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Abstract

Power grids are critical infrastructures of paramount importance to modern society
and, therefore, engineered to operate under diverse conditions and failures. The
ongoing energy transition poses new challenges for the decision-makers and system
operators. Therefore, developing grid analysis algorithms is important for support-
ing reliable operations. These key tools include power flow analysis and system
security analysis, both needed for effective operational and strategic planning. The
literature review shows a growing trend of machine learning (ML) models that per-
form these analyses effectively. In particular, Graph Neural Networks (GNNs) stand
out in such applications because of the graph-based structure of power grids. How-
ever, there is a lack of publicly available graph datasets for training and benchmark-
ing ML models in electrical power grid applications. First, we present PowerGraph,
which comprises GNN-tailored datasets for i) power flows, ii) optimal power flows,
and iii) cascading failure analyses of power grids. Second, we provide ground-truth
explanations for the cascading failure analysis. Finally, we perform a complete
benchmarking of GNN methods for node-level and graph-level tasks and explain-
ability. Overall, PowerGraph is a multifaceted GNN dataset for diverse tasks that
includes power flow and fault scenarios with real-world explanations, providing a
valuable resource for developing improved GNN models for node-level, graph-level
tasks and explainability methods in power system modeling. The dataset is available
at https://figshare.com/articles/dataset/PowerGraph/22820534 and the
code at https://github.com/PowerGraph-Datasets

1 Introduction
Our modern society depends on a reliable power system [1], essential for daily life and economic
activities. Power systems are engineered to operate under diverse conditions and failures. However,
the increasing complexity of power systems, driven by electrification and the rise of intermittent
energy sources, is posing new challenges. Transmission system operators (TSOs) require online
tools for effective power systems monitoring, but the current methods for grid analyses, hindered
by their computational speed, cannot fully meet this need. Additionally, the failure of critical
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components under specific conditions can trigger cascading outages, potentially leading to complete
blackouts of the power grid [2, 3]. Due to the rarity of such events and the scarcity of historical
data, computer models are used to simulate cascading failures. These models replicate the complex
behavior of systemic responses and the propagation of successive failures within the grid. However,
the computational intensity of these tools prevents their use by power grid operators for real-time
detection of cascading failures.

Machine learning techniques, particularly GNNs, offer significant potential for providing real-time
solutions in electrical power systems and are well-suited for modeling power grid phenomena [4].
Works such as [5, 6] address the power flow (PF) problem by employing machine learning to replace
traditional solvers. Similarly, researchers in [7, 8] explore replacing non-linear solvers for optimal
power flow (OPF) problems. These endeavors often test methods on synthetic power systems or
benchmark IEEE power grids. In the realm of fault scenario applications, the need for a real-time tool
capable of estimating the potential of cascading failures under various power grid operating conditions
is evident. Although recent methodologies employing machine learning algorithms for real-time
prediction of cascading failures show promise, they often lack generalizability across diverse failure
sets [9, 10] or use less accurate linear approximations of the AC power flow[11]. Addressing these
limitations, [12] demonstrates the superiority of GNNs over FNNs for power grids, albeit without
providing a complete dataset or model benchmarking across diverse power grids.

The lack of explainability often hinders the application of ML tools in specific industries such as
the power systems sector. While synthetic graph data generators have made strides in providing
benchmark datasets with ground-truth explanations [13], none offer real-world data with empirical
explanations in the context of graph classification. Power systems practitioners could greatly benefit
from explanations of black-box deep learning models. Firstly, interpretable models are inherently
more trustworthy. Secondly, if GNN explainability models could identify the specific edges causing
a cascading failure, TSOs would gain critical insights into the power system’s most vulnerable
components.

Publicly available power grid datasets, such as the Electricity Grid Simulated (EGS) datasets [14], the
PSML [15], and the Simbench dataset [16], are not tailored for machine learning on graphs. Some
efforts, like [17], focus on the dynamic stability of synthetic power grids. Furthermore, we identified
a critical gap in accordance with the OGB taxonomy for graph datasets [18, 19], where no GNN
dataset in the society domain is available for graph-level tasks.

In this work, we present PowerGraph, aiming to address the following research gaps:

• A public dataset designed for various power systems to solve power flow and optimal power flow
problems using GNN supervised learning techniques.

• A public dataset encompassing a wide range of cascading failure scenarios for different graph-level
tasks.

• A real-world dataset for GNN graph-level tasks with clear ground-truth explanations for GNN
explainability.

The PowerGraph dataset comprises GNN-tailored datasets for i) power flows, ii) optimal power
flows, and iii) cascading failure analyses of power grids. To create this comprehensive dataset, we
leverage MATPOWER [20] for power flow and optimal power flow simulations and Cascades [21],
an alternate-current (AC) physics-based model for cascading failure analyses. This process ensures
that our dataset encompasses many scenarios, enabling robust analysis and training of GNN models
for power grid applications. As a result, PowerGraph is a large-scale graph dataset tailored for power
flow analysis and the prediction of cascading failures in electric power grids, modeled as classification
or regression problems at the node and graph level. The breakdown of the total number of graphs
across node and graph-level tasks per power grid is detailed in Table 1.

The PowerGraph dataset encompasses the IEEE24 [23], IEEE39 [24], IEEE118 [25], and UK trans-
mission system [26]. These selected test power systems mirror real-world-based power grids, offering
a diverse array of scales, topologies, and operational characteristics. They provide comprehensive
data essential for conducting cascading failure analysis. With PowerGraph, we aim to democratize the
use of Graph Neural Networks (GNNs) in critical infrastructures like power grids. Our contributions
are as follows:

• Introducing a data-driven approach for analyzing power flow and cascading failure events in power
grids in real-time.
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Table 1: The PowerGraph dataset serves both node and graph-level tasks. Electrical buses symbolize nodes,
while transmission lines and transformers represent edges. We detail parameters for power flow and cascading
failure analyses on four chosen power grids. The loading condition data [22], for a period of one year, are
provided at a 15-minute resolution, with each graph illustrating a single loading condition. The cascading failure
analysis data is given as a set of graphs, each of which denotes the power grid loading condition linked to a
triggering outage.

Test system No. Bus No. Branch Power flow analysis-
Node level tasks

Cascading failure analysis-
Graph level tasks

No. Graphs-N No. Graphs- N
IEEE24 24 38 34944 21500
UK 29 99 34944 64000
IEEE39 39 46 34944 28000
IEEE118 118 186 34944 122500

• Assessing and benchmarking various GNN architectures and hyperparameters.
• Providing the first real-world GNN dataset with empirical explanations to benchmark GNN ex-

plainability methods.
• Making the dataset easily accessible in a user-friendly format, allowing the GNN community to

experiment with different architectures for node and graph-level applications.
• Offering a range of tasks at both the node and graph levels, including regression, binary classifica-

tion, and multi-class classification.

The paper is structured as follows: Section 2 outlines the dataset structure; Section 3 presents the
benchmark of GNN for power flow analysis, optimal power flow and cascading failure analysis,
Section 4 presents explainability methods for cascading failure analysis; and Section 6 concludes
with final remarks and discussion.

2 The PowerGraph dataset

2.1 Node-level task: power flow and optimal power flow

The PowerGraph dataset for node-level tasks is obtained by performing power flow (PF) and
optimal power flow (OPF) simulations with MATPOWER [20], using the formulations in Sec-
tions A.2.1 and A.2.2. This dataset consists of N attributed graphs, denoted as G = G1, G2, . . . , GN ,
with each graph representing a different grid loading condition. An attributed graph is defined as
G = (V, E ,V,E), where V is the set of nodes (buses, i.e., the power injection points in the grid), and
E is the set of edges (branches, i.e., the power transmission asset in the grid). The node feature matrix
V ∈ R|V|×t includes t features for each of the |V| nodes, and the edge feature matrix E ∈ R|E|×s

includes s features for each of the |E| edges. Figure 1 illustrates the dataset structure for both PF and
OPF tasks. PF analysis aims to solve the power flow equations, given the power dispatched at each
generator except for a balancing bus called the slack bus. The predicted node-level features depend
on the type of electrical bus, as detailed in Section A.2.1. The OPF problem aims to determine the
optimal generator (dispatch) to operate the grid at minimum cost while respecting physical constraints.
Here, too, the predicted node-level features depend on the type of bus, as detailed in Section A.2.2.

