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Executive Summary 

The rapid digitalization of society, together with the growing adoption of cloud 

computing, artificial intelligence, and data-intensive services, has led to a continuous 

increase in global data centre energy consumption. This trend has intensified the need 

for periodic, transparent, and comparable performance assessments, particularly in the 

context of emerging regulatory frameworks such as the European Energy Efficiency 

Directive (EED). Despite the availability of large volumes of operational data, many data 

centres still face significant challenges in systematically collecting heterogeneous 

measurements, computing standardized Key Performance Indicators (KPIs), and 

translating raw monitoring data into actionable and regulation-ready performance 

assessments within defined reporting periods. 

To address these challenges, this deliverable introduces the Self-Assessment Tool 

(SAT), a unified, modular, and extensible framework designed for the comprehensive 

evaluation of thermal and energy performance of data centres. SAT integrates IT, cooling, 

and energy-related data sourced from existing data monitoring systems and supports 

both real-time and retrospective analysis. In addition to live data acquisition, the 

framework allows historical datasets collected from external sensors or offline 

measurement campaigns to be imported and processed using the same analytical 

workflow, ensuring methodological consistency across online and offline assessments. 

At the core of SAT lies a dedicated KPI computation engine that evaluates a 

comprehensive and standardized set of thermal KPIs and energy-related KPIs. All KPIs are 

computed using a transparent, deterministic, and reproducible workflow, explicitly 

documenting data selection, sampling resolution, temporal alignment and aggregation 

logic. This design not only ensures traceability from raw measurements to final indicators 

but also enables independent implementation of the KPI methodology, addressing 

reproducibility requirements increasingly emphasized in both regulatory and scientific 

contexts. 

The framework further combines KPI computation with integrated visualization 

and reporting capabilities. SAT automatically generates assessment outputs including 

time-series representations of thermal and energy KPIs, rack-level thermal and power 

maps, and KPI-based energy efficiency classifications. These outputs are made available 

through an interactive dashboard environment and are simultaneously embedded into 

structured, automated PDF self-assessment reports. By decoupling KPI computation and 
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reporting from site-specific dashboards and manual operator interpretation, SAT enables 

consistent cross-site comparison and reduces subjectivity in performance evaluation. 

The applicability and robustness of the proposed framework have been 

demonstrated and validated through deployments at five pilot data centres (Empa, AAU, 

PSNC, Tofas and RISE), covering different cooling concepts and monitoring 

infrastructures. The results confirm that SAT can operate effectively under 

heterogeneous data availability conditions while maintaining a unified assessment 

methodology. Owing to its modular architecture, the framework can be deployed either 

as a standalone desktop application or as a web-based service, allowing flexible 

integration into existing operational environments. 

Overall, SAT provides a practical and regulation-oriented self-assessment 

framework that bridges the gap between raw monitoring data and standardized 

performance evaluation. By enabling continuous, KPI-driven assessment of thermal 

management, energy efficiency and waste heat reuse potential, the proposed framework 

supports data centre operators in meeting regulatory obligations, improving operational 

transparency, and identifying efficiency improvement opportunities in a structured and 

reproducible manner. 
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Acronym Meaning 
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MQTT Message Queuing Telemetry Transport 

PES Primary Energy Savings 

PSNC Poznan Supercomputing and Networking Centre 

PUE Power Usage Effectiveness 

RCI Rack Cooling Index 
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1. Introduction 

The rapid digitalization of society, growing adoption of Artificial Intelligence (AI) 

applications and simulation-driven research studies have led to a significant increase in 

global data centre energy consumption and associated carbon emissions in recent years. 

The environmental impact of data centres has drawn significant attention from the 

scientific community and policy makers over the last few years, which resulted in the 

implementation of new regulations for evaluating data centre energy performance 1-9. 

The first phase of the European Union (EU)-wide data centre rating scheme has been 

established with regulations to define reporting requirements on energy use, efficiency, 

waste heat use, and related sustainability metrics 6-7. However, limited transparency in 

the data provided by operators remains a continuing challenge 10. This lack of 

transparency not only reduces the clarity of performance assessments but also makes it 

difficult to develop strategies for improving energy efficiency, resource utilization, and 

cooling performance 10-11. Therefore, the introduction of new regulatory frameworks is 

essential for periodically assessing energy performance and environmental impact of 

data centres. These frameworks emphasize the use of widely adopted KPIs for 

transparent and comparable assessments. However, collecting the necessary data within 

the corresponding period, calculating the KPIs, and subsequently assessing efficiency 

with respect to the KPIs remain significant challenges for the majority of data centres. 

Accordingly, 36% of eligible data centres, around 770 facilities, participated in Europe in 

the first reporting cycle, and 80% of the submitted data were assessed as accurate and 

reliable 11. To address these challenges, a framework focusing on the streamlining of data 

collection, KPI calculation, and efficiency assessment is essential for the evaluation of data 

centre performance comprehensively. 

Data centres are such complex engineering systems influenced by many factors, 

such as thermal response, airflow distribution, cooling technology, and energy use and 

reuse. Therefore, a broader set of performance indicators is needed for a comprehensive 

and reliable assessment of data centres 10-11. Meanwhile, monitoring energy efficiency 

and thermal features in data centres has advanced substantially due to rising 

computational loads and the increasing need for operational transparency under strict 

energy and sustainability regulations. Modern practices rely on continuous thermal and 

electrical measurements to evaluate airflow management, cooling system effectiveness, 

and overall facility performance. This provides operators with actionable insights to 

maintain compliance and improve sustainability 1, 4, 6-7, 12-17. Critical components in this 

evolution are the Intelligent Platform Management Interface (IPMI) telemetry and 

external sensor networks, which enable real-time measurements of inlet, outlet, 

Central/Graphical Processing Unit (CPU and GPU) temperature server power 
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consumption and fan speeds. The IT level measurements capture the direct thermal 

response of servers to dynamic workloads and have become essential for accurate 

assessment of airflow efficiency, recirculation behaviour, and cooling performance in 

operational facilities 18-21. In parallel, open-source monitoring, database, visualization and 

analytics systems such as Prometheus and Grafana have become widely adopted due to 

their modular architecture, scalability, and ability to integrate heterogeneous data 

sources ranging from server-embedded sensors to environmental monitoring systems. 

These platforms enable high-resolution time series collection and provide flexible 

visualization environments for analyzing thermal and energy behaviour at facility, rack, 

row, and cooling-unit levels 22-27. Several studies highlight the need for unified, KPI driven 

assessment platforms capable of harmonizing various data sources and supporting cross 

site comparisons to address energy efficiency requirements 28-34. Within this context, the 

framework proposed in this study aims to introduce three key contributions: (i) 

Integrating IT, power, and cooling data, external sensor measurements and open-source 

monitoring pipelines into a unified analytical framework capable of computing 

standardized KPIs in alignment with emerging regulatory needs, (ii) including a dedicated 

KPI-calculation module for evaluating KPIs using both real-time and historical datasets 

and  (iii) employing identical visualization and reporting modules used in operational pilot 

sites to ensure consistency between offline and online analyses and to enable 

harmonized cross pilot performance assessment. 

In this study, a multi-dimensional and KPI-driven assessment framework is 

developed to evaluate data centre performance in alignment with EU reporting and 

sustainability requirements. The framework is capable of accessing IT, power, and cooling 

data through the existing data monitoring system. Additionally, an existing dataset can 

be imported into the framework, so that the thermal data measured by external sensors 

can be utilized within the framework. The framework has been developed in both 

standalone and web-based versions to offer data centre operators a flexible deployment 

option. The proposed framework was successfully demonstrated and validated on two 

pilot data centres located in Denmark and Switzerland. Ultimately, the proposed 

framework provides a functional framework that combines real-time KPI calculation, 

spatio-temporal visualization, and an automated reporting scheme. 

1.1. Why Does It Matter? 

The increasing energy demand and environmental impact of data centres have 

placed them at the centre of both regulatory oversight and operational frameworks. In 

this context, the development of a dedicated SAT is not only timely but essential for 

ensuring compliance, transparency, and continuous performance improvement. 
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The Energy Efficiency Directive (EED) establishes binding requirements for 

improving energy efficiency across the European Union. Recent revisions of the directive 

explicitly identify data centres as high-impact energy consumers and introduce 

obligations that go beyond conventional energy accounting 35-37. 

