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ABSTRACT

The underground gas storage (UGS) industry uses over 400 reservoirs and 17,000 wells
to store and withdrawal gas. As such, it is a significant contributor to gas supply in the
United States. It has been demonstrated that many UGS wells show a loss of
deliverability each year due to numerous damage mechanisms.

Previous studies estimate that up to one hundred million dollars are spent each year to
recover or replace a deliverability loss of approximately 3.2 Bscf/D per year in the
storage industry. Clearly, there is a great potential for developing technology to prevent,
mitigate, or eliminate the damage causing deliverability losses in UGS wells.

Prior studies have also identified the presence of several potential damage mechanisms
in storage wells, developed damage diagnostic procedures, and discussed, in general
terms, the possible reactions that need to occur to create the damage. However, few
studies address how to prevent or mitigate specific damage types, and/or how to
eliminate the damage from occurring in the future.

This study seeks to increase our understanding of two specific damage mechanisms,
inorganic precipitates (specifically siderite), and non-darcy damage, and thus serves to
expand prior efforts as well as complement ongoing gas storage projects. Specifically,
this study has resulted in

1) An effective lab protocol designed to assess the extent of damage due to
inorganic precipitates

2) An increased understanding of how inorganic precipitates (specifically siderite)
develop

3) Identification of potential sources of chemical components necessary for siderite
formation

4) A remediation technique that has successfully restored deliverability to storage
wells damaged by the inorganic precipitate siderite (one well had nearly a ten-
fold increase in deliverability)

5) Identification of the types of treatments that have historically been successful at
reducing the amount of non-darcy pressure drop in a well, and

6) Development of a tool that can be used by operators to guide treatment selection
in wells with significant non-darcy damage component.

In addition, the effectiveness of the remediation treatment designed to reduce damage
caused by the inorganic precipitate siderite was measured, and the benefits of this work
are extrapolated to the entire U.S. storage industry. Similarly the potential benefits
realized from more effective identification and treatment of wells with significant non-
darcy damage component are also presented, and these benefits are also extrapolated
to the entire U.S. storage industry.
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A recent GRI/DOE Halliburton study® identified several primary mechanisms that may be
responsible for loss of deliverability over time in gas storage wells. They defined testing
procedures in storage wells and in the laboratory to identify potential damage
mechanisms. This study identified eight major categories of potential damage
mechanisms. The study also generally discussed the possible reactions that need to
occur to create the damage, but did not address the specific cause of damage, the most
likely period of damage development (i.e., during the injection or withdrawal cycle), how
to mitigate the damage, and/or how to prevent the damage from occurring in the future.

One of the major categories of damage identified by the Halliburton Study was inorganic
precipitate. Siderite, Fe(CO3), is one specific type of inorganic precipitate prevalent in
several storage fields in the US. Due to its ubiquitous nature, and the fact that an
industry partner expressed interest in performing additional work on this specific
inorganic precipitate, siderite was chosen for additional study in this project.

Another damage mechanism identified in the Halliburton report was non-darcy damage.
The widespread nature of this type of damage, particularly in gas storage wells, has
been noticed by Schlumberger, as they have consulted within the storage sector of the
natural gas industry over several decades. We believe the negative consequences of
this type of damage is both underestimated and erroneously considered to be
irresolvable. Therefore, part of this study was aimed at increasing our understanding of
this damage mechanism, assessing successfulness of treatments historically used to
reduce non-darcy damage, and developing new tools to guide storage engineers as they
evaluate remediation options available for reduction of non-darcy damage.

For ease of reading, the remainder of this report is split into two major sections. The first
section thoroughly covers the portion of the project related to inorganic precipitate
siderite. The second section of this report covers the portion of the project related to
non-darcy damage.



INORGANIC PRECIPITATE SIDERITE

The UGS Industry and Inorganic Precipitate Siderite

A recent GRI/DOE Halliburton study® identified inorganic precipitates as one of the
primary mechanisms responsible for loss of deliverability over time in gas storage wells.
Siderite, Fe(CO3), is one specific type of inorganic precipitate prevalent in several
storage fields in the US. Due to its ubiquitous nature, and the fact that an industry
partner expressed interest in performing additional work on this specific inorganic
precipitate, siderite was chosen for additional study in this project.

Damage and Remediation History in Subject Field

The subject field is located in Erie County, PA, was discovered in 1946 and converted to
storage in 1959. Gas is stored in a combination stratigraphic/structural trap in the
Oriskany formation at a depth of approximately 2300 ft. Discovery pressure and
maximum operating pressure for storage are both + 800 psi. There are currently about
45 injection/withdrawal wells and 4 observation wells in the field. Virtually all of the wells
in this field have open-hole completions. Due to concerns of water production from lower
portions of the Oriskany, all of the wells are partially completed in the top portion of the
reservoir.