2.2 Graph-level task: cascading failure analysis

The PowerGraph dataset for graph-level tasks is obtained by processing the results of the Cascades
model (details in Section A.3). This dataset consists of N attributed graphs, each representing a
unique pre-outage operating condition and a set of outages involving single or multiple branches.
The total number of graphs N per power grid equals nload cond ∗ noutlists, with specific values listed
in Table 8. Outages result in the removal of corresponding branches from the adjacency matrix and
edge features, altering the graph topology. Figure 2 shows an example of the PowerGraph dataset for
a power grid. This structure is consistent across all grids in PowerGraph, including IEEE24, IEEE39,
UK, and IEEE118. The total number of instances is in Table 1. The post-outage evolution is known
for each initial state, including demand not served (DNS) and the number of tripped lines, i.e. the
edges that have failed during the cascading failure (henceforth called cascading edges). A cascading
failure occurs if any additional branch trips after the initial outage.
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Figure 1: Instance of the PowerGraph dataset for power flow and optimal power flow. The input node features are
in red, and output node-level predictions are in green. The known input quantities are reported for different node
types, and the unknown quantities are set to zero to maintain the dataset’s dimensionality structure (indicated by
an empty cell in the picture). Similarly, the output quantities depend on the node type; if a variable is known,
we mask it during training, and masked values are indicated with grey cells. The quantities are: active power
generation Pg , reactive power generation Qg , active power demand Pd, reactive power demand Qd, voltage
magnitude V , and voltage angle θ, the number of loads Nloads, and number of generators Ngen. The edge level
features are: branch conductance Gij and branch susceptance Bij .

Each graph is assigned an output label depending on the task. For binary classification, the graphs
are labeled as stable (DNS=0) or unstable (DNS>0). In multi-class classification, the graphs are
categorized into four classes shown in Table 2. For regression tasks, the label corresponds to the
DNS in MW. The choice among binary classification, multi-class classification, or regression depends
on the use case of the GNN model trained with the PowerGraph dataset. Binary classification models
serve as early warning systems to detect critical grid states. Multi-class models distinguish different
scenarios, helping transmission system operators understand when a cascading failure might not lead
to unserved demand. Regression models estimate the DNS for specific pre-outage states, acting as
surrogates for physics-based models and enabling security evaluations with low computational costs.

Figure 2: Instance of the PowerGraph dataset for cascading failure analysis. We highlight the initial outage with
the red-dotted line, which is removed from the graph connectivity matrix and from the edge feature matrix. The
cascading edge is in bold and encoded in the M boolean vector (0 - the edge has not tripped during cascading
development, 1 - otherwise). The input node features are the: net active power Pnet = Pgen − Pload, net
apparent power Snet = Sgen − Sload, and voltage magnitude Vi. Where Pgen and Pload are the active power
generation and demand, respectively, and Sgen and Sload are the apparent power generation and demand,
respectively. The input edge features are: active power flow Pi,j , reactive power flow Qi,j , line reactance Xi,j ,
and line rating lri,j .

Table 2: Multi-class classification of datasets. c.f. stands for cascading failure and describes a state resulting in
cascading failure of components. DNS denotes demand not served.

Category A Category B Category C Category D
DNS > 0 MW DNS > 0 MW DNS = 0 MW DNS = 0 MW

c.f. occurs no c.f. c.f. occurs no c.f.

Explainability mask We assign ground-truth explanations as follows: when a system state un-
dergoes a cascading failure, the cascading edges are considered to be explanations for the observed
demand not served. Therefore, for the Category A instances, we record the branches that fail dur-
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Table 3: Results of categorization in percentage.

Power grid Category A Category B Category C Category D
IEEE24 15.8% 4.3% 0.1% 79.7%
IEEE39 0.55% 8.4% 0.45% 90.6%
UK 3.5% 0 3.8% 92.7%
IEEE118 >0.1% 5.0% 0.9% 93.9%

ing the development of the cascading event. We set the explainability mask as a Boolean vector
M ∈ R|E|×1, whose elements are equal to 1 for the edges belonging to the cascading stage and 0,
otherwise (see Figure 2).

3 Benchmarking the PowerGraph dataset
In this section, we present the experimental setting to benchmark the PowerGraph dataset for node-
level tasks (i.e. power flow and optimal power flow analysis) and graph level tasks (i.e. cascading
failure analysis).

Experimental Setting and Evaluation Metrics For each power grid dataset, both for graph
and node-level tasks we utilize four baseline GNN architectures: GCNConv [27], GATConv [28],
GINEConv [29], and TransformerConv [30], which are commonly used in the graph xAI com-
munity. We experiment with state-of-the-art graph transformer convolutional layers [30], forming
the backbone of recent models such as GraphGPS [31], Transformer-M [32], and TokenGT [33],
chosen for their ability to incorporate edge features relevant to power grids. The GNN architecture
includes multiple message passing layers (MPLs), each followed by a PReLU activation function [34].
When graph-level tasks are involved, a maximum global pooling operator for obtaining graph-level
embeddings from node embeddings, and one fully connected layer. We perform a grid search over
the number of MPLs (1, 2, 3) and the hidden dimensionality (8, 16, 32). The Adam optimizer is
used with an initial learning rate of 10−3, and each model is trained for 50 epochs, with the learning
rate adjusted using a scheduler that automatically reduces it if the reference metric stops improving.
The datasets are split into 85% train, 5% validation, and 10% test sets, with a batch size of 32 for
node-level tasks and 16 for graph-level tasks. For classification models, balanced accuracy [35] is
used due to class imbalance, (see Table 3). For regression models, mean squared error is used as the
reference metric.

Figure 3: Node-averaged Mean Absolute Errors on the predicted physical quantities for the power flow and
optimal power flow problems on the best performing models reported in Table 4.

Observations Table 4 presents the best models for node-level tasks using GCN, GAT, GINe,
and Transformer architectures across the four power systems. Similarly, Table 5 reports the top-
performing models for graph-level tasks. In addition to the presented result in this paper and its
appendices, we present the complete results, including all models and their performances, on our
website: https://powergraph.ivia.ch. The website also includes Gradient Boosted Trees results
as a baseline for comparison. Figure 3 illustrates the node-averaged MSE for each predicted physical
quantity for the power flow tasks for the best performing models reported in Table 4.

5

https://powergraph.ivia.ch


Discussion We train our models using data from current simulation methods (see A.2.1 and A.3),
aiming for the highest accuracy in classification and regression to replicate those results, while the
key advantage of our ML models lies in surpassing traditional solvers or simulations in computational
efficiency. For node-level tasks, the OPF task presents a higher level of complexity, leading to a
higher mean squared error (MSE) for the machine learning model trained on it compared to the
model trained on the PF task, as shown in Figure 1 and Table 4. Although model performance varies
slightly across different grids, we observe that GNNs are effective in predicting optimal power flow
and power flow solutions across grids with varying topologies, achieving low prediction error for key
physical quantities regardless of grid size.

For both graph-level and node-level tasks, the Transformer model consistently outperforms other
approaches, achieving optimal results, particularly with three MPL layers in most cases. In contrast,
the GCN model repeatedly demonstrates lower performance compared to other models, emphasizing
its limitations for power flow tasks where edge features are critical for analyzing power flow and
modeling potential cascades. This highlights the advantages of the Transformer and GINe models,
which emerge as the top performers. The Transformer’s attention mechanism allows it to dynamically
assign importance to neighboring nodes, capturing intricate relationships that enhance its predictive
accuracy. This attention-based approach significantly contributes to the effectiveness of both the
Transformer and GAT models across node-level and graph-level tasks. Meanwhile, the GINe model
also shows strong performance due to its powerful ability to capture the graph topology of power
grids, further boosting its predictive accuracy [29].

