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Preface

It is a great honour for me to write these few lines of preface to the spe
cial issues oBubstantiadedicated to the 150th anniversary of the Periodic
Table by Dmitrij Mendeleev. In 2019 there are other important anniversa
ries besides that of the periodic table. One of these is the centenary of Primo
LeviOs birth. | believe these two anniversaries are strictly related,!én fact
Periodic Tabléy Levi has been considered by Rwyal Institution of Great
Britain as the Obest book of science ever writtenO. It would be su&cient to
recall an impressive excerpt from OlronO, a tale ¢ tReriodic Table, to
acknowledge the uniqueness of this literary work:

QWe began studying physics together, and Sandro was surprised when |
tried to explain to him some of the ideas that at that time | was confusedly
cultivating. 'at the nobility of Man, acquired in a hundred centuries of tri
al and error, lay in making himself the conqueror of matter, and that | had
enrolled in chemistry because | wanted to remain faithful to this nobility. !at
conguering matter is to understand it, and understanding matter is necessary
to understand the universe and ourselves: and that therefore MendeleevOs Peri
odic Table [E] was poetry EO.

When we designed the project related to these special issues, we had in
mind LeviOs work and in particular his wonderful tales that beldegPeri -
odic Tablel like to recall this homage to a chemist-writer-witness to introduce
the six topics that are associated to the special volurGegstantia

As President of the University of Florence which is the owner of the
publisherFirenze University Predsam truly grateful to the Editors B Marc
Henry, Vincenzo Balzani, Seth Rasmussen, Luigi Campanella, Mary Vir
ginia Orna with Marco Fontani, and Brigitte Van Tiggelen with Annette
Lykknes and Luis Moreno-Martinez B for accepting the invitation made by
the Editor-in-Chief Pierandrea Lo Nostro and for the extraordinary work
for the preparation of these special issues. Of course the choice of the six
subjects was not accidental: we tried to identify some features of the-chemis
try realm, related for several reasons to the periodic table. $ey are striking
ly associated to the great challenges for our future: these are water;- sustain
ability, energy, open chemistry, the history and the educational perspectives
of the periodic table.

During its long path of progress and civilisation mankind has strongly
modi"ed nature to make our planet more comfortable, but at present we
must be very careful with some dramatic changes that are occurring in our
Earth. Science and technology, and chemistry primarily, can help mankind
to solve most of the environmental and energy problems that emerge, to



Su bstal’ltla Firenze University Press

An International Journal of the www.fupress.com/substantia
History of Chemistry

build a radically di%erent approach from that that has prevailed in the last
two centuries. It is a fantastic challenge, since for the "rst time we can con
sider nature not as a system to simply exploit, but a perfect ally for improv
ing life conditions in the whole planet. Chemistry has already engaged and
won a similar challenge when, understanding the pollution problems gen
erated by a chaotic and rapid development, succeeded in setting up a new
branch, green chemistry, that turned upside down several research top
ics. Now is the time to develop sustainable chemistry: the occurring events
demand that chemists propose new routes and innovative approaches. In
the last two centuries we have transformed immense amounts of matter
from nature into waste without thinking that we were using non renewable
energy sources. We have been acting as our natural resources were unlim
ited, but knowing that they are instead limited. Now we are realizing that it
is not possible to continue along this road. Our planet and our atmosphere
are made of "nite materials and their consumption during the last twe cen
turies has been impressive. Some elements that are crucial for current and
future industrial countries are known to be present on Earth crust in very
small amounts and their recycling from waste cannot be a choice anymore,
but it is rather an obligation.

Climate is another big problem associated to the terri"c changes-occur
ring in some equilibria, both as a consequence of the violent industrial devel
opment and energy consumption. We need, and we will always need more
and more, an immense amount of energy. $e only solution to secure well
ness to future generations is the conversion to renewable energy sources. In
this view, food and water, due to the strong increment in the demographic
indices, could become the true emergencies for billions of individuals- Look
ing at the picture | tried to draw in this short preface it becomes more clear
why we selected those topics for our special issues.

| am optimistic, and | have the strong con"dence that chemistry, that
studies matter and its transformations, will give mankind the picklock to
overcome those challenges.

We will de"nitely need insightful minds, creativity, knowledge and wis
dom.