The operator became concerned about deteriorating deliverability in the field over the
years, as declining deliverability was documented in several wells across the field. The
ubiquitous reporting of “black dust” being recovered from wellbores in the subject field
has a long history dating to pre-storage days. It was presumed that this black dust was
the primary culprit leading to deliverability deterioration in the wells. Initially, deliverability
was restored by periodically blowing/venting wells to the atmosphere. Although this
procedure successfully increased the well’s deliverability, the procedure resulted in the
expulsion of abundant amounts of “black dust” and natural gas into the air, which was an
environmental concern. Consequently, this method of deliverability improvement was
eventually abandoned.

The operator's efforts to develop an alternate method of deliverability improvement
started with attempts to identify the specific cause(s) of the damage. Through the
1980’s, work was done by the operator to determine the composition of the “black dust”
prevalent in the wells. In 1989, rotary sidewall cores were retrieved from a well in the
subject field and various lab analyses were performed on the samples. The major
conclusions resulting from this work were as follows:

o The cause of damage is a variety of acid soluble and insoluble inorganic scale.

o Mackinawite (FegSs) and Marcasite (FeS,) are the principle sulfide bearing scale
species.

o Calcite, Siderite, and possibly dolomite occur as carbonate scale.
e Potential minor species include anhydrite and hematite.

e Iron bearing scale mineral phases were present in increasing abundance from
the core matrix toward the wellbore face.

o Elemental abundance appears to increase toward the wellbore face, possibly due
to increased pressure drop and therefore increase in precipitation tendency
toward the wellbore.

e The majority of the scale is inorganic, mainly acid soluble and contains soluble
sulfides.



e Mechanical removal and acid wash was the recommended remediation
treatment.

Over the next several years, various treatments were attempted in an effort to remove
damage and restore the wells’ performance to their original deliverability levels. In 1990
five wells were blown to atmosphere and jetted with water to mechanically remove the
near-wellbore damage and increase the size of the openhole. Test results were very
impressive, showing rate increases of about 2 MMscf/ID to 5 MMscf/D, which
represented 90% to 2,600 % increase in deliverability.

In 1991, the same procedure was performed on 10 wells. However, additional testing
was performed in some of the wells after blowing the well and before jetting the well, to
determine the impact of individual treatment components. This testing revealed that
most of the deliverability increase occurred after blowing the wells.

In early 1992, a down-hole camera run in a well that was jetted with water indicated that
jetting with water caused very little increase in the openhole diameter. In the summer of
1992, seven wells were perforated in fluid and 5 wells were jetted using a larger OD
jetting tool. The perforated wells showed either very little improvement or less
deliverability after treatment. Some of these results may be explained by the fact that the
hole was loaded with either acid or water before perforating, which could result in lower
relative permeability to gas. Although the wells that were water jetted showed
deliverability improvements ranging from 4% to 154%, all post-stimulation deliverabilities
were still substantially lower than those originally reported when the wells were drilled.

During the 1990’s, Halliburton conducted a major study aimed at the development and
documentation of diagnostic techniques to identify the nature of wellbore damage in
UGS wells. Additional work was performed by Halliburton on three wells in the subject
field as part of this study. This work included running downhole videos and pressure
transient tests, as well as retrieval and analyses of solid samples, liquid samples, and
rotary sidewall core (RSWC) samples. The major conclusions drawn from this work were
as follows:

o Damaged wells had significant scale deposition in the wellbore.

e The depth of damage is generally limited to less than 0.1 inches from the
wellbore face

e Various damage mechanisms were identified through testing, including:
i. Scale/Precipitation (NaCl, MgCl,, siderite, calcite)
ii. Bacteria and related iron and sulfur compounds
iii. Particle plugging (silica/iron debris)

iv. Organic compounds/residues

In 1998, Halliburton did work in the subject field as part of another GRI-sponsored study
on the role of microbes in deliverability decline in natural gas storage wells. Halliburton
concluded there is little evidence of microbial activity in the wells or separators, which
suggests that microbes are not related to deliverability declines at Summit field.

Speculation on the root cause(s) of deliverability decline in the subject field is evident in
various internal communications during the late 1990’s. A summary of the key
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observations, conclusions, hypotheses, and theories documented in the communications
made available for review is included below:

e The storage sand doesn’t appear to be sensitive to water from a clay standpoint.
e Siderite is ubiquitous in all areas of the field

o Analysis of downhole fluid samples suggest the environment is hypersaline,
which would suggest that evaporite-types of minerals may play a role in the
damage mechanism, and that buffering treatment fluids would be prudent to
prevent adverse interactions between connate water and any spent sulfide acid.

o Difficulties encountered in a recent workover lead to analysis of flowback
samples and additional speculation on the possible cause of damage, including
organics and siderite.

e |t would appear that by 1999, organics and microbes were pretty well ruled out
and that the focus shifted to siderite as the primary causative agent of
deliverability decline in the Summit field.

