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ABSTRACT

The Circum-Pacific region is the focus for much of the current
geothermal energy activity.» Geothermal resources are typically ex-
ploited using conventional'petroleum or water well drilling tech-
‘niques. However, the uniqueness of the geothermal‘resource often
causes problems. This paper discussee the impact such probleme have
on the costs of accessing geothermal reservoirs.. -

Historical data are'pfesented that demonstrate the significance
of unexpected problems. In extreme cases, trouble costs aie.the
largest component of well eosts or severe troubles can lead to |
abandonment of a holel Drilling experiences from U.S. geothermal
areas are used to analyze the frequency and severlty of varlous
problems. In addltlon, average trouble costs are estimated based
on ﬁhis analysis and the'relaelonship between trouble and depth is
diseuSsed._ | o |

The most freqﬁent drillidg'and completion problem in geothermal
wells is lost circulation.':This ls'especially true for resources in
'underpressured, fractured formations. Serious loss»of circulation |

can occur during drllllng-~because of thls, the producing portlons

of many wells are drilled with air or aerated drilling fluid and the
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resulting corrosion/erqsion problems are tolerated--but it can .
also affect the cementing of well casing. Problems in bonding the
'casing'to the formation result from many other causes as well, and

‘are common in geothefmal wells. Good bonds are essential because
of the possibility of casing collapse due to thermal cycling during
the life of the well. Several other problems are identified and

their impacts are quantified and discussed.




INTRODUCTION

Sandia National Laboratories manages the United States Depart-
ment of Energy's Geothermal Technology Development Program. (1)
This program is direcﬁed toward developing new technologies for
bdrilling‘and cempleting geothermal wells andbcombatting the problems
inherent~in geothernial drilling. It Has focused ohAtechnologies

appropriate for accessing_high'temperature resources for production

v, of electricity. : The problems of high temperature wells are generally

more severe than those found in the shailower,‘cooler wells drilled
for the direct use of geothermai fluids.

| Most high enthalpy hydrothermal resources are located at the
-edgesIOf the tectonic plates or.in regiens of recent volcanism
where abnormally 1afge geothermal temperature gradients exist. (2)
As a result, the Circum-Pacific region is the focus for much geo-
thermel development. ApproximatelyQBI% of the 1981 geothermal |
electrical generating capacity was in the Circum-Pacific countries,
. and it is estimated that 85% of the 1985 capacity will be. (3)
Producing countries include the U.S., Philippines, New Zealand,
‘Mexico, Japan and Ei Salvador; |

Drilliﬁg for geothermal reeources generally ﬁtilizes current _

petroleum drilling techhology and,equipment, but seyefal cha:ac-.
teristics of geothermal resources cause pfoblems’wiﬁﬁ.eurrent tech-
nology--problems thatvsighificantly-increase the time and money
required. For example, geothermai drilling--at least successful

geothermal drilling--is into very hot formations (>200°C). Drilling
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yis most often through hard rocks rather than through the softer,‘
sediﬁentary rocks of petroleum bearing formations. Geothermal
drilling is frequently in regions with highly corrosive formation

fluids and often is in areas that are underpressured—-or sub~

hydrostatlcally pressured—-due to hlgh temperatures and mountalnoue

terrain. Each of these natural characterlstlcs of geothermal re-

sources causes difficulties for the adapted petroleum drilling

technology.

COMMON GEOTHERMAL DRILLING PROBLEMS

Lost cireulation

The most frequeni problem in geothermal drilling is loss of
circulation of the drilling fluid due to the highly fractured
formations found in many reservoirs. = Fractures are common because
1) hard rockvformetions in seismicly active regions tend to be
fraeturea; 2) higher-than—normal thermal gradients are often due |
to convectlve flow of groundwater through fracture systems, and
3) required flow rates in commercially attractive hydrothermal
wells (10,000 to 30,000 barrels/day) dlctate flow from fractures.
fThus, good geothermal wells are often those that 1ntersect ma jor
fracture systems; and the best well may be the one that encounters
 the most severe lost circulation'pfoblem.

In addition to being’expensive.to combat, lost circulatioo
can.lead to other problems;' Drllllng w1thout returns can leave

formation pressures unbalanced, which can allow the hole wall to




fall in. This can cause stuck‘piée} twist offs; or loss of the
hole. Flow of the drilling fluid with cuttiqgs into the formetion’
‘can damege the formation permeability and redece Qellvproductivity.
Lost circulation that occurs during the cementing of the well can
cause 1ncomp1ete cement Jobs that can, in turn, lead to premature'
casing failure.

