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Abstract—The continuous growth of data centers prompts
research into their energy impact. While some cloud providers
give an overall estimate of data centers energy efficiency, there is
a lack of transparency about data for individual components and
functions. We explore metrics to evaluate the energy efficiency
of cloud data storage in particular and represent them as Key
Performance Indicators (KPIs) for organizational monitoring.
To this aim, we perform an exploratory study with Schuberg
Philis (SBP), a leading IT provider in the Netherlands to
explore sustainability monitoring for cloud data storage. We
identify the data provided by a cloud provider and explore the
corresponding metrics in the academic literature. Based on the
SBP’s sustainability roadmap, we propose three KPIs that are
developed using an existing KPI framework. These KPIs are
reviewed by the experts at SBP for their correctness and added
value. The study provides, (i) an overview of the energy efficiency
of cloud data storage, (ii) suggested KPIs to monitor and optimize
the cloud data storage to meet the SBP’s sustainability goals. The
KPIs are energy consumption (kW/h), storage capacity utilization
(%), and capacity per watt (GB/Watt), and (iii) actions per KPI to
reach the sustainability targets. The results of the study provide
insights into monitoring the energy efficiency of data storage for
SBP for potential optimization while building a foundation for
developing similar approaches for other practitioners and for
targeting sustainability concerns.

Index Terms—software, sustainability, key performance indi-
cator, KPI, cloud, data storage, cloud storage, energy efficiency,
power consumption

I. INTRODUCTION

Over the last decade, the exponential growth in global server
instances (647%) and storage capacity (2,500%) has raised
concerns about the environmental impact of data centers [1].
The International Energy Agency reported that data center
electricity consumption accounted for 1-1.3% of the total
global electricity demand in 2022{1-]

Despite this surge, there remains a blind spot in pre-
cisely estimating the energy impact of data centers due to
insufficient information on data center type, location, and
energy efficiency[2]. Although, cloud providers report their
carbon footprint and energy consumption, there is a lack of
transparency in data collection and reporting practices. For
instance, NetApp provides a sustainability score as an indicator
for the environmental sustainability of the storage system
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without further documentation on how this score is calculated 2]
To address this, there is a growing need for unified approaches
and measures to provide reliable data on the energy efficiency
of data centers, focusing on specific functions and components.

It is vital to report data at an atomic level transparently, and
how it is aggregated into high-level sustainability indicators.
An indicator value without baseline measurement information
is not reliable or comparable to measurements from other
sources (cloud providers).

This study concentrates on one aspect of cloud data cen-
ters, i.e., data storage, to explore metrics for quantifying
sustainability indicators. Masanet et al. [2]] highlight storage
as the second-highest energy-consuming element in global
data centers. Despite the development of numerous metrics for
monitoring the energy consumption of data centers, there is a
lack of monitoring addressing energy efficiency while focusing
on specific resources such as data storage [3], [4], [S].

In this study, we explore the data storage infrastructure of
Schuberg Philis (SBP), a leading IT provider specializing in
innovative and sustainable IT solutionsE] Utilizing NetAplﬂ
which is used as one of the data storage provider for SBP’s
cloud applications, we model Key Performance Indicators
(KPIs) based on SBP’s future roadmap, offering a continuous
monitoring mechanism. We use the KPI Framework by Fatima
et al. [6] that provides a systematic approach to developing
sound KPIs for the performance of organizations for software-
related goals. The resulting KPIs are designed to be reusable
and can serve as a valuable resource for other organizations
aiming to monitor and improve their data storage energy
efficiency. These indicators offer flexibility, allowing organi-
zations to tailor targets and actions based on their specific
sustainability goals. Through this approach, our study provides
an example use case that can be adapted for monitoring energy
efficiency across diverse organizational contexts.

II. BACKGROUND

Global data centers provide the main infrastructures and
facilities for data storage. In the context of our study, it is
crucial to understand the importance of energy efficiency of

Zhttps://docs.netapp.com/us-en/active-iq/BlueXP_sustainability_
dashboard_overview.html,

Jhttps://schubergphilis.com/en

4https://www.netapp.com/
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cloud data centers while investigating the energy impact of
data storage. Pérez-Lombard et al. [[7]] define energy consump-
tion as the product of service demand and energy intensity,
representing the absolute energy used. Energy saving entails a
reduction in energy use. In contrast, energy efficiency refers to
technological improvements aiming to decrease energy usage,
calculated as the ratio of service output to energy input.
Essentially, it is about getting more done with less energy.