It is at this chronological juncture that the NETL-sponsored damage characterization and
remediation study was initiated.

Goals & Objectives

In 2000, Schlumberger Data and Consulting Services was awarded this NETL-
sponsored damage characterization project. This part of the project served to expand
the efforts Halliburton started in the late 1980’s and complimented recent GRI gas
storage projects. Its purpose was to increase industry’s understanding of inorganic
precipitates, specifically siderite.

A primary objective of the inorganic precipitate portion of the project was to increase our
understanding of the geochemical environment within which the inorganic precipitate
siderite is formed. A necessary “tool” required to accomplish this objective was a lab
protocol that can be used to identify inorganic precipitates using sidewall cores and
solid, liquid, and gas samples from the well. In addition, we needed to identify the
potential sources of the components necessary for siderite formation in the subject field.

We also sought to develop and field test a remediation treatment that could restore
deliverability to a well damaged by siderite precipitate. Ideally, we would evaluate the
proposed treatment in the lab before implementing it in the field.

Finally, we wanted to quantify the effectiveness of the proposed remediation treatment
and extrapolate the results to the entire gas storage industry. This would be
accomplished by comparing the results of pre-treatment multi-rate pressure transient
test analyses with results of post-treatment multi-rate pressure transient test analyses



EXECUTIVE SUMMARY

Objectives
The primary objectives of the inorganic precipitate portion of the project can be
summarized as follows:

1) Increase our understanding of the geochemical environment within which the
inorganic precipitate siderite is formed, including:

a) Development of a lab protocol that can be used to identify inorganic precipitates
using sidewall cores and solid, liquid, and gas samples from the well.

b) Identification of the potential sources of the components necessary for siderite
formation in the subject field

2) Develop and field test a remediation treatment aimed are restoring deliverability to a
well damaged by siderite precipitate.

3) Measure the effectiveness of the proposed remediation treatment designed to
reduce damage caused by the inorganic precipitate siderite, and extrapolate the
results to the entire gas storage industry.

Results

Multi-rate pressure transient testing was performed in nine wells to identify wells with
damage. From these nine candidates, three were selected to test the proposed field
remediation treatment. One of the candidate wells was subsequently replaced due to
operational issues. However, no pre-treatment multi-rate pressure transient test was
available from this well. The operator selected the well, based on “...evidence of
deliverability deterioration...”

A lab protocol was developed to identify the inorganic precipitates present in rotary
sidewall cores and evaluate the extent and location of permeability reduction caused by
the damage. This protocol involved collection of four cores. The first core was to be used
to characterize the damage in the core, and involved solvent extraction, gas
chromatograph mass spectrometer (GCMS) analysis on organics to determine
compounds present, preparation of thin sections, scanning electron microscope / energy
dispersive x-ray (SEM/EDX) to map texture and identify inorganic scale elements, and
examination with petrographic microscope for mineralogy and texture. In addition half of
the core was to be sliced crosswise in 1/4-in increments and used to measure the
permeability of each slice, allowing for the mapping of permeability with location. Solvent
extraction was also planned for each 1/4-in increments as well as cation/anion analysis.
GCMS measurements on liquid from each increment was also anticipated.

Cores 2 and 3 were to be used to evaluate conventional remediation treatments in the
lab. Core 4 was to be used to evaluate unconventional treatments, in the event one was
proposed. This involved measuring the gas permeability on entire core in both directions,
treating the core with selected remedial method, and re-measuring the gas permeability

The protocol also involved testing any liquids or solids collected from the well, or any
scrapings collected on logging tools coring tools, or other tools run in the wellbore (e..g.,
bailers, sinker bars, etc.). Tests planned for scrapings included hydrocarbon extraction,
GCMS to determine hydrocarbons present, X-ray diffraction (XRD) on inorganic material,



and cation/anion analysis. Tests planned for wellbore/formation liquids included
cation/anion analysis, total ion concentration, and pH.

Rotary sidewall cores were obtained from two wells. The first well cored was one that
had previously been stimulated and deepened. This allowed a comparison of the virgin
formation with the formation as it exists in its post-treatment state, and was used to
qualitatively evaluate the impact of prior treatments. Due to recovery problems, however,
not all of the tests prescribed in the protocol developed were possible. Obviously, since
the well had been treated, no tests could be performed on these cores to evaluate the
proposed treatment. Also, due to the amount of breakage in the recovered cores, the
permeability could not be mapped as a function of distance into the formation.

The second well selected for coring was a damaged well selected for treatment. This
well was selected to allow lab testing of proposed treatments. However, core recovery
was very poor in this well, severely limiting our ability to perform the prescribed tests. We
initially tried to recover these cores in air, but due to problems cutting the cores, the hole
had to be loaded to continue operations, further complicating lab analyses.