Luigi Dei
President of the University of Florence
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Editorial
Saving the planet and the human society:
renewable energy, circular economy, sobriety

V(¥ (+, Bt

Emeritus Professor of Chemistry, OG. CiamicianO Chemistry Department, University of
Bologna, Bologna, Italy
E-mail: vincenzo.balzani@unibo.it

Abstract. Planet Earth is a very special spaceship that cannot land or dock anywhere
for being refueled or repaired. We can only rely on the limited resources available
on the spaceship and the energy coming from the Sun. $e huge amounts of carbon
dioxide produced by using fossil fuels in a/uent countries has caused global warm
ing, which is responsible for climate change. Ecological degradation of the planet is
accompanied by an increased social disparity. As Pope Francis warns, we are faced
with a complex crisis which is both social and environmental. Strategies for-a solu
tion demand an integrated approach to combating poverty and protecting nature. If we
want to continue living on planet Earth, we must achieve the goals of ecological and
social sustainability by implementing three transitions: from fossil fuels to renewable
energies, from a linear to a circular economy, and from consumerism to sobriety. Sci
ence, but also consciousness, responsibility, compassion and care must be the roots of a
new knowledge-based society.

Keywords. Sustainability, energy, materials, environment, climate crisis, social crisis,
economy, e&ciency, sobriety.

Scientist are called to see
what every one else has seen
and think what no one else

has thought before

1. LIVING ON SPACESHIP EARTH

$e image taken by the Cassini Orbiter spacecra0 on September 15,
2006, at a distance of 1.5 billion kilometers, shows the Earth as a pale blue
dot in the cosmic dark (Figure 1). $ere is no evidence of being in a-privi
leged position in the Universe, no sign of our imagined self-importance.

$ere is no hint that we can receive help from somewhere, no suggestion
about places to which our species could migrate.

Like it or not, planet Earth, the only place we can live on, is a kind
of spaceship that travels in the in"nity of the Universe. It is a very special

Substantia. An International Journal of the History of Chemistry 3(2) Suppl. 2: 9-15, 2019
ISSN 1827-9643 (online) | DOI: 10.13128/Substantia-696
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spaceship, however, because it cannot land or dock aB918. $ey have now more wealth than ever before while
where for being refueled or repaired. Any damage hasdtmost half of humanity have barely escaped extreme
be "xed and any problem has to be solved by us passpoverty, living on less than $5.50 a #day.
gers, without disembarking. We travel alone in the-Uni  In his encyclical letter Laudato si® Pope Francis
verse, and we can only rely on the energy coming fronarns® O$e pace of consumption, waste and environ
the Sun and on the resources available in our spadeshipental change has so stretched the planetOs capacity that
$e "rst thing we passengers should be aware of is thatur contemporary lifestyle, unsustainable as it is, can
the planet Earth has O"niteO dimensions. $erefore, thanly precipitate catastrophes (paragraph 161). He adds:
resources we have are limited and the space for waG\/e are faced not with two separate crises, one environ
disposal is also limited. $is is an undeniable realitymental and the other social, but rather with one complex
even though many economists and politicians seem ¢wisis which is both social and environmental. Strategies
ignore it. for a solution demand an integrated approach to com
$e views from space have allowed us to observe thmating poverty, restoring dignity to the excluded, and at
entire Earth as a planet. In the Earth-at-day images frothe same time protecting natureO (paragraph 139).
the space, national boundaries are invisible and this may If we want to continue living on Earth, we must
strengthen the consciousness of the collective humaxhieve the goal of ecological and social sustainability
responsibility for the future of our planet. On the eonby going through three transitions: from fossil fuels to
trary, the Earth-at-night images show boundaries: thogsenewable energies, from a linear to a circular economy,
between affluent and poor areas. The passengersaafl from consumerism to sobriety.
spaceship Earth travel, indeed, in very di%erent OclassesO.
Disparity is the most worrying feature of our society.
$e number of billionaires has almost doubled, with a 2. FROM FOSSIL FUELS TO RENEWABLE ENERGIES
new billionaire created every two days between 2017 and

Energy is the most important resource for human
ityl. In the present Anthropocene epdclas primary
energy we use mainly fossil fuels, a non-renewable
resource that in the long run is going to be exhausted. In
2018,every seconith the world we have burned 250 tons
of coal, 1140 barrels of oil and 105,200 cubic meters of
gas® generating heat along with pollution and 1074 tons
of carbon dioxide (C¢).

$at the use of fossil fuels generates substances that
are harmful to health has always been known, but it was
only in the mid-1980s that another, more serious, prob
lem emerged: the enormous amounts of ,€&keased
into the atmosphere cause global warming (greenhouse
e%ect) which is responsible for climate chénge.