While binary and multi-class classification models show good results, the regression model predicting
the exact demand not served does not. For graph-level regression tasks, the R2 [36] score, also
known as the coefficient of determination, peaks at 0.43 for the best model on the IEEE24 dataset but
falls below 0.26 across other power systems. Ideally, an R2 score closer to 1 is desired for a better
model fit, underscoring the need for further research to enhance GNN performance on regression
tasks. on improving GNN performance on regression tasks. Additionally, GNNs show limitations
on node-level regression, where simpler models like Gradient Boosted Trees (GBT) sometimes
outperform them on certain datasets (see https://powergraph.ivia.ch). However, this trend does
not extend to graph-level tasks, where GNNs consistently prove to be the superior method. This calls
for the development of GNN architectures specifically optimized for regression tasks, crucial for
power systems analysis. At the same time, even minor improvements in classification tasks should
not be underestimated, as they can significantly impact decision-making in critical infrastructures
such as power grids.

Table 4: Power flow and optimal power flow model results on the test set, averaged over five random seeds. MSE
error is used as a reference metric, and only the best model architecture results are reported.

Power system Task Best model MSE
IEEE24 Powerflow transformer 3h 32n 4.35e-05±7.46e-06

Optimal powerflow transformer 3h 32n 8.99e-05±3.43e-06
IEEE39 Powerflow transformer 3h 32n 4.35e-05±1.27e-05

Optimal powerflow transformer 3h 32n 7.38e-05±7.87e-06
IEEE118 Powerflow transformer 3h 32n 2.39e-05±3.74e-06

Optimal powerflow transformer 3h 32n 5.74e-05±4.24e-06
UK Powerflow transformer 3h 32n 2.02e-05±8.68e-06

Optimal powerflow transformer 3h 32n 3.75e-05±1.39e-05

4 Benchmarking explanations on the graph-classification models
Experimental setting and evaluation metrics The PowerGraph benchmark with explanations tests
and compares explainability methods. Explanations are subsets of the grids. We prefer generating
graph-based explanations over textual ones, as graph structures are more intuitive and effective for
conveying critical nodes and edges to experts in transmission grids. The role of explainers is to identify
the edges that are necessary for the graphs to be classified as Category A. This choice is explained
in Appendix A.4. Then, the resulting edges are evaluated on how well they match the explanation
masks, which represent the cascading edges, using the accuracy score, and on how they contribute
to the model’s prediction, using the faithfulness metric. The accuracy score refers to the balanced
accuracy metric, defined in Appendix A.6, between the ground truth target cascading failure edges
and the estimated explanatory edges by the xAI method. The faithfulness score measures the changes
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Table 5: Cascading failure analysis results on the test set averaged over five random seeds. The reference metric
for the classification tasks is balanced accuracy, and the regression task is MSE. Only the best model architecture
results are reported

Power system Task Best model Metric
IEEE24 binary transformer 3h 32n Balanced accuracy 0.9828±0.0056

multiclass transformer 3h 32n Balanced accuracy 0.9828±0.0056
regression gin 3h 32n MSE 7.82e-04±1.62e-04

IEEE39 binary transformer 2h 32n Balanced accuracy 0.9880±0.0020
multiclass transformer 3h 32n Balanced accuracy 0.9765±0.0064
regression transformer 2h 16n MSE 6.31e-05±1.86e-05

IEEE118 binary gin 3h 32n Balanced accuracy 0.9982±0.0006
multiclass gin 3h 32n Balanced accuracy 0.9962±0.0014
regression gin 3h 32n MSE 2.99e-06±3.19e-06

UK binary gin 3h 32n Balanced accuracy 0.9951±0.0022
multiclass gin 2h 32n Balanced accuracy 0.9845±0.0019
regression transformer 3h 32n MSE 1.07e-03±3.47e-04

in model outputs induced by retraining only with the important graph entities identified, and its
definition is given in Appendix B.5. We compare the results obtained for each of the four PowerGraph
datasets: IEEE24, IEEE39, IEEE118, and UK. For each dataset, we select the trained Transformer
model with 3 layers and 16 hidden units, obtained with the configuration of Section 3. To benchmark
explainability methods, having the best GNN model is not essential. By appropriately filtering
predictions (correct or mixed) and focusing the explanations (on the phenomenon or model) [37], we
can work around lower test accuracy. We compare non-generative methods, including the heuristic
Occlusion [38], gradient-based methods Saliency [39], Integrated Gradient [40], and Grad-CAM [41],
and perturbation-based methods GNNExplainer [42], PGMExplainer [43] and SubgraphX [44]. We
also consider generative methods: GSAT [45], D4Explainer [46] and RCExplainer [47]. For more
details on generative vs. non-generative explainers, see Appendix B.2 and B.3. We compare those
explainability methods to the base estimators: Random, Truth, and Inverse. Random assigns random
importance to edges following a uniform distribution. Truth estimates edge importance as the pre-
defined ground-truth explanations of the datasets. i.e., the cascading edges. The Inverse estimator
represents the worst-case scenario, assigning edges opposite to the ground truth. Appendix B provides
additional experimental details on Transformer performance and the explainability methods.

Table 6: Explainability results summary, using the number of explained instances and the number of ground-truth
edges, i.e., the cascading failure edges.

Power System IEEE24 UK IEEE39 IEEE118
No. Explained grids 3416 2236 154 11
Avg No. cascading edges 2.4 6.8 3.1 3.4
Max No. cascading edges 8 10 10 6
Ratio GT edges/Total edges 0.2 0.1 0.2 0.03

Human-centric evaluation We use the balanced accuracy metric to evaluate the generated expla-
nations. It compares the generated edge mask to the ground-truth cascading edges and takes into
account the class imbalance since the cascading edges are a small fraction of the total edges. It
measures how convincing the explanations are to humans. Appendix A.6 gives more details about this
metric. We report the performance of 14 explainability methods on finding ground-truth explanations.
All results are averaged on five random seeds.

Figure 4 shows the results of the human-centric evaluation. The Truth explainer consistently achieves
an accuracy score of 1, while the Inverse method performs significantly worse with an accuracy score
of 0.5, as expected. Additionally, the Random method exhibits similarly low accuracy scores, which
can be attributed to the small amount of cascading edges within the grids (see Table 6). Regarding the
IEEE39 and IEEE118 grids, none of the explainability methods succeed in identifying the cascading
edges within their topk∗ explanatory edges. The low performance of xAI methods on balanced
accuracy for IEEE39 and IEEE118 is likely due to Category A graphs representing less than 1% of the
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Figure 4: Balanced accuracy of the explanations with topk∗ edges. The top balanced accuracy is computed on
explanatory edge masks that contain the topk∗ edges that contribute the most to the model predictions, with
topk∗ being the number of edges in the corresponding ground-truth explanations, i.e. the maximum number of
cascading edges for each dataset.

datasets, see Table 3. Resulting in a low number of explainable instances, i.e., 154 and 11 explainable
graph instances, respectively. For the IEEE24 and UK datasets, which have more instances of
Category A, GSAT significantly outperforms other methods, achieving a balanced accuracy of 0.9 for
IEEE24 and almost 0.8 for UK. GradCAM and Occlusion methods are also able to identify a few
cascading edges in these cases.

Model-centric evaluation Human evaluation is not always practical because it requires ground
truth explanations and is subjective to human judgement, not necessarily accounting for the model’s
reasoning. Model-focus evaluation, however, measures the consistency of model predictions, re-
moving or keeping the explanatory graph entities. We, therefore, evaluate the faithfulness of the
explanations using the fidelity+ metric. The fidelity+ measures how necessary the explanatory edges
are to the GNN predictions. For PowerGraph, edges with high fidelity+ are the ones necessary for the
graph to belong to Category A. The fidprob+ is computed as in[37] and described in Appendix B.5.
We follow the systematic evaluation framework GraphFramEx [37], more details found in B.4.
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Figure 5: Faithfulness of the explanations with topk∗ edges. The faithfulness score is measured with the
fid+acc metric as defined in Equation 7 in Appendix B.5. The optimal number topk∗ of edges kept for the
explanations corresponds to the maximum number of expected cascading edges (i.e., ground truth explanations)
and depends on the dataset.

