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I N
Abstract

Primary barriers to fracturing the reservoir 24/7 have been identified as 1) the time between stages (this
includes transition time and pressure tests), 2) downtime associated with gate valve maintenance and
failures, 3) frac pump maintenance and 4) sand and water logistics.

Following a prescribed roadmap, a system has been developed with new subsystems and processes to
eliminate these identified barriers through novel products and automated workflows resulting in fracturing
the reservoir more hours per day with the goal of reaching 24 hours a day, 7 days a week (please note the
difference between being on a frac site 24/7, which occurs today, and fracturing the reservoir 24/7).

The system eliminates the time between stages with rapid, automated transitions from one stage to the
next enabling operators to continuously pump for the duration of the completion. Utilizing automated
workflows, interlocks with wireline and frac systems, control systems, and RFID, the system eliminates NPT
associated with stage-to-stage transitions. An addition to the system that enables the exchange of pumps
during frac operations without stopping the frac has gone through initial field trials, with a second iteration
soon to be deployed. Although the overall system does not directly solve logistic issues (i.e. sand and water
shortages), the demonstrated consistency achieved using the system enables better planning of resources.

A summary of the system’s accomplishments, some previously disclosed, some new, will be presented.
The system has broken multiple pumping records across US basins including hours pumped continuously
and stages completed. In addition, the system has over a dozen industry "firsts" that have advanced
completion practices, reduced NPT, and eliminated transition time. The paper highlights new additions to
the system including the automated lubricator, automated greasing algorithms, and the ability to exchange
a pump truck while fracturing. Utilizing the plentiful data provided by the system, specific case histories
are documented highlighting the gains in operational efficiency, consistency and safety resulting from the
new system.

Introduction

Exiting the trailer, the brisk morning greets me as I stroll across the pad toward the frac van. The whirring
sound of the pumps fills the air. Strangely, I note little human activity. Entering the frac van, I see the typical
array of computer screens displaying data. Glancing at all the screens, a new and distinct screen catches
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my attention. Walking over to it, I peruse a series of graphic indicators depicting equipment health and
operational status - valve positions, data trends, condition of pumps, wireline status, fuel, sand and water
volumes and alerts. The nearby consultant gives me an affirmative nod as he calls out that stage 21 is
nearing completion, and the transition to stage 22 will happen shortly. A frac engineer, glancing at the pump
diagnostics on the screen, responds in the background that all pumps are operational and available for the
upcoming stage with pump 15 having just completed routine maintenance. On another screen, I see pump
15 being restored to operating status as it is backed toward the missile. A mechanical apparatus operated
remotely achieves the automatic coupling of pump 15 with the missile. Asking the frac engineer what is
happening, he briefly explains the pump has been remotely removed, repaired, and brought back online.
Surprised, I note this process did not require the usual frenzied activity of frac hands in the red zone. The
pump was isolated, bled down, removed, repaired, and brought back online without anyone entering the red
zone. Glancing back at the consultant, he points out that Stage 21 is complete, the pressure dropping rapidly
as the rate is throttled. Expecting the pumps to stop, I turn to go outside to watch the transition. Before I
exit, I hear the pumps ramp back up. The consultant lets the frac engineer know stage 22 has started, with
all systems operational. I watch the frac for the next several hours, realizing the system is transitioning
the stages and ramping the pumps without the consultant intervening. Occasionally, I note the consultant
addressing an alert that appears on the screen. This is typically followed by a message from, what I later
learn, is the remote automated surface system operator. The consultant informs me the remote operator
monitors the alerts and takes action to address any issues before it results in NPT. Twenty minutes later,
a checkmark appears next to the alert, marking it addressed. As the day comes to an end, I exit the frac
van shaking my head, realizing I have witnessed a permanent step change in frac operations that is both
safer and far more efficient.

The above narrative, although a fictional account, is a description of the system that is largely in place
today. The system is further described below with a case history highlighting the functionality. A few aspects
of the system are in final development and will soon be implemented enabling the above account to become
a daily reality.

