oil will be hot at that depth, its viscosity is low.

e Aspreviously demonstrated, the total head dynamic for
condition A, or a system operating for 5 hours per day,
is 3820 m, with a maximum flow rate of 0.00013 m3/
s. Based on the hand calculation -efficiency
assumption, the calculated hydraulic power is 4,506 W,
and the shaft power of 15 kW can deliver the necessary
amount of oil.
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e For condition B, a system that operates continuously
with a maximum flow rate of just 0.000027 m3/s, the
calculated hydraulic is 934.96 W, and the shaft power
of 3.11 kW can, according to the hand calculation,
deliver the necessary amount of oil at a 30% efficiency.

The above calculation provided a rough idea of the system
design; however, comprehensive system sizing is carried out
using solar energy software.

VIL

PVsyst software is used to properly size the solar pump to
fit the system needed for the site's characteristics and provides
specific parameters that describe the oil well, like lower
dynamic level pump level, borehole diameter, static level and
drawdown. Because of the well's depth, the density of the oil
is equal to that of water. The following oil well specification
is required for the system design in Fig. 5. The medium-
pressure seamless steel material with an inner diameter of 200
mm and an outer diameter of 217 mm is used as the
customized delivery pipe material.

SOLAR PUMP DESIGN BY PVSYST

Pumping System Type | Deep Well to Storage
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ISSN: 2736-5751

A. Pump Sizing for a Running Time of 5 hours/day

With a minimum head of 3702.7 metres of oil and a
maximum head of 3712.7 metres, as shown in Fig. 6, PVsyst
indicated the hydraulic power is 4850W and suggested pump
power of 18.2 kW and PV system of 23 kWp.

B.  Pump Sizing for Continuous Running Time (Non-Stop)

The PVsyst software suggested nearly the same pump size
as the other running conditions. The flow of 0.000027 m3/s
was entered as shown in Fig. 5, suggesting the pump power
as 18.5 kW, a PV power of 18.5 kW, and tank storage of
9.6 m3 to meet the load demand when operating 24/7, as
shown in Fig. 7.

VIII. PV S1zING BY HOMERPRO SOFTWARE

Given that PVsyst recommends sizing at about 18.2 kW
and 18.5 kW for the two conditions, respectively, 1.8 kW is
added to account for additional energy requirements for the
system monitoring and extra lighting. To precisely determine
the ideal PV rating to handle the system's required electrical
load for a 5-hour daily and continuous flow operating period
will be optimally done using HOMERPro software; this is
one limitation of PVsyst.

Feeding level [
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Lower dynamic level -3710. | m Feeding altitude 2720 | m —_—  —
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Fig. 5. The oil well characteristics inserted in PVsyst software.

Pre-sizing suggestions
Iy B ) Requested autonomy 4.0 Days Suggested tank volume 9.6 m?
Heao JNL T metery
". i % P s Suggested Pump power 18.2 kw
Heal max metery Aobiits 5" o P
olume 2.4 m*/day i e | - () Suggested PY power 23.0 kwp (nom.)
Hydraulic power 4850 W (very approximative
Fig. 6.The pre-sizing suggestion done by Pvsyst for 5 hours running time.
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e ax ) elery [ & '
(olume 2.4 mY/day Accepted missing 3.0 o d Suggested PV power 23.4 kWp (non
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Fig.7. The pre-sizing suggestion done by PVsyst for a non-stop running time.
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Fig. 8. Load profile when the system runs for 5 hours/day.
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Fig. 9. System Sizing Architecture.

The system is intended to be used during its operating
window of 11 am to 4 pm when solar irradiance is at its
highest. Fig. 8 and Fig. 9 show the system design and load
profile for 5 hours of running time in HOMERpro.

For the system design, a 22.3 kW converter, a 50 kW of
370W 24V Solar panel, 40 (970Ah, 12V) batteries, and One
string of 20 batteries has a DC bus voltage of 240V is used.
Fig. 10 shows the renewable fraction of 100%, 33.9% of the
electricity being in excess, 0.08% of the load being unmet,
and 0.09% of the capacity shortage.