Lost circulation is not unique to geothermal resources. It
also occurs in oil and gas.drillihg, but there the losses are often
due to matrix permeability rather than flow into fractures. The
solution techniques for the two types of loss -are generally quite
different, and, in addition, the high temperatures of geothermal
wells severely.degrade conventional lost circulation materials.

As a result, what is'e minor proﬁiem for petroleum drilling is a.
‘major problem in geothermal. Thefe have been geothermal wells with
such severe lest circulation problehs that drilling had to be .
abandoned. More often, lost cirdulationvis an expensive headache
that must be solved during both drilliﬁg and completion activities.
4,5) | | |

t A common solutlon has been to use low density drllling flulds._‘
For example, 1n The Geysers fleld in Callfornla the productlon
1nterva1 (roughly the bottom half of the well) is drllled uslng

air as the drilling fluid. In the Baca field in New Mexico, mist
drillihg’was'commonly'used.tb assure returns.. ﬂnfottunately;'
.these ”solﬁtione“ merely pqstpone lost circulation to‘thercementing

phase of completion and introduce other problems. In air drilling




the veloéitieé required to lift cuttings‘a:e so high that efosionk
of drill pipe and casing becomes a prbblem. In both air and mist
drilling, the iniroduction of oxygen to a hot, highly corrésive
environment gréatly speeds corrosion of the steel tubulars,-and

so extensive and expensive anti-corrosion steps must be taken. (6)

Cement Dis?laceﬁent

In addition to the problem of cemenfing caéing throﬁgh'a lost
circulation zone, another cementing problem often arises in geo-
thermal drilling-~getting complete displacement by cément éf the
drilling mud between the casing and the formation. This problem
also occurs in oil ahdAgas drilling. bHowever, it is more frequent
in geothermai areas because of the tendency of drilling fluids to j
-dégrade or gel at high temperatures and thus be more difficult
'tokdisplace. In addition, this prpblém is more serious in geo-
thermal wells since repeated starting and stopping of ptodﬁétion'v
 can cauée‘casing to fail due to thermal cycling in sections un-
supported by cement. VSimiiarly, thermal expansion of water trapped

in an undisplaced pocket of mud can exert enough pressure to buckle

the'casing.,(7)

Other Problems

The high temperatures encountered in geothermél drilling'caﬁ
degrade the performance of'maﬁy parts of conventipnal drilling
systems. = Examples includé iogging tools, seals and lubricants,
muds and other fluids, and downhole tools and bits. Extensive

effort has recently gone into developing high4temperature-capable
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_zing tools that can operate aécurétely in most geothermal en-

“7 _onoments. (8) Similarly, research has been carried out in

_-=i0ping and ﬁesting materials and designs for high temperature

S ~ xs and lubricants, (9) and special high temperature muds have
— ~-7: formulated and fielded for use in geothermal. wells.. (10)
’Z*f‘ -~ tools have been developed specifically fér'high temperature
== _ications; an example is the geothermal turbodrill developed
— - the U.S. Hot Dry Rock Program. (11) Often, high temperatures'

_—=ct completed wells through shorter lifetimes, higher costs,

== _ reduced capabilities. .
=" Other severe problems stem from corrosion and corrosion-caused
T .+ures of tools and tubulars. Geothermal brines are typically

_->¢ corrosive, and even if aerated fluids are not used in drilling,
_.rosion rates for downhole equipment can be excessive. Corrosion

_seases well cost through the cost and time associated with use

;;%’fﬂf_ Vgorrosion.inhibiting chemicals, as well as through the costs of
fﬁx? ;”;;aged equipment.
/ L | DRiLLING TROUBLE HISTORY

The study of geothermal drilling problems has focused on U.S.
o >'/ ;11ing areas and has relied onrstaiistics from the U;s. d;illing

{)?erience. Experiences from other countries have been considered
_z/{/ . well, and a major reference for them is from an international

/,uferehce held in Albuquerque, New Mexico, in January 1981. (12)




