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Review

* Work on Gateway core
® Dissolution experiments
* Min/pet descriptions
® Series of papers planned —various draft stages
® Stress rig work — now on hold
®* Cavern/exergy volume estimates
* GIS development
* Exergy calculations — for all UK salt basins now
* Number of papers planned, based on work/results
® GIS — processes etc.

* VVolume/exergy calculations — to include derivation of
Insoluble content

®* Funding & future work — low and now curtailed — mainly
writing up

© NERC All rights reserved



UK Salt Cavern storage facilities & area of

Outline IMAGES work on UK salt basin
storage potential

®*  Mapping of main onshore salt
basins with potential
* Top & base salt and
thickness maps
® Cheshire Basin
®* East Irish Sea
* \Wessex Basin
® East Yorkshire
* GIS development &
processes to derive volumes
* To model salt surfaces
- derive volumes
* Model cavern locations
& derive storage
volumes
®* Theoretical
* More realistic —
buffering out
areas — still over
estimate
* Basedon
experienced
gained in gas
storage projects
® |llustrate with C_:heshire Basin
storage potential
* Number of potential
caverns
®* Theoretical and more
realistic cavern
volumes
* ‘gas’ storage volumes
& Exergy
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. Salt cavern storage, operational

O Salt cavern storage - planned

LNG underground storage site (chalk)
- operational

D Triassic saltfields

D Permian saltfield

Saltholme & Wilton,
Teesside

{ _{."
4" Walney Island
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UK salt basins — volumes/resource

\\l -

Used boreholes, derived [ Eiss <5560 m

/Y b
S 2
salt maps & GIS to R Y
determine 1 ;
. . . ~ ,\Xu y
Salt volumes n basins N B (Boulby <1145 b
— Look at theoretical {\;;ﬂi ¢ Fordon - 574.1 b moy.
cavern numbers & [Northwich - 170.4 bn m’
volumes A
o %

— Then buffer out areas SV 3#
& derive more realistic * = \933 g L U L

e \\wf;:’;;? J%“Pé
storage volumes T Fw—

— lllustrate with Cheshire |
Basin example
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Salt cavern storage some basics

4usatl?st.l::‘.|on = 747 08 PO LT ———
Certain fundamentals apply N TN
* Contains insolubles — ‘n B o[l
disseminated & beds |2 ,_:,_.,
®* sump area PR ‘_% W o T
* Salt creeps (flows) P |
* Maintain cavern stability & % =T}
work within | e
* Min P —supports cavern - = - =
walls ~30% o

* Max P — prevents
fraCturIng ~75-80% working gas volume -

* Max P gradient Fangs ~ 50-80% lihstatc
e Dependent upon depth

i I n termS Of Cavern VOIU me, cushion gas votgg?;e-l )
min pressure = 30% litho-

then determines you have  &icoesore
o Total Cavern Volume cavern sump - insolubles = lost vol
comprising
* Working gas volume
(min-max. P range)

® Cushion gas volume (up
to min P)
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Min P

Scale: I 10 cm

nated mudstone (368.7 m)

I Tower B

idge (Vizor, EON, 2012)

total cavern vol =

working gas volume +
cushion gas volume

P/I\/Iax P

Cavern Volume

i

A \\
Working Volume
‘Working |exergy’

Infected

Cushipn Gas




Salt cavern & energy storage volumes

- details of analysis

% Overburden mdsts

L 10 m roof salt

minimum salt

ST T T 20 m salt:
thickness (20 m) : i \ 10 m casing shoe
i K 10 m roof sIlt
10 m floor salt i f ' O\ max 1390 m casing shoe depth

1300.m

i

1500.m

beyond here salt is too deep

Cavern volumes at storage depths
with depths of storage/casing shoe
set from:
® 1stset based on Crotogino et
al. — 500 m — 1300 m depth
range
e 2nd set based on Gaelectric’s
Larne project — max 1500 m
depth
* 31 set based on gas storage
experience — 250 m —
1300/1500 m

© NERC All rights reserved

Underlying mdsts \-\ \

last cavern in the 500-1300 m
casing shoe depth range

_ -+ last cavern in the 500-1500 m
examples of caverns in casing shoe depth range
500-1500 m casing

shoe depth range




Salt cavern & energy storage volumes

- example of process in Arc GIS /3D

Borehole data
contoured up vaps T # o depth range.