Getting accurate data on the current and future energy
impact of global data centers is challenging. Corbett ef al.
[8] reports an estimation of 46.33 kWh per TB of data
in 2018 on a global scale based on a report by Lawrence
Berkeley National Laboratory [9] done for US data centers.
The study also considers the ongoing trends in using renewable
energy sources. Andrae [10] estimates that by 2030, electricity
usage by data centers could range from 446 TWh in the
best-case scenario—reflecting an estimation of 20% annual
improvement in energy efficiency trends—to 974 TWh in the
expected case, which considers continuation of current trends
in energy efficiency technologies and practices. This represents
a significant increase from 299 TWh in 2020.

Looking ahead, by 2030 servers are expected to use 74% of
the electricity in data centers, with infrastructure using 17%,
and network and storage using 9%. Corbett’s review [8] of
the estimates from 2007 to 2021 showed that data storage
infrastructures have a significant energy footprint, making it
crucial to monitor their energy use.

One major issue contributing to energy inefficiency is dark
data. Corbett et al. [8] introduce dark data as the information
stored but not used. This unnecessary data puts an extra strain
on storage infrastructures. To address this issue, the study
suggests adopting tools such as value stream mapping and
governance standards is crucial for enhancing sustainable data
management practices. Recognizing these factors is vital for
devising strategies to boost energy efficiency in data centers.

III. RELATED WORK

This section focuses on studies in the literature that provide
metrics on the environmental sustainability of data centers.
Redy et al. [3]] present sustainability metrics like energy effi-
ciency, greenhouse emissions, performance and productivity,
thermal, humidity, and air management, storage performance,
security performance, and financial metrics. Wang et al. [11]
present energy efficiency metrics in terms of performance,
space, and power consumption (SWaP). Shao et al. [12]
categorize energy efficiency metrics into energy conservation,
eco-design, and data center security.

For energy conservation, Power Usage Effectiveness
(PUE) [4] is widely used. It shows the relation between
the energy used by IT equipment and energy used by other
data center facilities. Data Center Energy Productivity (DCeP)
[S] characterizes the data center’s useful work compared to
the energy consumption. Data Center Infrastructure Efficiency
(DCiE) [13] provides the ratio of IT equipment power com-
pared to the total facility power.

IT Equipment Energy Efficiency (ITEE) metric [14], covers
energy use across all IT components, such as compute, storage,
and network equipment. This metric is the ratio of IT equip-
ment’s total capacity and total rated power. Schulz et al. [15]]
introduce a capacity metric that is used to measure the amount
of data moved per second per energy used. Bjorn et al. [16]]
present a framework for energy efficiency metrics across
various levels of the data center infrastructure, with a specific
focus on storage, network, and server resources. Brocklehurst
[17] presents KPIs for monitoring the energy efficiency of
data storage. The study presents existing sustainability metrics
interchangeably as KPIs. Direct mapping of KPIs to metrics
is not always feasible as the context of goals is important to
measure only necessary data.

The existing metrics for storage focus on capacity or energy
consumption separately. This highlights the need to integrate
both concepts to make meaningful analyses for energy ef-
ficiency. The variation in data storage facilities (e.g., data
storage location, energy sources, etc) necessitates structured
approaches for definition and continuous monitoring of energy
efficiency. Our study aims to fill this gap by introducing KPIs,
within the context of an industrial case aimed at monitoring
and potentially enhancing energy efficiency of data storage.

IV. StupY DESIGN AND EXECUTION
A. Goal

The goal of our study is defined based on Wohlin et al. [18]
and is depicted in Table [I}

TABLE I
GOAL OF THE STUDY

Analyze

For the purpose of

With Respect to

From the point of view of
In the context of

Data Storage Metrics and KPIs
Monitoring

Energy Efficiency

Data Storage Cloud Customer
Cloud Data Storage

B. Research Questions

We delve into solving the problem of monitoring the energy
efficiency of cloud data storage for potential optimization. We
aim to address this problem via two research questions.

RQ1: What metrics are used to monitor the energy
efficiency of cloud data storage?

RQ 2: What sound KPIs can be developed to monitor the
energy efficiency of cloud data storage?