Based on knowledge accumulated as a result of all previous testing and the testing
accomplished in this study, a remediation treatment was designed for the study wells.
However, due to the coring problems, lab testing of the proposed treatment was not
possible, apart from fluid compatibility tests. The proposed treatment involved pickling
the tubing, pressure washing the formation face with a sand laden fluid, and performing
a small alcohol-based matrix acid job. Due to operational problems, sand was not used
in the treatments as originally planned.

Post treatment multi-rate pressure transient test analyses indicated that the treatment
was successful in two wells. In one well the treatment appears to have been initially
successful, but not long lived, as evidenced by a significant increase in Q100 the first
year followed by a significant decrease in the Q100 the second year. Although the
current Q100 is still higher that the pre-treatment Q100, test results suggest that damage
may be recurring in this well. Although we cannot quantify the amount of improvement in
the second successfully treated well, we know its post-treatment Q100 is similar to the
other successfully treated well.

The third well treated did not show any improvement in Q100 after treatment. In fact, it
would appear that the well’'s performance is deteriorating with time, as evidenced by a
significant decrease in the Q100 from the first post treatment test to the second post-
treatment test.

Conclusions
Based on testing done to date, it is clear that siderite has been a long-standing problem
that pre-dates storage operations and is prevalent throughout the study field.

Blowing the wells to the atmosphere is the only remediation treatment that has
consistently been successful at removing siderite damage form the wellbore. However,
this treatment (as it was previously practiced) is no longer considered viable due to
environmental concerns.

Prior work identified inorganic scale deposition as the major damage component in the
field, and verified that it is ubiquitous. Damage due to organics, bacteria, and clay
problems were ruled out.



A lab protocol was developed as part of this study. Although poor core recovery
prevented all of the tests prescribed in the protocol from being carried out, the testing
successfully verified that the specific inorganic scale found in the samples was siderite.

Lab analyses of the rotary sidewall cores, solid samples, and liquid samples obtained
during this study revealed a number of key facts:

1. Prior acid treatments have been fairly successful at dissolving siderite located in
the formation fractures

2. Some of the material dissolved during prior acid treatments may have migrated
to lower portions of the reservoir

Some damage remains in the full 2 inches of core.

Prior notions that organic materials were not the cause of damage were
confirmed.

5. Solvent extraction process alone is capable of removing organics, so analysis via
pyrolysis-gas chromatograph/mass spectrometry is not necessary

6. The majority of damage is limited to the very near wellbore region.

We believe deposition of scale occurs primarily as a result of dehydration of water
solutions. This could occurs when gas is withdrawn if the gas in the reservoir is not
already saturated with water and the gas passes through water in the pore space or
water collected in the wellbore. It can also occur when dry gas is injected through
residual formation water in the pore spaces. Deposition of scale above the reservoir
formation and in the casing occurs via entraining solution droplets in upward flow. We
believe the source of the scaling elements is formation water from the Oriskany.

Backpressure multi-rate pressure transient tests run after treatment indicate that two
wells were successfully treated, with one well exhibiting nearly a ten-fold increase in
deliverability. In one of these wells, the success only lasted one year, and the damage
seems to be recurring by the second year. Success in the second well is inferred based
on post-treatment well performance, since no pre-treatment test was available. The
treatment was apparently not successful in the third well, as no improvement was
realized after the first year and an increase in the damage level occurs two years after
treatment.

Overall, post-treatment testing suggests that the proposed treatment can potentially
remove a significant amount of damage in wells with siderite scale deposition, but that
the treatment does not prevent re-precipitation of siderite after treatment. In short, we
have developed a treatment capable of treating the problem but not preventing it.

Although inhibition was proposed, the operator did not find an inhibition product that he
felt comfortable with. The operator has concerns that the available inhibition products will
themselves cause damage in the reservoir or other operational problems.

Recommendations

Given the prevalence of the inorganic precipitate siderite in UGS fields, future R&D work
should include siderite-related projects. One specific area that warrants additional R&D
is inhibition.

The lab protocol developed in this study should be used to identify the specific inorganic
precipitate causing wellbore damage.



The remedial treatment developed in this study should be used to remove siderite scale
where appropriate.

Given that the only consistently effective treatment of siderite damage in this field has
been blowing the well to atmosphere, we recommend that additional work be done to
determine an environmentally friendly method of accomplishing the sudden, severe
underbalanced conditions caused by blowing a well.

Additional tests should be run in the study wells that did not respond to treatment and/or
evidence recurrence of damage to verify that siderite is indeed reforming.



EXPERIMENTAL

Identification, Testing, and Selection of Study Wells

Multi-rate pressure transient test analyses constituted the primary tool for identification
and quantification of the type and amount of damage in wells before and after
stimulation.