Key EED expectations for data centres include: 

● Mandatory energy performance reporting 

● Disclosure of cooling efficiency and thermal management quality 

● Identification of waste heat recovery potential 

● Promotion of continuous monitoring rather than static audits 

The EED shifts the focus from annual or one-off reporting to ongoing performance 

tracking, requiring operators to demonstrate that efficiency is actively managed 

throughout the operational lifecycle. 

The SAT fulfils these requirements by: 

● Automatically calculating standardised thermal and energy KPIs 

● Enabling time-resolved analysis of cooling and airflow performance 

● Providing traceable and reproducible datasets suitable for regulatory reporting 

As a result, the SAT functions as both a compliance-enabling and pre-compliance 

validation tool, significantly reducing the administrative burden associated with EED 

reporting while increasing data quality and transparency. 

From an operational standpoint, the Uptime Institute has consistently emphasised 

that availability, reliability, and efficiency must be managed together. Uptime Institute 

analyses show that 38-40: 

● Thermal management deficiencies are a major contributor to unplanned 

downtime 

● Average temperature compliance often masks local hot spots and airflow 

inefficiencies 

● High-level indicators such as PUE alone are insufficient to characterise real 

operational risk 

Accordingly, Uptime Institute best practices advocate the use of diagnostic 

thermal KPIs, including temperature distribution, airflow effectiveness, and cooling 

utilisation metrics. 

The SAT aligns with these principles by: 

● Providing rack-level and zone-level thermal KPIs 

● Detecting hidden inefficiencies that do not appear in aggregate metrics 
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● Supporting risk-aware optimisation, ensuring efficiency gains do not compromise 

uptime 

In this way, the SAT enables a transition from reactive troubleshooting to proactive 

thermal and operational management, fully aligned with Uptime Institute methodologies. 

Taken together, EED regulations and Uptime Institute guidance converge on a single 

conclusion: Modern data centres require continuous, KPI-driven, self-operated 

performance assessment tools. 

Traditional approaches such as periodic audits or manual reporting are limited 

because they provide only snapshot views of performance, rely on aggregated or 

estimated data and offer limited insight for day-to-day operational decisions. The SAT 

overcomes these limitations by embedding assessment directly into operational 

workflows. It enables operators to monitor compliance-relevant indicators continuously, 

identify performance degradation at an early stage, quantify the impact of optimisation 

measures, generate repeatable and structured reports aligned with both regulatory and 

industry frameworks. 

Unlike dashboards and DCIM systems, which mainly focus on data visualization 

and infrastructure management, SAT provides a dedicated assessment layer for 

computing and reporting performance KPIs. By separating KPI calculation and reporting 

from site-specific dashboards and manual operator interpretation, SAT enables 

consistent cross-site comparison and supports automated, regulation-oriented 

performance assessment. A structured comparison of SAT with operator-driven 

assessments, dashboard-based monitoring and DCIM platforms is provided in Table 1.1. 

Table 1.1: Comparison of assessment capabilities across operator-driven approaches, dashboards, DCIM 

platforms and SAT. 

Capability 
Operator-driven 

assessment 

Dashboard 

based 

monitoring tools 

DCIM 

platforms 
SAT 

Primary 

function 

Manual 

interpretation 
Visualization 

Infrastructure 

management 

Automated 

KPI-based 

assessment 

KPI 

computation 

Ad-hoc and/or 

site-specific 

Limited / custom 

scripts 

Vendor 

dependent 

Standardized 

and 

automated 
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Cross-site 

comparability 
No No Limited Yes 

Regulatory 

alignment  
Manual Not explicit 

Partial Explicit and 

embedded 

Offline 

historical 

analysis 

Limited Limited Limited Yes 

Automated 

reporting 
No No Partial 

PDF 

assessment 

report 
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2. Structure of the Self-Assessment Tool 

2.1. Data Collection and Sampling 

The Data Management System (DMS) serves as the central repository for all data 

collected throughout the pilot data centres in the HEATWISE project. It is designed to 

aggregate necessary IT, data centre and energy grids data to implement holistic data 

centre management solutions. The DMS can collect data from IT, cooling units (liquid and 

air cooling), building, energy storage systems, heat pump and the environment. 

 

Figure 2.1: Data management system and data pipelines from pilots. 

The SAT retrieves operational and thermal data from pilot data centres through a 

unified data acquisition layer. The primary data source is the DMS, which aggregates real-

time and historical measurements from IT and cooling infrastructures. The architecture 

is designed to aggregate heterogeneous data from pilot data centres and energy grids 

into a unified structure. The core of this system is Victoria Metrics, a high-performance 

time-series database that provides synchronized storage and rapid retrieval for both real-
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time and historical data. Data ingestion is handled through two primary communication 

pipelines to ensure flexibility: REST API consumers and MQTT Proxy. REST API Consumers 

are dedicated services that pull building data and environmental metrics from the pilots. 

Additionally, a Data Management system’s REST API allows for the direct pushing of IT 

data to the project partners. Real-time live IT data from pilots flows through an MQTT 

Proxy. This component serves a dual purpose: it routes data to long-term storage (Victoria 

Metrics) and simultaneously republishes live data streams for immediate consumption 

by project partners. 

As depicted in Fig. 2.2, the SAT employs a comprehensive and adaptable data 

collection and sampling strategy to handle both real-time data streams and externally 

submitted datasets. 

 

Figure 2.2: End-to-end workflow of the SAT from data acquisition to automated assessment reporting. 

The collected data mainly include: (i) server inlet and outlet air temperatures, (ii) 

server-level thermal measurements, (iii) server power consumptions, (iv) cooling unit data 

and (v) auxiliary operational parameters required for KPI evaluation. All queries are 

executed dynamically based on the user-defined configuration selected in the setup 

interface. SAT supports flexible temporal data selection, allowing users to analyse both 

short-term operational behaviour and long-term performance trends. Two 

complementary approaches are implemented: (i) relative time window selection, where 

users specify the last X hours of operation and (ii) absolute time range selection, where 

start and end date-time values are explicitly defined. To balance temporal resolution with 

computational efficiency, SAT introduces a sampling step parameter. This parameter 

defines the time interval between consecutive data points retrieved from the database. 

A smaller step size provides higher temporal resolution and captures transient 

behaviour. A larger step size reduces data volume and is suitable for long-term 

performance assessment. The step size is defined by the user during the setup phase and 
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is propagated consistently throughout the data collection and KPI computation pipeline. 

This design avoids implicit resampling and ensures transparency in how temporal 

aggregation is performed. 

After retrieval, raw time-series data undergo a lightweight pre-processing stage 

before KPI calculation: (i) duplicate sensor entries are removed to avoid bias, (ii) data are 

grouped based on physical meaning (e.g., server inlet temperatures, server outlet 

temperatures, chip temperatures) and (iii) for each sensor, representative statistics such 

as time-averaged values are computed over the selected interval. A key design principle 

of SAT is reproducible KPI evaluation. All data collection parameters such as time range, 

sampling step, data centre selection and KPI set are explicitly defined by the user and 

recorded internally. This guarantees that KPI results can be reproduced for the same 

configuration and generated reports accurately reflect the underlying data selection and 

processing logic. This strategy is particularly important for KPI formulations that rely on 

statistical distributions (e.g., percentage of servers operating outside recommended 

temperature bounds).  The sampled and pre-processed data form the direct input to the 

KPI evaluation module. Thermal and energy KPIs (see, D8.1) are computed using the same 

sampled dataset, ensuring internal consistency. 

Finally, both the numerical results and the underlying time-series visualisations 

are seamlessly integrated into the SAT dashboard and exported into automated PDF 

reports. This end-to-end workflow links data collection and sampling directly to decision-

support outputs. 

2.2. Calculation of KPIs 

The calculation of KPIs in SAT is performed using synchronized thermal and 

energy-related time series retrieved from the DMS infrastructure. For a given analysis 

period, inlet and outlet air temperatures at server level, air supply and return 

temperatures at room or cooling unit level, and power-related measurements are 

retrieved as time series. To handle potential differences in sampling timestamps between 

these signals, a nearest-neighbour matching strategy with a defined temporal tolerance 

is applied. This guarantees that all quantities used in a single KPI evaluation correspond 

to the same physical operating state. These KPIs directly link operational performance 

with ASHRAE and EED objectives. 

