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ABSTRACT

The EU-funded project HESTIA (Holistic demand response services for European residential
communities) is striving to develop modern ICT tools for the next generation of Demand Response
(DR) services for residential consumers and prosumers. For the electric load monitoring, two demo sites
were set up in the Netherlands and Italy. For the energy providers, grouping/clustering of households
with respect to their electric consumption profile is of great importance. It can help them to predict
electricity usage, find faulty devices, and help to adjust Time of Use tariffs. Electric load forecasting
has financial benefits when trading on electricity markets and offers advantages for reliable operation
of electricity networks. Our present work focuses on the clustering, prediction and subsequent analysis
of household electricity load profiles collected within the HESTIA project.

In 30 households both on the Italian and Dutch demo sites, the electric grid import/export data from
smart meters were recorded over a one-year period with a resolution of 15 and 5 minutes respectively.
The households were equipped with PV panels and home batteries, and their electricity production were
monitored. The total household consumption was calculated from the grid, PV and battery values. The
data quality issues required considerable efforts and preliminary analysis.

Clustering the timeseries of single household daily consumption was performed by standard clustering
methods such as K-Means. This was deployed as a software service running once a day on an AIT
server on real-time updated monitoring data. The clustering training is performed once a month. Many
clustering methods such as K-Means involve non-deterministic steps, which makes the matching of the
clusters between subsequent runs an important task. We have solved the cluster matching with the
Hungarian method, where we converted the task to a linear sum assignment problem. This enables to
map cluster labels, and track cluster assignments across subsequent training runs.

For predicting the cluster labels, we engineered a set of features from aggregated daily time series data,
intraday data, measured and forecasted weather data, as well as calendar indicators. The cluster
prediction task is interpreted as a classification problem, where the classifier is trained on historical
data. Various machine learning algorithms (decision tree-based classifiers, support vector machines,
neural networks) were tested for classification performance. As the input data before the clustering was
normalized, the centroid of the predicted cluster represents a forecast for the shape of the next day
consumption. The accuracy of this classification-based 24 h ahead electrical load curve prediction is
evaluated in the presented study.

1 INTRODUCTION

Increasing the share of volatile renewables in national electricity mix includes greater flexibility
challenges for electricity service operators. The ongoing electrification of space heating in buildings, as
well as the increasing usage of electric vehicles increases the electrical power demand. Supply-side
flexibility solutions require significant investment, but demand-side management programs have
potential to deliver network flexibility at a lower cost (Miri and McPherson 2024). Demand response
programs provide incentives for customers to reduce electricity consumption in specific hours of peak
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demand and low renewable power production. Time-of-use Pricing, critical peak pricing, and real time
prices are the typical financial incentives (Srivastava, Van Passel, and Laes 2018). Grouping the
customers in clusters of similar usage patterns can help the utilities to design those tariff incentives. The
residential consumer sector has great number of individuals with relatively small load per individual
compared to industrial consumers, making aggregation of individual consumers an important analytical
task. Clustering can help to better understand consumer behavior and estimate effects and applicability
of time of use demand response schemes. Variability in consumption profile is also an important factor,
as noted by (Wang et al. 2016), customers with lower variability are more susceptible for direct load
control (Miri and McPherson 2024), whereas customers with higher variability are more suitable for
price signals based demand response programs. Clustering of electrical power data is also used to detect
anomalies and outliers (Capozzoli, Lauro, and Khan 2015) in building energy consumption, that can be
an indication of faults.

In the EU project HESTIA residential Demand Response services are implemented and evaluated from
technical and social perspectives. Demonstration households in Netherlands and Italy are equipped with
smart meters and sensors for monitoring electricity consumption, PV production, home batteries
charging, and smart plugs measuring device level consumptions. Based on the measurement data
predictive analytics will provide forecasts of the electricity demand, and the HESTIA user profiling
service enables classifying households into groups based on the similarity of their consumption
patterns. This user profiling service is the subject of the present paper.

Various clustering methods were applied for load profiling i.e., grouping of daily electricity load
timeseries into clusters. The applied methods include k-means, hierarchical and fuzzy clustering, and
self organizing maps (Chicco 2012). The most widely used k-means clustering for electric load
clustering and the effect of the number of clusters on the performance indicators (

Cluster Dispersion, Scatter Index, Davies-Bouldin index etc.) are well described in the study of (G.
Chicco, Napoli, and Piglione 2006).