System Architecture:
LONGi Solar LR6-72PB (50.0 kW)
EnerSys PowerSafe SBS 970 (2.00 strings)

PRETTL REFUsol23K (223 kW)
HOMER Cycle Charging

Total NPC:
Levelized COE:

Operating Cost:

Cost Summary Cash Flow Compare Economics | Electrical | Renewable Penetration EnerSys PowerSafe SBS 970 LONGi Solar LR6-72PB  PRETTL REFUsol23K  Emissio

Production KWhiyr | % Consumption | KWhyr | % Quantity Whyr | %
LONGi Solar LRE-72PB| 56720 100 ACPrimary Load 36470 100 Excess Electricity 19248 339
Total 56720 100 DC Primary Load 0 0 Unmet ElectricLoad 303 00830
DeferrableLoad | 0 0 Capacity Shortage 363 00004
Total 36470 100
Quantity Value| Units
Renewable Fraction 100 %
Max. Renew. Penetration 210 %
Monthly Electric Production

MLRE-T2PB 7

Jan Feb Mar M My Jun l Aug Sep oct Nov Dec

Fig. 10. The simulation result details for the 5 hours running time system
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Fig. 11. System Sizing Architecture.
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Fig.12. Load profile when the system runs for the non-stop running time.

PV sizing for the system that operates continuously under
the same sizing architecture as under condition A. The system
design includes a 5.88 kW converter, 40 (970 Ah, 12 V)
batteries, and 54.9 kW of 370W, 24 V Solar panels. Fig. 13
depicts a 100% renewable percentage, with 38% of electricity
being in excess, 0.8% of the electric load being unmet, and
0.09% of capacity being short. The 240 V DC bus voltage, or
twenty 12 V battery banks connected in series, was set.

The system's 24-hour operation results in a higher PV
capacity and surplus electricity compared to condition A.

Simulation Results
System Architecture:

LONG Solar LR6-72PB (549 kW)
EnerSys PovierSafe SBS 970 (2.00strings)

Leonics $-219Cp SKW (588 kW)
HOMER Cycle Charging

Total NPC:
Levelized COE:

$107,662.80
02284
$1.96191

Operating Cost:

Emissions.

Cost Summary Cash Flow Compare Economics  Electrical Renewable Penetration EnerSys PowerSafe SBS 970 LONGi Solar LR6-72PB  Leonics S-219Cp SkW

Production kWhAyr | % Consumption kWh/yr % Quantity KWh/yr %
LONGi Solar LR6-72PB 62265 100 ACPrimary Load 36468 100 Excess Electricity 23649 380
Total 62265 100 DC Primary Load 0 0 Unmet Electric Load 318 00872
Deferrable Load 0 0 Capacity Shortage 354 0.0970
Total 36468 100
Quantity Value | Units
Renewable Fraction 100 %
Max. Renew. Penetration 1,107 %
Monthly Electric Production
W LR6-72P8

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 13. The simulation result details for the non -stop running time system.
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metrics Value
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Usable renewabie capacity divdad b

capacity 100 % Total renewable production o 00 %
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Peak value Value Unit

Renewable output dvided by load (HOMER standard) 210 %
Renewable output dwided by Generatioe 0 %
One minus ranrenewsha cutput diided by total osd 100 %
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1 “ 180 70 s L 180 s

Fig. 14. The renewable penetratlon for on the PV panel for the 5 hours runmng time.
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Fig.15. The battery performance details for the 5 hours running time.

System Architecture: Leonics S-219Cp SkW (5,88 kW) Total NPC: $107,66280
LONGi Solar LR6-72PB (549 kW) HOMER Cycle Charging Levelized COE: 02284
EnerSys PowerSafe SBS 970 (200 strings) Operating Cost: $196191

Emissions

|

Cost Summary Cash Flow Compare Economics Electrical Renewable Penetration ~EnerSys PowerSafe SBS 970 | LONGi Solar LR6-72PB ~ Leonics S-219Cp SkW.

| |

Quantity Value| Units Quantity Value  Units Quantity Value | Units i
| Batteries 400 qty. Autonomy 863 hr Average Energy Cost 0 $/kWh
| String Size 200 batteries Storage Wear Cost 00519 $/kWh Energy In 21951 kWhjyr
| Strings in Parallel 200  strings Nominal Capacity 514 kWh Energy Out 21322 kWhiyr
Bus Voltage 20 v Usable Nominal Capacity 360 kWh Storage Depletion 301 kWh/yr
Lifetime Throughput 324741 kWh Losses 659 kWhiyr
| Expected Life 150 yr Annual Throughput 21,649 kWh/yr

Frequency (%)
gy Tl

0 L e e e e N )
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Smle of Charge °
2 g 100
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Fig.16. The battery performance details for the non-stop running time.

