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Materials for electrification 
of everything: Moving 
toward sustainability
Kevin Jones, and David Ginley* , Guest Editors

Society is at a unique tipping point in a move from conventional fossil fuel based technologies 
to renewable sourced electrified technologies which can enable creating a carbon neutral or 
carbon negative energy economy. Many of the key approaches to achieving this transition 
in the critical areas of transportation, buildings and manufacturing depend on new materials 
and new approaches to rapidly increase electrification. This article reviews the overall energy 
landscape and highlights specific areas where new materials are critical to enabling transitions 
in energy storage, hydrogen utilization, transportation, buildings and the chemical industry and 
the articles on these topics that follow. How these transitions can be best integrated and the 
global societal impact of these transitions is also discussed. The development of new materials 
is instrumental in accelerating the move to a cleaner electrified society. The “electrification of 
everything” is increasingly important if we are to mitigate the adverse effects of climate change 
and materials will play a critical role realizing this goal.

Introduction
Fundamentally, society and its technologies are at the tipping 
point in changing from our historic carbon-based technology 
to carbon neutral or carbon negative approaches. Many of the 
key approaches to achieving this transition depend on moving 
to electrification and offer the potential for a truly sustainable 
energy system. A key focus of this transition is the move from 
our current dependence on thermal energy from fossil fuels 
for transportation, buildings, and chemical industry to electri-
fied technologies that can be driven by renewable electrons 
and solar thermal energy. In many areas these transformations 
are taking place very rapidly, enabled by new generations of 
materials that reduce the cost of renewable electrons and their 
storage, enhance renewable thermal energy, and extend the 
range of these technologies’ applications. This power genera-
tion and storage is coupled to new generations of technologies 
developed to use renewable electrons, such as the advent of 
electrified transportation. This issue of MRS Bulletin focuses 
on this trend which some have named the “electrification of 
everything”—with a fundamental assumption that by electri-
fying everything from transportation to the chemical indus-
try through the use of renewable electrons we can potentially 
create a carbon-free energy system. The economics of this 

transition is increasingly compelling. As per the Wall Street 
Journal:

You’ve also come face to face with one of the hottest, 
and most poorly understood, buzz phrases in energy—
the “electrification of everything.”
The concept, most simply put, is that more of the energy 
we use will come from the electric socket. Instead of 
having fuels like natural gas or oil or gasoline flow 
directly into our homes, offices, manufacturing facilities 
and cars, those fuels—and other sources of energy—will 
increasingly be converted to electricity first.2

As renewable electrons become both more available 
and more cost competitive with any conventional energy 
source, the breadth of their potential application significantly 
increases. This trend is key to enabling this transition. In 2017, 
the solar industry achieved the US Department of Energy’s 
original SunShot 2020 cost target of $0.06 per kilowatt-hour 
for utility-scale photovoltaic (PV) solar power three years 
ahead of schedule, dropping from about $0.28 to $0.06 in 
2017. The most recent 700 megawatt (MW) PV facility in Por-
tugal has a bid power cost of $0.013/kWh, which makes this 
historically one of the lowest costs of electricity.3 In addition, 
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land-based, utility-scale wind is one of the lowest-priced 
energy sources available today, costing 1–2 cents per kilowatt-
hour after the production tax credit in the United States.4

Clearly, as the cost of renewable electrons becomes the 
cheapest form of electrical energy, the electrification of eve-
rything is enabled and its overall attractiveness increases sig-
nificantly. However, many key issues remain, including the 
magnitude of the challenge required for the generation, distri-
bution, and storage of renewable electrons so 24/7 operation 
is available globally, to all people. Nonetheless, if sources of 
reliable abundant renewable electrons can be achieved, this 
can lead to a paradigm shift across a broad range of energy 
use areas, from transportation and buildings to industry and 
new refining methods. But only if technologies are available to 
make use of renewable electrons. Electric vehicles (EVs) are 
an example where miles/gallon equivalents are approaching 
150 miles per gallon using new battery and motor technolo-
gies. Consequently, materials and the technologies in which 
they are integrated, will play a critical role in meeting the 
challenge of the electrification of everything.

This issue of MRS Bulletin will illustrate both the poten-
tial of moving from present hydrocarbon sources of energy to 
renewable electrons and the materials challenges this transition 

poses. Clearly, the challenges are area specific and impact a 
broad swath of society. To better understand where materials 
could play the most significant role in the electrification of 

everything, we need to 
understand the energy 
use landscape.