Many studies have been published about electrical load prediction (Runge and Zmeureanu 2019). The
forecasting methods can be categorized with respect to the number of time steps predicted by the
predictor. Single step ahead forecasts predict only one time step in advance, while multistep methods
predict multiple time steps in advance. As is clearly visible from Table 2. and 3. of the Review paper
of (Runge and Zmeureanu 2019), multistep prediction is more difficult, and usually results in higher
error rates. The longer the prediction horizon, the lower is the prediction accuracy. In the present
paper we target the multistep method with 24 h horizon, which is the most difficult task in the
literature. Among the studies dealing with day ahead predictions the following ones deserve attention:
(Chou and Tran 2018) used an ensemble of classical Machine Learning methods (SVMs, Regression
Trees, and Artificial Neural Networks ) to forecast on a 24 h time horizon the 15 minutes electrical
loads, and obtained that a proposed hybrid method increases the prediction accuracy (The prediction-
actual value correlation increased by 0.25). (La Tona, Luna, and Di Piazza 2023) used LSTM (Long
Short-Term Memory) based Encoder-decoder deep Learning model for 24h ahead predictions. They
have used the IHEPC dataset which consist of the electrical meter data of one individual household.
(Chaouch 2014) used wavelet transformation based prediction of single household electrical load
profiles using a clustering into three clusters as a preprocessing step to increase the prediction
accuracy. He has performed day ahead prediction with half an hour resolution. (Teeraratkul, O’Neill,
and Lall 2018) used Dynamic Time Warping to cluster daily load curves, and fitted Markov chain
transition probabilities to predict the next day load curve based on the predicted representative load
curve. In a recent study Gasparin et al (Gasparin, Lukovic, and Alippi 2022) systematically tested and
compared multiple deep learning based models (such as Elmann Recurrent Neural Networks, Gated
Recurrent Units, LSTM, Deep Convolutional Networks, seq2seq model, etc.) on the electrical load
prediction task. The obtained results show relatively similar accuracy for the various models, but the
variation of the underlying dataset has much higher effect on the normalized accuracy measure
calculated by the regression R? coefficient. The aggregated dataset (GEFCom2014), which was
collected as a sum of several different smart meter readings was much more regular than the
individual household data (IHEPC), which resulted in a much higher prediction accuracy (R?of 0.8-
0.9 for aggregated data vs. 0.1-0.28 for individual household data).
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As was mentioned in the review paper of Kuster (Kuster, Rezgui, and Mourshed 2017), it is difficult
to compare prediction accuracy between different research papers, as the underlying dataset and even
the performance indicators used to measure the prediction accuracy (Mean Absolute Error, Mean
Squared Error, R-squared, Mean Absolute Percentage Error (MAPE), etc.) show great variability
among the studies.

The novelty of our contribution is the test of a simple clustering based approach, which starts with a
k-means clustering of daily timeseries. Subsequently a prediction model is only trained for cluster
label prediction, which is just a classification task (in contrary to the regression task what is usually
targeted in the literature). The load curve prediction in our case is only a byproduct of the label
prediction. Additionally, we also present a solution for cluster label matching, which is an important
task in real applications to match cluster groups after retraining of the clustering. The current study
also discusses the specific data preparation process performed during the project.

2 HESTIA DATASET

Within Hestia project 2 demo sites were set up to collect realtime data from smart sensors, one in Italy
and the other in Netherlands. The current study used the dataset from the demonstration site in Italy. 30
Households located in Berchidda were equipped with IoT sensors and hubs of Nesosnet company. The
smart meters are communicating with the MQTT broker via the MQTT protocol, and this MQTT server
is forwarding the collected data to a central Influxdb database, where all HESTIA data is stored.
Detailed information can be found in deliverables 5.1 and 5.2 on the HESTIA website (AdminHestia
2024). Most households have been also equipped with PV panels (with capacity of 0-7 kWp) and
LiFePO home batteries, where the inverters are sending produced/consumed power data to the database
via the MQTT broker. Furthermore, weather data (temperature, humidity, solar radiation, precipitation
etc.), as well as the next day prediction of these values were collected from the weatherbit services
(weatherbit.io).

The smart meters were measuring the total electricity consumption of the households inclusive the
battery (dis)charging and PV production. As in this study we are only focusing of the electrical
consumption of the households, we have to factor out this data, so for the household electric
consumption the following calculation formula was used:

household load = grid import - grid export + PV_production — battery power (1)

This calculation formula assumes that all the 4 terms on the right side are correct (no data errors). As
the PV and battery inverters were not synchronized with the smart meter, the collected data has slightly
different timestamps. To match those database tables a 15-minute resampling of the data was applied.
Missing values of the PV and battery power data were filled with zeros. Resulting from various
synchronization issues some load values (less than 1 %) calculated by Eq.1 became negative. These
values are set to zero.