The general analysis approach involved evaluation of the pressure transient test data
collected during the flow and shut-in periods to determine the total skin damage (Stotal),
and plotting the test rates versus the corresponding Sto Value. The y-intercept of this
plot represents the mechanical component of the total damage (S.,), and the slope of
this plot represents the non-darcy damage coefficient (D). An example of this type of
analysis is shown in Figure 1 below:

® buildup

A drawdown

—Linear (buildup)

y = 2.8507x - 1.448
R? = 0.9997

Total Skin
=

Flow Rate, MMscf/D

Figure 1: Example calculation of S,,cchanica and D from plot of rate vs total skin

Classical backpressure plots were also constructed using test data and used to compare
Q100 values before and after stimulation.

The operator selected 9 wells to run multi-rate pressure transient tests in, based on their
assessment of how the current deliverability potential compared with the original
deliverability potential measured when the wells were first drilled. These tests were
performed in March of 2002. A summary of the input parameters supplied by the
operator and results of these tests is shown in Table 1 below.

Table 1: Summary of pressure transient test analysis results

Input Values Output Values

Well | hnet phi Sw Tw sG | AOF Kh K Sm D

W1 15| 14.0%| 20.0%] 0.255] 0.58] 1,265| 1,575] 1050] 42.6] 0.0335
W2 3.0 | 14.0%] 20.0%| 0.255] 0.58 785 966 322 69| 0.0097
W3 13.0 | 14.0%] 20.0%] 0.255] 0.58] 10,425| 2,418 186] N/A? N/A?
W4 50| 14.0%] 20.0%] 0.255] 058] 20,442| 5085| 1017] N/A? N/A?
W5 6.0 | 14.0%] 20.0%| 0.255] 0.58| 4,757 1,800 300 2.5] 0.0038
W6 2.0 ] 14.0%] 20.0%| 0.255] 058 7,992] 1,632 816] N/AZ N/A2
W7 4.0| 14.0%| 20.0%| 0.255] 0.58 509 | 1,240 310] N/A? N/A2
W8 2.0 | 14.0%] 20.0%| 0.255] 0.58] 6,252 885 | 442.5] -1.6] 0.0009
W9 3.0 | 14.0%] 20.0%| 0.255| 0.58| 4,343 2,295 765]  10.8] 0.0051
W10 3.0 14.0%] 20.0%| 0.255] 0.58 N/A? N/AYl NATT  NIA® N/A?

1. AOF calculated at bottom hole conditions

2. N/A2 due to single rate test or poor Q vs S correlation



Based on this testing and other data, W1, W2, and W9 were identified as possible
stimulation candidates, largely because they showed positive skin values. W1 was
subsequently replaced with W10 due to operational issues. Although no pressure
transient test was run in 1522, the operator selected this well as an alternate. This
selection was based on the operator’s belief that deliverability deterioration had occurred
over time, as evidenced by excessive scale found in the wellbore during well
maintenance operations.

W3 was drilled in 1956, completed in the Oriskany formation as an open hole well, and
converted to storage in 1960. The well has 7” production casing set at 2277 feet and
was originally drilled to a TD of 2285 feet. In 1992, a hydroblast treatment was
performed. In August of 1999, a second hydroblast treatment was attempted in the well
after testing indicated a mechanical skin factor of 26. Attempts to pump fluids into the
reservoir failed, due to excessive injection pressures. However, acid was spotted across
the reservoir. Post-treatment testing indicated that the mechanical skin was reduced to
about 8. The operator subsequently decided to deepen Well 1527, and in August of
2000, the well was deepened to a TD of 2310 feet. During this workover, sidewall cores
were recovered from both the old portion of the hole and the new portion of the hole,
allowing a comparison of virgin formation with formation that had been used for 40
years.

W2 was drilled in 1956, completed in the Oriskany formation as an open hole well, has
7” production casing set at 2372 feet and was drilled to a TD of 2389 feet.

W9 1589 was drilled in 1955, completed in the Oriskany formation as an open hole well,
has 7” production casing set at 2120 feet and was drilled to a TD of 2338 feet.

W10 was drilled in 1956, completed in the Oriskany formation as an open hole well, has
7” production casing and was drilled to a TD of 2390 feet.

Development of Lab Protocol for Damage Diagnosis

The protocol for lab analysis of rotary sidewall cores was developed by Dr. Phil Halleck,
a Professor of Petroleum and Natural Gas Engineering at the Pennsylvania State
University. He directed all laboratory investigations of the cores. The protocol, as well as
the rationale for the various procedures is outlined below.