A. PV Panel and Battery Performance Fig. 15 shows that in September, this reduction ended for

The penetration level met all load requirements by 156%, a system running er > hours. Even though the. spegﬁcs of
as shown in Fig. 14. However, the battery's internal system renewa'bl.e penetration are the same 1 both situations, the
characteristics reveal that the state of charge began to battery's internal system characj[erlstlcs demonstrate that the
decrease significantly in August. §tate of charge ra}pldly Flepletes in August. Fig. 16 shows that

in September, this decline came to an end.

| Simulation parameters Main results

Project New Project onyy PV Arnay Viater Pumped 20 m*[year Energy AtPump 43 kohjyr
Viater neads 876 m'jyear Unused enargy 0 kivhiyr
Mssing Viater 917 % Unusad Fraction 0.0 % of ExrMpp

Site Olobrri PY moddes LR5-72HPH SS5MG2  Pump: P5-1800 HR07 Spacific energy 213 kWhjm?

System type  Pumping Nosming power 0.56 <Wp  Nom, Power 600 W System efficency 56 %

Smuation 0101 to 31/12 Aver, Head 85,0 metery  System type Deep Wel to Storage Pump efficency 14 %

(Genaric meteo data) AV, water noeds 2.9 m'jday Configuration MPPTOC converter

Fig. 17. The simulation parameters and results for the 5 hours/day running time.
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Simulation parameters Main results

Project oloibiri PV Array Water Pumped 260 m?/year Energy AtPump 177 kWhjyr
Water needs 876 m3[year Unused energy 0 kWh/yr
Missing Water 703 % Unused Fraction 0.0 % of EarrMpp

Site Oloibiri PV modules LR5-72HPH 555 M Pump: SQF 1.2-2 30-300V Specific energy 0.68 kWh/m?

System type Pumping Nominal power 1.11 kwp Nom. Power 680 W System effidency 114 %

Simulaton  01/01 to 31/12 Aver, Head 85.0 meterW System type Deep Well to Storage Pump efficiency 379 %

(Generic meteo data) Av. water needs

2.40 m?/day Configuration MPPT-DC converter

Fig. 18. The simulation parameters and results for the non-stop running time.

IX. SYSTEM PERFORMANCE

The oil well is too deep for PVsyst to evaluate the pump
dynamics. As a result, the maximum head is set at 100 metres,
and the static head and dynamic level are set at the same level
position as the site characteristics.

In order to account for the TDH of 3820 m, each result will
be multiplied by 38.2 to mimic the system's performance
fully. The pump is specified based on the requirements of the
static head and the pump power.

For the system evaluation for condition A, a 1.4 kW
Grundfos Solflex DC pump with a brushless DC motor with
a maximum power of 1400 W, 120 V, and 3.8 A is used. The
pump power for condition A is 422 W by PVsyst. Main result
of Fig. 17 demonstrates that the pump performance efficiency
is 37.9%, and the overall system efficiency is 11.4%.

For condition B, the pump power is 328 W. Lorentz DC
pump with a brushless DC motor with a maximum power of
600 W, 140 V, and 3.1 A is used for system evaluation. Fig.
18 indicates that the pump efficiency is 11.4%, overall
efficiency is 5.6%, and there is 97.7% missing oil.

Fig. 17 represents a system size for a 100 m depth along
with the flow rate for a 5-hour running time. Recall that every
result will be multiplied by 38.2. Therefore the PV power is
20.36 kWp, and the pump power is 16.12 kW, with losses not
considered.

Fig. 18 represents a system size for a 100 m depth along
with a continuous flow. Recall that every result will be
multiplied by 38.2 in Fig. 18. Therefore the PV power is 15.9
kWp, and the pump power is 12.5 kW with losses not taken
into account.

According to the above design and analysis, the design
sizing for both systems is the same, but the system's
efficiency when running for five hours is best suited for the
location. The system consists of a 22.3kW converter, 40
(970Ah, 12V) batteries, and a 50 kW of 370W 24V Solar
panel. Fig. 19 offers a thorough system design diagram that
will run for five hours.
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Fig. 19. Detailed System Design Diagram.
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X. CONCLUSION

The environmental effects of an abandoned well with a low
production rate are catastrophic. Alternative and cost-
effective technology, like the solar-powered pump, is an easy
way to address this issue because of how expensive for
oil companies to minimize the impact by pumping the
leftovers. For Olobiri oil well 17, this paper proposed
intensive system sizing. The PVsyst made recommendations
for the pump's size, and the software's performance was
assessed by simulating an oil depth to account for the site's
specifications. According to the software, the system and
pump efficiencies are 11.4% and 37.9% for 5 hours of
running time. Also, 5% of system efficiency and 11% of
pump efficiency were indicated when there was a continuous
flow. To properly size the PV setup in HOMERpro, the
overall load of the entire power system was considered.
According to the PVsyst Suggestion, the software
recommended a PV unit of 50 kW and 54.9 kW for working
conditions with exact size specifications for batteries.
However, the system running for 5 hours is more efficient
when compared.
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