Figure 5 shows the results of the model-centric evaluation of the explainability methods. Gradient-
based methods generate the most faithful explanations between the Powergraph datasets. For the
three IEEE datasets, IntegratedGrad and Saliency are the most faithful explainers; for the UK dataset,
Occlusion and GradCAM give faithful results. These observations are consistent with the conclusions
in [37], i.e. gradient-based xAI methods return more faithful explanations. Nevertheless, we observe
low faithfulness scores for IEEE39 and IEEE118. Particularly for IEEE118, all methods show an
average faithfulness score close to zero. Again, this might originate from the low ratio of cascading
edges compared to the total number of edges in IEEE118 (refer to Table 6 for details). In addition,
IEEE118 is the largest power grid with 186 branches, containing complex interdependencies among
its power grid elements during cascading failures. Consequently, node and edge-level features play
a significant role in explaining the GNN predictions. Therefore, we believe that an accurate model
explanation will be obtained only with methods that provide node and link-level feature masks, along
with edge masks.
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Discussion When comparing the outcomes of the human-centric evaluation in Figure 4 and the
model-centric evaluation in Figure 5, a trend emerges: most methods exhibit contrasting performances
when evaluated on the human-centric accuracy or the model-centric faithfulness. This means that
explainability methods that excel in accuracy may not necessarily produce faithful explanations,
and vice versa. In the model’s perspective, cascading edges are not always necessary for predicting
Category A events, i.e., DNS>0 and cascading failures. The ground-truth cascading edges (represented
by the Truth baseline) reveal that they are not faithful to the model for both IEEE39 and IEEE118, and
they are only marginally faithful for the UK dataset. Furthermore, explanations generated by faithful
methods like Saliency and IntegratedGrad do not include any cascading edges. These observations
highlight significant differences between human explanations based on physics-based simulations
and model-centric explanations. Only GSAT generates accurate and faithful explanations, bridging
the gap between human and model perspectives.

5 Limitations

While this study provides a valuable benchmark for power grid analysis using GNN models, there are
limitations that should be acknowledged. Using power grid models, such as the IEEE test case systems,
is a standard practice in power engineering modeling and analyses. Although these power systems
are not ideal, they are still based on real power grids. The main reason we utilize these grids in our
study is because real power system data is safety-critical and often classified, making it inaccessible
for research. Furthermore, cascading failures are rare events, and data on their progression and the
conditions under which they occur are largely unavailable. As a result, synthetic data is the only
viable option for cascading failure analysis, which could limit the generalizability of the findings to
real-world scenarios. Nevertheless, we use the Cascades model to simulate cascading failures and
generate GNN datasets, which have been validated with historical blackout data from the WECC
grid [48]. Furthermore, the small number of buses in the IEEE test cases may constrain the ability
of the models to capture long-range dependencies, potentially affecting their performance on larger,
more complex power grids. While this work demonstrates a method for modeling power systems
with GNNs, other approaches could be explored in future research to enhance model accuracy and
robustness. For instance, incorporating energy price variations to analyze the multi-period economic
dispatch, multi-period OPF and unit commitment could provide a more comprehensive understanding
of the economic aspects of power grid operations, which was not considered in this study

6 Conclusions

PowerGraph addresses critical challenges encountered in utilizing Graph Neural Networks (GNNs)
for power systems analyses. PowerGraph effectively fills a significant gap in the GNN domain for
power engineering applications by offering a dataset tailored for node and graph-level tasks and
model explainability. Through rigorous benchmarking against a range of GNN and explainability
models, PowerGraph exhibits high performance in graph classification, albeit indicating a need
for further refinement in regression models. Regression models remain essential in power systems
and can be solved by GNNs for tasks like power flow and system security analysis. However,
GNN still encounters challenges that demand further research and development. Across power grid
analysis tasks, we find that an architecture with three message-passing layers yields the most accurate
predictions for both power flow and cascading failure analysis. This result suggests that incorporating
information from up to three-hop neighbors is essential for precise modeling, effectively balancing
local and global network information required for accurate predictions in both graph- and node-level
tasks. Furthermore, PowerGraph is the first real-world dataset to offer ground-truth explanations for
graph-level tasks in explainable AI, enabling thorough evaluation of various explainability methods.
Despite this advancement, the performance of these methods remains suboptimal, highlighting the
lack of a universally superior approach. Given the crucial role of explainability for power grid
operators, this underscores the ongoing need for dedicated research and development in this field.
Looking forward, we plan to enhance PowerGraph by adding a temporal graph dataset to facilitate
in-depth analysis of the stages of cascading failures. Although this information is already present
in the dataset, please refer to A.5, it was beyond the scope of this work. We also benchmark
methods on larger synthetic power systems, such as the grid in [49], to assess whether deeper GNN
architectures are necessary, as noted in [50]. A raw dataset and the benchmarking results are available
at https://powergraph.ivia.ch.
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[28] P. Veličković, G. Cucurull, A. Casanova, A. Romero, P. Liò, and Y. Bengio, “Graph attention networks,”
2018.

[29] W. Hu, B. Liu, J. Gomes, M. Zitnik, P. Liang, V. Pande, and J. Leskovec, “Strategies for pre-training graph
neural networks,” 2020.

[30] Y. Shi, Z. Huang, W. Wang, H. Zhong, S. Feng, and Y. Sun, “Masked label prediction: Unified massage
passing model for semi-supervised classification,” CoRR, vol. abs/2009.03509, 2020.

[31] L. Rampášek, M. Galkin, V. P. Dwivedi, A. T. Luu, G. Wolf, and D. Beaini, “Recipe for a general,
powerful, scalable graph transformer,” Advances in Neural Information Processing Systems, vol. 35,
pp. 14501–14515, 2022.

[32] S. Luo, T. Chen, Y. Xu, S. Zheng, T.-Y. Liu, L. Wang, and D. He, “One transformer can understand both
2d & 3d molecular data,” arXiv preprint arXiv:2210.01765, 2022.

[33] J. Kim, D. Nguyen, S. Min, S. Cho, M. Lee, H. Lee, and S. Hong, “Pure transformers are powerful graph
learners,” Advances in Neural Information Processing Systems, vol. 35, pp. 14582–14595, 2022.

[34] K. He, X. Zhang, S. Ren, and J. Sun, “Delving deep into rectifiers: Surpassing human-level performance
on imagenet classification,” 2015.

[35] K. H. Brodersen, C. S. Ong, K. E. Stephan, and J. M. Buhmann, “The balanced accuracy and its posterior
distribution,” in 2010 20th International Conference on Pattern Recognition, pp. 3121–3124, 2010.

[36] D. Chicco, M. J. Warrens, and G. Jurman, “The coefficient of determination r-squared is more informative
than smape, mae, mape, mse and rmse in regression analysis evaluation,” PeerJ Comput Sci, vol. 7, p. e623,
2021.

[37] K. Amara, R. Ying, Z. Zhang, Z. Han, Y. Shan, U. Brandes, S. Schemm, and C. Zhang, “Graphframex:
Towards systematic evaluation of explainability methods for graph neural networks,” arXiv preprint
arXiv:2206.09677, 2022.

[38] M. D. Zeiler and R. Fergus, “Visualizing and understanding convolutional networks,” in Computer Vision–
ECCV 2014: 13th European Conference, Zurich, Switzerland, September 6-12, 2014, Proceedings, Part I
13, pp. 818–833, Springer, 2014.

[39] F. Baldassarre and H. Azizpour, “Explainability techniques for graph convolutional networks,” CoRR,
vol. abs/1905.13686, 2019.

[40] M. Sundararajan, A. Taly, and Q. Yan, “Axiomatic attribution for deep networks,” in ICML, vol. 70,
pp. 3319–3328, 2017.