From Figure 1, the 
greatest opportunities 
for impact upon elec-
trification are in trans-
portation and industry 
followed by the build-
ings sectors. Figure 2 
shows the forecast of 
the growth in electri-
cal consumption.

Integration 
of energy 
systems
There is clearly a need 
for thousands of addi-
tional terawatt-hours 
(TWh) of electricity 
to meet the demand of 
the transition to elec-
trification. To impact 
the climate and to be 
economical, the transi-
tion to electrification 
must take place rap-
idly and be powered 
by electricity available 
24/7 and demonstrate 
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Figure 1.  The breakdown of primary energy consumption by area. The solid black line shows the break-
down between electricity use and non-electric energy consumption.5
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Figure 2.  Worldwide forecast of electricity needs by sector. 
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a high level of energy systems integration. Despite the rapid 
reduction in the cost of renewables the overall supply of 
renewable electrons is at present limited worldwide. The 
demand for power continues to increase at a little over 2% per 
year according to the IRENA report 2021.7 2.8TW of renew-
able energy is currently installed (for a generation capacity or 
400 TWh or roughly 10.4% of global electricity production).8

Overall, this transformation is motivated by the continu-
ing issues associated with climate change, but ultimately it 
must make current practical economic sense as well. Mov-
ing increasingly to electrification is one of the fastest ways to 
reduce  CO2 emissions and recent cost reductions in renewable 
energy have enabled a rapid growth of renewables worldwide, 
which is starting to offset production by other means.9 This 
will require better interconnections for bidirectional electrical 
flow, new models for on demand electricity delivery and the 
ability to handle vastly more sources and syncs for renew-
able electrons. This must ultimately be driven by much more 
sophisticated models and controls from the nanoscale to the 
very large scale (Figure 3).

Overall, if significant penetration of renewables occurs 
worldwide and there are enough terawatts of renewable elec-
trons, then society can shift to a nearly carbon-free, sustain-
able energy economy. The challenge is ensuring the energy 
from renewable electrons is available when needed and then 
prioritizing where we will use them and how to integrate this 
use in a fair and equitable way globally. To do this we need to 
look more closely at the challenge of mitigating the intermit-
tent nature of many renewable sources.

This will be covered in more detail in the article by Arent 
et al.10

Materials for electrical energy storage
As previously discussed, given the variable nature of many 
renewable electron sources, there is an increasing need for 
low-cost, carbon-free energy storage to achieve grid integra-
tion with 24/7 performance. As the demands for electrifica-
tion increase, so does the necessity for storage. Storage can 
take many forms. Currently the most utilized electrical energy 
storage systems are pumped hydroelectric. This technology is 
about 1/3 the current cost of lithium-ion batteries. However, 
it is limited in its distribution going forward since it requires 
two large water reservoirs to be constructed close together 
but at different heights. For more flexible electricity storage 
the approaches maybe thermal storage in the form of molten 
salts, batteries (Li-ion and flow batteries), electromechanical 
storage such as flywheels or creating energy carriers such as 
hydrogen from water. The amount of energy storage required 
in the future is significant. Recent estimates suggest that to 
achieve 90% renewables by 2035 will require 1 TWh of stor-
age to mitigate the intermittency issue worldwide.11,12 Ideally 
this could be readily achieved at $0.02/Wh but many experts 
believe that even at $0.1 or $0.15 dollars per watt hour there 
would be enough penetration to impact the overall renewables 
market. Figure 4 shows the effective learning curves for both 
silicon solar cells and Li-ion battery technology. Interestingly, 
the slopes are very comparable and the data seem to track 
similarly indicating with increased market penetration, storage 
cost can be significantly reduced toward the $0.02/Wh goal, 
thereby enabling high penetration renewables. The articles in 
this issue will discuss recent advances in energy storage.

This will be covered in more detail in the article by T.M. 
Gür.13

Renewable Hydrogen Generation
One way to mitigate the costs and complexity of storage is to 
employ a chemical energy carrier. Thus, in addition to storing 
renewable electrons, one could use those electrons to create 
hydrogen. Having abundant renewable hydrogen is enabling 
for many areas, including energy storage, transportation, and 
industry. The specific energy (Wh/kg) of hydrogen combined 
with fuel cells is up to four times greater than Li-ion batter-
ies.14 At present there is an increasing political and indus-
trial interest in the availability of hydrogen. It offers ways 
to decarbonize a range of sectors, including long-haul trans-
port, chemical and iron and steel production, where it is prov-
ing difficult to meaningfully reduce emissions. Despite very 
ambitious international climate goals, global energy-related 
 CO2 emissions reached an all-time high in 2018. Outdoor 
air pollution also remains a pressing problem, with around 
3 million people dying prematurely each year. All of these 
are strong motivators for switching many of these areas to 
renewable hydrogen. Historically, hydrogen has been derived 
primarily from fossil resources. As a consequence hydrogen 
use and storage is already at industrial scale around the world 
(approximately 80 million tons, as shown in Figure 5), but 
its current methods of production are responsible for annual 
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Figure 3.  The breakdown in the sources of renewable electrons 
by geographic area. Source International Renewable Energy 
Agency.7
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 CO2 emissions equivalent to those of Indonesia and the United 
Kingdom combined.15