Thermal performance indicators are primarily derived from temperature 

differences between inlet, outlet, supply, and return air streams. The Return Temperature 

Index (RTI) is calculated as a normalized ratio comparing the measured return-to-supply 

temperature rise with the temperature rise across IT equipment. RTI values close to one 

indicate effective air management, while deviations suggest bypass or short-circuiting 
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effects. The Return Heat Index (RHI) is derived from the Supply Heat Index (SHI), which 

quantifies the fraction of supplied cooling air that directly contributes to cooling IT 

equipment. RHI therefore reflects how effectively the heat generated by servers is 

captured by the return air stream, providing insight into containment quality and thermal 

mixing behaviour. Temperature compliance with recommended operating limits is 

evaluated using the Rack Cooling Index (RCI). In the current implementation, RCI is 

computed using the average inlet temperature over the analysis period, scaled by the 

total number of servers. Separate high- and low-temperature indices (RCIHI and RCILO) 

quantify deviations above and below ASHRAE-recommended temperature ranges, 

respectively. These metrics provide a normalized measure of overall thermal compliance. 

Local air management effects are assessed using the Recirculation Index (RI) and the 

Locality Index (LI). RI estimates the degree of warm air recirculation by comparing inlet 

and supply temperatures, while LI captures mismatches between outlet and return 

temperatures, highlighting spatial non-uniformities and localized inefficiencies in airflow 

distribution. 

In parallel with thermal KPIs, SAT computes a comprehensive set of energy-related 

KPIs. Total IT power consumption, cooling unit power consumption, and heat recovery 

unit (HRU) power consumption are aggregated for each evaluation timestamp. The Power 

Usage Effectiveness (PUE) is then calculated as the ratio of total facility power to IT power, 

explicitly accounting for cooling and heat recovery system energy use. Based on the 

calculated PUE, a derived Coefficient of Performance (COP) is evaluated to provide an 

intuitive measure of cooling efficiency. This formulation enables rapid comparison of 

cooling effectiveness across different operating conditions and pilot data centres. When 

heat recovery data are available, recovered thermal power is computed from water mass 

flow rate and inlet–outlet temperature difference of the HRU loop. This recovered heat is 

used to calculate the Energy Reuse Factor (ERF), which quantifies the fraction of IT power 

that is effectively reused as useful thermal energy. Finally, an energy-level performance 

assessment is performed using the Primary Energy Savings (PES) indicator. PES compares 

the primary energy demand of the actual system configuration with a reference scenario, 

incorporating electricity and thermal primary energy factors. This metric directly links 

operational performance with Energy Efficiency Directive (EED) objectives. An energy-

level performance assessment is performed using the Primary Energy Savings (PES) 

indicator. PES compares the primary energy demand of the actual system configuration 

with a reference scenario, incorporating electricity and thermal primary energy factors. 

In addition to dimensionless energy efficiency indicators, SAT explicitly computes the 

recovered thermal power (Preuse) from the heat recovery unit (HRU). This quantity 

represents the instantaneous amount of useful heat extracted from the data centre 

cooling loop and is calculated using the measured water mass flow rate and the inlet–

outlet temperature difference across the HRU. Unlike normalized KPIs, Preuse is expressed 
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in absolute power units and provides a direct measure of the thermal energy recovery 

potential of the system. 

 

Figure 2.3: Set of KPIs computable within the SAT framework.  

All KPIs are computed deterministically without additional filtering or resampling 

beyond the initial time alignment step. The resulting KPI time series are logged and 

exported in a structured format, ensuring traceability from raw measurements to final 

performance indicators and enabling seamless integration with visualization and 

reporting modules. For clarity from a regulatory and client perspective, KPIs are grouped 



    

 

 

 

 

 

 
Status: Final report  © HEATWISE Consortium 2024 
Version: v1.0  Page 18 | 66 
    

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under Grant Agreement for Project Nº 101138491 and the Swiss 

Secretariat for Education, Research, and Innovation (SERI) under contract Nº 23.00606. 

Deliverable: D 8.2  

Dissemination level: PU 

     

into EED-aligned indicators and extended diagnostic indicators developed within 

HEATWISE. This separation highlights SAT’s role both as a compliance-support tool and 

as an advanced operational assessment framework. 

2.3. System architecture of the SAT  

The SAT is designed as a modular and extensible system that integrates data 

acquisition, KPI computation, visualization, and reporting into a unified workflow. The 

architecture follows a layered approach, separating data access, processing logic, and 

user interaction to ensure scalability, transparency, and ease of maintenance. The SAT 

interfaces with the data centre monitoring infrastructure through a data access layer. This 

layer retrieves thermal and energy-related time-series data from the Data Management 

System (DMS), which stores measurements in a time-series database compatible with 

REST API query semantics. By relying on standardized REST-based queries, SAT remains 

independent of specific sensor hardware, monitoring vendors, or pilot-specific 

implementations. 

Above the data access layer, a data alignment and preprocessing layer ensures 

temporal consistency across signals. Temperature measurements, power consumption 

data, and heat recovery parameters often originate from different subsystems with 

varying sampling frequencies. SAT resolves this by mapping all signals onto a common 

evaluation timeline using nearest-neighbour matching with a defined tolerance. This 

guarantees that thermal and energy KPIs are computed using physically consistent 

system states. The core analytical layer of SAT is the KPI computation engine, 

implemented as a standalone and reusable module. This layer processes synchronized 

input data to calculate both thermal KPIs (such as RTI, RHI, RCI, RI, and LI) and energy-

related KPIs (including PUE, COP, REF, ERF, and PES). The computation logic is 

deterministic and configuration-driven, ensuring that results are reproducible for a given 

time range, sampling step, and data centre selection. All SAT evaluations are driven by an 

explicit configuration layer that defines the analysis time window, sampling resolution, 

data centre selection, and KPI set. These parameters are propagated consistently across 

data acquisition, preprocessing, KPI computation, and reporting modules. As a result, 

each assessment can be fully reproduced using the same configuration, enabling 

transparent comparison between different scenarios, pilot sites, or operational periods. 

On top of the analytical layer, SAT provides an interactive user interface that allows 

users to configure the assessment parameters. Through the setup interface, users select 

the pilot data centre, define the analysis time window, specify the sampling resolution, 

and choose the set of KPIs to be evaluated. These configuration parameters are 

propagated consistently throughout the system, ensuring full traceability between user 

input and computed results. 
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The visualization and reporting layer transforms computed KPIs into actionable 

insights. KPI time series, summary statistics, and comparative indicators are displayed 

within the SAT dashboard, enabling immediate interpretation of thermal and energy 

performance. In parallel, the same results are automatically embedded into structured 

PDF self-assessment reports, ensuring that visualizations and numerical values remain 

consistent across interactive and offline outputs. A key architectural feature of SAT is its 

pilot-agnostic design. Differences between air-cooled, liquid-cooled and hybrid-cooled 

data centres, availability of heat recovery systems, or variations in sensor coverage are 

handled through configuration rather than code modification. This allows SAT to be 

deployed across multiple pilot sites while maintaining a common assessment 

methodology. 

Overall, the SAT architecture enables a seamless end-to-end workflow (Fig 2.4), 

linking raw operational measurements to high-level performance indicators and 

decision-support outputs. By combining modular design, standardized data interfaces, 

and integrated reporting, SAT provides a robust and extensible platform for thermal and 

energy performance assessment of data centres in line with EED objectives. 

 

 

Figure 2.4: End-to-end workflow of SAT from data collection to reporting. 

In addition to live data acquisition through the DMS, SAT also supports an offline 

data ingestion mode based on user-provided IT datasets. This feature enables users to 

upload historical or campaign-based measurements, such as server inlet temperatures 

and power consumption extracted from IT logs, in a structured file format. Once 

uploaded, these datasets are processed using the same data alignment, sampling, and 

KPI computation pipeline as DMS-sourced data. This dual data ingestion capability 

significantly increases the flexibility and applicability of SAT. It allows users to perform 

self-assessments in environments where direct DMS access is not available, during 

commissioning phases or for post-analysis of experimental campaigns. By ensuring that 

both online (DMS-based) and offline (IT and cooling unit based) workflows converge into 

the same analytical process, SAT guarantees methodological consistency and enables fair 

comparison between real-time monitoring results and historical performance 

evaluations. 
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Figure 2.5: Data types used in SAT: (a) real-time data and (b) externally provided dataset. 