[41] P. E. Pope, S. Kolouri, M. Rostami, C. E. Martin, and H. Hoffmann, “Explainability methods for graph
convolutional neural networks,” in CVPR, pp. 10772–10781, 2019.

[42] Z. Ying, D. Bourgeois, J. You, M. Zitnik, and J. Leskovec, “Gnnexplainer: Generating explanations for
graph neural networks,” in NeurIPS, pp. 9240–9251, 2019.

[43] M. N. Vu and M. T. Thai, “Pgm-explainer: Probabilistic graphical model explanations for graph neural
networks,” in NeurIPS, 2020.

[44] H. Yuan, H. Yu, J. Wang, K. Li, and S. Ji, “On explainability of graph neural networks via subgraph
explorations,” ArXiv, 2021.

[45] S. Miao, M. Liu, and P. Li, “Interpretable and generalizable graph learning via stochastic attention
mechanism,” in International Conference on Machine Learning, pp. 15524–15543, PMLR, 2022.

[46] J. Chen, S. Wu, A. Gupta, and R. Ying, “D4explainer: In-distribution gnn explanations via discrete
denoising diffusion,” arXiv preprint arXiv:2310.19321, 2023.

[47] M. Bajaj, L. Chu, Z. Y. Xue, J. Pei, L. Wang, P. C.-H. Lam, and Y. Zhang, “Robust counterfactual
explanations on graph neural networks,” July 2021.

11

https://www.eia.gov/electricity/data.php
https://www.eia.gov/electricity/data.php
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/ieee-24-bus-system/
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/ieee-24-bus-system/
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/new-england-ieee-39-bus-system/
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/new-england-ieee-39-bus-system/
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/ieee-118-bus-system/
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/ieee-118-bus-system/


[48] B. Li, B. Gjorgiev, and G. Sansavini, “Meta-heuristic approach for validation and calibration of cascading
failure analysis,” in 2018 IEEE International Conference on Probabilistic Methods Applied to Power
Systems (PMAPS), pp. 1–6, 2018.

[49] A. B. Birchfield, T. Xu, K. M. Gegner, K. S. Shetye, and T. J. Overbye, “Grid structural characteristics as
validation criteria for synthetic networks,” IEEE Transactions on Power Systems, vol. 32, pp. 3258–3265,
July 2017.

[50] M. Ringsquandl and D. Beyer, “Power to the relational inductive bias: Graph neural networks in electrical
power grids,” in Proceedings of the 2022 ACM Conference on Advances in Computing Systems (ACS),
(Germany), Siemens, Germany, 2022.

[51] S. Freitas, Y. Dong, J. Neil, and D. H. Chau, “A large-scale database for graph representation learning,”

[52] H. Saadat, Power System Analysis, vol. 2. McGraw-Hill, 1999.

[53] J. J. Grainger and W. D. Stevenson, Power System Analysis. McGraw-Hill, 2016.

[54] S. Pineda, J. M. Morales, and S. Wogrin, “Mathematical programming for power systems,” in Encyclopedia
of Electrical and Electronic Power Engineering (J. García, ed.), pp. 722–733, Oxford: Elsevier, 2023.

[55] B. Carreras, V. Lynch, I. Dobson, and D. Newman, “Critical points and transitions in an electric power
transmission model for cascading failure blackouts,” Chaos (Woodbury, N.Y.), vol. 12, pp. 985–994, 01
2003.

[56] D. P. Nedic, I. Dobson, D. S. Kirschen, B. A. Carreras, and V. E. Lynch, “Criticality in a cascading failure
blackout model,” International Journal of Electrical Power and Energy Systems, vol. 28, pp. 627–633,
2006.

[57] B. Gjorgiev, A. Stankovski, G. Sansavini, B. Li, and A. David, “Cascades a platform for power system risk
analyses and transmission expansion planning,”

[58] H. R. E. H. Bouchekara, “Optimal power flow using black-hole-based optimization approach,” Applied
Soft Computing, vol. 24, pp. 879–888, nov 2014.

[59] B. Gjorgiev and G. Sansavini, “Identifying and assessing power system vulnerabilities to transmission
asset outages via cascading failure analysis,” Reliability Engineering & System Safety, vol. 217, p. 108085,
2022.

[60] I. J. Goodfellow, J. Shlens, and C. Szegedy, “Explaining and harnessing adversarial examples,” arXiv
preprint arXiv:1412.6572, 2014.

[61] H. Yuan, H. Yu, S. Gui, and S. Ji, “Explainability in graph neural networks: A taxonomic survey,” Dec.
2020.

[62] M. Fey and J. E. Lenssen, “Fast graph representation learning with PyTorch Geometric,” in ICLR Workshop
on Representation Learning on Graphs and Manifolds, 2019.

[63] B. Gjorgiev, A. Stankovski, and G. Sansavini, “Cascades platform,” 2019.

[64] R. Collobert, K. Kavukcuoglu, and C. Farabet, “Torch: A scientific computing framework for luajit,”
Proceedings of the Annual Conference on Neural Information Processing Systems (NIPS), vol. 24, pp. 237–
245, 2011.

[65] NVIDIA Corporation, “NVIDIA CUDA Toolkit.” https://developer.nvidia.com/cuda-toolkit,
2023.

[66] S. N. S. C. (CSCS), “Euler wiki.” https://scicomp.ethz.ch/wiki/Euler, 2023. [Accessed: April 26,
2023].

12

https://developer.nvidia.com/cuda-toolkit
https://scicomp.ethz.ch/wiki/Euler


Checklist
1. For all authors...

(a) Do the main claims made in the abstract, and introduction accurately reflect the paper’s contribu-
tions and scope? [Yes]

(b) Did you describe the limitations of your work? [Yes] See: Section 3 paragraph ’Discussion’,
Section 4 paragraph ’Discussion’ and the Section 5.

(c) Did you discuss any potential negative societal impacts of your work? [N/A]
(d) Have you read the ethics review guidelines and ensured that your paper conforms to them? [Yes]

2. If you are including theoretical results...

(a) Did you state the full set of assumptions of all theoretical results? [N/A]
(b) Did you include complete proofs of all theoretical results? [N/A]

3. If you ran experiments (e.g., for benchmarks)...

(a) Did you include the code, data, and instructions needed to reproduce the main experimental
results (either in the supplemental material or as a URL)? [Yes] See Sections C.1 and C.2.

(b) Did you specify all the training details (e.g., data splits, hyperparameters, how they were chosen)?
[Yes] See Sections 3 and 4, and the respective paragraphs ’Experimental setting and evaluation
metrics’

(c) Did you report error bars (e.g., with respect to the random seed after running experiments
multiple times)? [Yes] See Table 4, Table 5 and Section 4 paragraph ’Results’.

(d) Did you include the total amount of computing and the type of resources used (e.g., type of
GPUs, internal cluster, or cloud provider)? [Yes] See Section C.5.

4. If you are using existing assets (e.g., code, data, models) or curating/releasing new assets...

(a) If your work uses existing assets, did you cite the creators? [Yes] See Section A.3
(b) Did you mention the license of the assets? [Yes] See Section C.4
(c) Did you include any new assets either in the supplemental material or as a URL? [Yes] See

Section C.2
(d) Did you discuss whether and how consent was obtained from people whose data you’re using/cu-

rating? [Yes] See Section C.3
(e) Did you discuss whether the data you are using/curating contains personally identifiable informa-

tion or offensive content? [N/A]

5. If you used crowdsourcing or conducted research with human subjects...

(a) Did you include the full text of instructions given to participants and screenshots, if applicable?
[N/A]

(b) Did you describe any potential participant risks, with links to Institutional Review Board (IRB)
approvals, if applicable? [N/A]

(c) Did you include the estimated hourly wage paid to participants and the total amount spent on
participant compensation? [N/A]

13



A Supplementary materials

A.1 OGB taxonomy of graph datasets

Graph datasets are classified according to their task, domain, and scale. The task is at the node-, link-, or
graph- level; the scale is small, medium, or large; and the domain is nature, society, or information. Our dataset
comprises a collection of power grid datasets designed for graph-level tasks, and their size ranges from small to
medium [51]. The Open Graph Benchmark [18] contains a diverse set of various sizes and operational specifics
of real-world datasets. It contains medium to large-scale datasets that can be used to feed data-hungry models
like GNN. For node and link property prediction tasks, OGB has datasets in all domains, i.e., nature, society,
and information. However, Table 7 shows the absence of graph datasets in the society domain. We propose
PowerGraph, the first collection of real datasets in the society domain to fill this gap.

