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Sustainability has become a critical problem
confronting the community. Ecological issues
such as climate change and CO, emissions,
economical frictions such as energy supplies,
and socio-political issues such as wars threaten
growth and equity. How can technology help?

ustainability has always been an important
topic for business and, more broadly, for hu-
manity. With growing global recognition of the
need to curb carbon emissions, it has become a
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strategic priority for many CEOs and
boardrooms. Companies are making
pledges to become carbon neutral by
2050, 2040, and even as early as 2030.
Many corporations and governments
around the world are trying to un-
derstand and quantify their share
of carbon emissions, how to reduce
their share to net-zero, and perhaps
even reverse emissions to achieve
a net positive impact by removing
more carbon than they are emitting.
Information technology (IT) can play
a crucial role in all of these aspects
while also improving its own car-
bon footprint.

In this article, we address both
topics using examples from enter-
prise sustainability management. We
dissect carbon footprint by describ-
ing what is reported and break that
down into contributions from upstream and downstream
operations. We present how systems practice sustainabil-
ity through an example of the application of energy-aware
principles to data centers.

This is the second of the four articles in the “Predic-
tions” column of Computer which is in its second year.
All four articles are dedicated to megatrends. The first
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one was on Metaverse, the third one
will be on digital transformation, and
the fourth one will summarize meg-
atrends. Megatrends have a substan-
tial impact on humanity, they are an
evolution of multiple technological
trends. Megatrends are both the sum
of current trends and a guiding force
of new ones.

This is also the theme of the IEEE
Future Directions Committee (FDC),
where megatrends are connected to
FDC technology initiatives, to road-
maps, and to standards. Megatrends
grew out of technology trends that the
IEEE Computer Society has published
for the last ten years, including in the
four past and forthcoming special is-
sues of Computer.

PRINCIPLES

Sustainability was defined by the UN
Brundtland Commission in 1987 as the
intersection of social equity, economic
growth, environmental problems, and
the wellbeing of current and future
generations.! Simply stated we must
preserve the quality of life for current
and future generations by assuring

appropriate and adequate supply-side
resources to meet the fundamental
demand-side needs. In this context,
we introduce a fundamentals-based
supply-demand framework to define
and practice sustainability. We begin
by representing the supply-side pool of
resources as available energy.
Available energy, also called ex-
ergy, refers to energy that is available
for performing work and is typically
expressed in Joules. While the quan-
tity of energy is conserved (first law of
thermodynamics), the quality of en-
ergy (available energy) is being contin-
ually destroyed as it transitions from
one form to another. Indeed, the de-
struction of the reservoir of available
energyis akin to an hourglass with the
grains of sand flowing from one half
to the other. The one-way movement
of grains cannot be stopped, but we
have the potential—with sustainable
development guided by a holistic ap-
proach—to slow the process by getting
the most that we can out of every sin-
gle grain of sand, or unit of available
energy, in our case. We contend that
all supply-side resources—materials

FIGURE 1. Destruction of available energy.
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to water—can be represented as avail-
able energy. The Joules of available
energy needed to treat and distribute
water, if nature desalinates the water
with regularity, becomes the measure
for representing water.

In applying available energy as a
measure, consider the hydroelectric
power station shown in Figure 1. The
available energy in water—the poten-
tialenergyatagivenheightinadam—
isconverted to mechanical energy and
then to electrical energy. Not all of the
potential energy is converted to elec-
trical energy. Indeed, it is instructive
to examine the variety of turbines
used for conversion.? As electrical
energy is transmitted and distributed
from the source (the power station)
to the point of use, losses along the
way in transmission and distribution
accumulate, leading to significant
destruction of availability prior to
reaching a charging port on an elec-
tric vehicle, or a chip in a laptop. To
minimize the destruction of available
energy in transmission and distribu-
tion, one can consider local sources of
available energy generation at or near
the site of use like solar photovoltaic
cells on the roof of a house. Therefore,
with available energy as the measure,
we introduce the following supply-de-
mand framework.

The principles of supply side are
as follows:

» Cradle-to-cradle analysis and
design in minimizing the avail-
able energy in Joules required to
extract, manufacture, mitigate
waste, transport, operate, and
reclaim components.

» The use oflocal resources—such
aslocal power generation ora
water microgrid—to minimize
the destruction of available
energy as opposed to traditional
systems in which available en-
ergyislostin the transmission
and distribution over long dis-
tances from a centralized plant.

» Seek available energy in waste
streams, e.g., available energy
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in exhaust heat from turbines or
available energy in waste from a
farm or municipality.