The sidewall coring program requires four sidewall cores from each well, plus samples of
formation rock in its original condition. The objectives of testing performed on each core
are summarized below, as well as the procedure employed to perform the stated testing

Core #1:
Objective - Damage Characterization

Slab the core lengthwise with a diamond saw, and perform the following analyses on the
first half of core #1:

o Solvent Extract
Gas Chromatograph Mass Spectrometer (GCMS) analysis on organics from
this half to determine compounds present
e Prepare thin section
e Perform Scanning Electron Microscopy/Energy Dispersive X-Ray Analysis
(SEM/EDAX) to map texture and identify inorganic scale elements
10



¢ Examine with petrographic microscope for mineralogy and texture

These tests are designed to identify the presence of various mineral scales and organic
compounds in the pore structure and on the surface of the core. Solvent extraction using
appropriate solvents in Soxlet apparati will dissolve any organic material and condense it
into a separate container for analysis. The amount of organic material extracted from a
given volume of rock allows us to determine how much of the pore space is occupied by
the organic material. The GCMS, or gas chromatograph mass spectrometer, is used to
separate the various components of the resulting mixture and determine their molecular
weights and thus their composition. These data are useful in determining the source of
the material as native organic liquids, compressor oil, production chemical, or reaction
products of one of these with other chemical agents. If necessary, carbon isotope
analysis is available to assist in determining the age of the organics.

The thin section will be used primarily for SEM (scanning electron microscope) and EDX
(energy dispersive X-ray) analysis. These will provide a microscopic view of the pore
structure of the rock as well as maps of the distribution of the specific elements
composing any inorganic precipitates. The result is determination of the distribution of
scale minerals in the pore structure, which will assist in determining the scale's affect on
permeability. These data will be supplemented with bulk analysis of cation and anion
composition as described below. Thin sections will also be used for standard
petrographic examination of the rock's texture, mineralogy and pore structure.

Data from the sidewall core will be compared with a rock sample in its original condition.
This is necessary both to evaluate the geochemical environment and to quantify how
much of each mineral has been deposited by storage and production operations and
how much may have been originally present.

Perform the following on the second half of core #1:

Perform gas permeability measurement on the half core

Slice second half crosswise in 1/4-in increments

Retest permeability after taking each slice

Solvent extract each 1/4-inch increment

Perform X-Ray Diffraction (XRD) analysis on each increment

Perform Inductively Coupled Plasma (ICP) and ion chromatographic analyses on
each increment

Perform Total Organic Carbon (TOC) measurement on liquids from each
increment

These tests are designed to further identify the nature of any inorganic and organic
materials on and in the formation rock, and to provide a course map of the severity of
potential plugging. The gas permeability tests give the average permeability of the core
as each slice of material is removed. The change in permeability after taking each slice
allows determination of the permeability of the slice, thus obtaining a course map of
permeability as a function of distance from the sand face. Analyzing each slice
separately for the presence of organic and inorganic plugging materials allows the
amounts of these compounds to be mapped as a function of distance from the sand
face. XRD, or X-ray diffraction analysis, is used to identify the presence of specific
minerals present in the rock. These are identified by their crystal structures as revealed
by their diffraction patterns. Interpretation is assisted by knowledge of the cations and
anions present. These data come from the EDX measurements described above and
from ICP (Inductively Coupled Plasma) spectrophotometer analysis of cations. This test
is performed by dissolving the mineral phases in appropriate acids to form a solution.

11



The solution is ionized in a plasma and the light emissions analyzed to determine the
amounts of specific cations present. lon chromatography is used to separate and
quantify anions such as CO3-2, HCO3-, and SO4-2. TOC (or total organic carbon)
measurements on each slice will determine how much organic material is present, again,
as a function of distance from the sand face.

Core #2:
Objective - Relation of permeability damage to observed plugging mechanisms.

Perform gas permeability on entire core in both directions
Solvent extract entire core
Retest permeability

Cores #3 and #4-:
Objective — Evaluation of remediation techniques.

Perform gas perm on entire core in both directions

Treat core with selected remedial method

Acidization

Miscible solvent

Heat/Pressure

Mechanical removal of the sandface

Re-measure gas permeability

Several cycles of treatment may be possible

If appropriate, evaluate post-treatment sample as for core #1

These tests are designed to determine the effectiveness of treatments that might be
applied in the field. A special vessel will be fabricated to apply these treatments in a
manner consistent with the downhole environment. Acids or miscible solvents will be
injected into the sandface of the core. The core itself will be backed by additional
formation rock so that spent acids and solvents are pushed through the core and into the
backing rock. The spent treatment fluids will be recovered back though the test core to
simulate actual down-hole processes. After completion of each treatment, gas
permeability will be remeasured to determine the effects of the treatment. Due account
will be taken of relative permeability effects.

Scrapings/Other non-core samples:
Objective: Evaluate lower-cost testing alternatives.

Obtain samples from perforations and/or wellbore wall
Extract hydrocarbons

Perform GCMS to determine hydrocarbons present
Perform XRD on inorganic material

Perform cation/anion analysis on same material

These tests are designed to evaluate the effectiveness of lower-cost testing alternatives.
The sidewall cores required for the above tests are quite expensive and simpler, more
cost effective methods of determining the damage mechanisms are required. The intent
of these tests is to evaluate whether cheaper, but less well-defined samples can be used
to obtain the same information. The tests described have the same purpose as those run
on sidewall core, except that permeability itself is not measured and distribution of
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damage away from the sand face is not obtained. The results of these tests will be
compared with those from the sidewall cores.

