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Takeaways
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𝙴(  software  ) : hard(er) mode02

𝙴(software) : non-trivial01

𝒪+(𝙴(  software  )) : essential03



Software energy consumption
Establishing the relation between a software system & its consumed energy is non-trivial
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Emissions and energy
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Software Carbon Intensity (SCI)  [ISO/IEC 21031:2024]



Consumed energy as the optimization target
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Out of 
(direct) control

Out of 
(direct) control

Partial
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In
control
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Accuracy

Convenience

Power meters
Hardware probes

Performance counters
Software probes

System metrics

Estimators

Measuring energy consumption
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Empirical 
knowledge

We identified three recurring 
problems in the answers in our 
base group of questions: (i) 
misconceptions about software 
energy consumption and how it 
can be reduced, (ii) solutions that 
are applicable in certain contexts 
being presented as universal, and 
(iii) lack of tools, in particular, 
measurement tools.
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Empirical 
knowledge redux

[...] most practitioners 
struggle with fundamental 
energy concepts due to 
complex API 
documentation and 
practical experience 
required;



Tactics

9https://s2group.cs.vu.nl/AwesomeAndDarkTactics/ 

https://s2group.cs.vu.nl/AwesomeAndDarkTactics/


Patterns
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https://patterns.greensoftware.foundation/ 

https://patterns.greensoftware.foundation/


Smells
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https://github.com/cnumr/best-practices-mobile 

https://github.com/cnumr/best-practices-mobile


Energy consumption in the cloud
If the software is living in the cloud, the problem is in hard(er) mode
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Software energy optimization in the cloud
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Software energy optimization in the cloud
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Carbon dashboards
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Virtualization

Multitenancy Servitization

The Devil’s triangle in the cloud
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Virtualization layers

Virtualization
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Virtualization layers

Virtualization

Virtualization

Virtualization

Virtualization

Virtualization

Virtualization



Monitoring energy in a cloud-native 
application
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Application OpenTelemetry (demo app)

Kubernetes cAdvisor + Kepler

Virtual Machine Scaphandre

Bare metal node_exporter + RAPL

Physical PowerPlug 

https://doi.org/10.1145/3676151.3719371 

Virtualization

https://doi.org/10.1145/3676151.3719371


Economies of Scale
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Multitenancy

https://doi.org/10.1145/3038912.3052707 

https://doi.org/10.1145/3038912.3052707


Everything as a Service
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Servitization



Implications of the Devil’s triangle
⇨ Existing tooling fails in at least one of three points 
⇨ Need to treat the system as a (semi-)black box
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Virtualization

Multitenancy Servitization



Observability of energy consumption
Making sense using available data
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Observability
Control theory: a measure of how well internal 
states of a system can be inferred from knowledge 
of its external outputs (Kalman, 1960)
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Observability
Control theory: a measure of how well internal 
states of a system can be inferred from knowledge 
of its external outputs 

Software systems: how well a system's state can 
be understood from the obtained telemetry 



Pillars of observability 
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Source:
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https://copyconstruct.medium.com/monitoring-and-observability-8417d1952e1c 

https://copyconstruct.medium.com/monitoring-and-observability-8417d1952e1c


Observability solutions: literature landscape
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5

Analysis
Visualization [18 studies]
Diagnostics [16 studies]

3

Preprocessing
Stream broker [3 studies]
Aggregator [18 studies]

1

Instrumentation
Sidecars/Proxies [4 studies]
Probes [5 studies]
Instrumentation libraries [10 studies]

4

Storage
Time-series DBs [14 studies]

Non Time-series DBs [24 studies]

2

Collection
Agent [19 studies]

Collector [25 studies]



