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Abstract

Carbon Capture and Storage (CCS) is a promising technology 1 ReSU ItS

for industrial decarbonization. This study presents a machine

learning framework for evaluating the long-term security of 4 0
geological CO, storage sites using natural analogues. Three
models—Random Forest, XGBoost, and Multi-Layer
Perceptron—were trained on a global dataset from 76 natural
CO, reservoirs. Random Forest outperformed other models in
precision and recall. SHapley Additive exPlanations (SHAP)
identified key predictors, including the presence of fault, seal
Integrity, and reservoir stacking. The framework provides a
scalable and interpretable, data-driven solution for efficiently
identifying high-potential carbon storage sites, reducing the
need for costly and time-intensive preliminary assessments.
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Introduction \

While many aspects of the energy system can be readily Figure 1. Criteria for Storage Site Selection 0 20 40 60 BIOP (Mpal)éo 120 140 160 180
transitioned to more sustainable sources of energy, about 30% of

global GHG emissions which come from industrial processes Figure 4. Effect of Pressure, Depth, CO2 Density on storage Security
such as cement manufacture, iron and steel production, refineries

and petrochemical processing are difficult to decarbonize. CCS 5

offers a promising technigue for decarbonizing these hard-to- 2

abate point source emissions. The two key challenges in the

implementation of CCS are the availability of safe, secure Syl vt R
subsurface storage sites and the high financial costs involved.

This study developed low-cost, machine learning-based tools —
with minimal computational requirements to support the etk

preliminary screening of potential CO, storage sites. By training - _

the model on data from natural CO, reservoirs, it can predict the —— =olubility trapping —
suitability of untested sites for CO, storage, offering a cost- 5000 -
effective method for identifying promising CCS sites before Al UEREe
committing to comprehensive and expensive assessments. 2008

2000

3000

CO2 Density (kg/rr%)
200

400 D

600 @

Depth (m)

800 N
Secure N
Yes N

No O

Inconclusive

8000 T

This study aims to de-risk 002 storage site selection by developing ° >0 +00 T(°C) 120 200 220

an interpretable, data-driven machine learning framework trained

on natural analogues for preliminary assessment of CO2 storage Figure 5. Effect of Temperature, Depth, CO2 Density on Storage Security
prospectivity of subsurface formations, supporting more reliable

CCS deployment. 6

1.6 - /1 XGB 1 RF /1 MLP
1.0

7000

E® 0000

O bj eCt|VeS Figure 2. Trapping Mechanisms for Geological CO, Storage

Method

1.2 - 0.8 1

Data Collection Preprocessing Dealing with

- Data from - Data cleaning imbalanced data
published and wrangling « Smote sampling
literature technique

O
o
|

o
L Secure
g 0.8 = 1 Yes
1 No
1 Inconclusive

o
~
|

Weighted Average

Model selection Cross validation Model trainning 0.4 -

* Precision . Stratifi_edKfoId * RF
* Recall validation « XGBOOST 0.2 - 0.2 -
« Accuracy  MLP

0.0 =

1 | I 1 |
Evaporite Shale Mixed  Carbonate Claystone 0.0 -

SEE.I' I | | 1
Precision Recall Fl-score Accuracy

Metric

Model explanation

« SHAP values

Figure 3. Reservoir Stacking vs. Storage Security Figure 6. Model Performance on CCS Site Selection

Conclusion

This study developed an interpretable machine learning framework to assess the security of CO, storage sites using data from natural analogues. Among the models tested, Random Forest demonstrated
the best performance in classification accuracy, recall, and F1-score. SHAP analysis revealed fault presence, seal integrity, and reservoir stacking as key predictors of storage security. The results align
with established geological understanding, reinforcing confidence in the model’s applicability. This approach offers a scalable, data-driven alternative to subjective assessments, improving site screening

for CCS projects.
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