The Road to 24/7 Fracturing

In 2018, the first framework for adding automation to a frac stack was proposed internally. The proposal
called for adding sensors and automated controls to hydraulic valves with a live data stream and post
job analytics. Shortly thereafter, a novel third-party technology was identified and acquired. Pairing the
service company’s operational expertise with the automation expertise of the third-party, an expansive
vision formed to methodically eliminate the primary barriers to fracturing the reservoir 24/7. These
barriers, identified as 1) the time between stages (this includes transition time and pressure tests), 2)
downtime associated with gate valve maintenance and failures, 3) pump maintenance and 4) sand and water
logistics, would be eliminated through novel, fit-for-purpose products, automated workflows, and integrated
control systems. A roadmap (Figure 1) was established that emphasized continual system development and
increased levels of automation as each hurdle was overcome. Similar to the roadmap used for autonomous
vehicles, the hydraulic fracturing roadmap utilizes successive improvements and integrations to functions
and subsystems to achieve ever higher levels of autonomy, safety, and consistency. Table 1 describes each
automation level and its impact on safety, consistency, and pump efficiency.
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Roadmap to 24/7: Hydraulic Fracturing Surface Automation Levels
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Figure 1—Roadmap to 24/7 Hydraulic Fracturing

Table 1—Description of Hydraulic Fracturing Automation Levels

Level

Technology
Level

Description

Red zone
Interaction

Error
Potential

Pump
Efficiency

Manual
Process

All actions/components are manually
driven. Valves are hand operated. Wireline
lubricator manually attached. Greasing
done manually.

High

High

Low

L1

Hydraulic
Assist

Hydraulics added to components to aid
manual operation. Valves are actuated via
hydraulics with technicians initiating
actuation. Technicians enter red zone
frequently to conduct swaps. Wireline
lubricator manually attached.

High

High

Low

L2

Functional
Automation

Most operators are at this level today.
Components are automated to create
functions. Valves are actuated via
hydraulics with technicians initiating
actuation. Wireline lubricator attached via
hydraulic latch. Zipper or wellhead
connection unit. Greasing manifolds added.
Humans required to understand state &
interaction of all functions.

Medium

High

Medium

L3

Subsystem
Closed
Loop
Automation

Functions are automated to create
subsystems. Subsystem workflows run
without human interaction. Human
intervention required between subsystems.
An example subsystem, the automated
surface system, includes latch, stack,
zipper, and greasing integration.

Low

Medium

Medium to
High

L4

Subsystem
Integration

There are three primary subsystems on a
frac site:

1.  Pump system

2. Wireline system

3. Surface system
Computer algorithms initiate subsequent
subsystem actions without human
intervention. When all subsystems are
integrated via algorithms, this forms an
automated system. For example, given a
set of parameters from the pump and
wireline systems, the automated surface
system transitions to the next stage in a
well.

Zero to Low

Zero to
Low

High

L5

System
Closed
Loop
Automation

All subsystems are integrated, and
algorithms initiate subsequent systems
without human intervention. Ex. Fracis
initiated on stage 1 and all subsequent
steps through last stage are completed
without human intervention, interrupted
only by alerts requiring human interaction.

Zero to Low

Zero to
Low

High to
100%
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The surface system currently has been integrated into a single subsystem, achieving Level 4 automation.
This subsystem is integrated into the wireline and pump subsystems, laying the foundation to achieve Level
5. Contrast this with most operators using Level 2 surface systems that employ multiple, non-integrated
controls leaving most process control to checklists, procedures, and human expertise.

The Automated Surface System to Achieve 24/7

Several papers have been published regarding the automated surface system (as the system in its entirety will
be referred to henceforth) in its initial phases. The automated surface system has the following components,
with several of the recent upgrades highlighted for further details:

¢ Base System — previously described.

° Automated latch — enables red zone free lubricator attachment.
° Automated valve — allows rapid equalization, eliminates cut wireline, and reduces valve
maintenance.
e Automated valve controller — previously described.

o Controls all gate valves.
o Automates greasing of all valves on every actuation
o Enables continuous pumping operations through automated valve transition while pumping.
o New greasing algorithms ensure every valve receives the proper amount of grease using only
a fraction of the grease traditionally used.
o Has led to multiple days of fracking the entire day at treatment pressure.
o Automated lubricator — to be described further.

o Automates the pre-fill and equalization of the lubricator.
o Includes patented automated vent sub technology and RFID technology.
¢ Automated missile equalization — to be described further.

o Reduces time required to swap a pump by rapidly bleeding pressure down.
o Accurately and quickly equalizes missile with the well.
o Eliminates personnel entering red zone when bleeding missile pressure.

e Automated pump swapping — to be described further.

° Automates the process of replacing pumps without going into the red zone while pumping.