C. Overview of the Study Design

Figure [I] presents different phases of the study design.

Phase 0 is a preliminary phase that focuses on understand-
ing the background and importance of the problem as well
as extracting relevant metrics currently adopted for addressing
sustainability concerns of data centers in literature. This phase
is conducted by reviewing peer-reviewed papers as well as
grey, and white literature.

Phase 1 focuses on answering RQ1 by collecting capacity
utilization and power consumption datasets from NetApp.
These datasets can offer insights into organization’s data



storage energy efficiency. From these datasets, we identify data
points relevant to power consumption or the useful output of
the data storage environment and practices for further analysis.
The collection and analysis of data from NetApp is facilitated
by the storage expert at the organization. The energy efficiency
trends in data are visualized as graphs generated via Python.
The data and scripts are provided in the replication packageE]

Based on data analysis, we identify points in the data storage
practices and environment where monitoring and improvement
of data storage is needed for energy efficiency. These im-
provement points are discussed with the storage expert at the
organization for possible actions. Additionally, using relevant
metrics collected from the preliminary phase together with the
result of data analysis, new metrics are defined. These metrics
are used as input for the KPI framework [6] for Phase 2.

Phase 0 - Preliminary Phase Phase 1-RQ1 Phase 2 - RQ2 Legend

White  Grey  Peer Reviewed Data Collection  Expert Analysed  Expert
Papers Literature Literature from NetApp ~ Knowledge Data  Knowledge Research
T = 4 GCiag | =
L |y 26 48 |5| uu €8 | |
: : : ) ! : H  Data Flow
v 2 v v v v 7

[ KPI Development }

Literature Study [ % Output
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Metrics from Data
Literature Interpretation

Energy Efficiency Action-driven
Metrics KPIs

Fig. 1. Schematic overview of the study design

Phase 2 aims at answering RQ2. In this phase, we define
KPIs by leveraging the metrics identified in Phase 1. Using
the KPI Framework [6l], we work with the organization’s
sustainability expert to set targets and actions for each KPI,
facilitating the achievement of sustainability goals.

D. Study Execution

In this section, we describe the execution of our study.

Phase 0 - Preliminary Phase. During this phase, we con-
sulted peer-reviewed papers, white papers, and grey literature.
Initially, we established the context and significance of our
study by exploring the literature on the energy impact of
data centers. We also examined existing literature on metrics,
measures, and Key Performance Indicators (KPIs) for data
center energy efficiency. We observed a lack of KPIs for
monitoring the energy efficiency of cloud data storage. Further,
we identified a lack of a systematic approach to data aggrega-
tion for KPI development. We discovered many sustainability
metrics (see Sec. for data centers and we made use of one
metric (Capacity metric [[15] ) later on in Phase 1 of the study.

Phase 1 - Data Collection and Analysis for RQ1. In
this phase, we identified the cloud data storage resources
being currently used at the organization. We identified that the
organization has 23 clusters each containing one or two nodes
E]managed via NetApp. The nodes are of four models (AFF-
A200, AFF-A300, AFF-A700s, AFF-A800). NetApp provides

Shttps://github.com/S2- group/ GREENS-2024- KPIs- EnergyEfficiency-rep- pkg

Ohttps://library.netapp.com/ecmdocs/ECMP1552961/html/
GUID-FDO18D8A-B07A-464E-9296-9B460F9BD332.html

projections of power consumption, direct carbon usage, and
heat emission (see [2). We focused on power consumption
as it can be used to monitor the energy efficiency of data
storage. NetApp provides power consumption (kW) data as, (i)
typical power consumption per cluster or, (ii) real-time power
consumption per cluster.

NetApp requires an additional data collector for collect-
ing real-time power consumption data. Following discussions
with the organization’s data storage expert, we determined
that, due to current infrastructure conditions and project time
constraints, real-time data usage was impractical and could
be explored in future research. Therefore, we focused on the
typical power consumption (kW) data. NetApp lacks detailed
documentation on calculating typical power consumption,
mentioning reliance on device specifications. To verify, we
analyzed three reports at various times noting close but not
identical values across all clusters.