The principles of demand side are
as follows:

» Minimize the consumption of
available energy by optimal
provisioning of resources based
on the needs of the user.

» On-demand provisioning using
flexible hardware building
blocks, pervasive sensing, com-
munications, knowledge discov-
ery, and policy-based control.

» Hardware-software codesign
and management.

Intherest of thisarticle, we discuss
how these principles are applied, and
how IT can help in terms of strategy
and operations.

APPLICATIONS

The following examples of products,
datacenters, and 3D printing illus-
trate the application of the supply-
demand framework.

Products: For all products, from
laptops to household goods, the sup-
ply-side principle of cradle-to-cradle
accounts for the available energy re-
quired to extract, manufacture, clean

Grave-to-Cradle

Takeback-

Upcycle of
High Value

Components

Management to

Gate-to-Grave

FIGURE 2. Sustainability lifecycle.
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up waste, transport, use, repurpose,
and upcycle back to cradle. This type
of lifecycle analysis ought to occur
during design tominimize thelifetime
destruction, or cost, of available en-
ergyforaproduct. The cradle-to-cradle
cost of an example laptop is estimated
to be 9 GJ or 200 L of diesel for a three-
year lifetime, and six hours of use per
day, in the essay titled “Joules: The
Currency of Sustainability.” Figure 2
divides cradle-to-cradle into three
segments. Cradle to gate refers to the
customer receiving the product, while
gate to grave is the operational phase,
and grave to cradle the reclamation
phase including upcycling of a compo-
nent or a product to another use. The
figure shows strategies at an overview
level in each phase to minimize the
lifetime energy used by the item.

Data Centers and 3D Digital Manu-
facturing: Other larger industrial-scale
applications of the supply-demand
framework are data centers and digi-
tal manufacturing. Data center design
and operation ought to follow all the
supply-demand side principles.®

On the supply side
» Cradle-to-cradle lifetime anal-
ysis of all the system compo-
nents should be conducted—IT,
power, cooling, building

Irreversibility

complex—to minimize the life-
time available energy.

» Utilize waste streams and local
sources of available energy (e.g.,
amicrogrid with solar power,
and power from waste streams
such as manure from dairy
cows).>

On the demand side

» Provision IT, power, and cooling
resources based on the user’s ser-
vice level agreement (SLA). This
canbeachieved, as described
in,1> by software-driven resource
allocation and usage, and de-
mand shaping to operate under
the power production curve.

For an example of 3D digital man-
ufacturing, consider a 3D digital print
factory with one hundred 3D printers.
Such a factory would need approxi-
mately 1 MW of power to run all the
machines simultaneously. In addition
to the 3D machinery, the factory would
also contain a small data center and
additional processing systems to run
the operations in real time making it
higher than 1 MW. Akin to the data
centers, the equipment in the factory
ought to be designed with an eye on
minimizing the use of cradle-to-cradle
lifetime available energy.
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Next, on the supply-side principle
of local sources and waste streams, the
factory can utilize power availed lo-
cally using energy conversion means
from sun and waste streams such as
municipal and farm waste (biogas). The
diurnal power production from the sun,
supplemented with base load power
from biogas, could comprise the sole
source of power. On the demand side,
anintegrated supply-demand manage-
ment software shapes the demand in the
digital factory given the customer SLAs
to stay within the supply-side power
production for net zero operations.

TECHNOLOGY LIFECYCLE
MODEL

Given the sustainability lifecycle, deter-
mining when to replace aging technol-
ogy becomes a key consideration. With
the increasingly rapid pace of techno-
logical advancement, it's tempting to
want to refresh older technology with
new sooner rather than later, particu-
larly in light of large potential reduc-
tions in operational carbon footprint.
Considering only the carbon emitted
during the operating phase of a sys-
tem (gate-to-cradle in Figure 2) ig-
nores the upstream carbon embedded
in the manufacturing and delivery
process (cradle-to-gate), also known
as embedded carbon. Indeed, knowing
when to replace aging technology, or
return it to use in a different capacity
as part of the sustainability lifecycle,
is often as important as the choice of
the replacement.

The metric net positive impact (NPI)
assists in the technology refresh deci-
sion by comparing the cost, in energy
or carbon, of the continued operation
ofthe older technology with that of the
replacement.3 Because the older tech-
nology has already been deployed, the
upstream costs are considered sunk
costs while the complete lifecycle of
the replacement technology, from the
embedded to the use phase, is consid-
ered. Taking the ratio of costs of con-
tinued operation of the older technol-
ogy with that of the replacement gives
NPI as follows:
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Value delivered in

Net Positive _ available energy saved
Impact (NPI)  Available energy
consumed over lifetime

where the cost is represented by avail-
able energy consumed.