Wellbore Liquids and Formation Liquids Analysis:

Objective: Supplement mineralogical/chemical data obtained from formation mineralogy
and pore fluid analyses

Perform ICP and ion chromatographic analyses on well water
Obtain total ion content and Ph to define environment

The intent of these tests is to supplement the mineralogical and chemical data obtained
from formation mineralogy and pore fluid analyses. The combined data, plus historical
records of production chemicals and previous remediation treatments used, form the
basis for characterizing the geochemical environment. These data are needed to
establish the precipitation reactions and phase behavior involved in depositing the
observed scale. The intent is to go beyond remediation to develop operating procedures
that prevent re-occurrence of permeability damage.

Dr. Halleck coordinated the design, construction, and calibration of the equipment
required for the above testing. In addition, test runs were made on non-study cores to
iron out operational, procedural, and/or technical problems prior to testing the study
cores. It should be noted that, due to the condition of the cores taken from W2, most of
the above analyses were not possible. Core recovery from W2 was very poor, and those
cores that were recovered were broken to the point that very few prescribed tests were
possible. Most of the above tests were performed on the cores from W3. However, it
was not possible to map perm with distance due to the limited number of completely
intact cores recovered from Wa3.

Development of Field Treatment Design

The results of testing and analyses strongly support the notion that the damage in the
subject wells is very close to the wellbore and is primarily due to acid soluble inorganic
precipitates. Therefore, a remediation treatment was designed with two primary
objectives in mind: 1) mechanical removal of as much near-wellbore inorganic
precipitate scale as possible, and 2) a small matrix acid treatment to dissolve any scale
not removed via mechanical techniques.

We proposed performing a pressure wash treatment using both water and sand followed
by a small matrix acid treatment. We believe this combination will maximize the
probability of success at minimal incremental cost (i.e, the cost of the sand). Specifically,
any increase in the wellbore radius will reduce the non-darcy flow in the near-wellbore
region, thus increasing the deliverability to a level beyond that achievable using acid
alone and/or hydroblasting without sand.

Although the magnitude of the anticipated benefit due to hole enlargement is difficult to
predict directly with existing nodal analysis models, Ramey' has shown that the non-
darcy skin factor (D) is inversely proportional to the wellbore radius. Using 6-1/4” open
hole and an estimate of 2” of additional penetration from the hydroblast with sand
treatment, the reduction in D would be about 25%, which was expected to result in a 10-
15% increase in deliverability (due to hole enlargement alone).

We recommended performing the hydroblast with sand first, followed by a matrix acid
job. This sequence was proposed in order to mechanically remove the majority of the
scale prior to acidizing, thereby maximizing the formation area available for acid contact
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and enhancing the effect of the acid. Prior to our proposed work, the operator had
installed bridge plugs and dumped sand on top of the plug in order to replace top joints
of casing in the wells. Therefore, it was necessary to wash sand and remove this plug
before the proposed work could be performed.

The proposed well procedure is outlined below:

Move in & rig up coiled tubing unit with retrieving tool but no catcher assembly.
Run in hole and tag sand on top of bridge plug.

Circulate water and clean out sand on plug until bottoms up.

Start nitrogen and displace water out of hole.

Pull out of hole with coiled tubing unit.

Install retrieving tool on coiled tubing unit.

Run in hole to just above bridge plug.

® N o ok~ wDd =

Pressure wellbore with field gas to 800 psi.

9. Pressure wellbore to +1,000 psi with nitrogen.

10. Set on bridge plug, equalize bridge plug, retrieve bridge plug. Pull out of hole.
11. Remove bridge plug and retrieving tool. Install jet blaster on coiled tubing unit.
12. Run in hole to bottom hole and perform pickle treatment using acid.

13. Perform jet blaster with sand over open hole interval.

14. Perform acid treatment through jet blaster by spotting acid across open hole
interval, shutting in annulus, pulling coiled tubing up above acid, and pumping
acid away. (Be prepared to open annulus immediately after pumping acid away).

15. Run in to bottom of hole.

16. Clean out acid with foam and nitrogen.
17. Circulate hole clean with nitrogen.

18. Pull out of hole.

19. Rig down and move off coiled tubing unit.

The pickle acid consisted of 15% HCI with 10% mutual solvent, 4 gal/1000 surfactant, 8
ppt reducing agent + 2 gal/1000 corrosion inhibitor. The jet wash fluid consisted of
WF120 w/ 2% KCI, 5 gal/1000 slurry gel, 2 gal/1000 clay stabilizer, 2 gal/1000 surfactant
+ 200 scf/bbl N,. The matrix acid was composed of 15% HCI w/ 30% methanol, 10
gal/1000 chelant, 5 ppt reducing agent, 2 gal/1000 clay stabilizer, 2 gal/1000 surfactant,
2 gal/1000 corrosion inhibitor + 200 scf/bbl N,. Table 2 below summarizes the fluid
volumes proposed for each well.