These system components are integrated into a single automated surface system that enables an operator
to instantaneously transition from one stage to the next continuously day after day. The system eliminates
the four barriers to pumping 24/7 through the following means:

e The time between stages (this includes transition time and pressure tests)

o The base system and the automated valve controller enable near instantaneous valve transitions
(less than 30 seconds) while pumping.
e Downtime associated with gate valve maintenance and failures.

o The base system eliminates the need to use the stack to shut in for transition, utilizing the stack
gate valves only when well shut in is required.
o Every time a valve is actuated, the system greases the valve with precisely the amount of grease
required to fill the cavity, no more, no less. This is described in more detail in the AGA section.
This method has drastically reduced repairs and failures.
e Pump maintenance

o The new automated pump swapping system enables a pump to be replaced without entering
the red zone during pumping, eliminating the need to shut down the frac job to repair pumps.
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In addition, pumps can now be put on a preventative maintenance schedule, leading to more
up time and less costly repairs per frac pump.
¢ Sand and water logistics

o Although the system does not directly address sand and water logistics, a system that leads to
more consistent frac jobs aids in planning sand and water logistics.

Automated Lubricator. The automated lubricator reduces decision time as well as potential NPT events:

e Automatically detects which lubricator is on which well. As the automated surface system leads
to faster operations with limited to no time between stages and with the introduction of simul-
fracs, operators are choosing to utilize multiple wireline trucks on a job. To ensure the automated
surface system knows which lubricator is on which well, RFID technology has been implemented
to positively identify this relationship.

e Once the lubricator is detected by RFID, the system automatically latches the lubricator,
eliminating a human-interaction step in the process.

e With a positive test completed, the system fills the lubricator until the new automated vent sub
detects fluid. This is done to ensure all air is out of the lubricator as today’s manual slobber lines
or vent subs do not provide assurance air is eliminated from the lubricator potentially leading to
burnt wireline due to adiabatic heating during the equalization process. In addition, the system
has been engineered with two pumps, one to fill and the other to equalize pressure, with the fill-
pump incapable of generating sufficient pressure to cause adiabatic heating. With these features,
the automated vent sub eliminates burnt wireline as a concern.

Automated Missile Equalization. In many frac operations today, personnel enter the red zone to bleed
off the missile. Integrated into the automated surface system is the bleed down and equalization of the
missile from the safety of the frac van, shortening the time required to switch out pumps and removing
personnel from a hazardous red zone operation. This enables frac crews to always be completely red zone
free, eliminating the need for any exceptions. And it saves additional time and expense by automatically
greasing the equalization plug valves eliminating a potential source of NPT.

Automated Pump Swapping. The key remaining barrier is ensuring pumps are operational 24 hours a day
to keep pumping at the prescribed rate. Today, the average frac crew utilizing zippers operates consistently at
16 hours a day, leaving a 50% upside in pumping each day when this problem is resolved. Figure 2 highlights
the potential efficiency and utilization gains of employing the automated pump swapping technology.

Automated Pump Swapping Efficiency Gains
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Figure 2—Example of Efficiency Gains. Highlights efficiency opportunity moving from traditional
zipper operations to the automated surface system without and then with automated pump swapping.

£20Z AN Z0 uo Asipeig AejeH Aq |pd sw-|0LE|LZ-0ds/009860€/2008700S | 20Q/O0MOEZ-Z/O0MN0EZ/APd-sBuIpeed0id/oOM0TdS/B10 0nedauo)/:dny woy pepeojumoq



6 SPE-213101-MS

The traditional approach to pump maintenance has focused on improvements to the pump truck. The
automated pump swapping addition to the automated surface system approaches the problem differently by
enabling a pump to be replaced without stopping operations or personnel entering the red zone. The system
is placed between each frac pump and the missile. When a pump needs to be repaired or replaced, the system
isolates the pump, bleeds down the pressure, and unlatches the pump. The pump truck is then removed
out of the red zone to be repaired or replaced with another truck. The repaired pump truck is backed into
a set position, actuated arms couple the automated pump swapping skid with a hose plate mounted to the
back of the truck, and the plates are clamped. A prime up pressure test and equalization is performed before
the pump is brought back online. Provided the benefits of the automated surface system, this additional
technology enables an operator to achieve 24 hours of pumping per day. Benefits to the pumper include
higher pump truck utilization, greater revenue, more frac jobs per month, and fewer trucks required on any
given pad to maintain rate.