Thus, we must move to producing hydrogen by renew-
able approaches. Fortunately, the use of renewables for 
hydrogen production is increasing by almost 26 MW per 
year for electrolysis but it remains much less than 1% of 

all the hydrogen pro-
duced.16 Despite the 
fact that the amount 
of electrically gener-
ated hydrogen is cur-
rently very small, the 
applications space 
is large including 
among others chemi-
cals, metals, electron-
ics and glass-making 
industries.

There are a number 
of approaches to facili-
tate the production of 
hydrogen by carbon-
free means, includ-
ing electrolyzers , 
thermal, and nuclear 
approaches. Within 
these approaches there 
are options as well. 
For example, in elec-
trolyzers there are 
solid oxide electroly-

sis cells, which operate at high temperatures, polymer mem-
brane electrolysis cells which operate at low temperatures, and 
alkaline electrolysis cells. Note that many of these approaches 
require steam which can be made by thermal means. In the 
thermal area, approaches include solar-thermal-chemical 

LITHIUM-ION EV BATTERY EXPERIENCE CURVE
COMPARED WITH SOLAR PV EXPERIENCE CURVE

Bloomberg

Michael Liebreich,  New York, 14 April 2015 @MLiebreich #BNEFsummit 1

NEW ENERGY FINANCE

BNEF says li-ion batteries are on the same trajectory as solar PV. | (BNEF)

Note: Prices are in real (2014) USD. Source: Bloomberg New Energy Finance, Maycock, Battery University, MIT
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production of hydrogen by direct reaction (STCH) usually 
using concentrated solar power, or heat from nuclear reactors, 
or the use of geothermal sources. Many hybrid electrochemi-
cal/thermal systems are being investigated as well not only for 
hydrogen as an energy carrier but also for  NH3 for the same 
use. In the cases, above both the heat and electrons can be 
generated using renewable resources.

Currently hydrogen generated by renewable electrons is not 
cost competitive with fossil generated hydrogen (not including 
 CO2 remediation) as shown in Figure 6. However, note that if 
carbon capture utilization and storage (CCUS) is included this 
substantially affects the hydrogen cost. The cost of producing 
hydrogen with renewable electrons is close to natural gas with 
carbon capture. With the current cost reduction trends for pro-
ducing renewable electrons, this approach may become the most 
lowest-cost approach to hydrogen production, thus enabling its 
use as a key component for electrification of everything.

Hydrogen has an even worse problem than renewable 
electrons in that the infrastructure for hydrogen distribution 
broadly is almost non-existent. Despite this challenge, hydro-
gen has the potential to both mitigate load leveling issues and 
provide alternatives for materials manufacturing. This will be 
covered in more detail in the Boardman et al.17 article, which 
will be featured in the March 2022 issue.

Electrification of transportation
Both pure electric vehicles (EVs) and fuel cell vehicles (FCV) 
can be zero-carbon, and both depend on renewable electrons 
to do so (i.e., to charge the batteries or to produce renewable 
hydrogen). Interestingly, in the former case this can be done 
on a local household basis using home solar but this is more 
difficult to accomplish for hydrogen. Figure 7 shows the rapid 
adoption of EVs globally. It is of interest that while many of 
the major auto makers have committed to going 100% elec-

tric, including Ford, 
GM, Honda, Hyundai, 
Volkswagen, and Mer-
cedes on the 2030–35 
timeframe, currently it 
is actually China and 
India that are rapidly 
implementing EVs in 
part to remediate pol-
lution problems in the 
large cities.

