Carbon Dioxide Storage Capacity in the Upper Cambrian Basal Sandstone of the Midwest Region: A County-Based Analysis
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The total volume available for the storage of CO, in the Mount Simon Sandstone in the four-states region defined in this work (Indiana, Kentucky, Michigan, and Ohio, figure 17), was estimated using the methodolo roposed by the DOE and published in (MM Tons €O (MM Tons €O (MM Tons €0
2 ) ’ ) ) ’ .
3y , o o _ o Indiana; n=49 wells 1 Lake Indiana 1275 297.04 89836 898 4492 8984 13475 50 Mason Michigan 1331 15.18 4793 48 240 479 719 104]Lucas Ohio 873 13.03 2699 27 135 270 405
the “Carbon Sequestration Atlas of the U.S. and Canada” (DOE, 2008). In order to facilitate the comparison between our results and those presented by DOE (2008), we used values of ¢ of 0.01 and 0.04 (1% and 4% of reservoir storage efficiency). 1 2 Porter indiana 1127 25676 68638 63 3432 6864 10296 | 51 Oceana Michigan 1402 2566 8533 85 427 853 1280 | 105[Fuiton Ohio 1054 1033 2597 %6 130 260 39
3 Noble Indiana 1097 118.26 30772 308 1539 3077 4616 52 Muskegon Michigan 1331 40.64 12832 128 642 1283 1925 106| Williams Ohio 1088 20.88 5389 54 269 539 808
X 4 De Kalb Indiana 950 56.06 12633 126 632 1263 1895 53 Ottawa Michigan 1532 86.63 31481 315 1574 3148 4722 107|Wood Ohio 1596 557 2109 21 105 211 316
10 . . .
) X * Four States Assessment (Indiana, depth > 7,000 ft) 5 Marshall Indiana 1183 233.60 65551 656 3278 6555 9833 54 St. Clair Michigan 1851 3232 14190 142 710 1419 2129 108|Henry Ohio 1121 12.63 3359 34 168 336 504
N . E g >?8< Efficiency ~ Area  Storage Capacity ~ Density 6 Kosciusko Indiana 1462 188.62 65411 654 3271 6541 9812 55 Macomb Michigan 1246 1597 4719 47 236 472 708 109| Defiance Ohio 1065 31.18 7876 79 394 788 1181
~ 2
Table 1: Description of parameters used to calculate CO, storage capacity u Is e es u ts - S 3 X ®E=1% ';j‘/cmr z‘l';mm’g (M'\l/'LC;Z’ (MMIT;Z; km) 7 Starke Indiana 804 224.05 42728 427 2136 4273 6409 56 Oakland Michigan 2373 33.05 18606 186 930 1861 2791 110 Paulding Ohio 1084 36.89 9485 95 474 949 1423
' 2 2 6 _co o ’ ’ ' 8 Whitley Indiana 880 124.76 26042 260 1302 2604 3906 57 Livingston Michigan 1486 17.45 6152 62 308 615 923 111]Hancock Ohio 1384 7.41 2433 24 122 243 365
K )(>< ME=5% 5% 49,649 73,787 7.6471
Parameter Units* Description < X 105 10% 49,649 147,579 15.2947 9 Jasper Indiana 1430 249.71 84703 847 4235 8470 12705 58 Allegan Michigan 2241 134.80 71659 717 3583 7166 10749 112|Putnam Ohio 1243 21.64 6382 64 319 638 957
: — : Potential CO, Storage Resource _ = 4 )xﬁ?( = 15% 49,649 221,363 22.9415 10 Allen Indiana 1773 65.74 27650 277 1382 2765 4148 59 Eaton Michigan 1494 4852 17194 172 860 1719 2579 113|Van Wert Ohio 1052 30.67 7652 77 383 765 1148