A prototype, shown in Figures 3 and 4, was tested in July 2022 with 8 pump swaps successfully completed
without stopping the frac job. Lessons learned from the prototype have been incorporated into the final
product.

Figure 3—First Prototype of Automated Pump Swapping Skid

Figure 4—First Prototype of Pump Truck
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Industry Firsts
To achieve the goal of 24/7 fracturing required a number of industry firsts. The industry firsts achieved thus
far include (with descriptions):

Self-equalizing automated valve — the base system, commercialized in 2019, automates the
equalization process, enabling rapid transitions (~ 10s).

Remote, integrated latch — part of the base system, the integrated latch is interlocked with the
automated valve, eliminating potential pressure releases by ensuring the latch is properly tested and
in place before the valve can actuate. In addition, the system allows the lubricator to be attached
during frac, eliminating time on critical path for this task.

Automated lubricator with fill and drain — described in more detail above.

Digital handshake — a unique authentication code, changing every 30 seconds, is tied to each
person authorized to use the system. The digital handshake reduces the risk of NPT by ensuring
the system is operated only by qualified personnel and provides traceability if issues occur.
Remote hydraulic greasing — other greasing systems traditionally use pneumatics to drive grease.
Using hydraulics delivers a pressure curve, providing assurance of grease, eliminating greasing
time as well as reducing valve-related NPT events.

Integration of the surface system — traditional surface systems have multiple, non-integrated
controls. For illustration, the typical surface system has separate controls for each valve, the
greasing system, and the latch system. Process control is achieved through human-driven
workflows, checklists, placards, lock-out/tag-out, etc. Human-driven workflows are prone to error
and therefore NPT.

Continuous pumping well transitions — the first continuous pumping transition was conducted
in October 2020 in the northeast. Continuous pumping is a process that reduces stage-to-stage
transition time to seconds.

24hr+ continuous pumping — this milestone was first achieved in September 2021 and represents
the initial step toward continuous pumping 24/7.

Remote frac plan execution — the ability to execute the next well transition from a remote frac plan
entered by the completion engineer, providing frac flexibility to the engineer as well as ensuring
the correct stage is completed. The system maintains a queue of fractured wells and will work
through prescribed steps suggesting swaps in order of wireline activity or will pull from a stage
list provided by a completion engineer. Either way, it will then remove the well from the available
wells to frac until it sees wireline activity again. It eliminates the human decision factor when
swapping, providing the ability to auto-swap as we progress to Level 5 automation.

Swapping a pump while treating — demonstrated in July 2022, details above.

Automated simulfrac transitions — In May 2022, the automated surface system was adapted to
simulfrac operations, eliminating stage-to-stage time on simulfrac jobs.

Continuous pumping on a simulfrac job — In May 2022, the automated surface system
transitioned from 2 wells to 2 separate wells, performing 11 valve actuations, and initiating greasing
of each valve, all in under 40 seconds, facilitating the opportunity to pump 24/7 on simulfrac
operations.

Why Automation?

The age-old debates that are generated when a new technology stands to replace current practice are
illustrated by the car (automobile) and horse debates of the 1890’s. Alexandar Winton, an early pioneer
of automobiles, wrote in the Saturday Evening Post (Post’s Special Collectors Edition: Automobiles in
America!, February 8, 1930), "But in the *90s (/8905), even though I had a successful bicycle business,
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and was building my first car in the privacy of the cellar in my home, I began to be pointed out as ‘the fool
who is fiddling with a buggy that will run without being hitched to a horse.” My banker called on me to
say: ‘Winton, I am disappointed in you.”"