The SAT architecture is designed to ensure portability, reproducibility, and 

integration with the broader data infrastructure. The SAT is designed as both a 

standalone desktop and web-based version. The standalone version is a desktop 

Graphical User Interface (GUI) application built with Python 41 and Tkinter/ttk components 
42. It provides a fully independent environment for local data retrieval, KPI calculation and 

visualization. On the other hand, the web version delivers the same functionality through 

a Representational State Transfer (REST) 43 based Application Programming Interface 

(API), enabling the frontend to request KPI calculations, data queries and visual outputs 



    

 

 

 

 

 

 
Status: Final report  © HEATWISE Consortium 2024 
Version: v1.0  Page 21 | 66 
    

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under Grant Agreement for Project Nº 101138491 and the Swiss 

Secretariat for Education, Research, and Innovation (SERI) under contract Nº 23.00606. 

Deliverable: D 8.2  

Dissemination level: PU 

     

from the backend. The frontend communicates with the Flask 44-45 backend via REST 

endpoints. A Flask backend handles API requests, executes KPI calculations, generates 

plots and reports, and serves them to an HTML 46-47 frontend. This web-based version 

enables multiuser access and remote operation. 

For computational processes, the SAT standalone version employs pandas 48 and 

NumPy 49 for tabular data manipulation, numerical operations, and timestamp 

alignment. Visualization components are implemented using matplotlib 50-51 and seaborn 
52, supporting the generation of KPI time-series plots, heatmaps, server-level ASHRAE 

compliance and other thermal-performance visualizations. Automated reporting is 

achieved via ReportLab 52 and matplotlib backends, which generate PDF reports with 

embedded plots, tables and textual summaries. The web interface is built with HTML and 

with optional use of Bootstrap 53 for styling and Plotly 54-55 for interactive charts. This 

layered combination of components shown in Fig. 2.6 enables cross-platform 

deployment, allows scalable integration with all systems and provides consistent 

workflow across both standalone and web-based SAT environments. For the web-based 

deployment, SAT supports controlled access to data and computation services through 

the backend API. User requests for data queries, KPI evaluation, and report generation 

are handled server-side, allowing integration with authentication mechanisms and secure 

data handling practices where required by the hosting environment. 

 

Figure 2.6: Components of SAT in standalone and web-based versions. 

The modular architecture of SAT facilitates future extensions without modification 

of the core system. New KPIs, additional data sources, or alternative visualization 

components can be integrated by extending the corresponding layer while preserving 

existing functionality. This design enables SAT to evolve alongside future monitoring 

technologies, regulatory requirements, and pilot-specific needs. 
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2.3.1.Sub-windows of the SAT 

The SAT user interaction layer is organized around two main components as the 

setup window and the dashboard, which together guide the user from configuration to 

performance assessment in a structured and intuitive manner. 

The Setup Window serves as the initial interaction point of SAT and is responsible 

for defining the scope of the assessment. Through this interface, users select the target 

pilot data centre and specify the temporal boundaries of the analysis, either by defining 

a relative time window or by selecting explicit start and end timestamps. In addition, users 

define the sampling resolution used for data retrieval and KPI computation, ensuring that 

temporal aggregation aligns with the intended analysis scale. 

Beyond time and sampling configuration, the setup window allows users to 

determine the size of the IT population considered in the assessment, such as the 

number of monitored servers. This parameter is required for normalization in several 

KPIs and enables SAT to adapt to different data centre scales without structural changes. 

Once the configuration is confirmed, all selected parameters are passed consistently to 

downstream components, ensuring traceability between user input and computed 

results. 

 

Figure 2.6: Selection of (a) reporting period and (b) historical duration in the setup window. 

Following configuration, SAT transitions to the Dashboard, which functions as the 

main analysis and visualization environment. The Dashboard presents the computed 

thermal and energy KPIs in a consolidated view, combining numerical indicators, time-

series plots, and distribution-based visualizations. This layout allows users to 
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simultaneously assess instantaneous behaviour, temporal trends, and aggregated 

performance metrics. Within the Dashboard, KPI values are displayed both as time-

resolved curves and as summary statistics, such as average and latest values over the 

selected period. Thermal KPIs and energy-related KPIs are presented in a coordinated 

manner, enabling users to directly relate airflow performance and temperature 

compliance to energy efficiency and heat recovery behaviour. 

 

Figure 2.7:. The dashboard of the SAT. 

To clearly distinguish between visualization and evaluation, the KPI assessment 

table shown in Fig. 2.8 is treated as a separate element of the Dashboard. This table 

represents the assessment layer of SAT, where the computed KPIs are aggregated and 

interpreted against predefined reference criteria. While the plots provide insight into 

temporal dynamics and operational variability, the KPI table summarizes the assessed 

performance over the selected time window, forming the primary basis for performance 

evaluation and comparison. 

 

Figure 2.8: Performance evaluation according to the KPIs. 
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Figure 2.9: Time series of thermal KPIs calculated by SAT. 

The dashboard also supports advanced visual diagnostics, including power and 

temperature bar charts and compliance maps, which highlight spatial and categorical 

distributions such as ASHRAE temperature compliance at server level. These visual 

elements facilitate rapid identification of hotspots, recirculation zones, or localized 

inefficiencies that may not be apparent from global KPIs alone. In addition to interactive 

analysis, the Dashboard provides direct access to automated reporting functionality. 

Users can generate self-assessment reports that encapsulate the selected configuration, 

computed KPIs, and corresponding visualizations in a structured PDF format. This 

ensures that insights derived during interactive exploration can be preserved, shared, 

and reused for documentation or compliance purposes. 
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In addition to temporal analysis, spatial diagnostics play a key role in interpreting 

thermal and power distributions within the data centre. Rack-level thermal and power 

maps enable the identification of hotspots, non-uniform cooling zones, and load 

concentrations, allowing quantitative KPI deviations to be linked to specific physical 

locations. Server-level power distributions further highlight clusters of high 

computational activity or underutilized resources, supporting correlation between power 

densities and observed thermal behaviour.  

Figure 2.10 presents a rack-level spatial analysis, which may correspond to a 

different selected analysis interval. Rack-based visualization represents an alternative 

evaluation mode supported by SAT and can be generated independently from server-

level time-specific snapshots. Figure 2.10 illustrates an example rack-level heatmap 

generated by SAT for an air-cooled rack configuration at the EMPA pilot. This visualization 

does not correspond to the direct-to-chip cooling infrastructure of EMPA but 

demonstrates the rack-based diagnostic capability supported by SAT. 

 

Figure 2.10: Rack-level power and thermal maps. 

 In rack-level heatmap visualizations, non-populated server slots are assigned a 

value of 0 for both power consumption and temperature parameters in the internal data 

structure. However, these empty slots are intentionally excluded from graphical 

rendering to avoid misinterpretation of zero values as valid operational measurements. 

Similarly, CPU-level entries may be omitted from plots if corresponding telemetry data 

are unavailable or flagged as invalid during preprocessing. This approach ensures 

consistency between declared infrastructure and the set of valid measurements used for 

visualization and KPI computation.  

 To improve traceability between the declared infrastructure and the visualized 

thermal maps, a schematic rack identification diagram is provided in Figure 2.11. 
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Figure 2.11: Air-cooled rack layout at the EMPA pilot. 

 Figures 2.12 and 2.13 correspond to the same selected operational timestamp. 

The ordering along the horizontal axis follows the physical rack/server layout in the data 

centre rather than numerical sorting. 

 

Figure 2.12: Power consumption of servers at the EMPA pilot. 



    

 

 

 

 

 

 
Status: Final report  © HEATWISE Consortium 2024 
Version: v1.0  Page 27 | 66 
    

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under Grant Agreement for Project Nº 101138491 and the Swiss 

Secretariat for Education, Research, and Innovation (SERI) under contract Nº 23.00606. 

Deliverable: D 8.2  

Dissemination level: PU 

     

 

Figure 2.13: Thermal characteristics of servers at the EMPA pilot. 
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Figure 2.14: ASHRAE compliance assessment for air and hybrid-cooled data centres. 

In addition to interactive visualization, SAT provides an integrated reporting 

functionality through the Generate Report feature available directly within the 

Dashboard. This functionality enables users to automatically generate a comprehensive 

PDF self-assessment report based on the current dashboard configuration and computed 

results. When the Generate Report option is triggered, SAT compiles all relevant 

assessment parameters, including the selected pilot data centre, analysis time window, 

sampling resolution, and evaluated KPI set. These configuration details are explicitly 

documented in the report to ensure transparency and reproducibility of the assessment. 