* * * * beo, M (MM Tons €O,) _ [Mass estimate of safine formation €O, resource. Deep Saline Formation (million metric tons CO,) Saighes of IS e > gam " X E=15% 11 Newton Indiana 1069 27520 69781 698 3489 6978 10467 | 60 Barry Michigan 1474 8449 29541 205 1477 2954 4431 | 114|Allen Ohio 1033 1732 4245 2 22 45 637
G — A h Ay L* (m?) Geographical area that defines the basin or region being assessed for CO, storage calculation. Low Estimat 0.01 Hieh Estimat i . e*d . 2 - - ?-—- 12 Fulton Indiana 945 207.91 46606 466 2330 4661 6991 61 Wayne Michigan 1594 26.08 9862 99 493 986 1479 115|Hardin Ohio 1211 8.84 2540 25 127 254 381
=0. =0. - tribut . : L :
C O t — — . — ow Estimate (§ ) igh Estimate (§ ) My Res u Its - Satistics: Frequency Distribution ] o OB S0 & & 13 Pulaski Indiana 1095 222.26 57728 577 2886 5773 8659 62 Washtenaw Michigan 1891 39.51 17721 177 886 1772 2658 116{Mercer Ohio 1238 15.30 4492 45 225 449 674
t aVv h, L (m) ross TICENESS OF SaTiNE TOrMaTions ToT WRIEH =2 5T0TaBe 1> assessed WITHIn The basin of Mt. Simon Formation 21,700 86,900 Count = 190 a0 0 -M - - - - N ‘n=30 w 14 Wabash Indiana 1070 136.51 34646 346 1732 3465 5197 63 Jackson Michigan 1898 25.02 11263 113 563 1126 1689 | 117|Auglaize Ohio 1031 8.16 1996 20 100 200 299
2 region defined by A - entuc y’ €llIS
A it f. G line f a thick h or total v of sall St. Peter Sandstone 8,800 ‘ 35,300 Minimum =13 =0 0 50 100 150 200 250 300 350 18 15 Huntington Indiana 949 98.68 22213 222 1111 2221 3332 64 Kalamazoo Michigan 1501 138.70 49382 494 2469 4938 7407 118 Logan Ohio 1222 6.34 1837 18 92 184 276
Pave /e fc:/rer:\?aiizg :;/)istlh?noeaecnh ;:;zlg?ce u:irt’msagr(c)):sot\ﬁzkntlecssn;f/?dédo Lyoha e Medina/Tuscarora Sandstone 7,900 N\ 31,500 g/'ax'rfu1m1=2?;5193 . Net Porosity Feet X 16 Miami Indiana 945 158.58 35547 355 1777 3555 5332 65 Calhoun Michigan 1857 62.54 27549 275 1377 2755 4132 119| Union Ohio 1100 8.94 2332 23 117 233 350
M Total D it - - — Rose Run Sandstone 5 700 23 100 L oL, 20 1.6 17 Adams Indiana 920 39.49 8619 86 431 862 1293 66 Van Buren Michigan 1636 174.95 67891 679 3395 6789 10184 120|Shelby Ohio 1048 4.97 1235 12 62 124 185
ass Ola ensl y Density of CO, evaluated at pressure and temperature that represents storage conditions : 2 Mean = 795.84 0
Thickness p** M/ L (kg/m?) dcivated f ? " ogic unit g ) Oriskany Sandstone 1,900 )}3\00 T T T St. Dev = 893 .63 13 295 1177 1789 2941 2023 3505 Tt 14 X 18 Wells Indiana 940 63.40 14137 141 707 1414 2121 67 Berrien Michigan 1541 218.79 79976 800 3999 7998 11996 121| Darke Ohio 1551 11.10 4084 41 204 408 613
T e e e o e — Sylvania Sandstone 1,500 6,000~ - __Four States Assessment (Kentucky, depth > 7,000 f) = 12 X 19 Cass Indiana 1064  181.84 45894 459 2295 4589  6884] | 68 Monroe Michigan 1512 33.63 12063 121 603 1206 1809 | 122|champaign Ohio 1114 11.40 3011 30 151 301 452
