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ABSTRACT

The drilling ofthedeepest higltemperature geothermal well in Iceland, IDRPwas completed at 4,650 m depth in January 2017.
The wellis inclined below 2.75 km depth so true vertical depth is closer to 4.5 km below surface. Drilling began by deepening an

existing 25 kmdeepwel L RW5 t o 3 km dept h,i9%nXd/ 8oasecasiitngwianrd 9c e7mie8ndt i t

cementig method. To reach the main-fipw zone of the Reykjanes system it was necessary to ibglidationfrom 2.75 km with

an azimuth of 210Adeg. Below 3 km depth total | osserowhs circul
runi nto hole and then a 70 production (sacrificial) c&sding to
rotary assembly to drill out casing shoes for theedbeboreri fici
pulling out for running in 3 successive 60 coring tools to f
The well was left with 3 106 drill pi pe Saveradessbr karned ffomthe | on g

drilling operation araddressed in the papdo name a few, we recommend not to directionally dutth deepvells, as it involves

all sort of problems with increasing depth, and increased risk of failure. This was well known before widedling of IDDP-

2, so othereasonsuled. Necesty to reach the center of the-flpw zone at Reykjanes called for our decision to directionally drill

IDDP-2. The biggest problems in our drilling related to keyholes that kept the string stuck faladeggingseveradrill pipes. Next

to mention, is th mitigation we used for cleay the well by bleeding HT polymer and Guargum continuously while drilling,
basically using cold wateas drilling fluid throughout the drilling. Té polymer heped greatly keeping the well clean and the
standpipe pressure iulower tharby drilling with purewater alone. In the paper we attempt to analyze the coring problems we had

in the 8 i0 section. Coring with 8 i06 core bit and T01/80 c
inclinedborehb e, and slimmer tools |like the 60 core bits on 4 | cor
shows that cooling of superhot wells during drillshmesnot appear tde a problem, provided sufficient cooling fluid is available on

suface for continuous cooling. Total loss of circulation throughout such drilling as ours, evidently cali€lfiosurplus of cooling

fluid. Good example of cooling efficiency was seen fromliiéD logging tool below 4,000 m, which we tripped in at timel ©f

drilling never experiencing more than-60°C heating, iran environment over 500°C hot. Cementing and casing integrity is and

will be one of the most sensitive and risky part of a drilling operation for endurance. In the paper we addressitleisssersand

provide some advice for our future deep drillings.

1. INTRODUCTION

The Iceland Deep Drilling Project (IDDP) is a Research and Development project initiated by an Icelandic energy con20@tum in
(www.iddp.ig). It's main goal is to find and investigate the economics of deep-ehitjtalpy geothermal resources at supercritical
conditionsat 45 km depth by drilling holes into 46800°C hot supercritical hydrous fluid (Fridleifsseral., 2017, 2018. The main
purpose is to find out if it is economically feasible to extract energy and chemicals out of such al8yestast.formal well, IDDP

1, was drilled in Krafla, NE Iceland, in 202®09. That well was planned to be drilled to 4.5 km but imtalyy was drilled into
magma at 2.1 km depth which terminated further drilling at that thaeiever, IDDP decided to flow tetfte wellandperformpilot

test by inserting a cemented sacrificial casing with an open perforated liner near the. Bottast valuable pilot study followed

on production from the contact aureole of the magma (Palsson et al., 2014, Hauksson et al., 2014, and other papemiasGeother
Special Issue on IDDP, V 49, 2014)he bottom line was that by testing IDEIP t h e fivsbMagnthBGS system had been
created (Fridleifsson et al., 201bgsson learned and experience from the IBEDRell was used in designing the second well, IDDP
2, to be drilled at Reykjanes in 2016 (Ingason et al. 2015). Originally the plan wag torgniv well, but later the drilling plan for
IDDP-2 was modified to deepen an existing production virRil-15, at the north side of the Reykjanes geothermal field. Wel RN
15 had been drilled vertically in 2004 to 2,507 m depth, wifitoduction casinget to 794 m and open hole below thahal
preparation for the IDDR drilling began December 2015 atie drilling itselfin August 2016In December 2015, the plans for the
IDDP-2 had been accepted apart of European Union Horizon 2020 pect calledDEEPEGS (Deployment of Deep Enhanced
Geothermal Systems for Sustainable Energy Business,.deepegs.gu By that timean agreement had been reached with Statoil
(now Equinor)to participate in the IDDP consortium2020.

