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Abstract
This paper presents a modular digital twin framework for High-
Performance Computing (HPC) centers, to enable the optimization
of their energy efficiency. The framework combines a FIWARE-
based IoT platform with a hybrid modeling approach. The method-
ology is demonstrated at a German HPC center, where the digital
twin is able to predict the Power Usage Effectiveness with an er-
ror of less than 2.5 % while also identifying several operational
inefficiencies.
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1 Introduction
High-Performance Computing (HPC) centers are essential for sci-
entific advancement, but their increasing energy demands present
significant environmental and economic challenges. Studies have
shown that integrated optimization of both computing and cooling
infrastructure can significantly improve HPC centers energy effi-
ciency [3]. Digital twins have emerged as powerful tools for such
system-wide optimization [2]. The FIWARE-Framework has proven
successful for digital twin implementations in various domains, in-
cluding intelligent transportation [4] and urban mobility [1]. To
the best of the authors’ knowledge, this is the first application of
FIWARE for a digital twin in the HPC domain.

This paper presents a novel hybrid approach to creating a digital
twin for an HPC center that combines data-based models with
physics-based Modelica models, implemented through a modular
FIWARE-based architecture with online learning capabilities.
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2 Methodology
As illustrated in Figure 1, the digital twin has a modular architec-
ture, whose components can be categorized into six elements: IoT
platform, HPC model, energy infrastructure model, communication
agents, standardized data model, and operations dashboard.
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Figure 1: The structure of the digital twin. Blue components
are existing FIWARE components. Red components were de-
veloped for the communication processes. The yellow com-
ponents are the models. The two subsystems under consider-
ation are shown in gray.
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At the core of the framework lies the FIWARE-based IoT platform,
which manages component communication and data handling. Cen-
tral to this platform is the Context Broker, maintaining real-time
context data, while a dual-database system using TimescaleDB
and InfluxDB ensures both comprehensive backup and efficient
historical data access.

For predicting cluster power consumption with the HPCmodel, a
linear regression approach based on aggregated utilization metrics
from power distribution units is used. To be able to account for
system changes, an online learning strategy with weekly model
retraining using rolling windows of data is implemented.

The energy infrastructure model is physics-based and done in
Modelica. It includes all components of the cooling system, such as
cooling distribution units, side coolers, heat exchangers, cooling
towers and a connection to district cooling. The model is calibrated
using a genetic algorithm and measurement data from the HPC
center. Due to the complexity of the system, several simplifications
were necessary, including a simplified representation of the hy-
draulics, uniform heat exchanger flow distribution, and simplified
air-cooled component representation. Since the optimization efforts
focus primarily on improving the Power Usage Effectiveness (PUE),
for which pump powers are needed, which are not immediately
modelled correctly due to the simplified hydraulics, a separate ma-
chine learning approach is developed. This approach predicts all
missing power values, using simulated data from both the HPC
and energy infrastructure models to avoid error propagation, while
also employing an online learning strategy with weekly model
retraining and automatic feature selection.

The end user can interact with the digital twin through an op-
erations dashboard in the form of a web application. With this
dashboard, users can both visualize data and perform scenario anal-
yses, to evaluate the impact of different setpoints on the system
and identify potential optimization opportunities.

3 Use Case and Results
The digital twin is Docker-containerized, primarily comprising
FIWARE components for the IoT Platform with all other compo-
nents except the Modelica-based model implemented in Python. It
is deployed for a German HPC center, undergoing a system tran-
sition, where a new cluster is brought online while the old one
is gradually shut down. Two separate datasets are used for the
training/calibration of the models and the validation. During devel-
opment, the digital twin already yielded valuable insights through
modeling deviations that indicated potential issues in the real sys-
tem:

• District cooling was activating unnecessarily during periods
when the cooling towers provided sufficient cooling power.

• Contrary to expectations, cooling water flow through the
shutdown cluster increased as shutdown progressed, rather
than decreased.

• Temperature sensor calibration issueswere identified through
constant deviations from setpoints.

The digital twin is able to achieve high prediction accuracy for all
key operational variables, resulting in a Mean Absolute Percentage
Error (MAPE) of 2.1 % for the PUE during the validation period,
shown in Figure 2. Due to the mentioned error in the real system,

Figure 2: Predicted and measured PUE, including the MAPE.
The grey line shows the measured values, while the red line
represents the predicted values. Exemplary areas in which
the integration of district cooling does not work in orange.

excluding the district cooling from the calculation of the PUE re-
duces the error in the same period to 0.41 %. The online learning
approach demonstrates its strength in capturing and adapting to
the gradual shutdown of the old cluster. Finally, in a simulated live
operation, it was possible to identify scenarios, where a change in
setpoints would lead to a reduction of the PUE, resulting in a more
efficient operation.

4 Conclusion and Outlook
The digital twin framework presented in this paper could be suc-
cessfully implemented at an example HPC center, demonstrating
good prediction accuracies and showcasing the ability to improve
system efficiency during the simulated live operation. For an actual
live operation, an adjustment needs to be made to the HPCmodel so
that the utilization metrics can be predicted via the scheduled jobs.
This development is currently ongoing. Nevertheless, the digital
twin was already able to identify several real system inefficiencies,
indicating its potential in continuous system optimization, even
beyond its primary prediction functionality.
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