Since 1992, several United Nations sponsored con
ferences tried to tackle the problem of climate change
without success. In 2014 th# BPCC (ntergovernmen
tal Panel on Climate Changkssessment Report showed
that the inluence of human activities on climate change
is unequivocal and increasingly worrying: the Earth
warms up, glaciers melt, sea level rises, drought advanc
es, extreme weather events are more and more frequent.
In December 2015, aOer a long cycle of negotiations, the
United Nations organized a conference in Paris, preced
ed by Pope FrancisO encyclialdato sith which cli

Figure 1.Photograph taken by the Cassini Orbiter spacecra0 Othate change and related problems had been addressed
September 15, 2006, at a distance of 1.5 billion kilometers from 9 P

Earth. $e dot to the upper le0 of SaturnOs rings, indicated by tllﬂg'Ith great authority and concetnAt the Paris Confer

arrow, is the Earth. Saturn was used to block the direct light frofC€, 196 national delegations approved an agreement
the Sun otherwise the Earth could not have been imaged. based on the following points: (i) it is absolutely neces
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Figure 3.Conversion of primary energy (fossil fuels or wind/solar
Figure 2.Renewable primary energies generate electricity. energy) into electricity and mechanical energy (adapted'fjom

sary to reduce strongly, or better eliminate greenhouses or hydrogen), used as such, or converted with high
gas emissions by 2050, to limit the increase in gloled.ciency into mechanical energy (Figure $us, the
average temperature to less than 2 j C (possibly, leg®nomy based on renewable energy sources is not only
than 1.5 j C) compared to the pre-industrial level; (iitleaner but also much more e&cient than the fossil fuel
in tackling the problem of climate change, all countrielsased economy.
must consider, respect and promote human rights; (i) $e energy transition from fossil fuels to renewable
it is urgent that developed nations make "nancial andnergy is proceeding. For example, at the end of 2018 the
technological resources available to enable developiingtalled power was 505 GW and 591 GW for photovol
countries to reduce their greenhouse gas emissions. taic (PV) and wind energy, respectivéljt present PV
Beyond the lack of concreteness of the commitmenits less developed than wind energy, but PV increases at a
made, the Paris Agreement induced a strong culturaduch faster rate (25% a year) and in 2050 it will become
change. In spite of the withdrawal of the USA from thehe most important source of energy for mankind. PV
agreement, decided by President Trump in August 203¢,indeed an ideal source of energy: it converts sunlight
there is a broad scienti"c and political consensus thaito electricity with 20% e&ciency (100 times more than
the transition from fossil fuels to renewable energies wilatural photosynthesis!), it can be used everywhere, it is
stop climate change, avoid the premature death of masygalable, long lasting, cheap and reliable. For some top
people, increase the number of jobs, bring economiesearch in the "eld of conversion of solar energy into
bene"ts and even advantages from the social point electric energy, sée 13
view because the poorest nations, those most a%ectedThe unavoidable transition from fossil fuels to
by climate change, are the richest in renewable-enegnewable energies, however, is hindered not only by
gied. However, at the Katowice conference in Decembeommercial competition, but even more by obscure
2018 it was veri"ed that the energy transition proceedsterests of various kinds: military, because fossil fuels,
too slowly and that the objectives of the Paris Agreemenith their high energy intensity, are not only the object
will not be achieved without a strong accelerdti@ne of wars, but also the most important resource for “ght
of the most controversial problems about the transitioing; national, because many countries have abundant
concerns its costs/bene'ts, as thoroughly discussed witdsserves of fossil fuels and do not intend leaving them
di%erent opinions in two chapters of this isSte. underground; "nancial, because speculation does not
Renewable primary energies of the Sun, wind arhre about the health of the planet; economic, because in
water, that we should use to replace fossil fus,only many countries oil companies have become so powerful
do not produce C@and pollution, but they have the as to condition government policy (this is what happens
advantage of generating electricity instead of heat (Fi@ Italy with ENI).
ure 2). $erefore, all the people who care about our Ocom
Electricity is the most valuable form of energynon house®should show a strong social and political
because it can be stored as chemical energy (battesmmitment to accelerate the energy transition.
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als we need for converting such primary renewable ener
gies into the "nal energies that we use every day. Storage
of the intermittent electricity generated by renewable
energies is an important part of the problem.

Materials shortage affects several sectors of EU
economy, in particular advanced technolég$e Euro -
pean Commission has compiled a list that contains 27
critical materials or classes of materials such as Platinum
Group Metals or Rare Earth Elements.

Concern about criticity of some materials used for
energy conversion and storage are based non only on
Figure 4.A OquantitativeO Periodic Table [14]. shortage, but also on geographic, economic and politi

cal factors. For example, 95% of Rare Earth produc

tion comes from China and most of lithium, the basic
3. THE MATERIALS PROBLEM component of the Lithium ion batteries used in ICT

devices as well as electric vehicles, comes for Australia

Since solar energy is abundant and can be convertod Chile, and cobalt comes from a politically unstable
with high e&ciency, e.g. into electricity by PV modules;ountry such as the Democratic Republic of Cdfigo.
one could think that we are going towards an age of
plentiful energy for every body.