We obtained two datasets for storage capacity from NetApp
environment. One in real-time for October 2023 and another
spanning monthly data from 2022-2023, including forecasts
for 2024. In the former dataset, we had data points for Total
Usable Capacity (Tebibyte (TiB)), Used Capacity (TiB), Used
Capacity (%) as well as data on the impact of space-saving
techniques including Space Saved by Snapshots (TiB), Space
Saved by Clones (TiB), Space Saved by Volume Deduplication
(TiB), Space Saved by Volume Compression (TiB), Space
Saved by Compaction, Aggregate Deduplication and Compres-
sion (TiB) per node. The latter dataset only consisted of the
Total Usable Capacity (TiB), Used Capacity (TiB), and Used
Capacity Percentage per node. We conducted an exploratory
data analysis to identify patterns (e.g., power consumption)
and elements (e.g., nodes and clusters).

Based on the results of our data analysis, and analyzing the
existing metrics in the literature regarding the energy efficiency
of data storage, we identified the relevant metrics that could
be used by the organization.

Phase 2 - KPI Development for RQ2. In this phase, we de-
veloped KPIs, targets, and actions using the KPI framework [6]]
and Phase 1 metrics. We defined goals and critical success
factors by discussions with the sustainability expert based on
organization’s sustainability roadmap. We defined KPIs by
incorporating metrics from our data analysis and one from
the literature, ensuring a comprehensive approach addressing
energy efficiency. The 3 KPIs cover energy consumption,
capacity utilization, and capacity per watt ratio for storage
infrastructure and practices. With the help of the organization’s
storage expert, we established targets and actions, initially
based on the tactics provided by Vos et al. [19].

Following the discussions with the sustainability expert, we
confirmed, refined, and introduced new actions. As a result
of Phase 2, we present sound KPIs for the organization to
monitor energy efficiency. The KPIs undergo validation using
the checklist from the KPI Framework [6], revealing minor
non-conformities to the checklist in the organization’s current
practices, described in Section M}
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V. REsuLTS

In this section, we explain the results of the conducted
exploratory data analysis as well as the results of applying
the KPI Framework to develop and define its building blocks.
Combining the two, we answer our research questions.

A. RQI - Data Collection and Analysis

To answer RQ1, we present the results from Phase 1.

Power Consumption per Total Usable TB of Data For
initial data analysis, we computed power consumption for
nodes across various clusters, aiming for a detailed insight.
Different models exhibited distinct power consumption pat-
terns. Recognizing varying usable capacity among models, we
opted to calculate power consumption (kW) per usable TB
for each node, considering total usable capacity (TB). Nodes
with model AFF-A220 displayed lower efficiency concerning
power consumption relative to total capacity. As anticipated,
consistent patterns emerged within similar models offering
comparable TB of usable capacity. Figure [2] illustrates the
results categorized by node models.

Fig. 2. Power Consumption (kW) Per TB of Usable Capacity per Node
High-resolution figures can be found in Additional Materia

Storage Capacity Utilisation

We examined NetApp’s storage space and capacity utiliza-
tion data. Two datasets were analyzed, (i) real-time data from
October 2023, and (ii) monthly trends for 2022-2023 and
predictions for 2024. To ensure reliability, we calculated the
mean or the median of the capacity utilisation per node for
the period of 2022 and 2023. In order to choose between
mean or median, we conducted the Shapiro-Wilcoxon test to
check for normality as different nodes seemed to have different
distributions of capacity utilisation over the mentioned time.
Following that, we calculated a representative value for each
node (mean in case of a normal distribution and median
in case of non-normal distribution). The distribution of the
representative values, presented in Fig [3] revealed model-
specific trends. Notably, the AFF-A220 storage nodes exhibited
inefficient capacity utilization compared to other models.

We further analyzed the data by creating bar plots for
clusters to identify the inefficient clusters in terms of capacity
utilisation during this period. We focused on the nodes of
model AFF-A700s and AFF-A220 as these nodes covered the
majority of our clusters. We made two observations regarding
these clusters. Firstly, the majority of the clusters using AFF-
A220 devices were inefficient showing very low values of

acity Utilisation (%)

sentative Value of Cap:

Repre:

AFF-A220 AFF-A300 AFF-A700s

Node Model

AFF-AB00

Fig. 3. Representative Used Capacity Percentage by Node Model (2022-2023)

capacity utilization. Secondly, for clusters with model AFF-
A700s, at least three out of seven showed a notable disparity
in capacity utilization between nodes in the same cluster. These
observations were later on discussed with the storage expert
in the organization and are further explained in Section [V1}