3,3 CO, storage efficiency factor that reflects a fraction of the total pore volume that is filled by ; el Efficiency  Area  Storage Capacity = Density o X ®E=1% 20 White Indiana 1273 21698 65519 655 3276 6552 9828 69 Lenawee Michigan 1991 2587 12218 122 611 1222 1833 | 123|Miami Ohio 1039 1231 3034 30 152 303 455
J J J & L°/L co Wastegate Formation 400 1,800 - Frequency Distribution Factor (Km?) (MMT CO,) (MMT CO,/Km?) n 1
. > Basal Conasauga Sandstones 200 1700 N Statistics: ™ 19121 = S os8s = = . B E-5% 21 Carroll Indiana 996  180.54 42654 427 2133 4265 6398 70 Hillsdale Michigan 1588 19.42 7317 73 366 732 1098 | 124|Franklin Ohio 1442 8.47 2896 29 145 290 434
Area Porosit Eff|C|enCy * Lis length; M is mass. Proper conversion factor were applied. N Count = 190 e 100 5% 19,141 3,687 0.1926 g 08 22 Grant Indiana 1073 92.78 23613 236 1181 2361 3542 71 Branch Michigan 1351 50.55 16200 162 810 1620 2430 125|Madison Ohio 1219 13.77 3981 40 199 398 597
y *#p=47.92 [Ibs/ft'] = 7676 [ke/m’]  Source: Carbon Sequestration ATLAS of the United States and Canada (2008 Potsdam Sandstone 20 kL ini o ) = X E=10% |
Factor p=47.92[lbs/f’] = 767.6 [kg/m ource. L.arbon sequestration of the United States and Canada (2008). Rome Trough Sandstones 100 500 Minimum = 3 - 10% 19,141 7,389 03849 = 06 X 23 Blackford Indiana 462 56.43 6184 62 309 618 928 72 St. Joseph Michigan 1341 130.76 41593 416 2080 4159 6239 | 126Clark Ohio 1029 17.42 4253 43 213 425 638
TOTAL Doep Saline 75600 T55.100 I g"ax'"_’“?:; ;0%98 w0 74% h |g her D% 19141 11,054 05775 04 x)%‘ —— X E=15% 24 Jay Indiana 1041 30.13 7439 74 372 744 1116 73 Cass Michigan 1331 189.29 59763 508 2988 5976  8964| | 127|Fairfield Ohio 1332 820 2591 26 130 259 389
’ ' lg;n; 5501 20 - T 25 Howard Indiana 806 136.18 26035 260 1302 2604 3905 Total 38793 1670 632498 6326 31627 63248 94874 128 Montgomery Ohio 1209 22.61 6483 65 324 648 972
_ : : : : "Dev = 223.4 0 ' 26 Clinton Indiana 1057 150.87 37826 378 1891 3783 5674 129|Preble Ohio 1107 19.89 5223 52 261 522 783
Table :;Erit:t:?:ltid ol\l;la;g;;hannedfo:lrglai:ﬁ: dCbOZSE;)éa(gg:sa)pamty St bev= 22340 b 0 105 210 315 420 525 630 Michigan. n=24 wells 0 * had ¢ J 27 Tipton Indiana 646 115.68 17726 177 886 1773 2659 130|Greene Ohio 1046 19.14 4748 47 237 475 712
y P y ' ’ 0 10 20 30 40 50 28 Madison Indiana 1210 75.93 21793 218 1090 2179 3269 131] Pickaway Ohio 1307 8.58 2660 27 133 266 399
? Net Porosity Feet 29 Delaware Indiana 1061 49.62 12488 125 624 1249 1873 Net Porosit Storage 132|Fayette Ohio 1049 18.81 4680 47 234 468 702
8 < 30 Randolph Indiana 1199 20.83 5925 59 296 593 889 ID County State Area (km?) ) Y| capacity E=1% | E=5% | E=10% | E=15% 133|Hocking Ohio 1105 6.28 1645 16 82 165 247
. - 31 Hamilton Indiana 1066 99.92 25266 253 1263 2527  3790] M Tens €05 134|Warren Ohio 1073 30.58 7784 78 389 778 1168
T 6 % 32 Henry Indiana 1047 35.65 8853 89 443 885 1328 74 Boone Kentucky 644 34.40 5255 53 263 526 788 135|Butler Ohio 1213 28.97 8336 83 417 834 1250]
