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ABSTRACT

The physical sciences are currently facing a "data deluge,” driven by high-resolution sensors, global observatories, and
exascale simulations. Traditionally, digital libraries and repositories have prioritized total data preservation. However, the
carbon footprint of the hardware, cooling, and power required to maintain these "forever archives" is no longer negligible.
This paper proposes a paradigm shift toward strategic deletion. By moving from indiscriminate accumulation to targeted
optimization, the scientific community can reduce its environmental impact while simultaneously maintaining the integrity of
the scholarly record. We examine the technical, ethical, and ecological frameworks necessary to implement "green deletion"
in the physical sciences. Central to this framework is the development of reproducibility-aware pruning algorithms and tiered
metadata standards that differentiate between high-entropy, irreplaceable observations and redundant, computationally
recoverable outputs.

Furthermore, we address the cultural resistance to data loss within academia and propose “value-over-volume” metrics to
incentivize sustainable curation. By integrating life-cycle assessments into data management plans, institutions can transform
digital infrastructure from a carbon liability into a lean, precision-oriented asset. This shift not only reduces the ecological
cost of discovery but also ensures the long-term financial viability of open-access repositories in an era of dwindling resources.

Keywords: Green Data Management, Strategic Deletion, Digital Sustainability, Data Deluge, Reproducibility, Carbon
Footprint, Physical Sciences, Life-Cycle Assessment.

Introduction: The Crisis of Infinite Storage
The physical sciences have entered the era of Exascale computing. In fields such as high-energy physics (HEP) and

astronomy, repositories now measure data in petabytes and exabytes. While the ability to capture trillions of data points from
cosmic observatories or particle accelerators is a tremendous engineering achievement, it has led to a “data deluge”.
Historically, the scientific mindset has been to “save everything”. This was based on the falling cost of storage, making
“delete” a forgotten command. However, we have reached a point where the environmental cost—measured in gigawatts of
electricity and metric tons of CO>—outpaces the scientific utility of raw data.

The Environmental Cost of “Cold” Data

Not all data is active. A significant portion of physical science repositories consists of “cold data”— data represents the vast
datasets (especially in physical sciences) that remain unaccessed for years but are kept “just in case”.

Source of Impact Description

Electricity Even “idle” storage requires power. While tape libraries are more efficient, they still require
climate-controlled environments and robotic systems to retrieve cartridges.

Thermal To prevent hardware degradation, data centers maintain strict temperature and humidity levels,

Management leading to high Power Usage Effectiveness (PUE) ratios where a significant chunk of energy

goes toward non-computing tasks.
E-Waste & Lifecycle | Rapid hardware turnover (typically every 3—5 years) to maintain reliability leads to significant
e-waste. Only a small fraction of specialized storage hardware is currently recycled effectively.

The Methodology of “Green Deletion”

This introduces a paradigm shift in data management, moving away from “hoarding” toward a lean, sustainable lifecycle for
scientific information.

Core components of the Green Deletion methodology:

(1) Technical Pillars of Deletion
The strategy moves the decision-making process from subjective human choice to objective, algorithm-driven curation.

A. Reproducibility-Aware Pruning

e  The "Re-run Cost" Logic

The core mechanism is a comparison between two physical costs:
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e Static Storage Cost: The cumulative CO, emitted to power the servers, cooling systems, and humidity
controls required to keep a file bit-perfect for 5 years.

e Dynamic Regeneration Cost: The one-time burst of energy required to run the original code and metadata
on a high-performance computer to recreate that exact output.

e The Pruning Threshold: We define the threshold for strategic deletion as the intersection where a dataset’s
Cumulative Storage Debt—the aggregate carbon and financial cost of maintenance—exceeds its Recomputation
Opportunity Cost. Under this framework, data is flagged for transition or purging when the projected environmental
impact of localized storage over a three-year epoch surpasses the energy expenditure required for algorithmic
regeneration on demand.

e The Goal: To reduce the “carbon debt” of massive raw outputs that are rarely accessed but consume constant
electricity for server cooling and maintenance.

B. Tiered Metadata Standards

This framework categorizes data by its irreplaceability rather than its size.

Tier Classification Example Retention Policy
Tier 1 Eternal A one-time astronomical event (Supernova). Permanent storage.
Tier 2 Intermediate Complex climate models with high CPU costs. | 10-year review cycle.

Immediate deletion post-peer

Tier 3 Transient Temporary test files or draft simulations. g
review.

(2) The Value-to-Carbon (V2C) Ratio
The V2C ratio provides a mathematical justification for data storage. It forces researchers to justify the environmental cost

of their digital footprint.