Table 7: OGB taxonomy for graph datasets.

Property prediction task

Domain Node Link Graph

Nature proteins ddi,ppa molhiv,molpcba/ppa

Society arxiv,products,papers100M biokg,wikikg2 -

Information mag collab,citation2 code2

A.2 The power flow and optimal power flow problem

Planning the operation of a power system involves conducting studies to ensure that power plants produce enough
electricity to meet demand while maintaining stable voltage and frequency levels across the network. These
studies determine voltage, current, power, and power factor or reactive power at various points in the electric
network under normal conditions. They are based on the power flow equations, which model the relationships
between voltages, currents, power injections, and loads in the system based on Kirchhoff’s and Ohm’s laws
[52, 53]

A.2.1 AC Power flow

AC power flow is an integral method for assessing the steady-state operations of the electric power grid, providing
insights into the branch loading and bus voltages. It is a nonlinear problem and computationally challenging,
especially for large networks. The AC power flow identifies:

• Power : S = P + jQ:

– Active power P [W], which can be power generated Pg or power demanded Pd

– Reactive power Q [VAr], which can be power generated Qg or power demanded Qd

• Voltage (in polar coordinates) : |V | exp jθ

To solve for those quantities, the power balance equations for the real and imaginary parts of the power are
defined for a single bus as:

Pgi − Pdi =

N∑
k=1

pik

Qgi −Qdi =

N∑
k=1

qik

(1)

pij and qij are the real and reactive power flows in the transmission line or transformers connected to node I.
Transmission lines and transformers are characterized by admittance Yij = Gij + jBij ; where Gij [Ω] is the
conductance and Bij [S] the susceptance. The power flows between buses i and j are given:

{
pij = Gij(|Vi|2 − |Vi|i|Vj |cos(θij))−Bij |Vi|i|Vj |sin(θij)
qij = Bij(−|Vi|2 + |Vi|i|Vj |cos(θij))−Gij |Vi|i|Vj |sin(θij)

(2)
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Numerical methods such as the Newton-Raphson method [52] are commonly used to solve nonlinear power-
flow equations. This iterative technique begins with initial guesses for unknown variables, including voltage
magnitudes and angles at the load and generator buses.

The known and unknown variables depend on the type of bus within the system. Buses without connected
generators are classified as loads, or PQ buses, with known power demand (Pd and Qd). Unknowns at these
buses include the voltage magnitude (|V |) and angle (θ). On the other hand, generator buses, or PV buses, have
at least one connected generator with known generated active power (Pg) and voltage magnitude (|V |). At
these buses, the unknowns are the reactive power (Qg) and voltage angle (θ). A special case is the slack bus,
arbitrarily chosen with a generator, serving as a reference point for power-flow analysis. At the slack bus, the
voltage magnitude (|V |) and angle (θ) are set, and the generated active power (Pg) and reactive power (Qg) are
adjusted accordingly. For a visual representation of each bus type’s unknown and known variables see Figure 1.

A.2.2 Optimal power flow

The optimal power flow determines the optimal output of dispatchable generators in the system while satisfying
the nodal balance and the generator and grid operating constraints [54]:

Objective function: min
PG,i,QG,ii∈V

∑
i∈V

Ci(PG,i) (3)

subject to: (4)

Nodal balances

Pgi − Pdi − gshi =

N∑
j=1

pij

Qgi −Qdi + bshi =

N∑
j=1

qij

Voltage magnitude limits vmin
i < vi < vmax

i ∀i ∈ V

Active power limits Pmin
g,i < Pgi < Pmax

g,i ∀i ∈ V

Reactive power limits Qmin
g,i < Qgi < Qmax

g,i ∀i ∈ V

Line limits (pij)2 + (qij)
2 ≤ Smax

ij

(5)

Figure 1 visualizes the variables predicted at load and generator buses.

A.3 Physics-based model of cascading failures
The established traditional approach for cascading failure analysis is a quasi-steady state model, such as the OPA
model [55], the Manchester model [56], and the Cascades model [21]. We employ the established Cascades
model [21, 57] for cascading failure simulations to produce the GNN datasets. Indeed, its application to the
Western Electricity Coordinating Council (WECC) power grid demonstrates that Cascades can generate a
distribution of blackouts that is consistent with the historical blackout data [48]. Cascades is a steady-steady
state model with the objective to simulate the power grid response under unplanned failures in the grid. For that
purpose, the model simulates the power system’s automatic and manual responses after such failures. Initially,
all components are in service and the grid has no overloads. The system is in a steady-state operation with
the demand supplied by the available generators, which produce power according to AC- optimal power flow
(OPF) conditions [58]. The simulation begins with the introduction of single or multiple initial failures. Then,
Cascades simulates the post-outage evolution of the power grid, i.e., identifies islands, performs frequency
control, under-frequency load shedding, under-voltage load shedding, AC power flows, checks for overloads,
and disconnects overloaded components. The model returns two main results: the demand not served (DNS) in
MW and the number of branches tripped after the initial triggering failure. The simulation is performed for a
set of power demands sampled from a yearly load curve. An equal number of loading conditions are randomly
sampled for each season of the year. We use a Monte-Carlo simulation to probabilistically generate outages
of transmission branches (lines and transformers). We define the number of loading conditions and the size of
the outage list. Therefore, we are able to simulate a large number of scenarios and thus create large datasets.
Each scenario generated is a power grid state and becomes an instance of the dataset. For each combination of
loading condition and element in the outage list, we simulate the cascading failure, identify the terminal state of
the power grid, quantify the demand not served, and list the tripped elements. Figure 6 shows the structure of the
Cascades model [59].
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Figure 6: Workflow of the Cascades [59] model, used to simulate cascading failures in power grids. Separate
Cascades runs are performed for the different test power grids, namely, IEEE24, IEEE39, UK, and IEEE118.

Table 8: Parameters of the AC physics-based cascading failure model for the selected four test power grids.

Power system No. Loading
conditions - nloadcond

No. Outage lists
noutlists

IEEE24 500 43
IEEE39 500 56
IEEE118 500 128
UK 500 245

A.4 Class targeted explanations

For benchmarking explanations in section 4, we focus on explaining Category A graphs of the multi-class
problem, i.e., the power grids that fail to serve the demand (DNS>0). The objective is to shed light on the tripped
lines after the first contingency. We use the multi-class problem rather than the binary classification problem that
classifies states according to the demand not served (DNS) only, i.e. distinguishes power grids that serve the
demand (DNS=0, label 1) from the ones that do not (DNS>0, label 0). In the multi-class problem, the model
learns to distinguish cascading failure scenarios, while in the binary setting, Category A and B are considered
the same type of grids (class DNS>0). Explaining DNS>0 in the multi-class problem allows us to focus on the
case where some lines are tripped when DNS>0 and, therefore, expect the model to learn the cascading edges
for this class of grids.

A.5 Reconstructing temporal graphs for in-depth analysis of cascading failures in
PowerGraph

Each instance of the graph-level dataset in PowerGraph, designed for cascading failure analysis, is accompanied
by an explainability mask that encodes the stages of the cascading failure process. This mask is stored in a
MATLAB structure exp.mat, see in Appendix C.1. Each entry in the MATLAB structure is a vector containing
all failures at all stages, with the order of the vector corresponding to the sequence of line failures in the cascading
event. Using this information, a temporal graph can be reconstructed from PowerGraph.