Similarly, the cost parameter can
be replaced by carbon to provide the
Net Positive Carbon Impact (NPIc)
as follows:

TL
(G
Net Positive Carbon M

Impact (N P ) T T
2 : [TCC_ ]
new

where T} indicates the time duration
over which NPI, is evaluated and is
generally equivalent to the expected
lifetime of the replacement system.
The carbon emitted during the use
phase of a system is denoted as C, and
TCC is the total cost of carbon and in-
cludes both use and embedded phases:

Total Cost of Carbon (TCC)
=[x (Cembedded) +3 (Cuse)]lifetime‘

If the rate of carbon emissions from
both systems is constant, we can write:

Net Positive Carbon C 't
— [0)
Impact(NPI ) T
T, Cnew T+ Cembedded

where ¢ isthe carbon emission rate and
tistime.

To evaluate the utility of NPI, con-
siderthereplacementofacarbon-based
power generation system with that of
a cleaner source of energy, like solar
photovoltaic. In this example, consider
a solar photovoltaic installation that
either completely or partially replaces
a carbon-based generation source. In
the complete replacement scenario,
the PV installation is sized to fully
replace the carbon-based source such
that Cnew is zero. In a partial replace-
ment scenario, the PV installation is
undersized such that ongoing carbon

emissions are nonzero, represent-
ing a scenario in which carbon-based
sources are used when photovoltaic
supplies are limited, for example, by
weather or nightfall.

Monocrystalline PV cells with an
embodied carbon of 2,560 kg CO,,/kWp
are used, where Wp is the peak power
output of the cell.® Since actual power
generationis afunction oflocation and
installation a yield of 920 kWh/kWp
per year is used in this example.® As-
suming the PV installation is replac-
ing a power source that emits 0.316 kg
CO,/kWh, NPIC is calculated over the
lifetime of the PV installation as shown
in Figure 3. Figure 3 charts NPIC as a
function of time for several ongoing
carbon emission rates in the new sys-
tem. For each case, embodied carbon of
the PV installation was fixed.

Note that an NPI_ = 1 denotes the
carbon payback period (CPP) where
the corresponding time Tcpp is the
time it takes to achieve carbon pay-
back after a system is replaced. In
this example, Tcpp is achieved more
quickly as ongoing carbon emissions
arereduced, and ranges from 8.8 years
at zero emissions and 14 years at the
maximum emissions rate evaluated.
Absent other factors, systems with low
CPPs might be refreshed more quickly
than those with higher CPPs. In prac-
tice, however, CPP should not be used
in isolation. Rather, it is one of several
deterministic factors that include eco-
nomics and overall environmental
benefit (i.e., net reduction in cost).

ENVIRONMENTAL STRATEGY
The definition of sustainability laid
out by the Brundtland Commission is
broad, but the major concern facing
the globe at the present time is more
narrowly focused on greenhouse gas
(GHG) emissions and the resulting im-
pact on climate change. With rising
emissions, Earth's temperature has
already increased by 1.1 °C since the
late 1800s. In 2015, world leaders at
the UN Climate Change conference in
Paris met to discuss the consequences
of climate change and how to mitigate
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the resulting impacts. The result was
the Paris Agreement that set 1.5 °C in
temperature rise above preindustrial
levels as the limit to prevent the worst
impacts of climate change.8

Shortly thereafter, the Intergov-
ernmental Panel on Climate Change
(IPCC) was formed and charged with
setting the rate of reduction in global
carbon equivalent (CO,eq) emissions
necessary to stay below the 1.5 °C
maximum. In 2018, they set the goal
of reaching net-zero CO,eq emissions
by 2050 and halving them from 2018
levels by 2030.° Industry and gov-
ernments followed suit, and by 2021
net-zero carbon pledges were made
by entities representing two-thirds of
the global economy by gross domestic
product, 61% of CO,eq emissions, and
56% of the global population includ-
ing the United States, European Union,
and China.10

Setting goalsisa good first step, but
concrete action is needed to achieve
results. Because environmental prob-
lems and social equity are inextricably
linked with economic growth, indus-
try must be heavily involved in devel-
oping solutions or they risk declining
profits. Indeed, IDC predicts that 90%
of Forbes Global 2000 companies will
mandate some form of action on cli-
mate change by 2025 as a prerequisite
for doing business.!!