The generated PDF report includes a structured summary of both thermal and energy 

KPIs. For each selected KPI, the report presents representative numerical values, such as 

time-averaged and final values over the analysis period, allowing stakeholders to quickly 

assess overall performance without requiring access to the interactive dashboard. In 

addition to numerical summaries, the report embeds the same visual outputs displayed 

in the Dashboard. These include KPI time-series plots, distribution-based indicators, and 

compliance-related visualizations such as ASHRAE temperature classification maps. By 

reusing the dashboard-generated figures, SAT guarantees consistency between 
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interactive analysis and offline documentation. For pilots equipped with energy 

monitoring and heat recovery systems, the report also includes energy efficiency 

indicators such as PUE, COP, REF, Energy Reuse Factor (ERF), and Primary Energy Savings 

(PES). This ensures that both thermal behaviour and energy performance are jointly 

documented within a single assessment artifact. The PDF report is generated 

programmatically and stored locally, enabling easy sharing with stakeholders, project 

partners, or regulatory bodies. As the report is created using the same analytical pipeline 

as the dashboard visualizations, it provides a reliable and traceable representation of the 

system state during the selected evaluation period. 

By integrating automated report generation into the dashboard, DC- SAT bridges 

the gap between interactive performance exploration and formal documentation. This 

feature supports efficient knowledge transfer, compliance reporting, and long-term 

performance tracking, particularly in the context of pilot evaluations and EED reporting 

requirements. Together, the Setup Window and Dashboard establish a clear separation 

between configuration and analysis while maintaining a seamless workflow. This design 

reduces user complexity, minimizes configuration errors, and ensures that all 

assessments performed within SAT follow a consistent and reproducible methodology. 

 



    

 

 

 

 

 

 
Status: Final report  © HEATWISE Consortium 2024 
Version: v1.0  Page 30 | 66 
    

This project has received funding from the European Union’s Horizon Europe research and 

innovation programme under Grant Agreement for Project Nº 101138491 and the Swiss 

Secretariat for Education, Research, and Innovation (SERI) under contract Nº 23.00606. 

Deliverable: D 8.2  

Dissemination level: PU 

     

3. Implementation of SAT at Pilot Data Centres 

The SAT has been implemented across the HW pilot data centres following a 

unified, modular, and scalable system architecture, while allowing pilot-specific 

adaptations in data acquisition and integration. The core objective of this implementation 

is to enable a consistent assessment of thermal and energy performance across 

heterogeneous data centre environments, including different cooling technologies, 

monitoring infrastructures, and data availability levels. 

At some pilot sites, SAT is built around a common data management concept in 

which raw monitoring data are collected, normalized, and made available through a Data 

Management System (DMS). Time-series data originating from IT infrastructure, cooling 

systems, and energy meters are structured using a unified data model and stored in a 

scalable long-term time-series database (VictoriaMetrics). This approach ensures that SAT 

can perform KPI calculations over arbitrary time windows, ranging from near-real-time 

monitoring to long-term historical performance analysis. 

SAT supports multiple data ingestion pathways to accommodate the diverse 

operational constraints of the pilots. Where live connectivity is available, data are 

retrieved via REST-based APIs and, when required, through MQTT-based streaming for 

near-real-time analysis. In parallel, SAT provides an offline ingestion mechanism that 

allows structured CSV datasets to be directly loaded into the platform. This flexibility 

enables the inclusion of historical datasets, measurement campaigns, or pilot sites with 

limited API access, without compromising the consistency of KPI evaluation. 

On top of the unified data layer, SAT implements standardized thermal and energy 

KPI calculations, ensuring comparability of results across all pilot data centres. By 

combining a common architectural backbone with flexible data integration mechanisms, 

SAT provides a robust and extensible framework for assessing data centre performance 

across the HW pilot landscape. 

3.1. Implementation of SAT at Empa 

At the Empa pilot, the SAT implementation is tightly coupled with the existing 

hybrid cooling monitoring and data acquisition infrastructure, enabling both high-

resolution analysis and long-term performance assessment. Hybrid cooling system 

measurements (including supply/return temperatures, flow rates, and cooling unit 

operational states) together with IT operational data are continuously transferred to the 

DMS via REST-based interfaces. Within the DMS, all time-series data are tagged, and 

persisted in VictoriaMetrics, providing scalable long-term storage and high-frequency 

monitoring data. SAT accesses these datasets through standardized REST APIs for 
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retrospective KPI evaluation over user-defined time windows, while near-real-time 

streams are made available through the MQTT proxy for live performance monitoring. 

This dual access mechanism allows SAT to compute thermal and energy KPIs consistently 

across different temporal resolutions, correlate cooling system behavior with IT load 

variations, and identify performance deviations or inefficiencies. The processed results 

are then visualized via Grafana dashboards, ensuring that SAT outputs are fully 

interoperable with Empa’s existing monitoring ecosystem and can be used both for 

continuous operational insight and detailed post-analysis of hybrid cooling performance.  

The data queries used by SAT for the Empa pilot data centre are summarized in 

Table 3.1. Server-side queries are used directly on the SAT dashboard for server-level 

power bar charts, temperature bar charts, and ASHRAE compliance. Additionally, on the 

KPI calculation module side, total IT power is obtained by summing these series based on 

timestamps using the get_total_it_power_series() function. 

Table 3.1: Server-side and cooling-side data queries used in SAT for the Empa pilot data centre. 

Component Part Variable Query 

IT 

Equipments 
Server 

Tin 
temperature{pilot="EM",datasource="IT

",datatype="TIN"} 

Tout 
temperature{pilot="EM",datasource="IT

",datatype="TEX"} 

TCPU,max 
temperature{pilot="EM",datasource="IT

",datatype="TCPU(2)"} 

PIT 
power{pilot="EM",datasource="IT",datat

ype="PS"} 

Cooling Unit 

Air-side 

Tsupply 
temperature{pilot="EM",datasource="C"

,datatype="TAS"} 

Treturn 
temperature{pilot="EM",datasource="C"

,datatype="TAR"} 

PC 
power{pilot="EM",datasource="C",datat

ype="PC"} 

HRU PHRU 
power{pilot="EM",datasource="HR",data

type="PH"}  
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Qwater 
flow{pilot="EM",datasource="HR",dataty

pe="WF"}  

Twater,in 
temperature{pilot="EM",datasource="H

R",datatype="WINT"}  

Twater,out 
temperature{pilot="EM",datasource="H

R",datatype="WOUT"} 

Tliquid 
temperature{pilot="EM",datasource="H

R",datatype="LT"} 

Tvapor 
temperature{pilot="EM",datasource="H

R",datatype="VT"} 

Each data query used by SAT directly contributes to one or more thermal or energy 

KPIs. Server-side temperature dataset forms the basis of airflow and compliance-related 

indicators, while power and heat recovery dataset enable energy efficiency, reuse, and 

primary energy performance evaluation. A detailed mapping between queries and KPIs 

is provided in Table 3.2 (for detailed information on KPI calculation methodology, please 

refer to Deliverable D8.1). 

Table 3.2: Mapping between SAT data queries and thermal and energy KPIs for the Empa pilot data centre. 

Variable Description KPI 

Tin Server inlet air temperature RTI, RHI, RCIHI, RCILO, RI 

Tout Server outlet air temperature RTI, LI 

PIT Server IT power consumption PUE, COP, ERF, PES, REF 

Tsupply Air supply temperature RTI, RHI, RI 

Treturn Air return temperature RTI, RHI, LI 

PC Cooling power consumption PUE, COP,ERF, PES, REF 

PHRU HRU power consumption PUE, COP,ERF, PES, REF 

Qwater HRU water flow rate ERF, PES, REF 

Twater,in 
HRU water inlet (vapor) 

temperature 
ERF, PES, REF 
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Twater,out 
HRU water outlet (liquid) 

temperature 
ERF, PES, REF 

 At the EMPA pilot, SAT was applied in full scope, including thermal and energy KPI 

computation, dashboard-based visualization, and automated report generation. The 

system successfully evaluated RTI, RHI, RCI, RI, LI, PUE, COP, ERF, and PES indicators based 

on synchronized IT and cooling system measurements. A consolidated standalone SAT 

report example is provided in the Annexes to demonstrate reporting completeness and 

traceability. It should be noted that, due to the selected test interval, certain 

measurements (e.g., HRU water flow rate) were recorded as zero. Consequently, KPIs 

dependent on these parameters may not reflect representative operational conditions 

for that specific interval. This confirms that SAT operates without functional limitation at 

the EMPA pilot. 