A.6 Balanced accuracy

Definition The balanced accuracy is the arithmetic mean of the specificity and the sensitivity. The sensitivity
or true positive rate or recall measures the proportion of real positives that are correctly predicted out of
all positive predictions that could be made by the model. The specificity or true negative rate measures the
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proportion of correctly identified negatives over the total negative predictions that could be made by the model.
The balanced accuracy is then expressed as:

Balanced Accuracy =
Sensitivity + Specificity

2
=

1

2
·
(

TP

TP + FN
+

TN

TN + FP

)
(6)

The balanced accuracy has the advantage of accounting for imbalance in the explanatory mask. In the context of
cascading failure detection, we know that most of the components (links) in the grid will not fail. Therefore,
the edge mask has many values that are zeros and only a few that are ones. The balanced accuracy measures if
the method was able to recognize both failing and not failing edges, while giving the same importance to both
detections.

B Explainability methods

To explain the decisions made by the GNN models, we adopt different classes of explainers, including generative
and non-generative methods. We detail properties and additional results regarding explainability methods run on
PowerGraph datasets in this section.

B.1 XAI properties

Model-aware. Gradient-based methods compute the gradients of target prediction with respect to input features
by back-propagation. Features-based methods map the hidden features to the input space via interpolation to
measure important scores. Decomposition methods measure the importance of input features by distributing the
prediction scores to the input space in a back-propagation manner.

Model-agnostic. Perturbation-based methods use a masking strategy in the input space to perturb the input.
Surrogate models use node/edge dropping, BFS sampling, and node feature perturbation. Counterfactual methods
generate counterfactual explanations by searching for a close possible world using adversarial perturbation
techniques [60].

B.2 Non-generative explainability methods

In our experiments, we compare the following methods: Random gives every edge and node feature a random
value between 0 and 1; Saliency (SA) measures node importance as the weight on every node after computing
the gradient of the output with respect to node features [39]; Integrated Gradient (IG) avoids the saturation
problem of the gradient-based method Saliency by accumulating gradients over the path from a baseline input
(zero-vector) and the input at hand [40]; Grad-CAM is a generalization of class activation maps (CAM) [41];
Occlusion attributes the importance of an edge as the difference of the model initial prediction on the graph after
removing this edge [38]; GNNExplainer (E,NF) computes the importance of graph entities (node/edge/node
feature) using the mutual information [42]; We also use GNNExplainer that considers only edge importance;
PGM-Explainer perturbs the input and uses probabilistic graphical models to find the dependencies between
the nodes and the output [43]; SubgraphX explores possible explanatory sub-graphs with Monte Carlo Tree
Search and assigns them a score using the Shapley value [44].

B.3 Generative explainability methods

Non-generative explainability methods like gradient-based or perturbation-based methods optimize individual
explanations for a given instance. They lack a global understanding of the whole dataset or the ability to
generalize to new unseen instances. Non-generative methods have been developed to tackle this problem. They
learn the initial data distribution before generating individual explanations. Therefore, generative methods
learn the underlying distributions of the explanatory graphs across the entire dataset, providing a more holistic
approach to GNN explanations. GSAT [45] creates inherently interpretable and generalizable GNNs by
constraining information flow from the input graph to the prediction explainability method by treating attention
as an Information Bottleneck (IB) and introducing stochasticity into the attention process. The reinforcement
learning-based xAI method RCExplainer [47] defines explanation as a sequential decision process where
salient edges are added to construct an explanatory subgraph, guided by a policy network that predicts edge
additions based on their causal effect on the prediction and their collaborative impact with previously added
edges. Using a diffusion-based process, D4Explainer [46] integrates generative graph distribution learning
into its optimization objective, enabling the generation of diverse counterfactual graphs within the distribution
and identifying discriminative graph patterns that explain specific class predictions, serving as model-level
explanations.
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Table 9: Explainability methods tested on the PowerGraph benchmark.

Explainer Model-aware/agnostic Target Type Flow
SA Model-aware N/E Gradient Backward
IG Model-aware N/E Gradient Backward
Grad-CAM Model-aware N Gradient Backward
Occlusion Model-agnostic N/E Perturbation Forward
GNNExplainer Model-agnostic N/E/NF Perturbation Forward
PGM-Explainer Model-agnostic N/E Perturbation Forward
SubgraphX Model-agnostic N/E Perturbation Forward
GSAT Model-agnostic E Mask Generation Factual
RCExplainer Model-agnostic SUBGRAPH RL-MDP Factual
D4Explainer Model-agnostic E Diffusion Counterfactual

B.4 The GraphFramEx evaluation framework

We construct the evaluation pipeline of the explainability methods following GRAPHFRAMEX, a systematic
framework for evaluating explainability methods in the context of graph classification. We consider three aspects
of users’ needs in our evaluation protocol, namely explanation focus, mask nature and mask transformation.

Focus of explanation. Some users want to explain why a certain decision has been returned for a particular
input. In this case, the task of explaining has a more applied nature: they are interested in the phenomenon
itself and try to reveal findings in the data, i.e. explain the true labeling of the nodes. The model’s predictions
are ignored in the explanation process. Others prefer the behavior of GNN model and try to explain the logic
behind the model, i.e.,textitmodel behavior and try to explain the logic behind the model, i.e., the predicted
labels. These equally complementary and important reasons demand different analysis methods. The choice of
explanation focus determines the explanation objective and evaluation.

Mask sparsity Because there is no such thing as a "good" size for an explanation, it is even harder to
compare explainability methods. Existing explainability methods return different sizes of explanations by default.
GraphFramEx defines three strategies to reduce explanation size: sparsity, threshold, and topk, which transform
the edge mask M into a sparser version Mt. We decide to use the topk strategy because it is the only strategy that
enforces a maximum number k of edges independently of the size of the graph and the explainer methodology.
This independence property is important as human-intelligible explanations cannot exceed a certain number
of graph entities. Too small explanations omit important elements and will not be sufficient, while too big
explanations contain irrelevant nodes and edges and will not be necessary.

Masking strategies To convert importance attributions, i.e., the explanatory mask, to an explanatory
subgraph, one must find a strategy to assign those importance scores to the graph entities. There are two
strategies: the hard masking and the soft masking. Let’s say that, for sparsity reasons, we want to keep only
the topk ∈ K edges in a graph, i.e., the k edges that have the highest explanatory attribution scores, in the
final explanations. The hard masking function χH : G × K → G picks the topk edges from a graph G so
that the number of edges and nodes is reduced. Applying the hard selector on an explanation G′ = h(G)
for the topk edges, we obtain a hard explanation χH(G′, t) = G′(V ′, E ′,X′,E′), such that V ′ ⊆ V and
X′ = {Xj∥vj ∈ V ′}, where vj and Xj denote the graph node and the corresponding node features. The hard
explanation has only the nodes connected to the remaining important edges and is usually smaller than the input
graphs that very likely do not lie in the initial data distribution. The soft masking function χS : G × K → G
instead sets edge weights to zero when edges are to be removed. Therefore it preserves the whole graph structure
with all nodes and edge indices. Given an explanation G′ and the topk-sparse explanatory mask Mt that
keeps the topk% highest values in M and sets the rest to zero, we can express the soft explanation at topk as
χS(G

′, t) = G′(V, E ,X,E,Mt). It has a similar edge index and nodes as the input graph G, but unimportant
edges receive zero weights. Note here that, unlike the soft masking strategy, the hard masking strategy might
break the connectivity of the input graphs, resulting in explanations represented by multiple disconnected
subgraphs.