This same debate can be heard today within the frac community relative to surface system automation.
The debate touches on similar points to the car debate: we do manually what you do automatically (but
have you done it every time), we need to work on all our issues before we take on a new system (this
system removes many problems so you can focus on other issues), our pumps cannot keep up, we have
sand and water issues. What is lost in the debate is that each issue masks another. If you have pump issues,
this may be masking valve issues; supply issues may be masking pump issues; etc. In addition, without
the high-resolution data available, determining the root cause of an issue is often difficult and sometimes
impossible. Process improvement involves systematically eliminating an issue and then focusing on the next
issue to be resolved. Referring to the roadmap in Figure 1, Level 0 to Level 3 automation involves human
interaction between functions, requiring time-consuming processes, checklists, and personnel expertise.
As noted, when issues inevitably occur, it is difficult to find the root cause with the disparate systems on
pad. As personnel change over time, process discipline and experience are lost, leading operators to again
experience issues they thought they had resolved. Automated workflows found in Level 4 and 5 are driven
by 1 second data capturing every system function. System data and automated workflows reduce non-
productive time in two ways: 1) through real time alerts warning the operator of impending issues that need
resolution and 2) NPT-causing issues that occur are positively identified through root cause analysis and,
unique to automation, are engineered and/or programmed out, permanently eliminating that issue. Figure 5
illustrates why automation is key to permanently eliminating issues. With the passage of time, the system
becomes more robust, leading to faster and more consistent frac jobs. To illustrate this concept, the system
initially used wellbore fluid to equalize through a ball valve and choke. Sand in the fluid caused wear on
the ball valve. In addition, the choke had to be properly sized based on well parameters. Identifying this as
an opportunity for improvement, the ball valve was engineered out of the system replaced by a boost pump
and clean fluid to perform equalization and fill the lubricator.

Why Choose Automation?

*

made, typically
Related to
People

IHuman-Dnvon workflows require people, processes, procedures and
checklists. Issues Invariably Involve people and It Is often difficult to
find the root cause. Personnel change over time, negatively
Impacting your operations.

Solution: Problem

Problem Occurs Root Cause: permanently
Resulting in NPT or Positively identified eliminated with
Safety Issue with data analytics product & algorithm
changes

Automated workflows are driven by Integrated system algorithms.
Issue root cause Is positively Identifled with data analytics, leading to
permanent change and generating consistent operational resuits pad
to pad.

Figure 5—Choosing Automated Workflows over Human-Driven Workflows
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Analytics Improve Efficiency

The automated surface system generates gigabytes of data per job, tracking everything from pressures to
valve positions, to open and close events. This data is used in real time for lockouts, ensuring the system
only operates when the prescribed conditions are present. In addition, the data is used for live and post-well
analytics to improve operator performance. The data is also used for failure mode analysis leading to new
signatures for alerts identifying potential NPT. A few of the data applications are highlighted below.

Operational Dashboard. Unique to the automated surface system, an operational dashboard (Figure
6) provides the interface for the operator, onsite service personnel, and remote operations personnel to
maintain the surface system, preventing NPT events prior to occurrence as well as identifying improvement
opportunities in real time. The dashboard trends operational data, provides real-time status of all systems,
alerts personnel of both potential failures as well as predictive maintenance events and provides insight for
operational improvements.

Figure 6—Operational Dashboard showing live automated surface system condition.

Adaptive Grease Algorithm (AGA). The adaptive grease algorithm (AGA) has been recently added to the
automated surface system.

The AGA was developed to ensure all gate valves are greased properly upon every actuation (defined
as packing off the grease void with grease and then stopping), reducing grease and valve repair costs and
eliminating premature valve failures. This both ensures the grease void is full every actuation while also
eliminating excess grease (and subsequent issues associated with grease in the borehole). Initial deployment
occurred in October 2022 with striking results (see Table 2). Pump strokes (correlated to the amount of
grease consumed) to grease each zipper, pump down and stack valve were measured before and after
implementation of the AGA. Overall, grease volume decreased by 55% across all valves (see adjacent table)
with no detrimental effects to valve repairs or NPT. Subsequent application of the AGA has seen grease
volume decrease by up to 90%.
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Table 2—Automated Greasing Algorithm test results highlighting reduced grease usage.

Valve
. Results
Location
g Average Strokes Average Strokes Percentage
Valve Port (before) (after) Decrease
Upper 1 62 43 -31
Upper 2 66 35 -47
. Lower 1 38 16 -58
leper Lower 2 70 51 -27
Upper 1 46 28 -39
Upper 2 60 32 -47
Lower 1 40 13 -68
Lower 2 62 42 -32
Well Valve Port Average Strokes Average Strokes Percentage
(before) (after) Decrease
4H Inner 1 7 6 -14
Pu mp 4H | Outer 1 7 5 29
6H Inner 1 7 6 -14
Down 6l Outer 1 7 5 29
8H Inner 1 7 4 -43
8H Outer 1 7 4 43
i Average Strokes | Average Strokes Percentage
Well Valve Port (b%:forc) (:ftcr) Dccrcasi
4H Bottom 1 21 17 -19
4H Bottom 2 111 39 -65
4H Top 1 16 7 -56
4H Top 2 75 43 43
6H Bottom 1 69 2 -97
Stacks 6H__ | Bottom 2 11 6 -95
6H Top 1 4 3 -25
6H Top 2 31 7 77
8H Bottom 1 13 3 -77
8H Bottom 2 14 4 71
8H Top 1 3 1 -67
8H Top 2 19 9 -53

Latch-to-Latch (L2L). Latch-to-Latch time (see Figure 7) is calculated and plotted as a measure of wireline
turnaround time (from the time of unlatching the wireline to when it is stabbed and latched again). In addition
to L2L, fill and drain times are also captured to the second.