3.2. Implementation of SAT at AAU 

For the AAU pilot, the SAT implementation is tailored to air-cooled data centre 

operation and is designed to support both continuous monitoring and offline analytical 

workflows. Temperature measurements together with energy-related data are collected 

within the local monitoring infrastructure and made available to the Data Management 

System (DMS). These datasets can be accessed by SAT through REST-based APIs, fully 

aligned with the common SAT architecture and data model. When retrieved via the DMS, 

time-series data are stored and managed in VictoriaMetrics, enabling SAT to perform KPI 

calculations over configurable time intervals, including trend analysis and comparative 

assessment of air-cooling effectiveness. 

In addition to the online, API-driven integration, the AAU pilot supports a flexible 

offline workflow. Air-cooled temperature measurements and associated energy data can 

be exported as structured CSV files and directly ingested into SAT using the “load data” 

functionality. This capability is particularly useful for analyzing historical datasets, 

experimental measurements or data collected outside the live monitoring environment. 

Regardless of the data acquisition path, SAT processes the inputs using the same KPI 

calculation and visualization pipeline, ensuring consistency of results. The computed 

thermal and energy-related KPIs are subsequently visualized through Grafana 

dashboards, preserving full interoperability with the VictoriaMetrics-based storage and 

enabling a unified performance assessment framework across the HW pilots. 

At the AAU data centre, only cooling unit data are continuously available through 

the live data stream. All other measurements are limited to historical datasets and are 
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imported into SAT via the offline data ingestion workflow or DMS. Table 3.3 summarizes 

the raw variables accessed by SAT at the AAU pilot. 

Table 3.3: Cooling-side data queries used in SAT for the AAU pilot. 

Level Part Variable Query 

Data Centre General PDC power{pilot="AAU", datasource="DC"} 

IT 

Equipments 
Server 

Tin 
temperature{pilot="AAU", 

datasource="IT", datatype="TIN"} 

Tout 
temperature{pilot="AAU", 

datasource="IT", datatype="TEX"} 

TCPU,max 

temperature{pilot="AAU", 

component="CPU", datasource="IT", 

datatype="TCPU(7)"} 

PIT 
power{pilot="AAU", component="CPU", 

datasource="IT", datatype="PS"} 

Cooling Unit 

(Fan Coils) 

Air-side 

Tsupply 
temperature{pilot="AAU", 

datasource="C", datatype="TAS", id="1"} 

Treturn 
temperature{pilot="AAU", 

datasource="C", datatype="TAR", id="1"} 

Water Side 

Twater,in 
temperature{pilot="AAU", 

datasource="C", datatype="INT"} 

Twater,out 
temperature{pilot="AAU", 

datasource="C", datatype="OUT"} 

3.3. Implementation of SAT at PSNC 

For the PSNC pilot, SAT was deployed in offline mode, enabling KPI computation 

and reporting without any dependency on a live monitoring API. All required inputs were 

provided as locally available time-series data and processed directly at runtime. In this 

configuration, SAT validates the availability of the standard thermal and energy inputs, 

including IT power, total facility power, CPU temperatures, and cooling loop 

temperatures. In addition, waste heat–related information was also supplied as part of 

the offline dataset, allowing energy and waste heat oriented KPIs to be evaluated directly 

without relying on external heat meters or online interfaces. This fully offline setup 
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ensures consistent and reproducible assessment of both energy efficiency and waste 

heat reuse performance for the PSNC pilot. 

 

Figure 3.1:  Overview of the SAT dashboard for energy KPI evaluation at the PSNC pilot. 

The energy KPIs in the PSNC pilot are evaluated exclusively from offline power and 

heat-reuse measurements, ensuring full consistency with the CSV-based deployment of 

SAT. The PUE is computed as the ratio of total facility power to total IT power, where the 

IT power is obtained by aggregating all server-level power measurements at each 

timestamp, and the facility power is obtained by aggregating the corresponding data 

centre–level power channels. This approach enables a time-resolved assessment of 

overall energy efficiency under varying operational conditions. The PSNC pilot relies 

primarily on liquid-cooled servers. The reported PUE value is calculated based solely on 

the electrical power associated with the liquid-cooled server environment, using the 

corresponding facility power boundary and aggregated IT power of these servers. 

 

Figure 3.2: Temporal variation of PUE during the selected period at PSNC pilot. 
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A distinctive feature of the PSNC offline dataset is that waste heat related 

information is directly embedded in the available measurements, allowing heat reuse 

indicators to be evaluated without requiring additional online instrumentation or 

external heat-meter integration. Based on these data, SAT evaluates a set of 

complementary energy reuse metrics at matching timestamps. The reused power is 

taken directly from the measured waste heat reuse signal, while the REF is computed as 

the ratio between the reusable energy and the instantaneous IT power demand. In 

addition, the PES is derived as the difference between the total facility power and the IT 

power, representing the non-IT energy overhead associated with data centre operation. 

By combining facility-level power consumption, IT demand, and directly measured 

waste heat reuse within a single offline processing chain, the PSNC implementation of 

SAT enables a synchronized and reproducible evaluation of energy efficiency and waste 

heat reuse performance across the analysed period. 

3.4. Implementation of SAT at Tofas 

The implementation of the SAT at the TOFAS pilot is primarily focused on energy 

performance assessment, reflecting both the monitoring priorities of the site and the 

characteristics of the available data infrastructure. At TOFAS, SAT operates independently 

of live monitoring platforms while maintaining full methodological consistency with the 

broader HEATWISE framework. 

At the TOFAŞ data centre, energy-related measurements are collected locally from 

electrical monitoring systems and prepared specifically for SAT analysis. Instead of 

continuous data streaming via monitoring APIs, the pilot follows an offline, file-based data 

ingestion strategy, enabling controlled data validation, traceability, and reproducibility. 

Two core datasets are provided to SAT: (i) total data centre electrical power consumption 

(Pcooling, Plightining and PIT) and (ii) IT equipment power consumption, capturing the electrical 

load directly associated with computing activities. 

Based on the available datasets, the KPI scope at the TOFAŞ pilot is intentionally 

limited to energy-based indicators. SAT computes: PUE, expressing the ratio between 

total facility power consumption and IT power demand. COP, derived within the SAT 

framework as an aggregated indicator of energy conversion efficiency. The restriction of 

KPIs to PUE and COP ensures that all reported metrics are fully supported by measured 

data, avoiding the use of assumptions or surrogate variables for thermal or airflow-

related indicators that are not available at this site. This approach enhances the 

robustness, transparency, and interpretability of the assessment results. 
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Figure 3.3: Temporal variation of (a) PUE and (b) COP during the selected period at TOFAS pilot. 

Despite the use of an offline, CSV-based ingestion approach, the TOFAS implementation 

is fully integrated into the common SAT processing, visualization and reporting workflow. 

Once computed, KPI results are stored, visualized, and reported using the same internal 

structures and presentation logic applied across other HEATWISE pilots. As a result, time-

series visualizations, summary statistics, and reporting outputs generated for TOFAS 

follow the same layout and conventions used throughout the project, enabling consistent 

comparison of energy performance trends across pilots, even when underlying data 

acquisition strategies differ. 

The TOFAS pilot illustrates SAT’s adaptability to heterogeneous data availability 

scenarios. While some HEATWISE pilots rely on real-time monitoring systems and 

integrated data management platforms, TOFAS operates under a constrained but well-

defined data environment. SAT addresses this diversity by decoupling data ingestion 

mechanisms from KPI computation and reporting logic. This separation ensures that 

differences in data access do not affect KPI definitions, calculation procedures, or 

interpretation principles, thereby preserving methodological consistency across all pilots. 

The scope of the SAT implementation at TOFAS is inherently influenced by the 

availability and resolution of monitored data. Although the provided energy datasets 

support a robust evaluation of overall electrical efficiency, several limitations should be 

acknowledged. First, the absence of detailed thermal and airflow measurements, such as 

rack inlet/outlet temperatures, cooling unit operating conditions, or air and water flow 

rates, restricts the assessment to energy-based KPIs. Advanced thermal performance 

indicators and spatial efficiency metrics cannot be evaluated within the current data 

context. Second, the reliance on offline CSV-based data ingestion limits the assessment 

to retrospective analyses over predefined time windows. While this approach improves 

deployment simplicity and data reliability, it prevents real-time monitoring and limits the 

ability to capture short-term operational dynamics or rapidly assess the impact of control 

actions. Third, the lack of component-level power breakdowns, particularly for cooling 

subsystems and auxiliary equipment, means that COP values represent aggregated 

system-level indicators rather than device-specific efficiencies. As a result, detailed 
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attribution of efficiency changes to individual subsystems is not possible without 

additional instrumentation. 