$is however, is not true because to exploit solar 4. FROM LINEAR TO CIRCULAR ECONOMY
energy we need to construct equipment, machines and
devices (e.g., PV cells), and to make them we must use As already underlined, EarthOs resources are limited
materials available on the Earth. In the end, what vand the space available for waste disposal is also limited.
have on Earth are the chemical elements of the Periofer current economic model however, the so callied
Table. Some elements are abundant, but others, inclughr EconomyFigure 5), is based on the assumptions that
ing most of those needed for energy conversion, ar@sources are in"nite and that in"nite is also the space
scarce (Figure 4). for waste disposal: thus, we extract resources, use them

$erefore bottlenecks for the production of energyto make products that then we throw away creating
for "nal use are not the number of photons arrivinggnormous amounts of waste that we think we can elimi
from the sun or the availability of wind, but the materinate. All this by using energy from fossil fuels, which

N

Circular economy

t T
Ral c

Linear economy
«infinite» natural the waste is f
resources «eliminated»
N N N
- \ K renewable energy
extract )use )throw ) R CRG
/ /
v 8 ¥ .
I Energy from fossil fuels I
Use,
"euse, repair

Figure 5.Schematic representation of the transition from a linear to a circular economy (adapt&l. from
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VA

Circular economy

Linear economy
| cinfinite» natural the waste is f %
resources weliminated» e
R renewable energy
EN---m
v v c
[ Energy from fossil fuels | —‘éé

%""'“-m

material limits

Figure 6.A circular economy system powered by renewable energies. $e bottleneck is the avalability of materials for energy conversion
(adapted frortf)

cause well known problems, including climate changéhermal energies obtained by the conversion of the pri
Such an economic model is clearly unsustainable. mary, renewable energies of sun, wind and water? Per
We have to move to another economic model, thieaps not, if population continues to increase and every
Circular EconomyFigure 5, right), which is based onbody wishes to use more energy (and, in general, more
the correct consideration that natural resources are limesources), because of the bottleneck due to material
ited. For this reason, raw materials must be used-as litnits (Figure 6). $erefore it could be wise to reduce
tle as possible (savings) and with high e&ciency to-fabour energy consumption, which poses a question: is it
cate things not only for use, but also for being repairedpssible to live well using less energy and, more -gener
reused, collected and recycled to provide new usefally, less resources?
materials.
$e only energy on which we can trust are rerew
able energies directly or indirectly related to sunlight 5. FROM CONSUMERISM TO SOBRIETY
(Figure 6). $erefore, more research should be devoted
to improve energy conversion e&ciencies and to develop $e availability of energy is important for reaching a
means that can counter the two intrinsic defects of sudecent standard of lifé1®$e average energy consump
light, low density and intermittency. tion of a United States citizen corresponds to about 7.0
Can our civilization develop by adopting a cicutoeg/year (toeq means tons of oil equivalent) or 9200
lar economy powered by the electrical, mechanical aWd, much more than the average energy consumption
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of a European citizen, about 3.2 toeg/year, or 4200 Woduce-sell-buy-use-throaway regardless of the
Data concerning the analysis of a series of parameteesource consumed, the real utility of the object made
describing the quality of life (e.g., human developmemr service supplied, and the kind of waste generated. We
index, infant mortality) suggest that, at the current levelseed to enter a logic of su&ciency to attain ecological
of e&ciency in energy conversion, a primary consumpgstability. We need to learn to say OenoughO.
tion of around 2.6 toeqg/year per person (about 3000-
3500 W) can guarantee a good quality of'lif&$ere -
fore, all we citizens of a/uent countries could decrease 6. CONCLUSION
our energy consumption without losing our weHbe
ing. $e same reasoning can be extended to any other Up until now we have taken from Nature any kind
resource we consume. of resources to increase our well-being. Only a relatively
Interestingly, Swiss scientists have estimated thamall part of mankind, however, has made use of them,
2000 W (about 1,5 toeg/year per person) representsand it appears that there are insu&cient natural resourc
su&cient amount of energy to live comfortably and thes to bring all people at the level of consumption of
Swiss government has thus proposed a law to decreasa/teent countries. $e claim for new goods and servic
2000 W the energy consumption per person (present®s is deeply entrenched in Western culture, which sees
around 4700 W) by 2050-2180Such a law, in the form growth and development as absolutes. Indeed, in the
of a referendum, has been approved on May 21 2017 Wsstern world, the pressure made by ceaseless advertise
Swiss citizens. $us, for people living in rich nationsments quickly converts goods and services, originally
reducing energy consumption is indeed possible withoaonsidered luxuries, into necessities for everyone. We are
compromising the quality of life, which is good news. persuaded to consume at a faster and faster rate; with
A second guestion, however needs an answer: howt any understanding of the consequences of that con
can an a/uent person reduce his/her energy consumpsumption. $e¢ most pessimistic among scientists think
tion? Scientist involved in the study of this problem sayat at the end we will be forced by the degradation of
that there are two routes. One is acting on Othing$@ planet to chose sobriety.
which means to increase the e&ciency of all the devic Indeed, only a new set of ethics and policies, accom
es and machines we use every day. For example, ugiagied by decisive changes in attitudes and practices can
more efficient cars, replacing fluorescent lamps witprevent a destructive collapse of the planet. We should
LEDs, increasing the thermal insulation of the houséqake the energy and climate crisis as an opportunity
etc. Experience shows, however, that increasing the €& move away from fossil fuels, to reduce disparities,
ciency of OthingsO o0en does not lead to a reductioririgrease international cooperation, and lead humanity
energy consumption for several reas#himcluding the to an innovative concept of prosperity. Science, but also
so called Orebound e%e#t@)may happen, indeed, consciousness, responsibility, compassion and care must
that an increase in energy e&ciency encourages a grdag the roots of a new knowledge-based society.
er use of energy services. For example, when-a per
son replaces an old car with a more e&cient one (say a
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Energy in a changing climate
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ltaly
E-mail: s.fuzzi@isac.cnr.it

