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Dykstra or Dijkstra? Tortuosity due to heterogeneity using the shortest path algorithm for
evaluating trapping mechanism

Introduction

Although implementing Carbon Capture and Storage (CCS) projects involves several important steps,
site screening stands out as critical. As many efforts in this area are new, establishing where to storage
CO2 permanently or to compare between many potential reservoirs are hot topics throughout the
industry. This process is challenging. It involves compiling all the reservoir data, analyzing many
parameters and modeling the phenomenon with complex numerical simulations, all of which aim to
estimate better targets for CO2 permanent storage. Normally there are fewer reservoir data acquired in
saline aquifers than in depleted hydrocarbon reservoirs because of the lower commercial interest in the
former, with that, surveying CO2 trapping sites in water-bearing reservoirs tends to be even harder.
Also, as this reservoir models easily surpass 10 million cells due to their huge areas, the computation
cost in surveying best positions for injection may be computationally intensive.

In contrast to oil production, where well placement is strongly controlled by the reservoir structure,
permeability and porosity quality and fluid saturation, when dealing with CCS in saline aquifers these
controls are not that tight. The objective is to guarantee the injection rate demanded and that the CO2
plume does not reach the surface. As discussed by (Bump, A. P. et al. 2023) the plume navigates in
paths formed by heterogenous composite seals, so this property has important role in site screening in
Carbon Capture projects.

The proposition of (Dykstra H., Parsons, R. 1950) is a classical approach to quantify and qualify
heterogeneity in different geological contexts and it is natural that this approach is being used as a tool
to characterize CCS reservoirs. However, as this work demonstrates, reservoirs with the same Dykstra-
Parsons index can exhibit entirely different CO2 plume migration behaviors due to the spatial
organization of heterogeneities. This brings out the importance Tortuosity — defined as the complexity
of flow paths in heterogeneous media — in evaluating the CCS potential of saline aquifers. And here,
a parallel classical approach, Dijkstra’s algorithm (Dijkstra, E.W. 1959) could be of hand.

Dijkstra’s algorithm is well known in computer science; it is designed to solve the Shortest Path
Problem (SPP) in which one needs to find the fastest or least costly path between two points within a
network. This kind of algorithm has wide use in different fields such as transportation systems
(Benjamin Zhan, F. 1998), transmission networks (Abderrahim, M. 2019) and robot path planning (Luo,
M. 2020). As shown by (Madalimov, M. 2023), the Dijkstra algorithm can map graph networks with
60 million vertices within just a few minutes.

This interdisciplinary approach uses the Dijkstra algorithm to map the shortest path from an injection
point to the reservoir top, enabling the quantification of tortuosity. This provides a clearer understanding
of how heterogeneity impacts CO2 plume migration and offers a computationally efficient tool for CCS
site screening.

While Dykstra-Parsons characterization includes an statistical view of reservoir permeability, it lacks
spatial context. Other heterogeneity characterization methods, such as the Lorenz Coefficient (Schmalz,
J. P. 1950) and its dynamic generalization (Shook et al., 2009), incorporate some spatial factors but are
still limited. The Dijkstra proposition presented is an alternative to include localized information
effectively with good performance, while evaluating the easiest path for the plume to migrate.

Method and/or Theory
The methodology presented in this conceptual work integrates classical reservoir characterization tools

with computational algorithms to address the challenges of CO2 plume migration in saline aquifers.
The primary objective is to develop a fast and reliable approach for understanding and quantifying the
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impact of reservoir heterogeneity on CO2 plume behavior, aiding decision-making in CCS site
screening.

The reservoir was represented as a 2D grid, where each cell contains permeability data. This grid serves
as the foundation for evaluating heterogeneity and tortuosity and their impacts on flow pathways.

The Dykstra-Parsons index, V (Equation 1), is used to quantify the variability in permeability. Values
near 0 indicate homogeneous reservoirs, while values near 1 indicate highly heterogeneous formations.
For the two presented grids in this work (Figure 1), V value is the same. Although useful for comparing
reservoirs, the Dykstra-Parsons index does not capture the spatial organization of permeability
contrasts. This happens because the number of cells with low and high permeability the same between
the two of them.

_ stdev(Log(k )) Log(l\ Jpso — Loglk)pgyy (eq. 1)
avg(Log(k)) Log(k)psg

Tortuosity, defined as the complexity of the flow path through a heterogeneous medium, shows up as
an important factor in understanding CO2 plume migration. Directed tortuosity refers specifically to the
flow from the injection point toward the reservoir top. This concept captures the influence of both the
heterogeneity and the spatial arrangement of permeability barriers and pathways.

To quantify the tortuosity, the Dijsktra algorithm was employed. This graph-based computational
algorithm was implemented in Python aiming to map the shortest path from the injection point to the
reservoir top, considering the permeability contrasts within the grid. To keep the algorithm fast and
suitable for site screening we chose to only consider static properties. By treating the reservoir grid as
anetwork of nodes (grid cells) and weighted edges (permeability relationships), the algorithm identifies
the least resistive path to flow. This shortest path corresponds to the most direct migration route for the
CO2 plume, allowing for the characterization of tortuosity in a straight-forward manner.

It was needed to transform the reservoir grid into a graph structure before applying the Dijkstra
algorithm (Figure 2). Each cell in the grid is treated as a node, and the edges connecting nodes represent
permeability relationships between adjacent cells. The equivalent permeability in horizontal direction
is the arithmetic mean between adjacent cells, in vertical direction the harmonic mean. Weights are
assigned to these edges based on these equivalent permeability values, with lower permeability
contributing to higher weights (resistance to flow in mD™"), representing greater resistance to flow. This
graph representation enables the application of graph theory algorithms to efficiently analyze the
reservoir's heterogeneity and flow pathways.
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Figure 1 — Two graphs A and B with nodes representing grid cells and edges representing the mean
permeability between cells. The blue nodes represent cells with 4000mD the red nodes represent cells
with 100mD. Both grids have the same Dykstra-Parsons index (V = 0.5), but their heterogeneity is
organized differently.
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Figure 2. Minimum paths calculated using the Dijkstra algorithm for grids A and B. Green nodes
represent the shortest path from the central bottom cell to the reservoir top.

Conclusions

Although Dykstra-Parsons have been widely used in reservoir engineering since 1950s, alternative
approaches to heterogeneity characterization may yield better insights for CCS projects. While grids
with vertical and horizontal barriers may share the same Dykstra-Parsons index, the spatial organization
of heterogeneous blocks has a significant impact on CO2 plume migration paths.

The Dijkstra algorithm proves to be a powerful tool for mapping tortuosity as a trapping mechanism for
CO2. It offers a computationally efficient alternative to traditional numerical simulations, helping to
identify reservoir areas with longer travel times from the bottom to the top. The information provided
supports well placement and reservoir comparison by allowing fast and effective mapping of the
shortest path from any potential injection point to the reservoir top.
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