Figure  8  i l lus-
trates the major issue 
with the kinetics of 
EV adoption, which 
is the availability of 
charging stat ions. 
Even as the range of 
EVs increase toward 
1000 km there will 
need to be many more 
charging stations than 
at present and the grid 
infrastructure must 
be able to support the 
large current drawn by 
multiple EVs charging 
simultaneously. The 
same is even more true 
of hydrogen filling sta-
tions for PEM based 
personal vehicles. 
There are only a few 
in California at present 
and some in Japan. 
The other potential 
problem with hydro-
gen powered personal 
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vehicles is the relative energy efficiency for EVs is greater 
than for hydrogen powered vehicles.19,20 The situation for 
large long-haul trucking may be substantially different. Some 
calculations show that fuel cell powered trucks can be twice 
as efficient as current diesel powered trucks.19,20 The mate-
rials challenges with the electrification of transportation are 
numerous as we switch from a high energy density supply like 
gasoline. The need to improve storage, weight and efficiency 
remain paramount in this transition. This will be covered in 
more detail in the article by T. Lipman and P. Maier.21

Electrification of buildings
In 2020, in the United States 114 million households and 
more than 4.7 million commercial buildings consume 
more energy than the transportation or industry sectors, 

accounting for nearly 40% of total US energy use and more 
to the point, buildings account for 72% of US electricity use 
and 36% of natural gas use. Building energy use is increas-
ing both due to new construction as well as retrofitting of 
older buildings. Given the large amount of energy used and 
that much of it is greenhouse gas producing, the buildings 
area is an ideal target for electrification. Figure 9 illustrates 
the differences in usage for office buildings and multifamily 
homes in New York City. There are large variances in use. 
We note that these can change when moving from cold to 
warm climates or from rich to poor where in the latter case 
cooking and lighting were the primary energy uses with 
wood and kerosene being the source. To attain both flex-
ibility and sustainability electrification of building functions 
is crucial.

Many systems 
associated with 
buildings are ideal 
for electrification. 
For example, elec-
trically powered 
heat pumps are very 
competitive with 
natural gas for heat-
ing but they can also 
cool. There is a need 
for more technologi-
cal innovation in 
building systems 
from lighting, to 
communications, 
heating and cool-
ing and windows. 
Recent studies and 
some developmental 

Private and publicly accessible chargers by country, 2019

Private slow charges
6.5 million

Publicly accessible slow charges
598 000

China

Japan

United States

United Kingdom

Germany

France

Norway

Netherlands

Other

3%

1%37%

50%

81%

24%

11%

4% 4%

4%

4%

8%
3%

0%

2%

2%
1% 1%

5%

6%

4%

5%

5%

5%

Publicly accessible fast charges
264 000

Figure 8.  Global access to charging stations for electric vehicles IEA analysis based on country submissions, complemented by other sources. 
IEA (2020) Global EV Outlook 2020. All rights reserved.18

Office

11%

13%

22% 18%

15%
15%

10%

38%

22%

4%

3%

2%

2%2%

8%

8%

2%

6%

Multifamily

Space Heating

Domestic Hot Water

Plug Loads/Misc.

Space Cooling

Other

Process Loads

Lighting

Conveyance

Ventilation

70%
Potentially
Flexible Load

86%
Potentially
Flexible Load

Figure 9.  Data from the Rocky Mountain Institute shows compartitive data for Office and multifamily 
dwellings in NY city. Note the percent of load that can be flexible and note the relative importance of space 
hearting and hot water. Source RMI 2020 Decarbonising NY Buildings Through Improved Data and Con-
trols.22



MatERiaLs fOR ELECtRifiCatiOn Of EVERything: MOVing tOwaRD sUstainaBiLity

1136        MRS BULLETIN • VOLUME 46 • DECEMBER 2021 • mrs.org/bulletin

efforts indicate that there is a substantial overall energy cost 
reduction opportunities for retrofitting existing buildings and this 
is of increasing interest at all levels from the national to the local 
community levels. In addition, there is a clear need enable their 
integration in new construction. All of these areas are challeng-
ing from a materials perspective as will be discussed in the article 
on buildings. It is clear that developing an integrated approach 
to the electrification of building function such as l heating and 
cooling, windows, lighting and communications will require new 
functional materials and new smart materials to be integrated 
with the active systems. This is a challenge for new construc-
tion and even a greater one for the retrofit market. This will be 
covered in more detail in the article by Cui et al.23

Electrification of the chemical industry
One of the largest energy users and thereby one of the largest 
 CO2 producers is the commodity chemical industry. If you 
could decarbonize the chemical industry this would have a 
significant impact on global  CO2. Electrifying the chemical 
industry is a route to this goal but here it is not just a matter of 
moving to electrons but many refining processes will have to 
be optimized specifically to use electrons, unless renewable 
electrons are just used to produce thermal energy.