3 CLUSTERING AND CLUSTER MATCHING

3.1 Clustering

Clustering of electricity load profiles is extensively covered in the state of the art literature, for
example the study of Chicco et al from 2006 (G. Chicco, Napoli, and Piglione 2006) compares the
performance of k-means, fuzzy k-means, self-organizing maps (SOM) and hierarchical clustering.
The number of clusters parameter must be entered as an initial parameter to the k-means clustering
algorithm. As it is described by Chicco et.al there are some indicators - like the knee of the cluster
dispersion, or the scatter index - used in the literature to find the “best” number of clusters, but they
often result in relatively high number of clusters (e.g., about 40), which is not feasible for the service
operator to keep track of. Therefore, it’s often more practical to let the service operator (utilities)
determine the number of customer groups to be distinguished.
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The electrical consumption load data was treated as a timeseries with 15 min resolution, and for each
household every day (0-24 h) of power consumption values was treated as one datapoint i.e., a vector
of 4*24 = 96 values. This data was normalized so that each such vector has unique mean value (each
household day vector has the same sum). With this normalization, for example, if one household has
exactly double the consumption compared to another household with the same shape, then they
correspond to the same point in the feature space, this implies this clustering is invariant when scaling
the consumption by a factor. These 96 element long arrays of household-day consumptions were fed
into the k-means clustering algorithm, without dimension reduction step. Negative values and outliers
were removed.

In Figure 1 the resulting cluster centers of the clustering with 8 clusters is visible. The difference
between various consumption patterns is also easy to interpret, cluster 2 and 5 having high
consumption at evening, and cluster 3 and 1 rather high consumption in the morning hours. The most
frequent cluster 4 has no well-defined consumption peak.
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Figure 1 The normalized daily electric load profiles of the resulting clusters.

3.2 Cluster matching

The k-means clustering algorithm starts with a randomly assigned cluster centers. These cluster
centers are iteratively updated, which results in a cluster label assignment, that is dependent on the
initial random center selection. Using different random seeds for initialization can lead to different
cluster assignments even on the same dataset by running the k-means clustering multiple times. If the
dataset is growing/changing and the cluster assignments need to be updated (as was the case by the
HESTIA user-profiling services) the clustering algorithm must be recalculated, which can lead to
inconsistent cluster assignments. The presented cluster matching method is solving this problem:
Having two set of cluster center assignments (results of two independent k-means clustering) with
same number of clusters, calculate the matching between the two sets, i.e., which clusters from
clustering B corresponds to clusters of A? We solve this problem with the help of the Hungarian
Method (Kuhn 1955), which was originally invented for the assignment problem, but also
successfully used to cluster matching (Kume and Walker 2021). The method finds the permutation of
cluster centers of clustering run B, so that the sum of the distances between centers of A, and the
corresponding clusters of B is minimal. For the matching we use the linear sum assignment
implementation of the scipy Python package.
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Figure 2 Cluster matching example. Left: the distance matrix between the matched clusters. Right: examples of matched
cluster centroid load profiles.

As an example, we generated two k-means clustering runs with 8 clusters with two different random
seeds. In Figure 2 we show the distance matrix between clustering A, and permutation of clusters B.
The permutation is the result of the Hungarian algorithm applied to the distance matrix. Ideally, we
have low numbers in the diagonal, that means the cluster centers are close to each other in the feature
space. On the right we showed the matched centroids. As we see from the images some cluster centers
match very well, but some are different (right bottom profiles). In the heatmap of the left is already
visible that cluster 5 of clustering A is not matching well to cluster 1 of clustering B, but still that
match leads to the best overall matching.

4 CLUSTER LABEL AND LOAD PREDICTION

Electric load forecasting offers the advantage of better generation capacity management and scheduling
for the electric utilities companies, forecasting also contributes to maintaining the grid stability,
especially if volatile renewables have big share in the total power production. Forecasts should also
play significant role in demand response programs, where electricity consumers are incentivized to
modify and or shift their peak electricity demand during specific periods (Srivastava, Van Passel, and
Laes 2018).