Space Saving Techniques

As mentioned in [19], applying space-saving techniques on
less frequently accessed data can lead to energy consumption
savings. Therefore, we conducted a set of analyses on the data
we obtained on the impact of space saving using different
techniques. This data was collected for October 2023. After
discussing with the storage expert, we realized that these
techniques are mostly applied by NetApp and are rarely
changed or managed by the organization and as a result can
be relatively representative. Figure [4] shows the share of each
space-saving technique provided by NetApp in space-saving
across all nodes. We observed that snapshotsﬂ had a larger
share in space saving compared to the other techniques and
cloneﬁ were never used. NetApp considers snapshots as a
space-saving technique. A Snapshot is described by NetApp as
a copy read-only, point-in-time image of a volume that points
to the same disk blocks as the active file system after creation;
therefore, it does not use extra disk space. It is also mentioned
that over time, the image consumes minimal storage space as
it records only the changes created after every copy was made.
Clones are also included in NetApp’s space-saving techniques
as they are created from a copy of the data referenced by
snapshots.

We examined different techniques used across all the clus-
ters depicted in Figure 5] While a few clusters leverage
techniques such as compression or de-duplication for space-
saving, the majority of the clusters only use snapshots for
space-saving. This comparison was conducted by normalizing
the amount of space saved by different techniques between 0
and 1 since they were not initially in the same range.

Capacity per Watt Ratio

Finally, we calculated the Capacity per Watt Ratio for all the
nodes. This metric looks at the power consumption needed for

7https://docs.netapp.com/us-en/ontap/concepts/snapshot-copies-concept.
html

Shttps://library.netapp.com/ecmdocs/ECMLP2854716/html/
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storing a certain GB of data per second [15]]. Therefore, maxi-
mizing this metric leads to more efficient power consumption.
Additionally, very low values of this metric during a period
can show inefficiency in terms of energy consumption as well.
Figure [6] shows the calculated capacity per watt ratio for all
the nodes from October 2023. The Figure shows a general
inefficiency in clusters of AFF-A220 and one inefficient cluster
of AFF-A800. This metric, if monitored continuously, can
be very valuable for identifying the need for improvement in
certain clusters in terms of energy efficiency. It can be seen
that certain nodes have a value close to zero which shows
inefficiency in terms of under-utilization of capacity.
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Fig. 6. Capacity per Watt Ratio per Node (GB/Watt)

B. RQ2 - Creating KPIs

After conducting the data analysis, we applied the KPI
Framework with a top-down approach. We defined the goal and
critical success factor (CSF) in consultation with the sustain-
ability expert from the organization. Sustainability is integrated
into the organization’s strategy with a clear roadmap. Further
using a bottom-up approach, we identified three metrics and
their corresponding measures to address energy efficiency.

The first defined KPI is energy consumption (kW/h) (see
Table [M). This KPI addresses energy consumption as a critical
factor in energy efficiency. Energy consumption can be mea-
sured on different levels (in this case, per node, per cluster,
or for all the clusters in use). It can also be measured per
usable or used TB of data for the IT equipment in question.
Since energy consumption is calculated by measuring power
consumption (kW) per unit of time, the corresponding defined
measures for this metric are power consumption (kW) and unit
of time (hour). Although we used typical power consumption
values for our analysis, this metric can be calculated in real-
time and then directly translated to energy consumption for
continuous measurement.

It is important to note that, energy efficiency is not just
about energy consumption as it involves a relation to the
useful service output as well. This means that energy efficiency
can increase by increasing the service output using the same
amount of energy. In computer science, the service output is
often expressed in terms of resource usage.

Therefore, the second KPI is defined as storage capacity
utilization (%) (see Table @I) This KPI addresses the storage
system’s useful output as another critical aspect of energy
efficiency. This allows us to monitor and evaluate the efficiency
of the storage components in terms of efficiency of their
service output. This can also be measured on the level of
storage nodes, clusters, or all clusters in this case. Additionally,
the metrics must be continuously and frequently measured to
identify inefficiencies and make improvements if necessary.
We define this metric by calculating the percentage of the ratio
of the following measures: used storage capacity (GB) and
total usable storage capacity (GB). After examining service
output and energy consumption independently, it’s crucial to
evaluate their combined effect on energy efficiency. Energy
efficiency can be defined as: “the ratio between service output

or results and the energy input required to provide it” [7].
Service Output

Energy Ef ficiency = -
Energy Consumption
We define the final KPI as capacity per watt by translating

service output to the used capacity of the storage component
(see Table[[V). This metric also addresses energy efficiency as
it considers the useful output of a storage component in ratio
to the power consumed for achieving the output and can be

defined as follows:
Used Capacity (GB)

Energy Consumed (W att)

We also provide a set of actions for each KPI based on the
results of data analysis and suggestions from the storage and
sustainability experts (see Table [[I] [T, and [[V]).