Table 2: Proposed Treatment Fluid Volumes

Well Gal Pickle Bbl Jet Gal Acid
W2 500 240 360
W9 500 260 390
W1 500 220 330
Totals 1500 720 1080
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As noted above, the type of acid job proposed was a matrix acid job. Specifically, we
proposed pumping the acid into the matrix and IMMEDIATELY flowing back the acid to
prevent precipitation. Given the very short intervals being treated, diverters were not
considered necessary. An alcohol-based fluid was proposed in order to minimize many
of the flowback problems and promote faster cleanup.

Although this basic approach is similar to remediation approaches used in the recent
past, there are several significant differences between the proposed treatment and prior
treatments.

One primary difference is that we proposed to pickle the tubing. There are several
reasons for this:

e To remove as much of the corrosion products as possible from the tubulars prior
to the main treatment fluids.

e When wells are cycled between injection and production mode, corrosion
products are inevitable, as some entrained air/ oxygen will be incorporated
(particularly on reversion to injection mode).

e It is prudent to ensure that the concentration of iron oxide as Fe Il and Fe lll is
minimized. This mitigates the risk of iron hydroxide precipitation in the formation.
Fe lll is the most problematic as it is soluble only below a pH of 2. Spent acid pH
is around pH 5-6. Fe lll can be formed in injector wells.

o Total Fe concentration removed from pickle treatment can exceed 10000 ppm
and often much higher (30-100K ppm). This is difficult to control in a main acid
treatment with iron control reagents so pickling is highly recommended.

e The amount of iron removed during these treatments can be assessed by an
analysis of the pickle flow back.

The main acid treatment fluid proposed is also similar in many respects to that used
previously (iron control and corrosion additives, clay control), with one very important
difference. We proposed incorporating 20-30% methanol to provide an "Alcoholic acid"
treatment for the following reasons:

¢ Incorporation of an alcohol in the acid formulation forms a more volatile liquid.
Therefore the spent acid will be much more mobile at reservoir temperatures due
to an increase in vapor pressure. This results in lower water saturation and
improved productivity via reduction of relative permeability effects.

¢ The inclusion of alcohol significantly reduces the surface tension of spent acid in
the pore throats of the formation. This reduces the effect of capillary forces and
improves clean up. The benefit here is that the fluid will be unloaded or displaced
by the gas from the well much more easily. It also ensures deeper penetration of
live acid into the rock.

Jet Blasting with sand was also proposed, and was considered by us to be a substantial
improvement to pressure washing with water alone, as it would likely result in some hole
enlargement, and the physical removal of near wellbore damage. The combination of
chemical dissolution and physical abrasion should ensure very efficient scale removal.

15



Notwithstanding the above comments, we acknowledged that it was possible the
proposed treatment would not constitute a long-term solution, as the siderite scale could
reform over time due to continued flow of gas associated with wellbore pressure drops
and the resulting flow of under-saturated gas through formation water.

Therefore, we proposed working with an alliance chemical supplier to determine which
scale inhibitor is fit for purpose (i.e, will inhibit iron carbonate scale build up). We
recommended testing the compatibility of an inhibitor (a compound manufactured by
NALCO called L66) with gas well fluids and proposed "trickling" L66 into the wellbore
during the final period of gas injection. To date the operator has not performed any
inhibitor testing and no inhibitor has been pumped into their wells.

Assessment of Treatment Success

As was the case for the selection of study wells, multi-rate pressure transient test
analysis constituted the primary tool used to quantify the amount of damage in study
after treatment. The general analysis approach involved evaluation of the pressure
transient test data collected during the flow and shut-in periods to determine the total
skin damage (Stota) for each flow period. Using the results of these analyses, we
estimated the mechanical component of the total damage (S,,) and the non-darcy
damage coefficient (D), by plotting rate versus total skin and determining the slope (D),
and y-intercept (S,). Classical backpressure plots were also constructed using test data
and used to determine Q¢ values after stimulation.
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RESULTS AND DISCUSSION

Results of Lab Analyses

W3 Lab Analysis Results

Rotary sidewall cores from W3 were obtained during deepening operations in August
2000, and eight sidewall core samples were delivered to Penn state for analysis The
cores were photographed and, where possible, scanned by X-ray computed tomography
(CT).

There are clear distinctions between the cores taken from the old and new sections of
the well. The former are gray in color as opposed to the light tan coloration in cores from
the new section. Most of the cores from the older, upper section show evidence of
previous acid treatments as open fractures where carbonate material has apparently
been dissolved away. These features are not present in cores from the newer section.
On the other hand, X-ray CT shows higher concentrations of a high-density material in
the cores from the newer section. This high-density material m