ThelDC drill rig b6r (Thor) 350Hp Bentec rigwas used for the drilling of the wellVell RN-15 was disconnected from the piping
systemto the power plant in June 2016 and the drill pad subsequently prepared to accommodate theThagewlgch was
mobilizedby late July 2016 and ready to spindhe 11" of August 2016. Figure 1 shows the drill rig on site.
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Figure 1. Drilling rig Thor at the RN -15/IDDP-2 drill site at Reykjanes(photo TBW)

2. WELL RN -15 AND MODIFICATION FOR IDDP -2

Well RN-15 wasdrilledvertically to 2,507 mdepthn 2004. The pr od ulanted a?94 nt(&osnignound ldv€) 3/ 8 0
and the well was left aanopen holgbarefoot) i.e. not supported by perforatediner. Circulation losses had been relativsmall

during drilling, until at 2,395 m when a total loss of circulation fluid was observed for a while. At well completiorettiwityj

index was estimatediose t03.5 (kg/s)/bar or just below the reference limit of 4 (kg/s)/bar for a productitis at Reykjanes.
Consequentlythe well was stimulatedt the end of drillindy heating and cooling cyclesid thaimproved the injectivity slightly

or up to 4.5 (kg/s)/bar. The well wdsenconnected to the power plant in 2006. Its output capacitym@derate to low compared

to the better producers, and before it was closed for deepesipgdudion corresponded tabout2-3 MWe (Fridleifsson and
Sigurdsson, 2016).

An early IDDR2 well design had been made by Manroghsulting engineers and introduced at the WAZBTS5 (Ingason et al.,
2015). Once it was clear that HS Orka was to provide the production wdlbRd deepening as IDDP, an immediate modification

on the well design was needed. Table 1 shows the essgedign details for each drilling phase, and a design diagram showing the
well as built in Figure 2.

Table 1 Drilling, casing and cementing program

* (Phase 0) *(Phase 1) *(Phase 2) (Phase 3) (Phase 4) (Phase 5)
Conductor Surface Intermediate Intermediate Anchor Production Perforated
Casing Casing I Casing IT Casing Casing Liner
Well dia 55 » 1 e 91 Ly iy
(inch) Dug 26 21 17 % 124% 8 1 81/2
‘Well depth
(MD in ~7 87 293 798 ~3000 ~5000 ~5000
meters)
‘Well depth
(TVD in ~7 87 293 798 3000 ~5000 ~5000
meters)
Cisin 28« 22 12" 18 5/8" 13 3/8" 98" &9 7 7+
specs 5/8
. 42,8/47 B
Weight 1171b/ft 96,51b/ft 681b/ft b/t 26 lb/ft 26 Ib/ft
Grade APILP X-52 K-55 K-55 T95/L80 TN 80HS L80
Threads Welded Welded Welded BTC GeoConn TSH BTC
No. of ~1 ~8 ~25 ~69 ~260 ~110 ~175
joints
Cementin: Cemented Cementin: Cementing
g by Civil g Stab in Stab in Reverse Head, packer
method Head
Contractor and port
Water with |  Water with Water with
Drilling 5 Water based ‘Water based P . . P
fluid N/A (Dug) Air and foam Bentonite Bentonite high visc. high visc. high visc.
sweeps sweeps sweeps
Max.
predicted NA 100°C 150°C 260°C ~300°C > 400°C > 400°C
temp