Top, base
thickness 500-1500 m)

Generate cavern W >
.| Apply buffers & locations & query NS e | LoE

', derive remaining against salt o 2 (e
» caverns/volumes depth and B .
thicknessmaps =~ = | |

Generate theoretical ez W A=

caverns/volume data \ ™ - ) i
NIQUE_I COU MEA ST Ellipsoid  Cylindrical ¢ 100 m diameter (R:SO m)

D NT AREA MIN MAX  RANGEN D SuM Volume  Volume

» Hexagonal pattern
4130 82501.3 200.6 201.8 122011 0.5 1609.1 335239.3 15797780 o 150 metre thick salt pi”arS -3R
4131 2 6253 2002 2005  0.4200.4 0.2 400.7 333946.2 1573684.3 o M|n 20m roof Salt — Casing pt

4182 237191.3 202.6 209.0 6.4 206.0 1.7 4738.6 343374.8 1618115.4 10 m Into Salt

© NERC All rights reserved ; e 10 m base salt

4183 226878.6 209.4 2139 45211.7 1.2 4658.3 352900.7 1663005.6

s
se 00




Basic categories now completed

Total UK — theoretical volumes and unrealistic

Reduced — buffered areas against various
datasets

® Cultural - infrastructure

® Geological — main faults, insoluble content,
wet rockhead etc

e Still unrealistic
Further reduced volume by

® Taking only caverns of 100 m or greater
height

* 1% of that figure
Still very large UK exergy storage potential

© NERC All rights reserved



Salt cavern volumes and Exergy estlmates

Sal Lithosta
iz
pr
Unalter Sal Baseof
Cur Original Cavern Unaltere dsakt  |Saktop base  Cavem C: shoe
Caven  Cavern dSat  Base  depth  depth  Depth  height  depth s above dept orrecti e
[} (i} equery Toplm) (m) (mbal) (mball | (m) [m) (ml salt(m] (m) (ml (ba)  (m3) on [mE] es

; Max Max
i Lithostatic Operating Operating
:“Temperat Pressure Lithostatic Pressure at Pressure at
gure at at Casing Pressure Casing Casing
:Casing Shoe (11) at Casing Shoe (12) Shoe (14a)
Shoe ("R} (Bar) Shoe (psi) (Bar} {psi)
523.707  116.891 1694.919 97.0159499 1406.7827
523.707 116.8853 1694.8371 97.014814 1406.7148
523.707 117.1801 1699.1114 97.259479 1410.2624
523.707 117.4726 1703.3531 97.50228 1413.7831
523.707 116 8993 1695 [}397 97 025409 1406 8829

E)
[
1
z
3
.
3
&
[
2
4

1 134 TRUE -446.3 -545.6 446,29 54561 53581 25812 5377 44623 500 510 TI6.67 202723 0.7 147306
2 135 FALSE 4605 -553.9 46046 559.94 54934 3334 33545 46048 500 510 TI6.94 313831 0.7 219584
3 3 262 TRUE 4605 -S60.2 46047 56013 55013 40192 33.531 460.47 500 510 116.94 315670 0.7 220969
4 763 FALSE -4755 -5751 47547 57514 SE514 55138 24.533 47547 M7.24 433034 0.7 303124
s 264 TRUE 7490 4 590 430 37 590 03 SBD 03 59 1 10 430 37 500 37 510 37 117 EW 542712 0.7 373833

Min
Operating
Pressure at
Casing
Shoe (13)
(Bar)
35.067289
35.065595
35.154029
35.241788

35 069785

Insalubl

lean F{ sidue Insolubl Bulking
insolubl  (from eMNOT  Fact
mapsl  Swept (st

025 025 02133
025 025 02183
025 0.25 02133
025 025 02183
025 0.25 02133

Min
Operating
Pressure at
Casing
Shoe (14b)
(psi)
508.47569
508.45113
509.73342
511.00593
508 5119

o Valume:
Factar m3

15 008 1348

15 008 17580

15 0.03 17T

15 008 24240

Temperat

ure

&ICF  Shoe  Shoe

m3 (8] [10) (C) (W) [F] (R

g S s i
Shoe (M) Shoe  Shee

Bzl [psil (2)

ing i
Shoe Shoe Shoe  pressur

pre: n (161
Ma) (13 1) e [15a) [TSh] [DP]

[1?]