L2L Time
40 ®
35
30
é 25 e
c L]
E 20 f% * ° °
T o ot o FORI AN S
— o . ...“‘ b :. &. . A o .\.*
5 o %0 °
0 9% Ce
0 50 100 150 200 250 300
Stage #

Figure 7—Latch-to-Latch times highlight wireline turnaround efficiency.

Stage-to-Stage (S2S). The stage-to-stage (S2S) time is defined at two locations: 1) the time between stages
at a prescribed pressure (just under treatment pressure) and 2) at treatment pressure (see Figure 8). Stage-

£20Z AN Z0 uo Asipeig AejeH Aq |pd sw-|0LE|LZ-0ds/009860€/2008700S | 20Q/O0MOEZ-Z/O0MN0EZ/APd-sBuIpeed0id/oOM0TdS/B10 0nedauo)/:dny woy pepeojumoq



SPE-213101-MS 11

to-stage captures the white space between stages, consisting primarily of transition time, pressure test time,
non-pump maintenance time, ramp up/down of pressure and pump maintenance time. It also includes non-
productive pumping (NPP) time, defined as time after a transition but before the frac is back at treatment
pressure, not captured in traditional pump efficiency calculations. NPP includes time to ramp up pressure,
pressure tests and spotting acid on critical path.

Stage to Stage
@treatment

/ Pressure Test

-

_/W

Stage 1
Swap . U
End
Stage
" Start
Stage to Stage Stage
@transition

Figure 8—lllustration of Stage-to-Stage time calculation

Stage-to-stage is a better indicator of job efficiency than pump efficiency. Pump efficiency suffers from
several flaws that make it difficult to compare one job to another including:

o Long vs short stages — long stages artificially inflate pump efficiency. Comparing two frac jobs,
one with long stages (e.g. 3 hours), the other with short stages (e.g. 1 hour), the longer stage job
could be deemed more efficient due to the operational cost of transitions on the shorter stages. This
can give the false impression one crew is better than another. As a side note, significantly reducing
the operational cost of the transition with the automated surface system, provides completion
engineers more flexibility when designing their treatment program (i.e. providing additional
options for limited entry fracs through shorter stages).

e Defined Calculation — Pump efficiency is not captured in a consistent way from operator to
operator or from pressure pumper to pressure pumper. This leads to errors comparing different
crews, operators, or pressure pumpers.

o Includes NPP — Pump time is often started after the transition but before the pumper is back at
treatment pressure. Recalling the goal to pump 24/7 at treatment pressure, transitioning is only one
part of the time between stages. As noted above, the time between stages can also include NPP,
slow ramp up times, and waiting. Not only does this provide a false measure of efficiency, but
when charged by the pump hour, a job will cost more.

To compare the efficiency of one job to another, the S2S is plotted on a histogram (see Figure 9) ranging
from 0.5 minutes to 60 minutes between stages. Stage-to-stage is plotted as a percentage of the total number
of stages. For example, using Figure 9, 28% in the 0.5-minute range signifies 28% of the stages were
transitioned in less than 30 seconds, representing continuous pumping operations (continuous pumping
typically is in the 30-60 second range). The 60-minute bucket was chosen as a cutoff given anything over
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60 minutes indicates serious problems on the pad that can span days, unnecessarily skewing the S2S. This
also is an indicator of the quality of a job as a low percentage in the 60-minute bucket (<90%) indicates
more problems than the typical pad.

Percentage of Stage-to-Stage Times Under X Minutes
Blue Ox and Primexx, 15k Delaware

100% 88%
88% \7%

90%

80%

70%

60%

50%

% Stage-to-Stage Time

Stage-to-Stage (min)

Figure 9—Stage-to-Stage histogram highlighting the efficiency of a job vs two benchmarks.