2.1 DRILLING PLAN
The plan was to deepen well RI% to be identified onwardss RN15/IDDP-2, in order to keep the original data base ID number.
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to about 2,700 m, a strain gaugé&Z6 m) and a fiber optic cablei®00 m) were to be strapped to the outside of the anchor casing
string. An inclination to about 20° max, was totbélt up for southwestward drilling (210°) from a KOP at 2,750 m depth. 20°
inclination should be reached at about 3,100 m depth (MD). From 3,100 m Azimuth and Inclination should be kept (Hold drilling
The plan was to have the MWD tool in the drill sgyiduring the Hold section until its temperature limit was approached. The plan
was then to drill to target depth of 4,500 m to 5,000 m with a conventional hold assembly, preferably including highutemperat
downhole motor. During the drilling from ~ 3,100 depth to the bottom, around-28 spot cores were planned to be drilled at
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drill string which should be left at bottom for post drilling soft hydraulic stimulation. Estimated overall timing foriltimg dr
operation was 151 days. The drilling sdbke was based on normal drilling operations, excluding rig mobilization and rig
demobilization. Unexpected maintenance stops of the rig and othgrodnctive time where not included in the drilling schedule.

IDDP 2 (RN-15)
-

T m

MASTER VALVE
10" ANSI C1. 1500 / 2500
Expanding gate with SS 300 cladding

EXPANSION SPOOL
h 10° - 10°, ANSI C1. 2500
= Material: A182 F11 Cl.2
with Inconsl 625 cladding
and packolf for 107 - T

CASING HEAD FLANGE
@10%, ANSI Cl. 2600
Material: A182 F11 1.2

283 m

SURFACE CASING
022-1/2°, o571.5 x 12 mm

o 117 I, t37.2, Welded
INTERMEDIATE CASING 1
DOrlll Bt 221" ) “F_anw.un1 %12.0 mm (1D 444.0 mm)
, Wislded

il Bit 917-1/2"

1304 m

#7", 26 VM, TN 80HS,
(UNS NoBges)
—=—"" 2 on avery joint on joints 2- 4 from top

1 on every third joint. bottom ~60 m exciuded | ;5

1 an avery joint from 1207 - 1240 m MD

2001 m

, Hydril Blue
Top joint material {1.72 m): Inconel Alloy G3

Successful coring runs

|core|coring i
run| [m] MB 6L

3 |3639.0-36399

ecovered
core [m]

0.52
385

3856.5-3860.8

5

& |3860.8-38611
7 |4080.5-4081.6
& |4245.6-4246.3

0.15
0.13

0.28
0.22

10 (4300.9-4302.2

11 (4625.2-46338| 7.58

a.00

4633.8-4643.0

13 (4643.0-46500| 5.58

ANCHOR / PRODUCTION CASING
| Top 433 m GL: g9-7/6", 628 I/, Well coordinates (ISN93)
T6, GEOCONN, special drit 8.5"
X-OVER: 98-7/8" GEOCONN box East(X) | Norn (V)
Qriginal wo-5/8", pin Top |319001.233 |374555.018
of wel 433-2932 m GL: 09-5/8", 47 Ib/f,
LBO, Bottom | 318600.675 | 373958.562
Ten Joint, 2 on the botiomj Azimuth 220°N average
Location of sensors
® Description |[m] MDGL|  CABLE ID
Crill Biit @12-1/4* 3
Fiber Optic 8203 2760-FO
PERFORATED LINER e
7", 26 1M, L8O, BTC TE“T‘" 12280 [2760-VW-33955|
Top of Liner Hanger: 2867 m MD TC8 3203 | 2760-TCDE
Liner depth 4582 m MD TC7 620.3 2760-TCC7
TCE 9203 | 2760-TC-BS
TCS 1529.3 2760-TC-AS
TC4 18203 2760-TC-D4
ITC3 (broken)| 21293 | 2760-TCC3
TC2 23293 2760-TC-B2
TC1 26293 2760-TC-AS
OPEN HOLE
Ad MANNVIT
g '!.‘_: HS ORKA
%‘ o\ i
\ Drill Bit @6” Coring \ 100P-2 (RN=15)
- AS BULT
T35 m r Y [y
1 4-LBA-3002 X

Figure 2. RN-15/IDDP-2 as built diagram Information on the location of thermocouples from Petrospec, and depth intervals
of coring attempts are also shown in the diagramand discussed in text
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2.2.DRILLING OF IDDP -2

The rig was ready to spuil 11" August2016.While inserting tools @asing bulge wadetectedat 140 mdepth which called for an

inspection with a&amera (Figure 3). turned out to beecessarytasel 2 16 mi |l I i ng bit and mil!] out
158 m, followed by ainspection dowto the casing shoe toure there were no further obstructions in the casing. This was followed

by a wiper trip with a new BHABottom Hole Assemblyjo 2,500 m.