The ability to measure, cut, and re-
port GHG emissions becomes increas-
ingly important as more companies
strive to attain net zero and become
carbon neutral. Planning and imple-
menting successful climate change
and GHG reduction strategies requires
athorough understanding of a compa-
ny's GHG emissions asastarting point.
The GHG Protocol shown in Figure 414
is complimentary to the sustainabil-
ity lifecycle model presented previ-
ously and is the most widely used set
of guidelines for carbon accounting.
It divides GHG emissions into direct
and indirect emissions. Direct GHG
emissions come from sources that are
under the ownership and control of
the entity or company reporting the

emissions. Indirect GHG emissions
are produced by reporting company
but originate from sources that are
owned or under the control of another
entity. These two types of emissions
are further divided into three scopes
as follows.

Scopel: Directemissions originate
from sources that the
reporting company owns
or controls.

The production of pur-
chased power, steam,
heating, and cooling used
by the reporting com-
pany results in indirect
emissions.

Indirect emissions are
those produced by opera-
tions on resources that the
reporting company does
not own or control, but
which it indirectly influ-
ences through its supply
chain.

Scope 2:

Scope 3:

Industry leadership will be critical
in achieving net-zero carbon by 2050
by developing their own capacity for
adaptation to climate-related risks
like compromised infrastructure and
supply chains and by speeding up
the implementation of solutions that

support the shift to low-carbon across
all scopes. In addition to enhancing
the efficiency and sustainability
of their own solutions, industries
can assist their clients in using these
technologies to decarbonize carbon-
intensive sectors and speed up climate
research. To embark on a net-zero jour-
ney companies should:

» examine both the existing up-
stream and downstream activities

» prioritize critical emissions
from the three scope areas

» perform a materiality analysis,
determine the baseline, and
prioritize key performance indi-
cators such as NPI_ and CPP (as
discussed in the earlier section)

» create aroadmap for enhancing
the company'’s ability to fulfill
its emission objectives in terms
of resources, best practices, and
financial requirements

» develop a business intelligence
reporting infrastructure/dash-
board to monitor progress

» create mechanisms for gov-
ernance and competency
to promote buy-in across
organizations

» communicate with stakeholders
to create general awareness of
sustainability initiatives.

Net Positive Carbon Impact: Ongoing Emissions
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FIGURE 3. Net positive carbon impact.
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ENVIRONMENTAL
OPERATIONS:

[2]
2 . ENERGY-AWARE IT
2 ; § L - AsIT plays a key role in the man-
%‘g g 5 E 2 % agement of energy, and emis-
@ 'g § - gg_) o sions, it is important to focus
oo | WwE o £

on making data centers energy
aware and efficient. This section
will explore through the exam-
ple of data centers how IT can be
made energy-aware and how it
can be used to improve the sus-
tainability of other ecosystems.
The energy and materials
that IT uses represent a sizable
source of greenhouse gas (GHG)
emissions. Data centers are es-
timated to contribute roughly
A 2% of all GHG emissions glob-
ally and use about 3% of the
world’s electricity supply.!3 That
is roughly equivalent to the en-
tire airline industry. This num-
ber will rise to 5%-7% of world
emissions, which is alarming
given what was observed during
the pandemic.!3 To achieve
ambitious sustainability and
climate targets, businesses are
N challenged to improve the effi-
ciency of their operations and

i
o
&
4

Scope 3
Indirect

11D=a3
30

T
—aa-H
rlenn
B &
[
© (

@l
&

(

a
Products and Solutions
(Downstream Activities)

Processing

Franchises
of Sold Products
K

Transportation
and Distribution

Company

Vehicles
Company

Facilities

Scope 1
Direct

Reporting
Company

/71
o ca)

Greenhouse
Gases

Steam, Heating

Purchased
Electricity,
and Cooling

Scope 2
Indirect

lessen their environmental
footprints in today’s competi-
‘ tive economy. These initiatives
frequently concentrate on an or-
| ganization's IT infrastructure,
which can be a major contribu-
tor to energy consumption and
greenhouse gas (GHG) emis-
sions. Additionally, the costs
connected with these resources
are passed on to the company in
the form of energy consumption
or increased demand for cooling
and related equipment.

The IT industry has made it
possible for today's infrastruc-
tures to be much more efficient
than those of the past, but there
are still plenty of opportunities
to promote more sustainable and
energy-efficient operations. This
not only makes it possible for
the IT organization to promote
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innovation and accomplish business
goals, but it also helps it to make prog-
ress toward sustainability targets
and goals.

Four aspects of effective ener-
gy-aware IT, discussed next, can help
industries cut their carbon footprint.
Theyfocusonmaximizing operational
capacity, lowering energy consump-
tion, and requiring the least amount
of support. High performance and
utilization levels enable more cost-ef-
fective IT infrastructures to employ
less hardware, resulting in major cost
savings including: OPEX, CAPEX, and
space savings, as well as lower soft-
ware and maintenance agreement li-
cense costs.

