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For over 75 years, computing energy efficiency, cost, and power has increased steadily, enabling 
extraordinary applications and the digital transformation of society.  However, due to Jevon’s paradox1 
that characterized the idea of elastic demand, improved efficiency and cost has driven an even more 
rapid increase in computing use.  The net effect is that collective negative environmental impact has 
grown rapidly and in 2021 datacenters will account for 0.33 gigatons of CO2 emissions2, high-speed 
wired and wireless networks 0.5 gigatons of CO2 emissions, and computing devices for >50 million 
metric tons of e-waste each year3.  These totals continue to grow at a rapid pace. 
 
Further, computing’s latest advance, AI/Machine Learning, is accelerating the growth of these negative 
environmental impacts.  ML’s proliferating applications combined with exponential growth in model size 
(and training cost) has reached extraordinary levels, and we are only in the early days of the ML 
revolution4.   We must acknowledge the negative impacts of environmental impacts of computing, and 
strive to eliminate them in order to empower its enormous potential for positive impact. 
 
Challenge #1 and Research Opportunities 
 
The carbon emissions attributable to datacenters, wired and wireless networks, and the expanding 
cybermass of smartphones, wearables, and IoT continue to grow rapidly.  Computing largely views 
power as plentiful, to be consumed or replenished wherever and whenever desired.  This is at odds with 
the growing reality that the carbon-emissions attributable to power depends strongly on when and 
where power is drawn from the grid.  The carbon-emissions content of power grids can vary 8-fold 
within a 24-hour period, and in a micro-grid such as a home with solar panels be zero-carbon all day 
long, even within a power grid that depends heavily on fossil fuels.  To reduce carbon emissions impact, 
we need breakthroughs to create a new generation of software – applications and system software, as 
well as supporting hardware design that enables intelligent management of power draws from the 
power grid.  The challenges to this are far deeper than they might at first appear, requiring a 
reformulation of energy and power as a critical resource and driver – not an afterthought.  Examples of 
challenges include: 
 
Hyperscale Cloud and Datacenters (>6% Virginia Power, projected >5% US Power 2024) 

- Can we reinvent applications, software, and management to create the flexibility to eliminate 
their carbon-emissions impact? (not just maximize hardware utilization) 

 
1 Jevon, W. The Coal Question. Macmillan, 1865. 
2 Estimated based on power consumption multiplied by the average CO2 emissions/kwh in the USA.  Offsetting 
purchases which do little to reduce the CO2 emissions are not considered. 
3 Jones, N. How to stop data centres from gobbling up the world's electricity. Nature (Sept. 12, 2018);  United 
Nations University. The Global E-waste Monitor 2017 (Dec. 2017) 
4 Hao, K. Training a single AI model can emit as much carbon as five cars in their lifetimes: Deep learning has a 
terrible carbon footprint. Technology Review (June 6, 2019); OpenAI Presents GPT-3, a 175 Billion Parameters 
Language Model, www.nvidia.com 
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- Can new resource abstractions for cloud computing depart from quasi-physical models such as 
VMs and containers, to incorporate intermittence, and enable flexible, carbon-aware 
management? 

- What are new application architectures and service models that manage, learn, and tolerate 
large-scale variation in power availability, enabling compliance with the availability of renewable 
generation to reduce carbon emissions? 

- Are there novel approaches to the design of datacenter and computing hardware and including 
energy storage that create “headroom” (dynamic range or capacity flexibility) to enable time- 
and space-shifting to reduce carbon emissions?  Can increased capacity and energy storage 
drive datacenter computing’s scope-1 carbon emissions impact to truly zero? 

 
Laptops, Smartphones, Wearables, and IoT 

- How to reconceptualize power management and charging as a carbon-aware function that 
intelligently chooses the time and place to draw infrastructure power? 

- How can we Intelligently sharing of computation resources and energy across devices to balance 
capability and carbon emissions impact 

- What opportunities are there for deep inference and novel information services to guide this 
complex management against a rapidly varying (hourly, daily) and evolving (year to year) 
carbon-emissions environment.5 

 
Wired and Wireless Networks 

- Similar opportunities, distinct challenges in management for time and location of power use, 
including prediction, scheduling, bandwidth management, routing, etc. 