Abstract. Warming of the EarthOs climate represents the Ogreat challengeO of our times
that may even undermine the subsistence of humankind on the planet. $is paper
reviews the causes and e%ects of climate change due to the anthropogenic activities.
Since energy production constitutes the main source of climate-forcing anthropogenic
emissions, a particular emphasis is given in the paper to the energy system transition
to meet the objectives of the Paris Agreement, the international treaty signed in 2015
under the auspices of the United Nations Framework Convention on Climate Change,
aimed at reducing the risks and e%ects of climate change on the global society.

Keywords Climate change, anthropogenic emissions, energy system transition, IPCC,
Paris agreement.

1. THE EARTHOS CLIMATE SYSTEM

$e term OclimateO (from the ancient Greek watina: inclination)
refers to the meteorological and environmental conditions in a given geo
graphical area averaged over a long period of time, typically 30 years or
more, as de"ned by the World Meteorological Organisation (WMO).

$e EarthOs climate system includes di%erent components, sometimes
referred to as OcompartmentsO, which interact dynamically with each other:
atmosphere, ocean, Earth surface, cryosphere and biosphere, the life on the
planet, including mankind. $e system evolves with time, inluenced both
by an internal dynamics and by external factors called climate forcings. Cli
mate forcing can either be due to natural phenomena (natural forcing) or to
anthropogenic activities, in the latter case de"ned as anthropogenic forcing.

$e OengineO of the EarthOs climate is the Sun. $e EarthOs surface, in
fact, receives energy from the Sun, 50% of which in the visible part of the
electromagnetic spectrum. Part of the incident radiation is relected back to
space by the EarthOs surface and by the clouds. $e fraction of relected ener
gy is de"ned OalbedoO. $e EarthOs albedo is on average approximately 0.3
(30% of the solar energy is relected back to space), but varies considerably in
di%erent areas of the globe depending on the nature of the surface: snow and
ice, sea surface, vegetation, desert, urban areas, etc. To balance the absorbed
incoming energy, the Earth must radiate the same amount of energy back to

Substantia. An International Journal of the History of Chemistry 3(2) Suppl. 2: 17-26, 2019
ISSN 1827-9643 (online) | DOI: 10.13128/Substantia-213
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space. Because the Earth is much colder than the S
it radiates at much longer wavelengths, primarily in th o
infrared part of the spectrum. $e Earth reaches there IR oS
fore an equilibrium temperature where absorption an
emission are balanced (Fig. 1).
But in the atmosphere are naturally present certaisuaismms
atmospheric constituents such as water vapour; Castsss
bon dioxide (CQ), methane (Ch) nitrous oxide (NO) el
and other compounds that absorb a signi“"cant frac
tion of the infrared radiation emitted by the Earth. $e
absorbed energy is then re-emitted in all directio
thus contributing to the warming of the lower levels o
the atmosphere causing the so-called (natural) gree bout half the solar radiation
house e%ect, in analogy with the heat trapping e%ec Earts sufacoandwarms . nrarsdraciton s
the glass walls in a greenhouse illuminated by the S i
that increases the temperature of the air inside (Fig. 1) ure 1.Schematic representation of the EarthOs climate system
ﬁfsgn?lgizzjIggszge(gszas;? therefore cumulatively call aélpd the greenhouse e%ect (from Le Treut et al., 2007).
In the absence of an atmosphere the radiative- equi

librium temperature of the Earth would be purely th century, causing 160 million tonnes of atmospheric

function of the distance of the Earth from the Sun an ul(ghur dioxide (SQ emissions per year, more than
|

of the surface albedo that is -18;C. But, as a consequef{w e the sum of its natural emissions. More nitrogen
0 .
of the natural greenhouse ed%ect, the average SUngetiizer is applied in agriculture than is "xed naturally

temperature of the Earth is ca. 15C, 33iC higher th"iqu all terrestrial ecosystems; nitric oxide (NO) produc

the Irtauidlatlve eqtu'“bglémrt?mﬁgr?ﬁu;e'in the absen tign by the burning of fossil fuel and biomass also-over
S €asy 10 understa at, € absence s natural emissions. Fossil fuel burning and agricul