Figure 10 illustrates one view of how the transformation can 
occur.9 There are many materials challenges associated with 
optimizing refining of chemicals to take advantage of renew-
able electrons. One thing of note is renewable hydrogen can 
also have a large role in the decarbonization of the chemical 
industry. Given that many industrial processes are run at high 
temperature there is an opportunity to use CSP and electrical 
heating to generate thermal energy instead of fossil fuels. Nearly 
78% of industrial energy is used for heating and 58% of this is 
for processes below 400 °C.24 A number of potential roadmaps 
have been developed that feature new electrocatalysts to reduce 
reaction temperatures, closed cycle processes and. alternate 
chemistries. Key targets are olefins (ethylene and propylene), 
ammonia, aromatics (benzene and toluene), and methanol.

Interestingly, there are a number of recent papers where 
both experiment and modeling support a greater efficiency 
for ammonia production through the electrochemical process 
rather than the conventional Haber Bosch process.26,27 There 
is a broad increasing interest in finding electrochemical and 
high temperature electrochemical routes to important energy 
pathways such as  NH3 production,  CO2 reduction and hydro-
gen production. In addition, there are challenges associated 
with the integration of all of these different technologies. A 

key element of this 
transformation is that 
current processes can-
not “just” be converted 
to electrification but 
new reaction pathways, 
materials and reactors 
will need to be devel-
oped. This will require 
integration of renew-
able electrons, heat 
and hydrogen to cre-
ate truly sustainable 
industrial processes. 
The electrification of 
the chemical industry 
is such a challenging 
problem it will be cov-
ered in more detail in 
the articles by K.M. 
Van Geem and B.M. 
 Weckhuysen28 and 
Eryazici et al.29

Global Societal 
Impacts of Broad 
Scale electrification
Social justice and 
access to renewable 
energy is a critical 
aspect of the adoption 
of renewable electrons. 
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Access to sustainable electricity is increasingly enabling for 
both economic and social wellbeing (Figure 11). Unfortu-
nately, for much of the world, this is out of reach. Currently, 
more than 1 billion people have no access to electricity and all 
that it enables including refrigeration for food and medicine, 
cooking/heating and lighting, and communications.

Unfortunately, more than 3 billion people are still cooking 
on sources such as kerosene and wood, which have significant 
health risks resulting in nearly a million lung-related deaths 
annually. This has huge effects especially on women who are 
exposed to the pollution associated with these sources of heat.

While there are energy access issues even in the more 
developed countries, many of the people in the world have 
no access at all.  The consequences of no energy access have 
broad implications on many parts of life from the standard of 
living (housing, drinking water, sanitation, cooking) to educa-
tion (years of schooling and attendance) and health (nutrition 
and child mortality).31 This will be exacerbated as a conse-
quence of COVID and with an anticipated increase of almost 
20% in people living below the poverty level.31  For example, 
child mortality can be decreased by vaccination and improved 
food quality but that requires refrigeration which needs abun-
dant local energy. It is of course a difficult problem of how to 
achieve energy democracy given the resources and politics 
around the world.  But the challenge is to think about how 
materials can help solve some of these problems.

Some of the key basic social justice principles  include32 
access (equality of access to goods and services), equity (over-
coming unfairness caused by unequal access to economic 
resources and power), rights (equal effective legal, industrial 
and political rights), and participation (expanded opportunities 
for real participation in the decisions, which govern their lives).

Renewable electrons offer the opportunity for the impover-
ished nations to provide electricity to remote regions because 
of the opportunity to create more affordable local nano- and 
micro-electrical grids. However, it is well documented that 
as the standard of living increases so does the average carbon 
footprint. As such it is critical that renewable electrons play a 
significant role in the electrification of poorer nations in order 
to mitigate this increase carbon emission. Materials are going 
to play an enormous role in enabling this transition and this 
will be covered in more detail in the J.C. Stephens article.33

Summary
This issue will start by focusing on how the make the energy 
promise of renewable electrons reliable. This includes dis-
cussion of storage in forms, including chemical, thermal, and 
mechanical energy. Another way to store this energy is through 
the renewable production of hydrogen. We next consider the 
application of these electrons to electrification of the transpor-
tation, buildings and industrial sectors. We understand this is 
a broad swathe of technologies, and to achieve the goal will 
necessitate a new energy infrastructure that can only occur 
with a large scale integration across all of these areas and 
are thus enabling for each other. Finally, we will discuss how 
materials can be used to help ensure this transition to renew-
able electrons is done in a manner that promotes social justice 
and encourages energy democracy. These articles make the 
case that the proposed transformation can occur more rapidly 
and a lower cost than initially envisaged, and materials inno-
vations will continue to play a key role in this transformation.
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