1. Workload-Hardware Manage-
ment: The objective here is to
perform the most work with
the least amount of equipment
by maximizing IT processing
power and storage capacities
while minimizing expense
and resource demand. The rise
in workloads has resulted in
rising energy use by 10%-30%
per year and will keep growing
over the following years.” To de-
sign energy-efficient workload
schedulers, it is increasingly
important to understand the
workloads and their energy
consumption patterns. Such
energy-efficient schedulers
need to be aware of a hard-
ware'’s performance per unit
of energy and use appropri-
ate constraints to schedule
workload on the heterogeneous
hardware. Data center opera-
tors can also employ sensors
and firmware on their servers
to provide real-time metrics to
their data center information
management software and
enable real-time monitoring
of capacity and usage. Further,
such metrics should make
their way into production-level
technologies like Slurm, used
widely for scheduling HPC

applications, and Kubernetes
used industry-wide for services.
Energy source: With the least
amount of energy input possi-
ble, the aim is to give the high-
est possible degree of power,
storage, and communication. IT
businesses frequently struggle
with power issues. Real estate
or facilities executives can

save money on utilities and/

or use more renewable energy
within their organizations. An
example of IT for sustainability,
smart grids can be employed

to assist with demand shaping
and can schedule energy usage
to align with the availability of
renewable energy resources.
Energy efficiency can be taken
into account by procurement
teams in their procurement
policies, where it is frequently
utilized as a differentiator
when awarding contracts.
Resources: The objective is

to match type and quantity

of material to space, power,
and cooling requirements to
develop systems that operate
effectively inside the data
center. Industries can reduce
the demand for employees and
support equipment. Depending
on factors like age and location,
data centers may consume up
to half of their total electricity
for cooling systems,!2 necessi-
tating specialized techniques
toreduce cooling requirements
including the use of naturally
occurring cooling sources that
can eliminate or reduce the
need for energy-intense me-
chanical refrigeration.
Software-driven: Using software,
Al or ML can be aimed to raise
efficiency, decrease down-
time, and enhance data center
management procedures.

This ties everything together
by demonstrating how clever
software drives hardware
efficiency. Also, the choice of

programming language and
how software is written can
have abigimpact. An ineffi-
cientlanguage or code can have
a significant impact on perfor-
mance efficiency. Software can
be used to enhance efficiency
and make each system more
intelligent and self-sufficient.
With the spread of Al and ML,
software efficiency can detect
the most effective performance
condition for IT equipment in
real-time and can reduce the
energy consumption associated
with hardware resources.

SUMMARY AND OUTLOOK

We have presented fundamental prin-
ciples of sustainability and discussed
examples of their application, tech-
nology lifecycle model, environmen-
tal strategies, and operations. They
represent examples of how the world
can address sustainability from the
abstract to very concrete. In the rest
of this section, we synthesize the key
points with respect to the sustainabil-
ity megatrend:

1. Weneed to look at the problem
holistically from a funda-
mentals perspective (science,
engineering, ecology, socio-po-
litical, economic), driven by
technology solutions that can
enable us to most effectively
understand problems, test pos-
sible solutions and then apply
them, oversee them, and evolve
them as the world is changing.

2. Itisnever too late to startand
never too little to contribute;
every piece here and there
accumulates, either positively
or negatively.

3. Mother Earth is one, we all
need to protect it. Much like
an hourglass, we are continu-
ally depleting our supply-side
resources which we described
as available energy. A portfolio
of solutions can throttle the
destruction of available energy
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and pay it forward. Every
country, every industry, needs
to be mindful of every sustain-
ability angle.

Managing sustainability re-
quires a synergistic interaction
of operation technology (OT)
and IT. Neither IT or OT by itself
is sufficient to manage sustain-
ability, only together can they
gather insights and manage
cyberphysical systems.
Integrating the sustainability
lifecycle into the design of
systems at their inception, and
devising methods to extend

it, is key to reducing available
energy use.

Given the enormity of the
challenge, we must create a
large cadre of cyber-physical
personnel, with the fundamen-
tals of the machine age and the
breadth of the cyber age.

Climate change is a fundamental

threat to business growth and social
equity, and a fundamentals-based
approach is needed to address this
challenge. The current generation
can't rely on future generations to ad-
dress this issue as time is running out.
Solutions must come soon, and digital
technologies can help accelerate them.
The time is now to pay it forward to
those who will come next.

The world cannot wait. We need

to act!
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