Capacity per Watt =



TABLE II
EnerGY ConsumpTioN KPI

Energy Consumption KPI
Goal CSF KPI Metric Measure
Monitoring SBP’s By the end of (2024) monitor | Energy Consumption (kW/h) Energy Consumption Power
environmental sustainability the energy efficiency of the Target Action (kWh) = Power Consumption
of data storage to achieve data storage used by To be mini- Replace hardware for minimizing Consumption (kW) * (kW), Time
carbon neutrality by 2030 organization for reporting mized power consumption per GB of usable Time (hour) (hour)

and potential optimization data

TABLE III
StorAGE CapaciTY UTILISATION KPI

Storage Capacity Utilisation KPI
Goal CSF KPI Metric Measure
Monitoring SBP’s By the end of (2024) monitor Storage Capacity Utilisation (%) Storage capacity Used Capacity
environmental sustainability the energy efficiency of the Target Action utilization = ( Used (GB), Total
of data storage to achieve data storage used by the To be Deallocate unused resources Capacity (GB) / Total Usable Capacity
carbon neutrality by 2030 organization for reporting optimized Architecture redesign Usable Capacity (GB)) (GB)

and potential optimization Optimize data management practices * 100

TABLE IV
Capacity PER WaTT KPI

Capacity per Watt KPI
Goal CSF KPI Metric Measure
Monitoring SBP’s By the end of (2024) monitor | Capacity per Watt (GB/Watt) Capacity = Used Power
environmental sustainability the energy efficiency of the Target Action Capacity (GB) / Power Consumption
of data storage to achieve data storage used by the To be maxi- Compress infrequently accessed data Consumed (Watt)) (Watt), Used
carbon neutrality by 2030 organization for reporting mized and combine inefficient nodes while Capacity (GB)

and potential optimization considering the energy trade-off

TABLE V
SELF-ASSESSMENT CHECKLIST

Checklist Item Goal

Critical Success Factor

Key Performance Indicator (KPI) | Metric Measure

De-linked from HR-based financial incentives | Yes Yes

Target Driven

Partially*

Action Driven

Yes

Quantifiable

Yes Yes

Frequently measured

Proposed**

Continuously measured

Proposed™*

(*) Single-value targets are not defined yet, (**) Data was exported upon request for this study and is not being frequently and continuously monitored in SBP

Additionally, used self-assessment checklist provided by the
KPI framework [6] to evaluate our KPIs. Table [V] depicts the
checklist for all the KPIs. As the KPIs do not have a single
value target yet, hence this requirement is partially fulfilled.
For this study, the metrics were calculated on request and
currently are not monitored continuously, which is presented
as a suggestion to the organization.

VI. DiscussioN

In this section, we delve into the interpretation of our
observations and the expert opinions.

Energy-inefficient old hardware must be replaced. We
discussed our observations about prominent patterns with the
organization’s storage expert. We observed very low capacity
utilisation and capacity per watt ratio in most of the nodes
of model AFF-A220 as well as a higher power consumption
per TB of usable data in comparison to other models. We
concluded that these nodes are relatively less energy efficient.
Hence, we recommended the replacement of these nodes with
newer and more efficient models such as the AFF-A700s
which already exist in the environment. Discussion with the
storage expert revealed that this inefficiency is caused by older

hardware. Currently, older models are used for the organiza-
tion’s internal management purposes and not for the customer
application environments. The storage expert mentioned that
organization has a plan to discard old hardware and move
the data to newer hardware for optimization and usage of
fewer resources. This existing optimization plan made our
recommendation relevant. However, it is important that the
old hardware is removed in a sustainable manner.