The formula effectively measures Efficiency:

(Citations + Downloads) X Impact Factor

V2C =

Annual Energy Consumption(kKWh) X CO, intensity
High V2C: Data that is frequently cited or used but has a small storage footprint (High Value).

Low V2C: Massive "dark data" sets that are never accessed but emit significant CO, through server maintenance (High
Carbon).

The methodology argues that true knowledge isn't found in the sheer volume of bits, but in the ability to reproduce results.
By “pruning” the digital library, we ensure that the energy we spend on data storage is directly proportional to the scientific
value that data provides to humanity.

Challenges: The Fear of Losing the "Black Swan"

This section addresses the psychological and scientific hurdles of “Green Deletion”. The “Black Swan” theory represents
the anxiety that by deleting data to save the planet, we might accidentally destroy the next great discovery.

(A) The “Black Swan” refers to a high-impact, unpredictable event. In data science, this is the fear that a “discarded” outlier
in a dataset might actually have been the key to a new physical law or medical cure.

I. Improved Metadata: Precision Tagging
To prevent accidental loss, this suggests that deletion cannot occur without semantic certainty.
The Solution: Moving beyond simple file names to “Context-Rich Metadata”.

The Result: Before a file is purged, the system must confirm that its unique characteristics (e.g., specific anomalies or sensor
conditions) are either documented elsewhere or are reproducible. This ensures we aren't deleting the “needle” while trying
to get rid of the “haystack”.

II. Algorithm Efficiency: Structural Skeletization

Instead of a binary “Keep or Delete” choice, the paper proposes a middle ground: Data Summarization.
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Skeletal Representation: Al algorithms can extract the “features” or “weights” of a massive dataset, creating a compressed
version that retains the statistical significance of the original.

Lossy but Logical: While the raw, byte-for-byte data is purged, the knowledge structure remains. If a “Black Swan” exists
in the patterns of the data, the skeleton should theoretically preserve it, allowing researchers to decide if the energy-intensive
“re-run” of the full dataset is warranted.

(B) The Cultural Shift

Ultimately, this section argues that the risk of losing a “Black Swan” must be weighed against the certainty of environmental
degradation. It shifts the burden of proof: data is no longer “innocent until proven guilty” (kept by default); it must prove its
ongoing value to justify its carbon footprint.

Ethical and Ecological Frameworks
The core ethical challenge is balancing the Right to Know (scientific transparency) with the Right to a Sustainable Future

(ecological preservation). The paper proposes a “Do No Harm” approach via two mechanisms:
I. The International Registry of Deleted Data (IRDD)
e To prevent “scientific amnesia”, the paper suggests that no data should be deleted without leaving a permanent
digital trace.
e The Concept: A global, open-access ledger - similar to a DOI system - that catalogs what was deleted and why.

e The “Shadow” Record: While the raw bits (‘1’s and ‘0’s) are purged, the metadata, provenance, and V2C score
remain.

e Discovery: A future researcher can see that an experiment was conducted, view the summary/skeleton of the results,
and find the “seed” (code/parameters) needed to recreate the data if they have the energy budget to do so.

II. Transparency and Accountability

e The framework establishes that deletion is a citable event.

e Citation of Deletion: If a researcher uses a “skeleton” of a deleted dataset, they cite the original experiment and the
IRDD entry.

e Peer-Reviewed Purging: Tiers 2 and 3 data (Intermediate and Transient) require a “deletion sign-off” from
institutional review boards or peer reviewers, ensuring that the scientific community agrees the data’s storage cost
outweighs its utility.

Comparison: Traditional vs. Green Data Lifecycle

Feature Traditional Lifecycle Green Deletion Lifecycle

Default Action Hoard indefinitely (“Just in case”). Prune based on V2C Ratio.

Traceability Data is often lost in “dark” servers. Permanent entry in the IRDD.

Energy Use Linear increase over time. Stabilized through constant curation.

Ethics Focus on preservation only. Focus on “Preservation vs. Carbon”
Conclusion

The conclusion of this paper serves as a vital manifesto for the future of scientific data management, arguing that
sustainability must be integrated as a core pillar of Open Science. By moving away from the paradigm of “hoarding by
default” and adopting strategic deletion, the physical sciences can demonstrate that intellectual progress does not require
infinite digital growth.

This shift transforms the researcher’s role from a passive collector to a deliberate curator. The digital library of the future is
envisioned not as a sprawling warehouse of “dark data”, but as a lean, intentional, and green ecosystem. In this new model,
the value of a dataset is measured not by its volume, but by its utility and its environmental cost. Ultimately, by pruning the
redundant and the reproducible, we protect the most vital records of human discovery while ensuring that the pursuit of
knowledge does not come at the expense of the planet.
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