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Abstract

The Shenhua Carbon Capture and Storage (CCS) project at the Shenbei Slope injection site in North Yulin is the first 100,000 ton/year scale
CCS pilot project in China with an injection operation lasting nearly three years. While the project turned into an operational success with
300,000 tons of CO, being sequestered, several aspects of reservoir dynamic behavior and the role of reservoir heterogeneity are not clearly
understood. For example, although there was an initial period of wellhead pressure (WHP) increase at the injection well, WHP incrementally
declined for most of the time. The majority of CO, was received by the topmost sandstone of the Liujiagou formation in the injection interval
instead of the lowermost limestone of the Majiagou formation, suggesting strong reservoir heterogeneity. Knowledge of the key reservoir
processes and properties that resulted in these observations would help for predicting long-term storage safety and aiding the design of a larger-
scale CCS operation at the same site. In this study, we investigate various fluvial channel models and important boundary conditions to
determine aspects of heterogeneity that have the most impact on pressure behavior at the injection well and the observed plume dynamics after
injection. Simulation results suggest a system of interconnected fluvial channels providing large connected volumes may have allowed such
high injectivity into the topmost sandstone Liujiagou formation, leading to relatively small pressure buildup throughout injection operations. In
addition to connected volumes, we also find the possibility of leakage at the boundary of our model, which potentially contributed to the fact
that 300,000 tons of CO, were successfully injected.
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Ordos Basin
China

Second biggest sedimentary
basin and largest coal and
natural gas reserves

Home to a coal-to-liquid
center run by Shenhua
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Shenhua Carbon Capture and Storage Demonstration

a Rus c

* CO,transported from Shenhua’s
direct coal liguefaction plant to a
storage site located about 11 km to
the west, cryogenic liquid CO,
warmed by a heater (0 °C) prior to
Injection — Nguyen et al. (2017a,b)

Legend

* Injection started May 2011. The well A%, \ T Aipon

County/Town

was finally shut-in in April 2014 with a .
total injection amount of 303,000 tons. | “N S —
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Tofin Capture Zone (CSCLC) Ordos Urban District
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Interesting Injection Data!

Injection Well Bottomhole Pressure and Wellhead Pressure Injection well

a Observed BHP
e Observed WHP
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Geologic Model

'13_3 Limestone -~ Sandstone

| ' Mudstone ' Sandy mud

Stratigraphic column of the
Shenhua injection site
(after Xie et al., 2015b)

Each formation is
perforated at the inj_gection
weII (Zhang et al., 2016)

Period

Formation

Bottom (m)

Triassic

| Linjiagou

1724

Shigianfeng

1992

Shihei

Shearod

2233

Tanuan

2321

Maji >
Magiagou

) 2371




Geologic Model — Seismic Data

Horizons for each formation from Liujiagou to Majiagou
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Geologic Model — Well Data

Measured Calculated Note

GR. SP. Sonic, Caliper, LLD, Helpful logs to mterpret
Injection well* INJW) o fipe N/A b bffcm P

M onitoring well 1** GR. Shak% LLS. 11D Porosity and | Helpful logs to mterpret
(MW1) R, Shale%, | Permeability facies

GR. Denstty. LLD. LLS. SP, Porosity and MW?2 has the most sutte
M onitoring well 2 (M'W2) | Neutron, Sonic, Sw, Shale%, Permeabily of logs. Helpful to
Sandstone%. Temperature mterpret facies.

*Mud loss observed at the injector during drilling through Liujiagou formation
**\Well with formation top picks and core measurements
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Geologic Model — Fluvial Channels

* Previous study built homogeneous
and/or heterogeneous models that
inadequately explain the flow behavior
during injection

* From outcrop study (Liujiagou) we
incorporate Northeast-Southwest
fluvial meandering sandbody channels

« Channels are built so that they are

interconnected to one another to allow
higher storage capaC|ty add scale
bar
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Research Hypotheses

 Interconnected fluvial channels provide the pore volume for
successful CO, injection.