Figure 10 highlights S28S plotted as an overall average time with a 95% confidence interval showcasing
transition consistency throughout the job. As noted, S2S over 60-minutes has been removed as larger issues,
some lasting days, can skew what would otherwise be an excellent job.

Average Stage-to-Stage Time with 95% Confidence Interval
Adjusted w/o >60 S2S times

“ 118

Time (min)

3.0

13
Operator2 El Duderino West Operatorl Operator2 El Duderino East

Lower Expected S2S W Upper Expected 525 Avg Stage-to-Stage

Figure 10—Average stage-to-stage time 95% confidence interval of a job and two benchmarks

ISIP. Although not a universal practice, many operators utilize ISIP to gauge the quality of each frac stage.
Traditionally, this requires a well to be shut-in for a set period. An engineer selects several points on a
screen to establish an ISIP number. There are several issues with this practice including: 1) requires up to
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5 minutes between stages in which operation is shut down, 2) requires time for an engineer to collect and
then manually pick points on a pressure curve, and 3) can be inconsistent based on the level of experience
of the person calculating the ISIP.

The operator requested this process be automated from surface system data. They recognized that by
utilizing the automated surface system, the ISIP could be calculated without operational or administrative
cost. The system is open to each well the entire job, eliminating the need to stay on a specific well for
minutes after the end of the stage waiting for the data to be captured. In addition, the lengthy ISIP data
process includes downloading the data, plotting the data, and manually capturing the ISIP. This process was
automated and is performed in real time by the automated surface system’s edge computers on the specific
well utilizing derivatives to capture ISIP. The ISIP is then streamed to the cloud where the engineer can
download the specific number for each stage.

To validate the results, an experienced engineer captured the ISIP data manually using the "Superior
ISIP" method (Sullivan et al, "Post Fracture Pressure Decay: A Novel (and Free) Stage-Level Assessment
Method", URTEC 970, July 2019) and compared it to both the ISIP derived from the automated surface
system as well as that supplied by the pumping company. Figure 11 highlights that the system-derived ISIP
from the automated surface system and the superior ISIP match almost exactly, establishing the accuracy of
the automated surface system ISIP calculation. The yellow ISIP points (collected from the pressure pumper)
are obviously flawed by continuous pumping operations but also inherent inconsistencies of data collection
at the human level.

erd’q’ - OQ%%&

Figure 11—ISIP operator calculation (superior ISIP) vs automated ISIP vs pumper ISIP

Case History

Operator2, a private equity backed Permian Delaware operator based in Dallas, TX, chose to employ the
automated surface system after utilizing it with their former company, Operatorl. Operatorl was an early
adopter of the automated surface system and has contributed insights to its development over the past 3 years.
The system was chosen for its efficiency, the elimination of human error, interlocks that prevent deadheading
or cutting wireline and the inherent safety of the system through the removal of people from the red zone
and the pad. With their previous experience and employing the latest additions to the automated surface
system, Operator2 set new efficiency records with the system on the El Duderino East and El Duderino
West pad (see Figure 12).
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Figure 12—Stage-to-Stage Histogram showing the efficiency differences utilizing the automated surface system.

Located just south of Pecos, TX, both El Duderino pads (Figure 13) consisted of 3 wells each, spaced 200
feet apart. The east pad comprised 130 total stages with the west pad at 126 stages. Pump times averaged
110 minutes per stage (at treatment pressure) and 100 mesh sand was used. The stack configuration (manual
valve, hydraulic valve, cross, with the base system on top of the cross) is 15k rated. The zipper consists
of 2 hydraulic valves which are both actuated during the transition, providing a constant double barrier.
The pressure pumper provided 22 Tier II pumps with 2007/2008 manufacturing dates. To maintain rate,
16 pumps were required at any one time. The pressure pumper contract does not include any mandatory
maintenance periods. The pressure pumper does have internal personnel incentives to pump more hours per
day. The pressure pumper runs until they are down to 16 pumps, completing the stage they are on before
shutdown. The operator then shuts down the pad, the non-operational pumps are repaired, and preventative
maintenance is done on the other pumps. As soon as 18-20 pumps are ready, the frac job resumes.

Figure 13—Operator2 El Duderino pad

Prior to the job, Operator2 required the surface system provider, wireline, and pressure pumper
representatives along with the field operators to meet to fully understand the automated surface system and
how it operates. Expectations were set by Operator2 that at least 10 stages would be pumped each day and
continuous pumping would be done on every stage possible.