Re-architecting based on application usage can improve
capacity utilization. Among the clusters using the newer
models (AFF-A700s and AFF-A800) we witnessed inefficient
clusters with capacity utilization values close to zero. The
expert explained that the architecture for these nodes is de-
signed so that storage and compute nodes for one client are
in the same rack. Some clusters have small data volumes as
the application is focused on computational tasks. The storage
expert mentioned that they are aware of this inefficiency issue.
Most of the nodes have a capacity utilization between 30%
to 40%, which was also depicted in our analysis. The expert
further explained their plan to redesign the architecture. They
aim to place all storage nodes in a single rack to increase
overall capacity utilization. This will reduce resource usage



and improve energy consumption. However, with continuous
monitoring approaches, actions (such as, re-architecting) can
be triggered and relevant processes accelerated.

Data management techniques must consider the sus-
tainability impact during the decision-making process. We
observed that in a noticeable number of clusters with AFF-
A700s nodes, one node seemed to have a relatively higher
capacity utilization compared to the other node in the same
cluster. These nodes have active and passive roles. Data is
only transferred to the passive node in the condition of failure.
However, this is not the case for all the clusters. In this case,
the expert mentioned that they need a more efficient way of
data management where they have control over all the data
and the nodes storing them.

The choice of space-saving techniques must consider
the sustainability impact of chosen techniques and be
prioritized appropriately. We observed that while snapshots
had a significant role in space-saving, other techniques were
never or rarely (cloning) used. In the discussion, it was
explained that snapshots are used to avoid data loss in cases
of failures. With regards to leveraging the other techniques,
the expert mentioned that optimizing their data management
approaches, as mentioned before, would help them benefit
from other techniques more. He further explained that better
control of the data management practices and a more precise
overview of the location of the stored data would enable them
to apply techniques such as de-duplication more efficiently
across all their clusters. The sustainability impact of these
space-saving techniques needs further analysis for its technical
and economic impacts as well.

Optimization-based targets can be used till standards
and regulations are mature enough to provide single value
targets. After an informal discussion with the expert from
the organization, we defined actions and partial targets for
each KPI based on the discussion and the tactics from Vos
et al. [19]. Setting concrete values of targets was challenging
as the organization did not have data for setting targets on
KPIs that involved power consumption. This is due to lack
of available standards. Regarding capacity utilization KPI, the
storage expert mentioned that best practices are applied in case
of over-utilization (at around 80%). However, no value is set
for under-utilization. Therefore, we defined partial targets to
guide the organization towards taking necessary actions.

Action Plan. For the first KPI, energy consumption (kW/h)
of different storage components must be continuously mea-
sured with the target of minimization. We identified that for
power consumption (kW), AFF-A220 nodes are less efficient in
comparison to other models and suggested their replacement.
As a result, the action recommended for this KPI is to identify
and replace or remove inefficient hardware devices in terms of
energy consumption per usable GB of data. This action has
already been planned for the nodes with the AFF-A220 model.

For the second KPI, the storage capacity utilization (%) of
different components must be frequently measured to identify
inefficient components or practices. The target should be opti-
mizing this KPI as both over-utilization and under-utilization

can lead to inefficiency of the data storage environment in
terms of performance and energy consumption, respectively.
Monitoring this KPI, we identified storage nodes with very low
or 0% of storage capacity utilization. We suggested the action
of resource de-allocation [19]]. We also observed clusters
with energy-efficient nodes (in terms of power consumption,
e.g., AFF-A700s nodes) being under-utilized. Later on, we
discovered this was happening due to the architecture design
used in the organization putting storage nodes and compute
nodes together in similar racks. Therefore, the action suggested
was a re-evaluation and re-design of storage infrastructure
architecture for accomplishing higher levels of capacity uti-
lization of energy-efficient nodes. This action has also been
added to the plans of the data storage team in the organization.
We observed that most of these inefficiencies were a result
of data management practices that need improvement. The
action suggested in this case was to optimize data management
practices to achieve more efficient capacity utilization across
all the nodes and clusters.

For our final KPI, the capacity per watt ratio should be
frequently measured for different storage components. The
target is to maximize the KPI value. It would lead to more
units of data saved per unit of energy consumed. Monitoring
this KPI, we witnessed very low values for the AF-A220 nodes.
It was explained that this inefficiency was due to the nature of
the application of these nodes and their old hardware. These
nodes were only used for management tasks and the data
stored on them was rarely used. The action recommended with
regards to this KPI and from Vos et al. [19] was to compress
infrequently accessed data (i.e. the data stored on clusters with
AFF-A200 nodes). For maximizing the capacity per watt KPI,
it is important to consider the trade-off of the required energy
for compression. Applying this technique can eventually lead
to increased energy efficiency in the storage environment.