X ®E=1% __Four States Assessment (Michigan, depth > 7,000 ft) 33 Wayne Indiana 1087 16.11 4153 42 208 415 623 75 Campbell Kentucky 398 31.68 2991 30 150 299 449 136 Clinton Ohio 1100 21.87 5707 57 285 571 856
S 5 SR N Eii'oer”‘:y Area  Storage Capacity M,\,[I’Tegsc')tymz 34 Hancock Indiana 816 65.48 12674 127 634 1267 1901 76 Kenton Kentucky 126 3116 3451 35 173 345 518 137|Ross Ohio 1802 24.52 10480 105 524 1048 1572
a WE=5% (Km?) (MMTCO,) o/Km’)
§ 4 . ‘ 1% 38,793 6,326 0.1630 35 Rush Indiana 1117 37.15 9842 98 492 984 1476 77 Pendleton Kentucky 737 30.70 5367 54 268 537 805 138]Vinton Ohio 1071 5.07 1289 13 64 129 193
- N a - a 5§ E=10% 5% 38,793 31,627 0.8152 36 Fayette Indiana 598 17.68 2508 25 125 251 376 28 Gallatin Kentucky 256 4573 2777 )8 139 278 417 139|Highland Ohio 1421 18.39 6200 62 310 620 930
et o ros Ity e et I St rl u tl o n I g u re = ) 2 O X E=15% ig; 32323 Sizji ;iigz 37 Union Indiana 484 13.32 1529 15 76 153 229 29 Bracken Kentucky 579 19.23 2413 24 121 241 362 140| Hamilton Ohio 1083 27.90 7166 72 358 717 1075
m N - : : : 38 Shelby Indiana 1102 65.93 17235 172 862 1724 2585 80 Grant Kentucky 676 38.00 6093 61 305 609 914 141 Clermont Ohio 1204 23.01 6571 66 329 657 986
] ] ] ] ] ] ] ] ] ] o ] o ] ] 1 o P * 39 Franklin Indiana 985 16.73 3909 39 195 391 586 81 Carroll Kentucky 342 46.56 3777 33 189 378 567 142|Brown Ohio 1271 8.18 2466 25 123 247 370]
A more accurate parameter to determine pore volume is net porosity feet (versus average porosity of the entire saline formation), which consists of the measured porosity that is inferred to be effective, multiplied by the vertical extent where porosyty is 0 . . _ 40 Decatur Indiana 937 4605 10236 102 512 1024 1535 | g2 Mason Kentucky 605 808 1160 12 8 116 174 | 143fsackson Ohio 1001 581 1503 15 75 150 25
0 50 100 150 500 550 Ohio; n=43 wells 41 Dearborn Indiana 857 29.06 5907 59 295 591 886 83 Greenup Kentucky 387 626 1317 13 66 132 108] | 144|pike Ohio 1128 18.10 4844 48 242 484 727
0 . . . . . 1.4 42 Ripley Indiana 1143 39.48 10703 107 535 1070 1605 84 Owen Kentucky 932 37.04 8188 82 409 819 1228 145|Adams Ohio 1536 8.92 3249 32 162 325 487
porosi
greater than 7%, measured in each well. Geophysical logs that were analyzed include gamma ray, neutron, sonic, and density logs. Net Porosiy Fee N ot o A i T T T R - e 2w s o oy Foe oo e e e 1 om o
7 o Y 44 Switzerland Indiana 601 47.88 6826 68 341 683 1024 86 Robertson Kentucky 275 17.13 1118 11 56 112 168 Total 51592 667 186343 1863 9317 18636 27951
7 0 § 1 35X 45 La Porte Indiana 1603 234.10 89014 890 4451 8901 13352 87 Harrison Kentucky 796 23.43 4424 44 221 442 664
. . : . — Four States Assessment (Ohio, depth > 7,000 ft) o 46 St. J h Indi 1157 228.71 62769 628 3138 6277 9415 i
We calculated net porosity feet in each well with the formula: —_ 4 A) oG A o G Banei S X o -1% osep ndiana 88 Fleming Kentucky 929 465 1026 10 51 103 154