0 .
the natural greenhouse e%ect, the life on the pla have caused substantial increases in the coneentra

would not have developed, at least not in the Wa¥ns of GHG, CQby 40% and Chby more than 150%,

We now experience. reaching their highest levels over the past 800 millennia
(Crutzen, 2002).
2. THE ANTHROPOCENE For all these reasons the Nobel Laureate Paul
Crutzen and the biologist Eugene Stoermer suggested
AOer the end of the last glaciation, ca. 12.000 yeatst the Holocene, the geologic epoch initiated with the
ago, the warmer temperatures caused by the natugaid of the last glaciation has come to an end and that
greenhouse effect favoured, with the development fseems appropriate to assign the term Anthropocene to
agriculture, the emergence of our civilization. the present geological epoch in many ways dominated by
Since the onset of civilisation, man has modi"ethuman activities (Crutzen and Stoermer, 2000).
the natural environment to make it more suitable to his There are different views concerning the begin
needs, e.g. clearing large forested areas transformed imitag of the Anthropocene. While Crutzen and Stoermer
agricultural land. Until recent times, however, the worlthad dated the beginning of the Anthropocene with the
population was quite limited in number and the techbeginning of the industrial revolution in mid-f8cen
nologies available were relatively primitive, therefore thary, Ruddimann (2013) has put forward the idea that
impact of humans on the environment had been quitmankind has started modifying the natural environ
limited both quantitatively and spatially. ment at least 9,000 years ago with the large deferesta
But for the past two centuries or so the e%ectstiins to get cultivable land. Finally, more recent discus
humans on the global environment have increased drgions have determined that the beginning of the Anthro
matically. During the past two centuries, the humampocene as a geological epoch should be dated to the early
population has increased tenfold to more than 7 bill950s, corresponding to the OGreat AccelerationO aOer
lion and is expected to reach 10 billions in this centuhe 2¢ World War, marked by a major expansion in
ry. Humans exploit about 30 to 50% of the planetOs langman population, large changes in natural processes,
surface and use more than half of all accessible fradle development of new materials and of the interna
water. Energy use has grown 16-fold during the twentiional trade (Lewis and Maslin, 2015).

o2 [ ATMOSPHER " 7
Br |
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3. CLIMATE CHANGE IN THE ANTHROPOCENE individual external forcing to the observed warming.
$e 5 to 95% uncertainty range is superimposed to the

Human activities contribute to climate change byars.
causing changes in the atmosphere of the amounts of Human-induced warming has now reached on aver
greenhouse gases and other gaseous and particukge 1iC above pre-industrial levels in 2017, increasing
components, with the largest contribution deriving fromat a rate of 0.2{C per decade, but warming greater than
the burning of fossil fuels. Since the beginning of thiae global average has already been experienced in many
industrial era, the overall e%ect of human activities @egions and seasons (Allen et 2018).
climate has been a warming inluence and the human
impact now greatly exceeds that due to natural precess
es, such as solar changes and volcanic eruptions (Forstdr Anthropogenic GHG emission
et al., 2007). . . I

$e 5t Assessment Report of the Intergovernmen $e main GHQS deriving from human activities are
tal Panel on Climate Change (IPCC), published in 201{1€¢ @bove-mentioned COCH, and NO. $ese gases
reports that more than half of the observed increase fifcumulate in the atmosphere, causing concentrations
global average surface temperature from 1951 to 2dfpincrease with time. Slgnl_ cant increases of all _these
was caused by the anthropogenic increase in GHG Cd:r?mponents ha_ve oc_curred in the_ industrial era (Fig. 3),
centrations and other anthropogenic forcing agent@”th an even hlgher increase starl_ng from the 19503_ (the
together. In fact, the best estimate of the human-induc&gf€at Acceleration). All of these increases are attribut
contribution to warming is similar to the observed?Pl€ to human activities (IPCC 2014). _
warming over the same period (Fig. 2). Between 1750 and 2011, the cumulative anthropo

$e observed surface temperature change in Fig. 2 BEnic CQ emissions to the atmosphere were 2040 + 310
tCO,. About 40% of these emissions have remained in

shown in black; the attributed warming ranges (colour(ﬁ\e
are based on observations combined with climate mod&€ atmosphere (880 + 35 Gtg(the rest was removed
simulations, in order to estimate the contribution of ari’®M the atmosphere and stored on land (in plants and
soils) and in the ocean that has absorbed about 30% of

the emitted anthropogenic GOWhat is more impor
tant, about half of the anthropogenic €@missions
between 1750 and 2011 have occurred over the last 40
years.