e
[13] m3

Man

E

TOTAL
WALLE

i oF
e E . EXERGY
STORE

atior [Mwh] [Mwh] (Mih)

130558 1761 63707 52371 TGET 16917 96833 1041 35 SOTS 100 100 09929 U 9864 127870.33 12382058 25 4475442 T41 7305515 5039 95567 34.542  1253.8 326,356 927.443
202024 17615 B3.707 S2371 TE.S4 18957 37.084 MO07.4 35083 50871 100 100 03923 09864 197864.35 1920549066 EII74361 1226374704 95794 34624 134602 SOB.658 143938
203238  ITEIS 63707 S237V1 16.94 16957 9T.064 W40T4 35083 S0B.T1 100 100 09929 09864 1391284 193266583 6385533144 123411215 95795 34.625 1950.3 S09.855 144044
278833 17615 63707 S2371 T.24 1700 37.308  WN 3572 50933 100 100 03923 09864 273M134 26578320.3¢ J60BS3SEVI 1637203167 9E03E 34.712 289502 7OLEN 1993W
15 0.08 30380 349513 17.622 63719 52372 1IF61 17054 97618 MISS 35283  S161 100 100 09929 09664 34231508 3341533084 1207006898 2133702186 96341 34.622 339133 803457 250787

Pressure

Temp &
Pressure
Corrected

Cavern

Correction Correction Volume

(16) (OP)
0.992922
0.992922
0.992922
0.992922
0.992922

{17)
0.986395
0.986395
0.986395
0.986395
10986395

(18) m3
127870.3253
197864.9481
1991128408

273141.944
3423228938

Cavern Total Gas
Volume

corrected for Max

compressibility Pressure

(19) m3 Ratio
12405914.91
19195831.18
19365611.22
26631962.37
33214361 09

96
96
96
96
95

Min
Pressure
Ratio
35
35
35

35
35

Present
(MWh)

1,257
1,945
1,963
2,702
3,365

Present
(MWh)

327
506
511
704
875

TOTAL
VALUE OF

Max Exergy Min Exergy EXERGY

STORE
(MWh)

930

1,438

1,452

1,998

2,489

o’"'ExampIe of spreadsheet W|th various categorles mostly based UIOOn

gas storage experience..

.lithostatic pressure at casing shoe,

geometric and reduced cavern volumes — insolubles, bulking factor,
shape correction factors (70%) etc.

®* For each cavern location

* Following examples for categories:

® Cheshire Basin

® av. 25% insoluble & mapped insolubles for comparison

®* 500-1500 m depth range

© NERC Al rights reserved, UK salt basins



Cavern volumes and exergy estimates
— theoretical and Initially buffered

All caverns Remaining caverns
(%] n
g Temp & Min - Temp & Max Min
L Pressure Max Exergy Exerg WORKING| ¢ Pressure Exerg Exerg WORKING
Salt ® | Corrected Present Preser)(t EXERGY | & Corrected Preser¥t Preser¥t EXERGY
Basin % Cavern (MWh) (MWh) (MWh) % Cavern (MWh) | (Mwh) (MWh)
(500- 2 | Volume (m®) 2 | Volume (m3)
1500 m)
59,794,061 17,519,633
% - Sum 5,171,542,806 | 81,938,653 (22,144,592 (59.8 TWh) 1,386,567,591 [24,054,650|6,535,016 (17.5 TWh)
28 Av |7835 660,057 10,458 2,826 7,632 [2,099 660,585 11,460 3,113 8,347
) @ Max 1,161,437 22,733 6,391 16,342 1,154,975 22,466 6,311 16,155
Min 100,073 973 253 720 113,658 1,095 284 811
Mapped 50,637,011 14,493,764
insolubles | EEESEEERE (50.6 TWh) Pl A (14.5 TWh)