The static water table in the well and the geothermal reservoir was at about 700 m deptthimrike production ection some3

loss zonswereknown in the well. Medium size loss zones were,68Q m and 720 m depths while the largest feed zone atas

2,360 m depthin view of thistotal loss of circulatiorwaterwasto be expected aneiperienced from theery beginning of the
deepening operatidior the production casing\ccordingly, nodrill cuttingswere retrieved from this section down to 3,000Am.

KOP (kick-off-point) however,we drilled intoan opening at around 2,750 m which had to be cemented to debsireg problem.
Cement was drilled out between 2,75376 m and the well cleaned and drilled to 3,00Foliowing thist he 99 75880 casin
stringwas insertedCables with 8 thermocouples from Petrospec, were attached to the outside of th&tigaginthe thermocouples

were rated to tolerate up to 600°C. They were expected to enable continuous measure of temperatures at 341 m, 641541 941 m, 1
m, 1,841 m, 2,141 m, 2,341 m and 2,641 m depths (listed in Figure 2). The thermocouple at 2ags4damaged during the insert

of the casing and due to thatdin order to try to preverfurtherdamage othe cables along the casintijpe casingvaslandedat

2,941 m. In addition, a pressure/temperature sensor was installed at 1,241 m depth, andpdidiltableo 841 m depttor
temperature, andcoustidogging was installed by GFZ Potsdabata from the thermocouples were used to evaluate the progress
of the cementing operatiqsee figs. below)

Figure 3. The photo shows the bulge in RNL5 at 140 m (from camera run August 12th, 2016)

To cement the 2,941 m long casing string a reverse cementing method wéR@&2drhe cement was pumped through two-Kkill
line inlets witha pumping rateof 1.5 n¥/min to begin with,slowed down0.5 n#¥/min after 80m?, and therfurther downto 0.25
m3min. Two pumping ungwhere used and a premixeémentslurry of 40m?®. Total amount of cement slurry was ~158 After
several hour delay from morning Septemb&the cementingoperation began at 22:40 in theening andvas completedt 3:00 on
September B with a fill up from 9:0012:00 in the morning. This wdsllowed by tworuns ofcement bond logéFigure 4)The
cement quality was different from the first cement batch (landed from ca 1,400 m tottime) bahich was premixed with a retarder,
whereas the later batchesswithout any retarderThe reason fopremixing the retarder in the first cement batch related to a pre
drilling model calculation of expected temperature recovery in the newlgdisiéll section from 2.5 km to 3.0 km depth. However,
due to extensive circulation losses down to 3 km démthresulted in goodooling of thewell walls this premixing of the cement
should not have been done as it seriously delayed cement hardetiadpottom section. While there wiasly cement everywhere
behind the casingfter the cement jothis delayed hardening time shows up in the CBL Idigeife 4) There wasalsoone depth
interval in particular, between 2284 km, which may have been é&nt in cement or too cold iaducecement hardening during
the logging. One of the Petrospec cables at 2,341 m (see Figure 5) did not show any heating during this time andtremehls trus
temperature reading comparable to the downhole temperaggimd¢during the CBL logLater a casing damageasdiscoveredn

this depth interval 2,302,380 m In retrospeci this may possibly relate to poor cementicayerageor loss of cement to the feed
zonein this interval and thereby easier access of aésemvoir fluidin the several occasiorise casingcould temporarily heat up
during the drilling and stimulation operation.
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Figure 4. Two Cement Bond Log (CBL) profilestaken on September6 and 7,2019after more than 14h and 33h curing time,
respectively.On the left logs from the whole casing and to the right zoomed in on the interval 20@%00 m.Notice the
temperature logs as well, and the difference between the CBL curves above and below ~1.400 m depth. A retarder was
pre-mixed in the slurry below ~1,400 m. Note also the 50°C hot interval at 28-2400 m depth, not heating up between
runs.
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Figure 5. The Petrospeccontinuous temperature logsall show heating after cementing except thermocouple TK#2 which is
at about 2340 m depth, closedb the main feed zone at 2360 m depth in RNI5.