 
Challenge #2 and Opportunities 
 
The rapid cycling of computing products for new features, designs, and incremental advances creates a 
large and rapidly growing stream of e-waste exceeding 50 million metric tons annually.  This waste not 
only represents a massive toxic environmental hazard, but it also represents a major component of 
computing’s embodied carbon emissions (or scope 3).  Computing consumers have grown accustomed 
to a rapid cycle of upgrade and discard as waste – long before their functioning life is over.  As the 
computing revolution both deepens and spreads, the environmental damage from this pattern 
continues to grow.   To break this pattern, we need to reconcile advance in computing with new 
paradigms for design and ecosystem.  Fundamentally, we must reinvent computing extend the lifetime 
of computing hardware, creating new technologies and pathways for products that enable increasing 
capability and continued functionality throughout their lifetimes6Computing systems have the intrinsic 
capability through programmability to have increasing capability, and need not be obsolesced.   
Examples of challenges include: 
 
Laptops, Smartphones, Wearables, and IoT 

 
5 For example, in 2017, California mandated home charging infrastructure for electric cars in all new apartment 
construction.  Just a few years later, analysts realized that nighttime charging increased fossil-fuel generation, 
eliminating much of the benefit of electric cars.  And, given growing excesses of solar power during daylight, a 
better policy is to encourage charging stations at workplaces, producing daytime charging that used carbon-free 
electricity. 
6 While this may seem difficult, Tesla has transformed the automobile industry with its model of “over-the-air 
upgrades”, a capability adapted from the computing software industry.   
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- How can we double the lifetime of mobile and IoT classes of computing hardware (e.g. 
smartphones from 3 to 6 years or more) by creating new software technologies that enable 
addition and upgrading of applications and system software without slowing performance or 
requiring additional memory? 

- How to create design and technology for hardware interfaces and structures for elements that 
either eliminate wear out or breakage (e.g. batteries), or enable them to be repaired? 

- Can we create validation and privacy technologies that enable devices to be securely transferred 
between multiple owners throughout their lifetime, similar to cars on average last over 12 years 
and can have half a dozen owners? 

 
Hyperscale Cloud and Datacenter (Servers) 

- How can we double the lifetime of servers and accelerators (often a short as 3 years) by creating 
new operational models and deployments that mitigate the primary drivers of obsolescence – 
density and power efficiency (e.g. redeployment into sites that exploit excess, wasted 
renewable-energy7 and remote locations with plentiful space8)? 

- Can we create validation and privacy technologies that enable devices to be securely transferred 
between multiple owners throughout their lifetime? 

- How do we create new pathways for server hardware through remanufacturing (e.g. itRenew) 
and design for adaptation/upgrade that both increase the lifetime of specific hardware? 

- What opportunities are there for new pathways across the globe and exploiting new 
deployment models that increase both lifetime and cost-effectiveness of computing hardware, 
creating access to the benefits of computing to entire new communities and new applications? 

- What foundational new software models – applications, management, devops – can be invented 
that enable flexible exploitation of increasingly diverse, heterogeneous fleets to accommodate 
these longer lifetimes? 

 
In summary, the broad and transformative impact of computing on society is extraordinary.  It has been 
driven by the rapid improvements in cost and efficiency in computing technology, which in turn have led 
to growing negative environmental impacts.  It is critical that we elevate a broader responsibility and 
focus on reduce the growing negative environmental impacts of computing to a first-order concern, 
going beyond efficiency, as we strive to create scientific breakthroughs and technologies to make 
computing more sustainable. 
 
For additional framing and motivation, see: 
 

1. Andrew A. Chien. 2020. What do DDT and computing have in common? Communications of the 
ACM 63, 6 (June 2020), 5–6. DOI:https://doi.org/10.1145/3397339 

2. Andrew A. Chien. 2021. Driving the cloud to true zero carbon. Communications of the ACM 64, 2 
(February 2021), 5. DOI:https://doi.org/10.1145/3445037 

 
7 Curtailment in MISO, ERCOT, and CAISO.  Andrew A. Chien, Fan Yang, and Chaojie Zhang, Characterizing Curtailed 
and Uneconomic Renewable Power in the Mid-continent Independent System Operator, AIMS Energy, 2018, 6(2): 
376-401. doi: 10.3934/energy.2018.2.376; Liuzixuan Lin and Andrew A. Chien, Characterizing Stranded Power in 
the ERCOT in Years 2012-2019: A Preliminary Report, UChicago CS Tech Report, August 4, 2020; and Andrew A. 
Chien, Characterizing Opportunity Power in the California Independent System Operator (CAISO) in Years 2015-
2017. Energy and Earth Science, 3(2), December 2020. 
8 Extending the lifetime of scientific computing equipment; http://bit.ly/3mBGOXG/, and ITRenew: Expect more 
from your IT hardware; https://www.itrenew.com/ 