© NERC All rights reserved




Cavern volumes and exergy estimates —
initially buffered to >100 m height & 1%

Remaining buffered caverns Caverns > 100 m height
1% of
” * buffered &
c Temp & c Temp & Max Min >100 m
0 Pressure Max Exergy |Min Exergy| WORKING ) Pressure Exer Exer WORKING cavern
o Corrected Present Present EXERGY i Corrected Presegrilt Presgrzlt EXERGY height
) «» |Cavern Volume (Mwh) (MWh) (Mwh) o Cavern (MWh) (MWh) (Mwh) (MWh)
Salt Basin S (md) S | Volume (m3)
(500-1500
m)
17,519,633 15,557,235 | 155,572
1,386,567,591 | 24,054,650 | 6,535,016 (17.5 TWh) 1,222,640,961 |21,362,432( 5,805,197 (15.6 TWh) | (0.2 Twh)
Cheshire I 2099 1618
Basin |5y ’ 660,585 11,460 3,113 8,347 ’ 755,650 13,203 3,588 9,615
Max 1,154,975 22,466 6,311 16,155 1,154,975 22,466 6,311 16,155
Min 113,658 1,095 284 811 470,638 4,689 1,218 3,471
Mapped 14,493,764 12,964,277 | 129,643
insolubles Lo S (14.5 TWh) ColSIOAN (13 TWh) [ (0.13 TWh)

Important: this is the STATIC working exergy — once only fill/empty
Caverns will have a number of fill/empty cycles, meaning the
DYNAMIC working exergy or capacity is many times greater

© NERC All rights reserved




UK exergy storage summary

Total theoretical UK cavern Remaining buffered cavern Caverns > 100 m height 1% of
volume/exergy volume/exergy remaining volume/exergy |puffered &

>100 m

Temp & Temp & Temp & cavern

Nos Pressure WORKING Nos Pressure WORKING Nos Pressure WORKING -

Salt Basin |caverns| Corrected EXERGY | > | Corrected EXERGY | 2> | Corrected | EXERGY -

=i Cavern (MWh/TWh) Cavern Volume| (MWh/TWh) Cavern Volume| (MWh/Twh) |(MWh/GWh

(500- ) Volume (m3) (m3) (m3) /ITWh)

m

Cheshire 59,794,061/ 17,519,633/ 15,557,235/ | 192572/

. 7,835 |5,171,542,806 v 2,099 | 1,386,567,591 o 1,618 | 1,222,640,961 | =" 155/
Basin 59.8 17.5 15.6 0.16
East Irish Sea 119,574,768/ 95,510,377/ 88,283,579/ ekl

15,266 (13,331,631,381 AN 11,331 |10,363,247,585| ~ 7,820 | 9,341,062,220 | ~ 882.8/
(only 1300 m) 119.6 95.5 88.3 0.88
5,256,120/
Wessex Basin| 42,872 |36,850,767,139 es 26,718 [26,915,006,634 SR 22,225 (25,502,413,470 I 5256/
762.5 553.5 525.6 -
East Yorks - 36,591,764/ 9,164,334
Boulby Halite 12,849 | 1,744,850,197 36.6 3,177 | 408,740,854 0.16 0
East Yorks - 1,663,865/
Fordon 19,506 |12,642,897,085 325,957,285/ 9,204 | 7,444,753,648 188,332,407/ 5,242 | 6,548,138,512 166,386,531/] 1663 g/
. 326 188.3 166.4
Evaporites 1.7
Totals (MWh) | 98,328 |69,741,688,608| 1,304,408,670 | 52,529 (46,518,316,312( 864,046,291 | 36,905 (42,614,255,164 (795,839,388 | 7,958,394
Totals (GWh) 1,304,408 864,046 795,839 7,958
Totals (TWh) 1,304 864 796 8

© NERC All rights reserved

~33% volume/exergy
loss in total

(66% in Cheshire Basin

~8-10%
volume/exergy 10sS




Salt Basin
(500-1500 m)

Cheshire
Basin

o Summary/context

buffered &
100

cverm ht |Pumped hydro plant Goldisthal (EBD)
(MWh/ 1P = 1,060 MW & W = 8h x 1.060 MW # n> 80% _Crotogino ===
GWh/ (Seville, 15 June 2010)
TWh) . /g | OF e

155,572/ | " L~ upper "p_ond

12 mio

6/ 1950 nassA -

East Irish Sea
(only 1300 m)

882,836/
883/
088 |

f', 7

ot e

\Wessex Basin

5,256,120/
5,256/
5.3

65

East Yorks -
Boulby Halite

0 __ o 0 lower pond k&

East Yorks -
Fordon
Evaporites

(too thin) .

1,663,865/ ; i j o
1,664/ 203 " g & e
66 ‘ e e 1000m

Totals (MWh)

Totals (GWh)

7958394 | ©
7958 995

Totals (TWh)

8 |
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