The International Experience

Mexico has one of ihe,mbst active geothermal drilling programs
in ths world. Drilling experience at Cerro Prieto, the major geo-
thermal srea} is summarized in Reference 13. The frequéntly men-~
‘tioned problems include lost circulation, casing failure (due to-
thermal stresses and embrittlément), temperature~caused'mechanical
and logging problems, and csve—ins, The gsneral-condition of slow
advance is summarized by the observation that "the problems of
drilling hotter zones greatly increase drilling times and costs."
The problems of casingsfailure were addressed in a companion docu-
ment (14) which pointed out that scaling, casing breakkand casing
. collapse were most common. The repor£ said that of the causes for
casing failure, "the most frequeht is failure ih the cementing
operation.f | | 1 |

The New Zealand experlence 1s summarlzed in Reference 15,
whlch dlscusses problems in lost c1rcu1at10n, cementlng, hardware
dlfflcultles, and casing failures. Although this paper gives no
cost impact statistics, it poxnts out that any 1mgrOVement in
technlques and materlals which will effectively seal loss zones
will result in very significant savings in rig, personnel and
material costs.® The European experlence in geothermal drllllng
has been qulte varled- but, 1n general, the problems have been

identlcal to those of the U.S., Mexico, and New Zealand. (16 17,18, 19)

‘General Impacts of Trouble

Trouble history in the U.S. was used in two analyses: a




study of the general effect of trouble, and a study of the fre-
quency ‘and severity of spec1f1c problems.

' Geothermal wells tend to cost considerably more than do
similar wells drilled for oil and gas--2 tov4‘times more on the
average. (20) Based on total drilling-time data, trouble was
idehtified as one of the causee for this cost'difference; Figure 1
presents total drillingktime for 123 wells at The Geysers. Similar
date have. been compiled for wells at the Baca resource and for
wells in the Imperial Valley, Caiifornia; area. If trouble were
not a mafor factor in drilling time, wells drilled to similar
.depthe in any one region would.require similar amounts of time to
'dri;l. The uncertainties of.driliing and the variability of
drilling rates would cause dispersion around the average or ex-
pected drilling time.‘ However, actual data show very great dis-
per51on that domlnates the drllllng tlme—depth relatlonshlp. This
result is true for the other areas as well.

Another result common to all three areas was t‘he lack of a
“learplng“ effect. Neither the.average drilling tlme nor the wide
‘dispersion of times reduced with experience. Some of the most
recent. wells considered requlred the greatest amounts of tlme.
| The analysis of drllllng time data indicates that dr1111ng
problems cause at least a part of the wide dlsper31on and that
encounterlng extreme, unplanned-~for problems -can occupy a sig-

‘nificant portion of the time required to drill a geothermal well.

(21)




' Frequency-ahd Severity of Problems |

- To study the frequency and severity of specific troubles, it
was valuable to look at drilling histories for wells in different
areas. The best source of trouble data was found to be the reports
that summarize the dally activities in the drilllng of wells. ‘These
reports, available through the governmental unlts responsible for
many.geotbermal areas,'are not‘well suited to analyses of‘problems.
They dornot'include all problems--only those significant enough to
be-reported in a brief daily summary. They do not explaln problems
or solutlons in detail, and they generally do not descrlbe the times
“and costs necessary to solve the encountered»problems. However, the
'~ reports are available and there are enough records for two areas,
The'Geysers and.the Baca, to draw significant conclusions about-
problens. 7 | |

The statistics obtained'from tbe drilling records are reported
elsevhere. (22) The general conc1u51ons were that for both reglons,
lost circulation was by far the most common problem, occurrlng
severely enough in roughly half the wells to be noted on the drllllng
record. Other frequently 01ted problems included stuck plpe, twist
offs, and: cementlng problems. The frequency of references to.
cementing problems was surprlslng since most symptoms don't occur
until long after the drllllng phase.v Roughly 90% of the wells |
encountered severe enough problems to be noted on the drllllng
record.: An interestlng feature of the drllllng statistics is

their consistency between the two different resource areas--one a




- proven commercial, dry steam resource, and the other a currently
sub-commercial, hot water resource. In addition, the similarity
between the U.S. history and the international experience is

obvious.