« Open boundary conditions allow pressure to stay relatively low
(potential for leakage)

. An extensive system of fractures allows high injectivity and BHP
to remaln below BG‘MPa-




Simulation Model

Model setup
Areal extent: 15 x 15 (km)

Grid resolution: 250,000 cells
Pore volume multiplie

lateral bounda




Simulation Results

« Successfully injected
300,000 tons of CO, ’ — Simlstion BHP

A Observed BHP

Injection Well BHP Observed vs Simulation

* Obtained an improved BHP
match compared to
previous study. (At 1632m)
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Previous Analysis

x 10°

2 Reconstructed from Wellhead Monitoring Data
-4 -Scenario 1 - Calibrated Model (R=0.9822, NRMSD=8.08%)

1.8

-
N

-
Pressure (Pa)
~N
o

3
=
@
]
<
=

o
©

o
o

5 T
01/07/2011

0 T
01/07/2011 01/01/2012  01/07/2012  01/01/2013  01/07/2013 01/01/2014

Date

09 $H10 ¢ Balt Caba City, ¥ian |

ACE2018|

* Monitored Pressure at CH4 (1690.45 m)
Simulated Pressure at CH4 (1690.45 m) (R=0.9360 NRMSD=10.6570%)

SanlianaCs

01/01/2012 01/07/2012 01/07/2013

Date

01/01/2013 01/01/2014




Discussion

Gas saturation
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Summary

« Simulation results and drilling observation suggest the likely
existence of fracture networks

« Reservoir connectivity plays a key role in the success of CO,
Injection operation

« Boundary conditions may have a significant control on pressure
behavior at the injection well




Future Work

® Investigate potential of CO,/brine leakage through abandoned wells
and sealing layers using the National Risk Assessment Partnership

(Nguyen et al., 2017c; Onishi et al., 2018)

® Wellbore flow simulation to investigate pressure disconnection
between WHP and BHP (Jiang et al., 2014)

® Attempt to find more log/seismic on Pressure/Temperature downhole
In the injector and fracture data through contact with Shenhua  * ~
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Injection Well Bottomhole Pressure and Wellhead Pressure
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Next steps to add thermal Impacts

Transient FEHM full water-CO,-

M 1 T L
- —m— Full-field model wrth rock formatlon ; heat with 20 km reservoir
40 F —e— Simplified model with a simplified heat flux
' 28382 ton/year 1 JT compression heating
35 error-24.36 % ) Gravitational potential energy
O 30 Liquid/Supercritical transition
. ¥ 100000 ton/year 1000000 ton/year
& A . 0
2 51l BEREIR SHEEAR 1 Temperature at top of reservoir
© 315360 ton/year . 1575 m vs 1700m
8 20+ error:14.5 % 1
s 547500 ton/year ' FEHM results at longer times.
F 15F \\ error:10.3 % . Wellhead: Tyy= 0°C, Q=0.9Kg/s, Pyy=6MPa
i \ l Surface (T=13°C) Aﬂ co,
10 ¢ . 4 =
A 4 ./ i
5 B A B , b e A e N e ? /:
0 100 200 300 400 500 600 700 800 9001000 £ g
2 =
Mass Flow Rate (ka/s) “ N !
From P. Jiang etal. / International Journal of Greenhouse Gas Control 23 (2014) 135-146 : co
Fig. 7. The bottomhole temperature of CO; at different mass flow rate in both the Reservoir 1 Reservoir ﬁz
full-field model with rock formation and the simplified model with a simplified heat '

flux (injection time=10 days ) Bottom of Reservoir (T=69°C) B 1000m




Bal et al. (2017) derived the upper BHP
| Injection limit
« Using a thermal-hydraulic coupling model of
wellbore and reservoir flows with explicit solutions,

Bai et al. (2017) determined that the upper limit of
Injection wellhead pressure should be 13.0 MPa

« During the Shenhua injection operation, wellhead
pressure rarely exceeded this upper limit. ’.*
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Wellhead pressures and
cumulative mass injection
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Possible answers to pressure drop

« Stress from increased CO, injection could open
flow paths, therefore enhancing permeabillity over
time.

« Thermal contraction of the rocks due to cold CO,
Injection.

« Existence of a fracture network that allowed high
Injectivity.

« Chemical reactions between the CO, and rocks
(which' will “take longer tlme)
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