Utilizing the stage-to-stage times to accurately judge the performance, the Operator2 jobs were compared
to the previous 15k record in the Delaware basin (see Figure 15). In September 2021, the first job to
continually pump for 24 hours was recorded (with subsequent records set on the same pad at 35 hours) with
the average S2S time for the job at 10 minutes (continuously pumping 50% of the stages). In the same year,
Operator1’s Nimitz pad dropped the S2S average to 9.2 minutes. The average S2S for Operator2’s two pads
in December 2022 was lowered to 5.4 minutes and 3.3 minutes (continuously pumping ~70% of the stages).
The 95% confidence interval also tightened with the latest Operator2 jobs, showcasing the consistency of
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the S2S. A job continuously pumped 24/7 would show 100% in the upper left-hand corner of Figure 12.
Both jobs pumped over 10.6 stages per day with the El Duderino East achieving 10.7 stages per day.

Figure 14—Operator2 personnel operating the automated surface system from the frac van.

T
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{ Operator2 El Duderino East
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Time (min)
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Figure 15—Operator2 El Duderino results vs area benchmarks

Case History: Automated pump swapping. As noted above, the first version of the automated pump
swapping system was tested in July of 2022 with the test validating the coupling/decoupling sequences.
Lessons learned from the first iteration were applied to the second prototype including:

¢ Isolating pump vibrations within the skid

e Pump and missile agnostic connection system (i.e. system could be used with any pump or missile
with only slight modifications).

The revised system was tested in late January 2022 on Operator2’s Gutterballs State 14-15 pad. As shown
in Figure 16, the system under test utilized a missile automation skid connected to the missile (automates
the functionality of any missile) and two automated pump swapping skids each connected to a frac pump
on one side and the missile on the other (through the missile automation skid).
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1
_l Automated Pump Skid ‘r

Figure 16—Automated pump swapping system configuration

Each frac pump was modified with a simple plate on the back of the truck mounted at a set location. This
plate contains two subs (see Figure 18) for the pump’s high pressure and low-pressure lines connected to
the frac pump. Adapted to any frac pump, this enables a frac pump of one manufacturer to be swapped with
a frac pump from a second manufacturer. With each pump backed into the skid, a coupling sequence is run,
securing the frac pump to the automated pump swapping skid. The suction and discharge valves are then
opened allowing the frac crew to run their normal pressure test routine on the initial rig up prior to the start
of the frac job. The coupled pump and automated pump swapping skid can be seen in Figure 17.

I 2023-01-22 21:37:10
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Figure 18—Modified frac truck showing the plate with two subs

Multiple coupling and decoupling sequences were run with the pumps offline to verify the coupling
sequences. Automated pump swapping while continuing to frac was then tested. This involved isolating the
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pump requiring repair, bleeding down the pump, and decoupling while the remaining pumps continue to
frac. The pumps were then repaired outside the red zone, pulled back into the automated pump swapping
skid, coupled, primed, pressure tested, and equalized (suction and discharge lines are opened), bringing the
pump back online while the remaining pumps continued to pump. This was done four times with each test
more rigorous than the prior test. Results of the four tests are in Table 3.

Table 3—Automated Swapping System test results

Test# | Pressure | Missile Flow Results
Rate
Test #1 | 5000 psi 10 bpm Successfully brought
pump back online
Test #2 | 5000 psi 10 bpm Successfully brought
pump back online
Test #3 | 8700 psi 80 bpm Successfully brought
pump back online
Test #4 | 9300 psi 90 bpm Successfully brought
pump back online

The two key lessons learned from the first iteration, making the system agnostic to the pump and missile,
and isolating the pump vibration, were successfully integrated into the second version of the system. The
system worked as intended and is being integrated into the automated surface system. The new automated
pump swapping system is now in production and will be deployed as an integral part of the automated
surface system.

Conclusions

An automated surface system has been developed to systematically eliminate the primary barriers to
fracturing the reservoir 24/7. With the integration of the frac and wireline systems into the automated surface
system, the system has successfully pumped continuously for multiple days on multiple pads. The final
hurdle to 24/7 fracturing was to eliminate pump maintenance as a barrier. With the advent of automated
pump swapping, this barrier has been eliminated. The system is now in place to achieve continuous 24/7
fracturing operations and with ongoing development, the automated surface system is nearing Level 5
automation.
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