As a first step we solved the task of cluster label prediction: using data available today, and given our
trained clustering with N clusters, what will be the cluster label of a given household on the next day?
We have treated this problem as a classification problem of machine learning. We can generate a set of
features from the data of the current and previous days and train a classifier to predict the class (cluster
label) of the next day. The set of features engineered manually and consist of five different types of
features:

o Features based on daily aggregated consumption data (daily one value per timeseries)
(example: total daily consumption/ average consumption over last 7 days)

. Features based on intraday data (15 minutes resolution) (example: the hour of
maximal consumption)

. Measured weather data (example: daily maximum temperature)

o Weather forecast data (example: UV radiation prediction for the next day)

o Calendar indicator (example: day of the week)

For every household around 40 numerical features are generated for each day, each belonging to one of
the above categories. Additionally, the cluster label of the actual day was also used as input. Based on
the calculated feature table we predict the cluster label of the next day (class). The input features were
scaled by shifting the median to zero and scaled by the 10-90 % quantile range. This scaling is robust
to outliers and anomalies that has less than 10 % frequency. We have trained and compared multiple
basic machine learning models for classification, including Support Vector Machines, Decision Tree,
Random Forest, Gradient Boosted Tree, Nearest Neighbors classifier, and Multi Layer Perceptor Neural
Network. Sklearn (Pedregosa et al. 2011) Python package was used for the implementation.
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The basic algorithms shown in Table 1 were tested on the data from jan 2023 — dec 2023, with a target
k-means clustering labels of 8 different clusters. Hyperparameter combinations shown in the second
column were tested with a 5-fold cross validation. The mean cross validation score of the best instance
is shown in the last column (F1 score). The parameters of the best instance are marked bold in the
second column. The gradient boosting tree ensemble classifier (Friedman 2001) results in the highest
F1 score. This model gives an accuracy (rate of correct class label prediction) of 49 %. The Multilayer
Perceptor Neural Network and the Random Forest predictor are also resulting higher scores, as these
models fit many trainable parameters, and can discover complex dependency patterns. The k-nearest
neighbors model is the simplest model with only the number of neighbors as parameter, that explains
the low F1 score. Random forest is based on single decision trees but using bagging (bootstrap
aggregation) to train multiple (in our case 100) decision trees on random subset of the data, and uses
these ensemble of decision trees for an aggregated decision (Jiawei 2012). This method is developed to
improve classification accuracy of decision trees, which we can also confirm with our result. Gradient
Boosting also belongs to the class of ensemble methods, where in each step an additional decision tree
(a weak learner) is fitted to improve the log-loss function of regression/classification using gradient
descent optimization.

Table 1 Results of hyperparameter tuning of the basic Machine Learning algorithms, for the next day cluster label prediction

task.
Classifier Algorithm Tested Hyperparameters F1 score
K nearest neighbors n_neighbors: [5, 20, 100] 0.283
Decision Tree min_samples_split: [10, 20, 50], 0.330

max_depth: [3, 5, §, 12],

criterion: ['gini', 'entropy’, 'log_loss']
Random Forest n_estimators: [5, 20, 100] 0.346
max_depth: [2, 4, 6]
min_samples_split: [10, 20, 50]
criterion: ['gini', 'entropy’, 'log loss']
Gradient Boosting min_samples_leaf: [10,50, 100], 0.376
max_depth:[2,3.4, 5],
learning_rate: [0.1,0.3],
n_estimators: [20, 50, 100]

Support Vector Machine | kernel: ['rbf, 'poly'], 0.337
C:[1.0,0.2]
Multi Layer Perceptor solver: ["Ibfgs", "sgd", "adam"], 0.349

activation: ['tanh’', 'relu’, 'logistic'],
hidden_layer_sizes: [(20,), (100,),
(30, 20,), (20,30,20), (50,50)],
n_iter no change: [10, 40]

By the gradient boosting classifier, the feature importance scores can be queried for each feature. This
is the rate by which a given feature reduces the Gini impurity in total, normalized so that the feature
importance scores sum to 1 for all features. The top 3 features were:
e minRate = (the lowest 3 hour consumption during the day) / (average daily consumption) (score
=0.31)
e Last Cluster label (score = 0.16)
e Second moment (mom?2) of the hourly consumptions (score = 0.15)
Where the second moment is defined as
24 (2 )
1
mom2 = —Z(x(h) — Xgp)h?
xav h=1

With the sum is running over the hours (%). x(h) is the actual electrical power consumption over the
given hour, and x,,, is the average consumption over the whole day. The confusion matrix of the class
label prediction is shown on Figure 3.
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Figure 3 Confusion matrix of the cluster label prediction with GBC classifier. Left on the training set, right on the test set.