VII. CHALLENGES AND REFLECTION

This section discusses the study’s challenges and reflections.

Lack of unified guidelines or standards. Defining target
values for KPIs was a challenging task due to the lack of
clear standards in terms of power consumption. For metrics
such as storage capacity utilization, the industry only provides
best practices and no concrete values regarding under or over-
utilization. This highlights the need for unified guidelines
for consistency and transparency e.g., through sustainability
regulations.

Lack of transparency and unavailability of clear doc-
umentation is hindering research. We observed a lack of
transparency about sustainability data and unclear documen-
tation on the sustainability data from the cloud provider. This
emphasizes the need for regulations on transparency as well
as guidelines for providing reliable sustainability data by IT
service providers. Collecting real-time power consumption
data from NetApp proved challenging as the required data
collectors were not suitable for all environments.

Hybrid-technique of developing KPIs can aid in bal-
anced decision-making. Applying the KPI framework [6]]



with a hybrid top-down and bottom-up approach in this case
study proved beneficial. Combining strategic planning with
operational insights provides decision-makers with a balanced
and informative perspective. Taking the available data from
the organization into consideration is especially important in
this case due to the challenges of gathering sustainability data
in most organizations.

A cost-benefit analysis for KPI actions will add business
value to the framework. While applying the KPI Frame-
work was feasible and valuable, we observed the potential
for improvement. Feedback from the organization indicated a
practical interest in conducting a business-oriented cost-benefit
assessment. Developing a detailed business case separately
from defining the KPIs, focusing on proposed actions, can
encourage industrial investment in sustainability initiatives.

VIII. THREATS TO VALIDITY

In this section, we discuss the main threats to validity of
the study and the steps taken to mitigate them.

Internal Validity. One internal validity concern in our
study arises from the absence of real-time power consumption
data, which may affect the precision of our findings regarding
fluctuations over time. To mitigate this, we collected data at
three different time points, finding consistent values, indicating
the data represents typical power consumption. Additionally,
we focused on power consumption per unit of storage (TB) to
maintain independence from cloud storage usage and workload
variations. We recognize the possibility of single researcher
bias and mitigated it by conducting informal discussions with
storage and sustainability experts within the organization,
ensuring a diverse perspective. The data and analysis was
reviewed by the second author. We also provide a replication
package with data and code for transparency.

External Validity. We conduct this study in the context
of one organization and data from NetApp. However, the
metrics identified are independent from contextual information
and serve the purpose of monitoring for energy efficiency.
The KPIs are created based on the sustainability goal of the
organization. However, they can be used by other organizations
for their own sustainability goals by reusing the metrics.
Organizations can tune the targets and actions based on their
own goals and organizational strategy.

IX. ConcrLusioN AND FUTURE WORK

We conducted an exploratory study using data from the
cloud data storage of SBP managed via NetApp. The study
presents patterns in power consumption of different models
of storage devices, insights into storage capacity utilization
trends, and suggestions regarding space-saving techniques.
Finally, the study defines three relevant KPIs, namely energy
consumption (kW/h), storage capacity utilization (%), and
capacity per watt (GB/Watt). The KPIs are introduced along
with relevant actions, and targets based on the SBP’s goals.
These KPIs serve as a foundation for developing standard
monitoring approaches for cloud data storage environments.
The recommended actions that can provide insights for other

industrial practitioners include hardware replacement, architec-
tural redesign, and optimization of data management practices
for enhancing overall energy efficiency.

Looking ahead, continuous monitoring trends over time
could offer a more nuanced perspective on energy efficiency.
This monitoring can aid organizations in making actionable
decisions for sustainability. Additionally, expanding our scope
to include other metrics, such as CO2 emissions or heat
production, would provide a more comprehensive view of the
environmental impact. The same methodology can be applied
to develop KPIs for a cloud solution while including data stor-
age along with other operational components. As a potential
step for future work, a comparative analysis across multiple
providers could reveal industry-wide patterns, showcase best
practices, and contribute to the ongoing conversation about
sustainable data storage.
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