Finally, while SAT enforces uniform KPI definitions and reporting formats across 

all HEATWISE pilots, differences in data richness should be considered when performing 

cross-pilot comparisons. For TOFAS, comparative analyses are most meaningful at the 

level of overall energy efficiency trends, rather than detailed thermodynamic or spatial 

performance. 

Despite these limitations, the TOFAŞ pilot demonstrates SAT’s capability to deliver 

meaningful and comparable insights under minimal integration conditions. The identified 

constraints also highlight clear pathways for future enhancements, such as the 

integration of thermal measurements or subsystem-level power monitoring, should the 

site’s monitoring infrastructure be expanded. 

3.5. Implementation of SAT at RISE 

In the RISE pilot, the SAT implementation is tightly integrated with the existing 

hybrid cooling monitoring and data acquisition infrastructure, enabling both high-

resolution analysis and long-term performance assessment. Measurements from the 

hybrid cooling system (including air-side supply and return temperatures, cooling unit 

power consumption, heat recovery unit (HRU) operation, and liquid-side thermal 

parameters) are continuously collected alongside detailed IT operational data from the 

server infrastructure. 

All monitoring data are transferred to the Data Management System (DMS) 

through REST-based interfaces and exposed via standardized query endpoints. SAT 

accesses these datasets using unified query definitions, allowing consistent retrieval of 

thermal, electrical, and operational parameters across different subsystems. This 

approach ensures portability of the assessment framework while preserving site-specific 

measurement semantics. 

SAT supports retrospective KPI evaluation over user-defined time windows, 

enabling detailed post-analysis of hybrid cooling system performance. In parallel, near-

real-time data streams can be accessed for live performance monitoring and diagnostic 

analysis. At the RISE pilot data centre, this dual capability allows continuous operational 

insight while also supporting in-depth evaluation of cooling efficiency, thermal 

management quality, and IT–cooling interaction under varying operating conditions. 

Table 3.4 summarizes the raw variables accessed by SAT at the RISE pilot, together 

with their associated system components and query definitions. These variables form the 

basis for subsequent KPI calculations within the SAT framework. 
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Table 3.4: Server and cooling data queries in SAT for the RISE pilot. 

Component Part Variable Query 

IT Equipment 

Server Tin temperature{pilot="RI", datasource="IT", 

datatype="TIN"} 

 Tout temperature{pilot="RI", datasource="IT", 

datatype="TEX"} 

 TCPU 
temperature{pilot="RI", datasource="IT", 

datatype="TCPU(1)"} 

 PIT power{pilot="RI", datasource="IT", 

datatype="PS"} 

Cooling Unit 

Air-side 

Tsupply temperature{pilot="RI", datasource="C", 

datatype="TAS"} 

Treturn temperature{pilot="RI", datasource="C", 

datatype="TAR"} 

PC power{pilot="RI", datasource="C", 

datatype="PCO"} 

Pfan power{datasource="DC", 

datatype="BxMfanP"} 

Water-side 

PHRU power{datasource="HR", 

datatype="HRUeP"} 

Qwater flow{datasource="HR", datatype="Flw", 

id="1"} 
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Twater,in temperature{datasource="HR", 

datatype="ST1reT"} 

Twater,out temperature{datasource="HR", 

datatype="ST5suT"} 

Tliquid temperature{datasource="HR", 

datatype="LT"} 

Tvapor temperature{datasource="HR", 

datatype="VT"} 

Each data query used by SAT directly contributes to one or more thermal or energy 

KPIs. Server-side temperature dataset form the basis of airflow and compliance-related 

indicators, while power and heat recovery dataset enable energy efficiency, reuse, and 

primary energy performance evaluation. A detailed mapping between queries and KPIs 

is provided in Table 3.5. 

Table 3.5: Mapping between SAT data queries and KPIs for the RISE pilot. 

Variable Description KPI 

Tin Server inlet air temperature RTI, RHI, RCIHI, RCILO, RI 

Tout Server outlet air temperature RTI, LI 

PIT Server IT power consumption PUE, COP, ERF, PES, REF 

Tsupply Air supply temperature RTI, RHI, RI 

Treturn Air return temperature RTI, RHI, LI 

PC Cooling power consumption PUE, COP,ERF, PES, REF 

PHRU HRU power consumption PUE, COP,ERF, PES, REF 

Qwater HRU water flow rate ERF, PES, REF 

Twater,in 
HRU water inlet (vapor) 

temperature 
ERF, PES, REF 
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Twater,out 
HRU water outlet (liquid) 

temperature 
ERF, PES, REF 

At the RISE pilot, certain cooling-side metrics (e.g. BxMfanP) are not available for 

all time intervals; therefore, SAT treats these variables as optional and automatically 

excludes them from the calculations when data are missing. For IT power assessment, 

only power supply measurements are used to prevent double counting of electrical 

consumption. All variables are synchronized at the timestamp level before being passed 

to the KPI computation layer, ensuring consistent and temporally aligned performance 

evaluation. 

 

Figure 3.5: Overview of the SAT dashboard for thermal and energy KPI evaluation at the RISE pilot. 

 

Figure 3.6: Power consumption of servers and TTVs at RISE pilot. 

As illustrated in Fig. 3.7, the test conducted at the RISE data centre between 12:00 

and 14:00 on 27 January 2026 indicates that the PUE values remain within the target range 

(PUE<1.05) defined by the EED, demonstrating compliance with the intended energy 

efficiency objectives during the evaluated operating period. 
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Figure 3.7: Temporal variation of PUE during the selected period at RISE pilot. 

 To provide a comprehensive overview of KPI coverage and reporting consistency 

across all pilot sites, a consolidated results table is presented below. Table 3.6 

summarizes, for each pilot, the selected reporting interval, computed KPI values, and 

their corresponding performance classification. This consolidated presentation enhances 

clarity, traceability and cross-pilot comparability. 

 Due to data availability constraints, thermal KPIs were not computed for the 

TOFAŞ pilot. Specifically, inlet and outlet temperature measurements at server level were 

not available for the air-cooled infrastructure, which prevented the calculation of 

temperature-based thermal performance indicators (RTI, RHI, RCI, RI, LI). For the AAU 

pilot, thermal KPIs and core energy efficiency indicators (PUE and COP) were successfully 

computed based on the available monitoring data. However, since no waste heat 

recovery system is implemented at this site, reuse-related energy KPIs (such as ERF, PES, 

and recovered thermal power) were not evaluated. For the EMPA, RISE, and PSNC pilots, 

the complete set of thermal and energy-related KPIs defined within the SAT framework 

was computed without limitation. 
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Table 3.6: Consolidated KPI results and reporting periods across pilots. 

Pilot Reporting Period KPI Value Status 

EMPA 
01.01.2026 08.00 

01.01.2026 11.00 

RCIHI 100.32 Good 

RCILO 107.36 Poor 

RHI 0.19 Unacceptable 

RTI 1.89 Bypass 

RI 112.27 Hot Air Recirculation 

LI 80.83 Cold Air Leakage 

PUE 1.73 Poor 

COP 2.70 - 

ERF 0.00 - 

PES 0.00 - 

REF 0.00 - 

AAU 
12.09.2025 10:00 

12.09.2025 14:00 

RCIHI 122.69 Poor 

RCILO 99.68 Good 

RHI 1.33 Acceptable 

RTI 0.35 Bypass 

RI 101.66 Hot Air Recirculation 

LI 88.65 Cold Air Leakage 

PUE 4.42 Poor 

COP 0.30 - 

PSNC 
22.01.2026 10:00 

22.01:2026 14:00 

RCIHI 100.11 Good 

RCILO 100.04 Good 

RHI 1.00 Acceptable 
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RTI 0.04 Bypass 

RI 100.00 Acceptable 

LI 100.95 Acceptable 

PUE 1.05 Good 

COP 19.83 - 

RISE 
27.01.2026 10:00 

27.01.2026 12:00 

RCIHI 105.72 Poor 

RCILO 102.00 Good 

RHI 3.53 Acceptable 

RTI 1.80 Bypass 

RI 150.87 Hot Air Recirculation 

LI 244.53 Cold Air Leakage 

PUE 1.03 Very Good 

COP 30.43 - 

ERF 18.34 Acceptable 

PES 0.51 Poor 

PREUSE 3040 - 

TOFAS 16.12.2025 10:00 

16.12.2025 18:00 

PUE 1.41 Poor 

 COP 2.44 - 

3.6. Reproreproducibility Guidelines of SAT 

To support reproducibility and independent re-implementation, this subsection 

describes the minimal data requirements and the computational workflow used in the 

SAT framework. In addition, a synthetic example dataset together with reference outputs 

is made publicly available to illustrate the complete KPI computation process. 