THE IMPACT OF DRILLING TROUBLES ON COST

 The costS'of.baseline, trouble~free wells have been studied
extensively. (23,24) These were_analyzed.by considering’the
sequence of operations reguired to make a well and then determining
-times and costs for each;operation. Some of the results are shown

-

in Table 1, in which costs and times are listed by function for
three U.S. areas. |

A problem, such as lost circulatioo, increases well cost in
two ways: its solutioﬁ requiresycime, which increases cost, and
it imposes a direct cost for materlals or special tools.' For
example, each instance of lost clrculatlon recorded in the drllllng
'records for the Baca and The Geysers cost an average of 2-1/4 days.
Furthermore, for each occurrence there were costs for lost»c1rcu-
lation materials or cement, make-up mud etc. From the basellne ;
cost analysis it 1s p0351b1e to determlne an average cost increase
for each day of trouble delay., For‘the U.Ss. reglons consldered,
a. day of delaval;l-lncrease ‘total well cost by ohe'to;twovéercent,‘
» depending on the region. V(Rouéhly $15,000 per day for a $1;000,000
well.) - R - B ' |

The fifty Geysers wells forvwhich~drilling records were reviewed




had an average total trouble delay of between 9~1/2 and 10 days.

Thus, the total impact of the troubles clted in dally drilllng

'f’records is an average increase in well cost of at least 15%.

;;Tbis result was common for the Baca region as well. Accounting
for the troubles that are not noted on the records increéscs this
estimate‘of the éverage“trouble cost to roughly 25%. The sourcé
and cost’cf this addiﬁicnal trouble is greatly dependent on the
region. For example, it has been shown that for the Baca, the
costs of combatting drilllpipe corrosion. alone can be as high as

102 of the baseline well cost. (25)

POST-DRILLING PROBLEMS

Troubles that commonly arise during well completion or pro-
duction can also greatly increase the costs of accessing the geo-
'thermai resource. These problems.can best be analyzed by con-
sidering; not the initial cost of a weil, but its effective cost--

the total cost of the well lelded by its total production. An
' analytical model for computlng effective well cost has been.developed'
(26,27,28) and used to study the impacts of common problems, in-~ |
cluding insufficient well flow, rapid scalé buildup, significant
flow ‘declines, and érematcrelcasing collapse. o
- The problem of not achieving sufficient flow is common in

geothermal drilling,.and its impactris obvious. If one well in
| four in a field does not produce sufficient flow for'pfcduction,

well costs are effectively increased by 33%. This hypothetical

«)0~




case is similer to the situation ih the Baca field. Many wells
there ﬁroduced insufficient flow, even after stimulation atfempts
and even though neighboring wells were—good producers.

The impact of repidvscale buildup is more difficuit,to
quantify.' Scaling of wells isea ﬁajor problem in many Imperial
Valley areas, as well as in other areas of the world. Analysis
~has shown that if descaling is e fairly cheap (525,000 to $30,000)h‘
but effective process that is required once per:year, reduced flow
 and scale removal increaee the effective well cost by about 30%.

If flow into a well declines over the iife of the well, the
‘effective well cost increases. For example, wellgcost is increased
by 25%'if,productivity declines aeva'rate such that, if left un-
checked, the well flow would decrease to 50% of ite initial velue
in 20 years. |

- Finally, if casing collapses irreparably early in the life of
a well, perhaps due to an incomplete cement job, the effective cost
of the well 'is increased. This is especially true if the failure
occurs during the first ten yea;s.  For example, a failure after
five»years’increasesveffeetive well cost by approximately 40%.

 SUMMARY

-

Geothermal resources generally occur in areas that present

problems to conventional drilling technology. These problems are

much the same for geothermal areas throughout the Circum-Pacific

region and the world. The most frequent drilling problems‘afe
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those cadsed'by loss of circuiation of the drilling fluids.
The second most common problem seems to be achieving complete
cement bonding of casing to the formation. These and the other
major problehs increase well cost by an average of roughly 25%.
Accessing the geothermal resource also introdﬁCes commoh'
drilling-related production pfoblems; Their incidence,seems to
be much more resefvoir dependent thaﬁ that of the drilling
problems, but their potential cost impacts are as great 6r

greater and must not be overlooked.
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. Table 1. Costs of Trouble-Free Wells

Activity

Site Prep/Rig Up

Drilling/Reaming
.Trippiﬁg

.Casing

Cementing
Completidn
»Other |

" Total

Cost ($1000)

Gezsers

93
317
100
210
110
70
253
1153

Baca

o8
255
64
236
108
81
233
1075

Brawlex

62 .

109

13
184
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