With the predicted clusters we can construct a prediction of the power consumption profile with 15
minutes resolution and 24h forecast horizon. As a simplest approximation our prediction of the next
day profile can be the cluster mean profile of the predicted cluster. One example of such prediction is
shown on Figure 4. As the clustering is applied to the normalized daily consumption data, the predicted
profile is also normalized (the average normalized power is one.) The quality of the prediction can be
measured by the mean squared error (MSE), which is calculated from the difference between the
Predicted (Pipred) and (ground) true P’;,,, power load over all N datapoints.

N
1 ; ; 2
MSE = — Z(P‘ —Plire)
pred true
N i=1 (3

= 10 1 —— normalized power load
- —— predicted normalized load
)
2 81
E
3
n
P |
g ¢ ’ \
§ X
g o
o
N
T 21 /] W \
: J 1IN
o
€

0

a° 2 2 A 2 2 2 a
o° N Wi Wi Wi Wi Wi Woig
o 13
20 0 0 0 20 20 0

Figure 4 Predicted power profile vs the actual profile

To better estimate the predicting power of our forecaster we can calculate a reference baseline: As a
baseline we can consider the mean-predictor which predicts the mean (1) normalized power for each
15-minute interval point. The baseline predictor results in MSE of 1.14 (see column MSE_baseline C1
on Table 2). Our clustering-based predictor for 8 clusters results in 0.95 (80 % training data) and 0.98
(test data), so it shows 14 % better prediction error than the baseline. We have also calculated what
error would we get if we could perfectly predict the next day cluster (looking in the future). For 8
clusters prediction we would have a MSE of 0.74 with this hypothetical ideal cluster-based predictor
(see MSE ideal column in Table 2). This is the theoretical upper limit of accuracy that can be reached
with cluster label-based profile predictor. The increased error compared to this ideal predictor is the
effect of inaccuracy of cluster label predictions. If we increase the number of clusters, the ideal predictor
gets better, as the cluster centers correspond to smaller number of cluster instances, and the cluster
center has smaller distance to the instances. However, the cluster label prediction is more difficult with
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more clusters (bigger confusion matrix), that’s why the real profile predictor is not improving with
varying number of clusters (see Table 2: MSE GBS predictor is the total MSE of the GBC predictor
for all data, and in column “MSE Train/Test” is the MSE separately for the train and test set). The mean
absolute error (MAE) of the normalized power prediction is 0.60. This is only slightly weaker as the
results of (La Tona, Luna, and Di Piazza 2023), who trained an LSTM neural network to forecast
electrical load profiles, and obtained a MAE of 0.5-0.55. However, we have to stress, that the two results
are not directly comparable, as they were tested on different datasets. As our clustering-based method
optimized the machine learning algorithm for the best class label prediction, it is plausible, that this
does not result in the optimal load profile prediction. As discussed in the review of Runge (Runge and
Zmeureanu 2019), the 24h multistep ahead forecast for 15 minutes energy consumption timeseries is a
relatively difficult challenge compared to single step forecasting, and shorter horizon multistep
forecasting tasks, leading to higher mean absolute percentage error (MAPE) of around 36-42 %.

Table 2 Mean Squared Error (MSE) results with the clustering based normalized load profile predictor with various cluster

counts.
N cluster | MSE baseline ¢l | MSE ideal | MSE_GBC predictor | MSE Train/Test
5 1.14 0.78 0.97 0.98/0.96
8 1.14 0.74 0.96 0.95/0.98
12 1.14 0.70 0.97 0.97/0.97

5 CONCLUSION AND OUTLOOK

In the present work we describe a k-means based clustering of residential electrical load profiles, based
on the dataset which was generated during the Hestia EU project. The results show clear identification
of electrical usage patterns like morning and evening consumers. We also describe how the identified
clusters can be matched over subsequent clustering runs. We have also trained machine learning models,
for predicting the next day cluster labels based on the historical load, weather observations and weather
forecasts. We show how these cluster label predictions can be used for timeseries profile shape
predictions.

We recognize the potential to enhance prediction accuracy by augmenting the applied features with
additional information from the electrical load timeseries. Specifically, application of deep learning
models has the potential to extract meaningful representations as features discovered by neural
networks. Still, one has to be aware the limitations of prediction accuracy as the schedule and calendar
of the residents are not available as input data due to privacy concerns, however many people tend to
have individual daily agenda, which has great influence on their household electrical consumption.
Even if the prediction of load curves of single households shows high error rates, the aggregated load
curves of multiple households expected to have lower variability (by smoothing out individual
behavior) and also reported in the literature. Therefore, the application of the presented single household
predictions on aggregated load curves is a promising task for future projects.
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