CO, is not, as previously mentioned, the only GHG
emitted by human activities, and Fig. 4 reports the-glob

OBSERVED WARMING

Greenhouse gases

} } Other anthropogenic forcings
|
T T S Concentrations of Greenhouse Gases from O to 2005

400 T T T 12000
I——{ Natural forcings 1

-1800

—1—1 nNatural intemal variability m— Carbon Dioxode (CO,)
—~ — Methane (CH.) ]
(I I TR N T oy oy o R ] 1600
05 00 05 10 & 350 —— Nitrous Oxide (N,0)

0 1 ~
‘% 1400 §
Figure 2. Comparison between the observed increase of glob ¢ _-1200;
mean temperature (GMST) over the period 1951-2010 and the es & ©

mated anthropogenic contribution. $e black bar is the observec & 300 J1000

GMST over the period, while the green and yellow bars repr

sent the modelled contribution of GHGs and other climate forcer
(mainly atmospheric aerosols that exert a cooling e%ect on climi

Fuzzi et al., 2015), respectively. $e orange bar is the sum of t 250
two (green + yellow) representing the total modelled temperatul 0
increase due to anthropogenic emissions. As can easily be seen, tne
modelled and observed GMST increase are very close to each otfigiire 3. Atmospheric concentrations of the most important GHGs
taking into account the uncertainty ranges of the di%erent quantiver the last 2,000 years. Increases since about 1750 are attributed
ties (the 5 to 95% uncertainty range is reported on top of each bdog.human activities in the industrial era. Concentration units are

$e natural contributions to GMST increase and the internal vari parts per million (ppm) or parts per billion (ppb) (from Forster et
ability of the EarthOs climate system are minimal, if not negligilalle, 2007). Present GHG concentrations (2017) arg:=CAD6 ppm,

(from IPCC 2014). CH, = 1859 ppb, D = 330 ppb (WMO, 2018).
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al annual anthropogenic GHG emissions expressed as 4. THE EFFECTS OF CLIMATE WARMING
CO,-equivalent (CGQ-eq). $e global GHG emission in
2010 amounted to 49 Gt G@q. In recent decades, changes in climate have caused
$e main drivers of anthropogenic GHG emissionsimpacts on natural and human systems on all continents
are the population increase and the increasing energpd across the oceans. $é"3PCC Assessment Report
needs of our society. Some "gures illustrate the-corhas described in great detail the observed e%ects on the
bined e%ects of the evolution of these two parameters.basis of some main climatic parameters (IPCC, 2014).
At the time when agriculture emerged, about 10,000
B.C., the population of the world was estimated a few )
millions, growing to a couple of hundred millions by#-1- Témperature increase

year 1 A.D.. Around 1800 the world population had lobal ' ' |
reached one billion, with the second billion achieved in Global warming (presently +1jC GMST with respect

only 130 years (1930), the third billion in 30 years (19669 the preindustrial period) is already negatively inlu
the fourth billion in 15 years (1974), and the "0h billion€"'¢iNd the agricultural yields, thus a%ecting food-secu

in only 13 years (1987). During the 20th century alonéity (Zhao et al., 2017). At the same time, the increase of

the population in the world has grown from 1.65 biIIiOnsiaawater temperature is inluencing the marine ecosys

to over 6 billions.# tems and biodiversity. At present, the worldwide e%ect

On the other hand, the world per-capita energy-cor®" human health of climate warming has been relatively
sumption, that amount’ed to some 20 GJ per year at t all, although an increased heat-related mortality has

beginning of the 19th century has now reached ca. 80 n reported (g.g. the 200.3 hgat wave in gentral—south
per year (Tverberg, 2012). ern Europe). Climate warming is also altering the- pre

cipitation regimes of several regions with e%ects on water
availability and agricultural yields (Ste%en et al., 2015).

3.2. Anthropogenic GHG emissions by economic sector

All human activities cause the emission in th&-2- Sea level rise
atmosphere of GHGs, and Fig. 5 reports the global .
anthropogenic GHG emissions from di%erent economic Over the period 190192010_' global' mean sea level
sectors in 2010 (IPCC, 2014). rose by 0.19 m (0.17 to 0.21). $is is mainly due toc gla

As can be seen from the "gure, energy production
constitutes the anthropogenic activity with the highest
share of GHG emission (35%).

