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elcome to the IEEE Micro’s Special Issue
on Environmentally Sustainable Comput-
ing. In the past decades, we have wit-

nessed remarkable technological innovations. Orders-
of-magnitude efficiency improvement in computing
has engendered use cases that were not previously
possible, stimulating novel applications domains, such
as artificial intelligence (Al), extended reality, robotics,
just to name a few. The significant investment in tech-
nology development has also enabled growth in other
disciplines at an ever-faster pace. Computing technol-
ogies have accelerated scientific discovery, fueled sig-
nificant economic growth, enabled humanity with a
broader and more diverse spectrum of information
and, at the same time, connect people of differing
needs in the world together. Clearly, digital technolo-
gies have profound influence on the societal well-being
of people, transforming all aspects of our lives.

As computing becomes increasingly pervasive, so
does its impact on the environment. The information and
communication technology industry is projected to
account for 7%-20% of the global energy demand by
2030, resulting in profound carbon footprint implications.’
While operational efficiency improvement continues to
play an important role, the efficiency improvement poten-
tial of conventional approaches, from complementary
metal-oxide-semiconductor (CMOS)-based integrated
circuits and microprocessor architectures to datacenters
at-scale and domain-specific specialization, is diminishing.
Furthermore, advanced semiconductor manufacturing
process is becoming more resource-intensive, demanding
significant energy, water, and other natural resources for
advanced lithography and wafer production. All in combi-
nation have led to the carbon bottle shift from operational
to manufacturing carbon for computing at all scale. A
recent study found that, in 2019, manufacturing carbon
contributed to roughly half of cloud computing’s carbon
footprint, whereas manufacturing carbon accounted for
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over 70% of consumer electronics.? This creates new
research exploration opportunities for sustainability-
inspired systems beyond energy efficiency optimization.

One cannot optimize for the environmental sustain-
ability of computing if it cannot be measured. Unlike per-
formance or power consumption, quantifying carbon
impact of digital technologies is a complex process.
When the call of papers of this special issue was formu-
lated, there existed no standard way to measure com-
puting's carbon footprint, let alone design tools or
carbon-centric metrics.

AS COMPUTING BECOMES
INCREASINGLY PERVASIVE, SO DOES
ITS IMPACT ON THE ENVIRONMENT.

A key step to reduce the environmental footprint of
digital technologies is to enable the community with
tools, metrics, and evaluation methodologies for assess-
ing computing’s environmental impact. Furthermore,
technologies must be offered with environmental sus-
tainability at the forefront—from manufacturing to prod-
uct use to recycling. System design must adopt the
circularity principle, such as e-waste reduction. The rise
of pervasive computing puts particular emphasis on the
importance of environmental design and deployment of
digital technology.

What does an environmentally sustainable com-
puting stack look like when environmental sustainabil-
ity is placed as the first design and optimization
principle? What new device technologies and novel
computer architectures are promising alternatives for
sustainability-optimized systems while considering
performance, power, and cost at the same time? How
can computing technologies assist us in achieving a
more environmentally sustainable future for comput-
ing? What computing technologies can accelerate the
discovery of new energy storage elements, crucial for
the decarbonization of power grids? The IEEE Micro
magazine explores cutting-edge research at the inter-
section of computing and environmental sustainability
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by featuring three articles in this Special Issue on
Environmentally Sustainable Computing.

1) “Kaya for Computer Architects: Toward Sustain-
able Computer Systems” [A1]: This article takes
an important step to understand the environ-
mental impact of computer systems. Future
directions are distilled based on the data-driven
analysis for computer architects, with the key
recommendation to design smaller chips, while
reducing lifetime energy consumption is signifi-
cant but of secondary importance.

2) "Sustainable Al Processing at the Edge” [A2]: This
article explores the sustainability design space
of hardware. The work considers the energy effi-
ciency and sustainability implications from the
use of mobile graphics processing units (GPUs)
and edge-class field-programmable gate arrays
to novel processing-in-memory using dynamic
random-access memory and emerging racetrack
memory. While GPUs offer higher energy effi-
ciency, the embodied energy can make GPUs
less sustainable than emerging memory technol-
ogies for Al processing at the edge.

3) “Data Centers on Wheels: Emissions From Com-
puting Onboard Autonomous Vehicles” [A3]: This
article characterizes greenhouse gas emissions of
autonomous vehicles—an emerging yet less
explored application domain. To curb the rising
environmental impact of carbon emissions from
computing onboard autonomous vehicles, this
work introduces a probabilistic framework for the
scenario-based analysis. Significantly higher hard-
ware efficiency is needed for autonomous vehicles
to keep its carbon impact in check.

THE THREE ARTICLES CAPTURE THE
CROSS-CUTTING NATURE OF
ENVIRONMENTALLY SUSTAINABLE
COMPUTING FOR A DIVERSE
COLLECTION OF APPLICATIONS.

The three articles capture the cross-cutting nature
of environmentally sustainable computing for a diverse
collection of applications. We envision significant cross-
disciplinary efforts to build a circular technology devel-
opment cycle by placing environmental sustainability at
the design forefront. This is a crucial step in order to
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sustain and expand the benefits of a technologically rich
society.

Finally, | would like to thank all the authors for con-
tributing their research results to this special issue. In
addition, | would like to thank all the reviewers for ded-
icating their valuable time to provide expert feedback
to select and improve the quality of the articles in this
special issue. Last but not least, | would like to
acknowledge the dedication of Lizy Kurian John—edi-
tor-in-chief of IEEE Micro, which makes this Special
Issue on Environmentally Sustainable Computing pos-
sible. | hope the research results in the articles inspire
you with new research directions. It will take each of
us to realize environmentally sustainable digital tech-
nologies in the decades to come.
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