For PowerGraph, we compare explainability methods taking a phenomenon focus, i.e. explaining the true class
label Category A. We use the topk strategy to get sparse and intelligible explanations. Masks are soft on the
edges, i.e., we assign weights to the important edges. Explanations are weighted explanatory subgraphs, where
edges are given importance based on their contribution to the true prediction in the multi-class setting. Figure 5
reports the fidelity+ scores for the four power grid datasets.
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B.5 Faithfulness metric

To measure the faithfulness of the explanations, we use either the fidelity- or the fidelity+ scores defined
in [61, 37]. We evaluate the contribution of the produced explanatory subgraph to the initial prediction, either by
giving only the subgraph as input to the model (fidelity-) or by removing it from the entire graph and re-running
the model (fidelity+). As explained in section A.4, the generated explanations in the context of PowerGraph are
the tripped lines and, therefore, should be necessary but not sufficient for the grid class. Indeed, the subgraph
resulting from isolating the cascading branches does not represent a power grid. Therefore, fidelity- is not
relevant in the context of the PowerGraph benchmark, and we evaluate the faithfulness of explanations using
the fidelity+ metric defined in equations 7 and 8. The fidelity score can be expressed either with probabilities
(fidprob+ ) or indicator functions (fidacc+ ). We adopt the fidprob+ , as it is more precise for our classification

problem. f is a pre-trained classifier. We denote by ŷGC
i and ŷ

GC\S
i the model’s predictions when taking as

input respectively the input graph GC and its complement or masked-out graph GC\S .

fid+acc =
1

N

N∑
i=1

∥1(ŷGC
i = yi)− 1(ŷ

GC\S
i = yi)∥ (7)

fid+prob =
1

N

N∑
i=1

(f(GC)yi − f(GC\S)yi) (8)

While the GraphFramEx framework distinguishes two types of explanations, according to whether they are
necessary or sufficient, we only consider necessary explanations.

B.6 Additional XAI results

This section presents additional findings regarding the faithfulness of generated explanations across different
sparsity levels. We manipulate the number of retained top-k edges, ranging from 1 to 20 edges, beginning with
the most important edge. Figures 7 and 8 demonstrate the superiority of gradient-based methods such as Saliency
and IntegratedGrad, Occlusion, and GSAT. Notably, we observe that the fidelity computed on the accuracy of the
classification (fid+acc) shows more fluctuating trends compared to the smoother curves of the fidelity metric
computed with probabilities (fid+prob), aligning with their respective definitions given in equations 7 and 8.

0.0

0.2

0.4

0.6

0.8
IEEE24

0.00

0.25

0.50

0.75

UK

0 5 10 15 20

0.0

0.1

0.2

0.3

IEEE39

0 5 10 15 20

0.002

0.000

0.002

IEEE118

TopK Edges

Fid
el

ity
+ 

(p
ro

b)

Baselines
Inverse
Random
Truth

Generative explainers
RCExplainer
D4Explainer
GSAT

Non-generative explainers
Occlusion
Saliency
IntegratedGrad
GradCAM
SubgraphX
GNNExplainer
GNNExplainer(E,NF)
PGMExplainer

Figure 7: Faithfulness computed with fid+prob defined in section B.5 when varying the number of
topk explanatory edges from 1 to 20.

C Access to PowerGraph Dataset

C.1 Dataset documentation and intended uses

PowerGraph is the collection of the following GNN datasets: UK, IEEE24, IEEE39, IEEE118 power grids.
We use InMemoryDataset [62] class of Pytorch Geometric, which processes the raw data obtained from the
Cascades [63] simulation. For each dataset UK, IEEE24, IEEE39, and IEEE118, we provide a folder containing
the raw data organized in the following files for node-level tasks, i.e., power flow and optimal power flow
analyses:

19



0.0

0.2

0.4

0.6

0.8

IEEE24

0.0
0.2
0.4
0.6
0.8

UK

0 5 10 15 20

0.2

0.4

IEEE39

0 5 10 15 20
0.050

0.025

0.000

0.025

0.050
IEEE118

TopK Edges

Fid
el

ity
+ 

(a
cc

)

Baselines
Inverse
Random
Truth

Generative explainers
RCExplainer
D4Explainer
GSAT

Non-generative explainers
Occlusion
Saliency
IntegratedGrad
GradCAM
SubgraphX
GNNExplainer
GNNExplainer(E,NF)
PGMExplainer

Figure 8: Faithfulness computed with fid+acc defined in section B.5 when varying the number of
topk explanatory edges from 1 to 20.

• edge_attr.mat: edge feature matrix for the power flow problem (branch conductance Gij , branch
susceptance Bij .)

• edge_attr_opf.mat: edge feature matrix for the optimal power flow problem (branch conductance
Gij , branch susceptance Bij .)

• edge_index.mat: list of branches, represented as connection from node - to node.

• edge_index_opf.mat: list of branches, represented as connection from node - to node.

• X.mat: node feature matrix for the power flow problem (active power generation Pg - active power
demand Pd, reactive power generation Qg - reactive power demand Qd, voltage magnitude V , and
voltage angle θ, the number of loads Nloads, and number of generators Ngen).

• Xopf.mat:node feature matrix for the optimal power flow problem (active power generation Pg - active
power demand Pd, reactive power generation Qg - reactive power demand Qd, voltage magnitude V ,
and voltage angle θ, the number of loads Nloads, and number of generators Ngen).

• Y_polar.mat: node output matrix for the power flow problem (active power generation Pg - active
power demand Pd, reactive power generation Qg - reactive power demand Qd, voltage magnitude V ,
and voltage angle θ).

• Y_polar_opf.mat: node output matrix for the optimal power flow problem (active power generation
Pg - active power demand Pd, reactive power generation Qg - reactive power demand Qd, voltage
magnitude V , and voltage angle θ).

For graph-level tasks, i.e., cascading failure analysis:

• blist.mat: list of branches, represented as connection from node - to node

• of_bi.mat: binary classification labels (DNS = 0 or DNS ̸= 0)

• of_reg.mat: regression labels (DNS)

• of_mc.mat: multi-class classification labels (See Table 2)

• Bf.mat: node feature matrix (Net active power at bus Pnet, Net apparent power at bus Snet, Voltage
magnitude V

• Ef.mat: edge feature matrix (Active power flow Pi,j , Reactive power flow Qi,j , Line reactance Xi,j ,
Line rating lri,j)

• exp.mat: ground-truth explanation (See A.5)

C.2 Download Dataset

The dataset can be viewed and downloaded by the reviewers from https://figshare.com/articles/
dataset/PowerGraph/22820534 (node-level ∼1.08GB and graph-level ∼2.7GB, when uncompressed):

Node-level data:

#!/bin/bash
wget -O data.tar.gz "https :// figshare.com/ndownloader/files /46619152"
tar -xf data.tar.gz
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Graph-level data:

#!/bin/bash
wget -O data.tar.gz "https :// figshare.com/ndownloader/files /46619158"
tar -xf data.tar.gz

C.3 Author statement

The authors state here that they bear all responsibility in case of violation of rights, etc., and confirm that this
work is licensed under the CC BY 4.0 license.

C.4 Hosting, Licensing, and Maintenance Plan

The code to obtain the PowerGraph dataset in the InMemoryDataset [62] format and to benchmark
GNN and explainability methods is available as a public GitHub organization at https://github.com/
PowerGraph-Datasets/. The authors are responsible for updating the code in case issues are raised and
maintaining the datasets. We aim to extend the PowerGraph with new datasets and include additional power grid
analyses, including solutions to the unit commitment problem. Over time, we plan to release new versions of the
datasets and provide updates to the results for both the GNN accuracy and the explainability analysis. In addition,
the code will be updated if new pytorch/torch-geometric versions are released or crucial python packages are up-
dated. The data is hosted on figshare at https://figshare.com/articles/dataset/PowerGraph/22820534.
The authors give public free access to the PowerGraph dataset. The datasets are identified with the
DOI:10.6084/m9.figshare.22820534. The work in this paper (code, data) is licensed under the CC BY
4.0 license.

C.5 Code Implementation

We run a hyper-parameters grid search over different GNN models, using torch-geometric 2.3.0 [62] and Torch
2.0.0 with CUDA version 11.8 [64, 65]. The benchmark node and graph classification and regression models
experiments are performed on the GPU nodes of the ETH Euler clusters [66]. For the explainability analysis,
experiments are conducted on 8 AMD EPYC 7742 CPUs with a memory of 5GB each on the ETH Euler
clusters [66].
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