On September Bthe casing was cuBlow Out PreventersBOP’9 nippledd own and the previous casing
ANSI 2500 flange mounted on the 9 y/8oprassmge ®Héseyr BOPES |
made up and run in hole. The drill bit hit cement at 2,787 m, followed by cleaning out of a 30 m thick bottom fill to.3{@0 m

cleaning the welithe string was pulled out of hole and followed by ruhadfe with a cement string for cementing big loss below the
casing shoe to 3,000 m. A run i n thdcemenpBigfrbnd2,9a8vatAb3;003amtite l088WD f o |
began again andtotal losswasexperiencedt 3,060 m.
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Making up a coringlrill stringfollowed and the first core run. Once retrieved the core barrel was amtwithout anycore in the
barrel. A steel thermistor holder fl@mperaturéogging during coring was missing so a cement job and side tracking laltbtv.
Again, losses began soon after drillingganwith total loss at 3,117 m. POOH fplug cementing the loss zone followeduring a
whole monthl2 plug cementingperationsnvererepeatedaltogether down to depth of 3,185 mTwo failed coring agmptswere
also done during this time which also included saveather delays. fter all thisit became clear that the well would not be drilled
unlesshy acceping total loss of circulation from then on to target depthcisingcleaning problemwere onstantly expectethe
preplannd drilling rate was reduceduring the blind drillingthe rig got stuckseveral timesnd noably it alwaysoccurred right
after a polymer pillhad been circulatethrough the bit. Threefore, continuousbleeding of polymer and Guargurmixture (25 |
polymer + 25 kg Guargum/haguio help cleaning the wellas started while drillinghead That seemed to improve the situatam
compared to insdrtg polymer pills at every single. Fortunatetize rigdrilled into an opn fracture zone near 8,350 mwhich
also helped with the cleaning process, and cooling of the well while drillmgrevent stuck pipe and cleaning problehesate of
penetration ROP) was kept below 5 m/h below 3,500 Beveral more openings ordd pointswere intersectedeeper downbut
mostly detected by down holeldgs.

At the beginningof the spot coring operatighere wereseveredifficulties in recovering drill cores and overall only a total of 27.3

meters of corewas retrieved in 13 &mpts, or about 63 % recovery of the cored interddsre werel0 core runsttemptedvith

thel DDP 8 106 coring tool, and 3 successive ¢20r ebernuenast hwitthhe 6700 E
to coring wahh8tmedé&édpte®dl pi | o-tonelbioflora 4,626,634 mfirstlyitd cetithecasing shoesa t r i
andto clean out a bottom fill aftesettingthe casing and conditiang the well. Closer description of the coring and its implication

for the lithology and hydrothermal alteration is discuss elsewhéfeisenberger et al., 201Fridleifssonet al., 2017, 2018,
Zierenberget al 2017 2020, while alist of the core runsvith somecore recoverysd listed n Figure 2 above.

In Figure6 belowa comparison is shown between the drilling progress and the scheduled estimate. By looking at threcfigure

see when loss zone problebeginright below 3,000nr esul ti ng in one mont hds gapwhbeet ween
it wastried © cure the loss zosédor better hole cleaning. The coring attemptseonly 13instead of 8 planned due to drilling

problems and coring problems and poor core recoveries. The planned depth in the figure waha@iding wasstopedearlier

after the rig had beeastuck for 3 daysindseveral drill pipes came seriously damaged out of &é®lkean be seen in Figurdelow.

Figure 6. Planned drilling and actual progress of drilling