Observability solutions: open source landscape
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https://m7.rs/assets/docs/fontes-sesos-2026.pdf 

https://m7.rs/assets/docs/fontes-sesos-2026.pdf
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Observability solutions: CNCF landscape
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Observability solutions: CNCF’s Kepler

https://sustainable-computing.io/ 

https://sustainable-computing.io/


KubeWatt
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https://doi.org/10.1109/ICT4S68164.2025.00016 

https://doi.org/10.1109/ICT4S68164.2025.00016


Energy & carbon observability
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OBSERVABILITY

CODE ANALYSIS

MONITORING

Predictable 

emissions

Best effort 

emissions 

estimation

Best effort 

emissions 

forecasting 

all possible emission profiles under different workloads



Beyond observability
Is observability enough to understand how to reduce 
software-generated emissions? 
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Beyond observability
Is observability enough to understand how to reduce 
software-generated emissions? 
Does establishing observability solve reliability problems? 
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Beyond observability
Is observability enough to understand how to reduce 
software-generated emissions? 
Does establishing observability solve reliability problems? 
Do we need something more than simply understanding 
system state? 
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Actionable Observability
To provide tangible outcomes we need to connect what we observe 

with what we build
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Actionable Observability
How well the need for specific interventions on an existing 
software system can be inferred from obtained telemetry 
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𝒪+



Actionable Observability
⇨ Dealing with engineered and not natural systems

⇨ Closing the loop between intended and observed behavior

⇨ Bridging design- and run-time to avoid further debt

see also https://doi.org/10.1145/3643657.3643909
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https://doi.org/10.1145/3643657.3643909


Actionable Observability roadmap
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Signals Elements Knowledge Action

What we 
observe

Where we 
need to 
intervene

How we 
intervene

How we use 
it in practice



Actionable Observability roadmap
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Signals

⇨ Define correct granularity of information
⇨ Connect signals to KPIs/NFRs/QAs
⇨ Avoid data overload

Elements Knowledge Action



Data overload
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Data availability paradox: 
too much data leading to 
paralysis



Observability
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Observability as the desired 
property beyond data 
availability



Data overload
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⇨ Context-sensitive treatment 
of data collection

- Fundamental models as 
conceptual spaces

- Artificial intelligence to 
support observers



Actionable Observability roadmap
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Signals

⇨ Identify pertinent architectural elements at right level of 
abstraction
⇨ Attribute observed information to elements
⇨ Identify hotspots as optimization/refactoring targets

Elements Knowledge Action



The Researchable case study
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https://doi.org/10.3390/fi15010037  

https://doi.org/10.3390/fi15010037


Cost observability dashboard
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https://doi.org/10.3390/fi15010037  

https://doi.org/10.3390/fi15010037


Cost allocation per microservice

48

https://doi.org/10.3390/fi15010037  

https://doi.org/10.3390/fi15010037


Actionable Observability roadmap
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Signals

⇨ Decide which best practices/tactics/patterns to apply
⇨ Decide when, where, and how to apply them
⇨ Deal with heterogeneity of infrastructure over time and 
space

Elements Knowledge Action



Actionable Observability roadmap
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Signals

⇨ Rationalize & automate refactoring
⇨ Integrate into development pipelines & practices
⇨ Manage tradeoffs between affected QAs
⇨ Enable sustainability across dimensions

Elements Knowledge Action



MAST ITEA4 project
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http://itea-mast.org/  

TechnicalEnvironmental

http://itea-mast.org/


SustainableCloud
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https://s2group.cs.vu.nl/sustainablecloud/ 

https://s2group.cs.vu.nl/sustainablecloud/


Coda
In music, a passage that brings a piece (or a movement) to an end
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Takeaways (revisited)
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𝒪+(𝙴(  software  )) 03

𝙴(  software  ) 02 Requires reverting a few decades 
worth of design decisions

𝙴(software) 01 Be aware and beware of the tools

Actionable observability, 
not just observability



Colophon
In publishing, a brief statement containing information about the publication
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It takes a village
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https://vandriko.github.io/ 

https://vandriko.github.io/


Thank you
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