74 Factor (Km?) (MMT CO,) (MMT CO,/km?) § 0.8 47 Elkhart Indiana 1204 191.66 54736 547 2737 5474 8210] 89 Carter Kentucky 1063 11.26 2840 28 142 284 426
Legend //// Legend 1% 51592 1863 0.0361 _ 5 06 WE=5% 48 Lagrange Indiana 978 101.92 23643 236 1182 2364 3546 90 Boyd Kentucky 416 3.35 331 3 17 33 50
Basal C Sandst ////,/////(/’A ~ Potsdam Sandstone 5% 51,592 9,317 0.1805 E ' X E=10% 49 Steuben Indiana 855 37.01 7505 75 375 751 1126 91 Scott Kentucky 747 22.92 4060 41 203 406 609
asal Conasauga candasiones 0 .
( 10% >1,592 18,636 0.3612 0.4 %?‘8( T X E=15% Total 49649 5691 1475765 14753 73787 147579 221363 92 Nicholas Kentucky 519 11.66 1436 14 72 144 215 Table 3: Resultant CO, storage capacity (MM Tons) for the Mount
@ . %k h GR < 75 @ . > 70/ Potsdam Sandstone / Basal Conasauga Sandstones N 15% 51,592 27,951 0.5417 - - 2 ) / o
[ i » Vi 0 | > X N 93 Rowan Kentucky 761 2.77 500 5 25 50 75 Simon Sandstone for counties where the top of this unit is at less
_ - Rome Trough Sandstones . simon 7,000 . - Rome Trough Sandstones 0.2 _ﬂ"
@ net - < : overburden contour. l \ ' 94 Franklin Kentucky 537 23.02 2932 29 147 293 440|
feet l MGSC Study Area MGSC Study Area than 7!000 ft depth
0 GR > 75 ( API C ¢ ) { 0 _M‘ “’ 95 Bourbon Kentucky 738 11.13 1948 19 97 195 292
\ ) — ounts 0 10 50 30 40 96 Bath Kentucky 735 4.08 712 7 36 71 107
Storage Capacity (MMTons) Net Porosity Feet 97 Fayette Kentucky 761 13.37 2413 24 121 241 362
| ] 0-500 98 Montgomery Kentucky 520 2.71 335 3 17 34 50
| 501-1000 99 Woodford Kentucky 497 14.11 1663 17 83 166 249
] : : : : : : 100 And Kentuck 547 12.81 1662 17 83 166 249
_ [ 10011500 Figure 19: Storage capacity per unit area (MM Tons CO./km?) as a function of net porosity feet in each county. neerson SITHEEY
Net Porosity (ft) , |:| 1501 - 2000 2 101 Clark Kentucky 661 4,94 774 8 39 77 116
B 0-20 / I 2001 - 2500 | 102 Menifee Kentucky 548 5.84 759 8 38 76 114
T 21-40 ¢ I 2501 - 3000 103 Jessamine Kentucky 443 11.05 1161 12 58 116 174
|:| 41-60 X - 3001 - 3500 Total 19141 535 73683 738 3687 7369 11054
[ Je1-80 I 3501 - 4000
—— * * * |:| 81-100
e p [ ]101-120
CO t n et n e |:| 121 - 140 ®  Well Location
2 - 141-160 . D MRCSP Region D MRCSP Region
161 - 180 ” | = Allegheny Front
; L. - *Midwest Geological Sequestration Consortium /7], Shallower than 2,500 feet 7777 Shallower than 2,500 feet
Mass Area Net Net DenSIty EffICIency - 181-200 0 75 150 300 450 600. — A”egheny Front 0 625 125 250 375 500 ° ,
Factor T —————(lometers East of Allegheny Front ) oao dao 200 31 o meters East of Allegheny Front
. POFOSIt o  Cross Section Wells 1 1 - - 1 - - - - - - 2 2 2 2 2 ' . ' .
Thickness y i 1. Studies on the relationship of porosity and burial in the Mount Simon Sandstone suggest that porosity generally decreases with depth. These data indicate that the decline in porosity with depth is best described by the exponential equation:

Figure 16: Net Porosity Feet distribution in the Mount Simon Sandstone. The raster was
interpolated using 128 points from wells with geophysical logs.

Figure 17: Storage capacity calculated by county (E=4%) in the Mount Simon Sandstone.

The maximum depth considered in this assessment is 7,000 feet, below which the average porosity in the Mount Simon Sandstone is 7 percent or less. This maximum depth threshold was based on the predictive equation derived in this work (figure 4).
As the level of uncertainty associated with the variables used to calculate the efficiency factor () decreases, the efficiency factor increases (DOE, 2008, Appendix B). We have chosen 10% and 15% as preliminary values. Additional Monte Carlo
simulation will provide more accurate values for &.
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6. Schlumberger, 1972, Log Interpretation, Volume | — Principles: New York, Schlumberger Publication, 113 p.

Figure 18 : Results from the assessment of a total of 146 counties in which the top of the Mount Simon Sandstone is at or above 7,000 feet in depth. Using this criteria may help to delineate more plausible areas for carbon sequestration and therefore provide a more accurate estimation of storage capacities, given that porosity decreases exponentially with depth.

¢(d) = 16.36 * 2972 (r°=0.41). Therefore, at depths greater than 7,000 feet, average porosity decreases to less than 7 percent. Therefore, areas below this depth may not be suitable as candidates for the effective sequestration of CO.,,

. Regression analyses allowed us to determine relationships among permeability, porosity, and depth, but a lack of data at depths below 7,000 feet means that a high degree of uncertainty remains. Log-derived porosity will be used to

estimate permeability and reduce this uncertainty at the deepest part of the basin. Future studies will incorporate facies characterization to investigate the role that lithology plays in reservoir quality.

. We have not yet established the acceptable minimum values of thickness for the secure and effective storage of CO,. Further flow modeling is needed to understand vertical displacement of injected fluids from buoyancy forces and

the horizontal displacement of CO, within the reservoir. Vertical continuity of high-porosity zones will also affect the efficiency of injected CO, displacement.

. However, assigning specific values of net porosity feet on a county-by-county basis yields much more site-accurate estimates of storage capacity (figure 18).

. Our results of the storage capacity of the Mount Simon Sandstone in the region are 74 percent higher than those published by the DOE (2008). These analyses must be used only for regional purposes. A detailed site characterization

must be conducted if we want to understand the distribution of high/low porosity zones within an area of interest. Detailed site characterization can also be used to verify or calibrate our proposed model.

. We focused on the calculation of storage for Carbon Capture and Storage (CCS), but further studies are needed in order to include other factors that ultimately determine the functional capacity, such as reservoir pressure increase,

This work is funded by the DOE and is part of the regional carbon sequestration assessment being conducted by the Midwest Regional Carbon Sequestration Partnership (MRCSP).