The SAT requires a minimal time-series dataset consisting of synchronized 

measurements. At minimum, the following columns are required: time stamp, inlet and 

outlet temperature, and power consumption of servers, power consumption of data 
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centre, supply and return temperatures of cooling units. These variables are sufficient to 

compute the thermal and energy KPIs reported in this study. A synthetic dataset following 

this schema has been published to enable independent validation and testing. All input 

time series are aligned to a common temporal axis prior to KPI computation. If raw 

measurements are available at different sampling frequencies, the data are resampled 

to a user-defined time step using time-based aggregation. Temperature values are 

averaged over each interval, while power measurements may be either averaged or 

retained as instantaneous values depending on the analysis objective. This step ensures 

temporal consistency across heterogeneous data sources. KPI calculation follows a fixed 

and reproducible order. First, synchronized inlet, outlet, supply, and return temperature 

series are processed. Second, IT and facility-level power measurements are incorporated. 

Thermal KPIs (RTI, RHI, RCI, RI, LI) are computed before energy-related KPIs (PUE, COP), 

ensuring that all required intermediate quantities are available. This ordered workflow is 

identical for both real-time and historical datasets. Time steps with missing or invalid 

measurements are excluded from KPI computation to avoid introducing artificial bias. No 

interpolation is applied at the KPI level. This conservative approach ensures that reported 

KPIs are based solely on valid and physically meaningful measurements. SAT computes 

both instantaneous KPI values at each time step and aggregated KPI statistics over a 

selected analysis window. Instantaneous KPIs are used to identify transient effects and 

short-term deviations, while averaged KPIs support comparative assessment across 

operational periods. Both representations are demonstrated using the synthetic dataset 

and corresponding KPI visualizations. 

To facilitate reproducibility, the synthetic dataset, reference configuration files and 

example KPI outputs (including time-series plots and power distribution charts) are 

publicly available via a GitHub repository (see Data Availability statement). To illustrate 

reproducibility rather than to present additional performance results, representative KPI 

visualizations generated from the synthetic dataset are shown in Fig. 3.8. 
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Figure 3.8: Example KPI outputs generated from a dataset to demonstrate reproducibility of the SAT workflow. 

3.7. Road map for the implementation of SAT at external pilots 

The implementation of SAT at external pilot sites follows a structured and 

progressive roadmap designed to accommodate different levels of data availability, IT 

security constraints, and operational maturity. This roadmap enables pilot sites to 

gradually integrate SAT into their existing monitoring ecosystems while maintaining data 

confidentiality and minimizing deployment effort. H1 Systems (H1S) supports this process 

by acting as the primary coordination partner between external pilots and the SAT 

development team (DS Tech), ensuring alignment with HEATWISE project objectives. Fig. 

3.9 illustrates the workflow for the implementation at external pilot sites. 
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Figure 3.9: Implementation of SAT at external pilot sites. 

The first phase of the roadmap focuses on initial engagement and feasibility 

assessment. During this phase, the operational objectives of the external pilot are 

identified, and available data sources are reviewed to determine whether live interfaces 

or offline datasets will be used. H1S leads the interaction with pilot operators at this stage, 

facilitating requirement definition and supporting the selection of a suitable deployment 

model. 

In the second phase, deployment planning is carried out with external pilots 

adopting the standalone desktop version of SAT, in line with site-specific IT and security 

policies. During this phase, data privacy constraints (NDA), access boundaries, and local 

execution requirements are clarified to ensure that all data processing remains within 

the pilot’s infrastructure. H1S supports coordination between pilot IT teams and DS Tech 

engineers to ensure that deployment planning remains consistent with site-specific 

constraints. 
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The third phase involves data integration and configuration. Live data streams are 

connected via REST or MQTT interfaces where available, while historical datasets such as 

IT and cooling unit-based measurements are uploaded using structured templates. 

Dataset structure and semantics are jointly validated to ensure compatibility with the SAT 

KPI computation module. 

Once data ingestion is operational, the fourth phase addresses data validation and 

initial assessment. Imported or streamed data are checked for completeness, temporal 

consistency, and physical plausibility, followed by a first KPI evaluation cycle. This phase 

allows early verification of results and alignment of expectations between the pilot site 

and the project team.  

The fifth phase focuses on user onboarding and operational assessment. Training 

activities support pilot users in understanding the SAT interface, KPI interpretation, and 

report generation workflow. H1S contributes to the interpretation of assessment 

outcomes from a system-level perspective, helping translate technical KPIs into 

operational insights relevant for pilot stakeholders. 

Following onboarding, SAT enters regular operation, supporting performance 

benchmarking, compliance assessment, and automated reporting. Feedback from 

external pilots is incorporated to refine configurations and workflows, ensuring that SAT 

remains adaptable and scalable for future deployments. 
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4. Conclusion 

This deliverable presented the development, architecture and multi-pilot 

implementation of the SAT, a unified self-assessment framework designed for 

comprehensive thermal and energy performance evaluation of data centres. The 

proposed framework addresses key challenges identified in current regulatory and 

operational practices, namely the fragmentation of data sources, the complexity of KPI 

computation, and the lack of continuous, reproducible performance assessment aligned 

with emerging ASHRAE and EED regulations. By integrating IT, cooling, and energy data 

into a single analytical workflow, SAT enables systematic and transparent evaluation of 

data centre performance using standardized thermal and energy KPIs. 

The modular architecture of SAT ensures methodological consistency across 

heterogeneous pilot environments, while allowing flexibility in data ingestion 

mechanisms. The framework successfully supports both real-time monitoring via data 

management systems and fully offline, file-based workflows, as demonstrated across the 

HEATWISE pilot sites. This dual capability enables SAT to operate under diverse 

infrastructural constraints without compromising the comparability of results. The 

integration of interactive dashboards with automated PDF reporting further bridges the 

gap between exploratory analysis and formal documentation, supporting both 

operational decision-making and regulatory reporting requirements.  

In addition, the modular architecture of SAT enables the future integration of 

additional sustainability, decarbonization, and optimization-oriented KPIs without 

requiring modification of the core computational system. New indicators can be 

incorporated as extensions of the KPI computation layer while preserving the existing 

data acquisition, synchronization, and reporting workflow. This design choice reinforces 

the forward-looking and scalable nature of the framework, ensuring that SAT can evolve 

in parallel with emerging regulatory requirements, sustainability metrics, and advanced 

optimization methodologies. 

Pilot implementations at EMPA, AAU, PSNC, TOFAŞ, and RISE demonstrated the 

robustness and adaptability of the framework across air-cooled, liquid-cooled, and 

hybrid-cooled data centres with varying levels of data availability. In particular, the PSNC 

and TOFAŞ pilots highlighted the capability of SAT to deliver meaningful energy efficiency 

and waste heat reuse insights using offline datasets, while the EMPA and RISE 

deployments showcased high-resolution, time-resolved performance analysis enabled by 

live monitoring infrastructures. These case studies confirm that SAT provides a scalable 

and pilot-agnostic solution for harmonized KPI-driven assessment. 
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Overall, the SAT framework represents a practical step towards continuous, KPI-

based self-assessment of data centres in line with the Energy Efficiency Directive and 

industry best practices. Beyond compliance, the framework supports proactive 

identification of inefficiencies, evaluation of optimization measures, and long-term 

performance tracking. Future extensions may include tighter integration with self-

optimization algorithms, enhanced subsystem-level diagnostics, and expanded support 

for emerging sustainability indicators. As such, SAT provides a solid foundation for both 

current pilot evaluations and wider deployment in operational data centres seeking 

transparent, reproducible, and regulation-ready performance assessment. 
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