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What is the cost of a gigabyte? - Researchers working on the environmental impacts of information technologies (IT)
often had to answer this question at least once. The first step in answering this question is generally to ask: what
type of gigabyte (GB) are we talking about? Is it the cost of computing, transferring through networks or storing one
gigabyte? This ambiguity, although seemingly trivial, nevertheless leads several scientific publications, even those
from reputable academic journals, to produce misguided works [1]. In this paper, we will focus solely on the footprint
associated with storing one gigabyte of data. We will explain why this issue is relevant in the current state of research
on the environmental footprint of IT and why this simple question calls for complex answers. Finally, we will present
our current research position on the footprint of storage as a service and its challenges.

1 Motivation

It seems, the amount of data generated and stored is growing rapidly. It is difficult to find data from verifiable sources,
but estimates seem to agree on the order of magnitude, e.g. for the year 2025 we might globally store 175 ZB [2],
181 ZB [3] or up to 200 ZB [4] of data. One of the admitted starting point for this growth is the process of ”digital
transition” or digitalisation, i.e. the transition of IT from analogue to digital representation in storage; e.g. vinyl record
to CD, which resulted in, more than a transfer, an explosion in data storage [5]. This significant and sustained growth in
the total volume of stored data is accompanied by an increase of data processing (compute) and transfer (network) [6].
All of these contribute to the environmental footprint of digital, whether it is contribution to global warming [7] or
other environmental impact like minerals and metals extraction [8]. However, compared to networking and compute,
the storage footprint remains under-studied [9], even though data storage is a key function of any digital services.

This lack of research contributes to uncertainty and confusion about how to reduce the environmental impact of data
storage. For example, to reduce the footprint of data storage, some publications will prefer HDD storage technology
over SSD [9, 10], while others will prefer the opposite [11, 12]. This confusion extends also to information about the
breakdown of the carbon footprint between embodied and operational. Naturally, as highlighted by [13], the opera-
tional footprint of storage depends mainly on the footprint of different used electricity mix, especially if the storage is
distributed between different geographical location. Moreover the research field in Cloud Computing tends to focus
mainly on issue like energy efficiency, therefore the focus is often put on operational impact. This confusion adds to
the more general disorientation surrounding the measurement of the digital footprint [14] and can lead to potentially
counterproductive incentives. For example, focusing on short-term reduction in data volume [15] or recommanding
users to ”send less emails” [16] has uncertain benefits in terms of environmental impacts.

2 Observation
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Figure 1: Placing the different technical solutions
for data storage on a spectrum from cold(left) to
hot(right) data

One of the key factors for the uncertainties regarding the foot-
print of data storage can be summarised as follows: Behind
the same generic requirement—storing one GB of data for one
year—there is a wide variety of technical solutions. These
technical solutions deploy sets of equipment with different en-
vironmental footprints, may consume electricity mixes with
different footprints, and may be non-exclusive, i.e. a combi-
nation of technical solutions may be used at the same time for
the same use-case. Traditionally, this heterogeneity of storage
media is based on a logic known as hierarchical storage man-
agement (HSM) [17].
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In this context, each type of data is stored in the most appropriate equipment according to the frequency of access to
those data and its volume. Each piece of data can be placed on a cold-to-hot spectrum, where hot data are generally
small volumes of data accessed frequently, and cold data are large volumes of data accessed infrequently. As described
in Figure 1, different storage technologies are preferred according to data status on this spectrum, from magnetic
tape storage [18] to NAND flash memory [11]. The characteristics of these technologies can be analysed in terms
of efficiency per stored volume for cold data or efficiency per I/O operation for hot data. This is also reflected in
their footprint, with greater energy efficiency for solutions at the hot end of the spectrum but a larger manufacturing
footprint. The concept also extends beyond type of devices to choice of interface, e.g. SATA or NVMe [19], and
protocol, e.g. RAID 1 or RAID 5 [20].

Embodied footprint
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Figure 2: Summarizing the different embodied and operational costs linked to storing a de-
fined volume of data, perimeter only includes the storage equipment in cloud storage context

In addition to the
diversity of technical
solutions, sometimes
applied in combina-
tion, assessing the
footprint of storage
presents difficulties
that are not yet fully
addressed by existing
methodological standards [21]. Whether we use methods such as carbon footprinting or life cycle assessment (LCA),
attributing the embedded footprint as operational remains complex. As described in Figure 2, in order to estimate
the footprint associated with storing a volume of data, e.g., one GB for one year, you will need to allocate several
costs according to different allocation rules. The footprint of the storage servers must be allocated and taking into
account replicas. But should this footprint be allocated proportionally to the volume of data stored or to dedicated I/O
operations (in each case in relation to the total data stored on the server or I/O operations performed)? This choice
among alternative allocation keys is critical because, as shown in Figure 1, the equipment involved is optimised for
one of these two metrics. In addition, estimating the operational footprint also poses challenges with the inclusion
of different types of electricity consumption, both non-dynamic, such as idle consumption and data maintenance
operations [22], and dynamic, such as read-write operations. The attribution of the footprint of these non-dynamic
consumption patterns and the fact that they may occur in different locations, i.e. with different electricity mixes, pose
additional challenges to estimating the footprint.

Currently few, if none, end-to-end perspectives on data storage exist. The research field is very fragmented between
energy efficiency in database management systems looking to optimise joules per query [23], Cloud storage man-
agement applying e.g. carbon aware computing to this process [22, 24], computer architecture [25] and information
systems [26, 27]. This specialisation of research undoubtedly contributes to local efficiency gains but limits the
overall understanding of the environmental footprint of storage and can contribute to confusing or counterproductive
decisions, as storage solutions are dynamic and heterogeneous.

3 Position
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Figure 3: Describing storage a sub-digital service used by other standard
digital services

In response to these gaps in the litera-
ture and the challenges of understand-
ing the environmental impact of stor-
age, we want to propose a new ap-
proach to this topic. We want to ap-
ply LCA, with its benefits [28], to stor-
age services. But above all, we want
to treat storage as a digital service in
itself. As illustrated by Figure 3, we want to build on the already existing approach for LCA of digital ser-
vices [29, 30, 31], as storage as a service (StoaS) is an underlying function of a vast number of digital services
provided by specialised infrastructures. StoaS includes examples such as photo backup from smartphones all the way
to storing particle collision data at CERN [32]. This approach will improve the quality of assessments and thus pro-
vide more reliable and accurate recommendations or environmental impact factors. This approach differs from others,
including sectorial top-down models such as the sustainable web development model [33], or modelling an intensity
of storage from too narrow bottom-up information, e.g. single disc energy intensity cloud carbon footprint [34] or
BoaviztAPI [35]. We hope that with new results we will be able to better guide recommendations, build more com-
prehensive digital footprint models, and provide broader perspectives for research on reducing the storage footprint.
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