Electridty
and heat production Energy
219% 1.4%
+2.2%Iyr AFOLY
2000-2010
50
+1.3%lyr 1%
1970-2000
g 40
$; —— Transport
S Total: 49 Gt CO,-eq 0.3%
&
2% (2010)
k=]
a
g2 — Bulldings
o 12%
T Gas -
o W FGases G2
mNQ
10 CH, gl J
W CO,FOLY
€O, Fossilfuel and 9.6% AFOLY
industrial processes 0.8M
0= - - - .
1970 1975 1980 1985 1990 1995 2000 2005 2010 Direct GHG emissions Indirect coz emissions

Year

Figure 4.Total annual anthropogenic GHG emissions in gigatonneBigure 5. Total anthropogenic GHG emissions in Gtgeq/

of CO-equivalent per year (GtC&eqlyr) for the period 1970 to yr) from di%erent economic sectors in 2010. $e circle shows the
2010 by gases: G@om fossil fuel combustion and industrial pro shares of direct GHG emissions in percentage of total emissions
cesses; COrom Forestry and Other Land Use (FOLU); £N,O;  form the "ve main economic sectors. $e pullout shows how shares
gases covered under the Kyoto Protocol (F-gases) (from IPCd,indirect CQ emissions from electricity and heat production are
2014). attributed to sectors of "nal energy use (IPCC, 2014).
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cier mass loss and ocean thermal expansion (IPCtBg increase in global average temperature to well below
2014). $e rate of sea level rise since the mid-t@ntury 2#;C above pre-industrial levels, and pursuing e%orts to
has been larger than the mean rate during the previolisiit the temperature increase to 1.5 jC above pre-indus
two millennia. Sea level rise is threatening all coastaial levels, since this would substantially reduce the
areas with risk of looding and the need of relocating thesks and e%ects of climate change.
a%ected population (Nicholls et al., 2011). IPCC was then invited by the UNFCCC to pro
vide a Special Report on the impacts of global warming
of 1.5jC above pre-industrial levels and related global
4.3. Melting of glaciers greenhouse gas emission pathways contained in the

Paris Agreement. $is Report was actually prepared and
Over the last two decades, the Greenland and A’Hresented in October 2018 (IPCC, 2018).

arctic ice sheets have been loosing mass and glaciersge headline statements reported below from the
have continued to shrink almost worldwide, contribut Summary for Policymakers highlight some of the main
ing on the one side to sea level rise, and on the oth@nclusions of the report (IPCC, 2018). For a guide to
threatening freshwater availability in many regions ahe treatment of uncertainty within the IPCC reports,
the world (IPCC, 2014). reference is made to Mastrandrea et al., (2010).

4.4. Extreme events 5.1. Understanding global warming of 1.5;C

$e impact of recent climate-related extremes, such  Human activities are estimated to have caused
as heat waves, droughts, !oods, cyclones and wild"rggproximately 1.0iC of global warming above pre-indus
reveal signi"cant vulnerability of some ecosystems anglal levels, with a likely range of 0.8;C to 1.2{C. Global

many human systems to current climate variabilitywarming is likely to reach 1.5;C between 2030 and 2052
Impacts of such climate-related extremes include alterg it continues to increase at the current ratéglf con®

tion of ecosystems, disruption of food production andiency
water supply, damage to infrastructures and other con Warming from anthropogenic emissions from the
sequences for human wellbeing (IPCC, 2014). pre-industrial period to the present will persist for cen
turies to millennia and will continue to cause further
long-term changes in the climate system, such as sea
5. THE PARIS AGREEMENT level rise, with associated impadiggh con"dende but

AND THE MEANS FOR THE IMPLEMENTATION these emissions alone are unlikely to cause global-warm

ing of 1.5;jC fhedium con"denge

$e policy actions to be implemented in order to limit
the e%ects on the human society of the climate warming
that is already happening fall under two broad categorie: 200
¥ mitigation B measures aimed at reducing the emi: - Current

sion of GHGs and other climate forcers (energy e& ' warming rate —

ciency, decarbonisation, more e&cient agricultura \°
practices, etc.);

¥ adaptation B technological and infrastructural
measures that allow contrasting the e%ects -of ¢
mate change in progress.

Since more than 25 years the United Nations Fram g £
work Convention on Climate Change (UNFCCC) ha:g € %%
been working on a global treaty that could reduce tt 025
GHGs emissions to contrast climate change. Finall
on December 12, 2015, within thes'2INFCCC Ses O o0 2000 2000 2070 2000 2050 2100
sion, 196 Countries, responsible for 95% of global GHG
emission, approved the so called OParis Agreement()'f ; _ .
deals with GHG emissions mitigation, adaptation, an@ ove pre-industrial levels -|n 2017. At the prese.nt rate, global tem

g . eratures would reach 1.5;C around 2040. Stylized 1.5;C pathway
"nance and that will formally start in the year 2020. $€shown here involves emission reductions beginning immediately,
long-term overall goal of the Paris Agreement is to keejpd CQ emissions reaching zero by 2055 (from Allen et al., 2018).
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Climate-related risks for natural and human sys By 2100, global mean sea level rise is projected to be
tems are higher for global warming of 1.5;C than at praround 0.1 metre lower with global warming of 1.5;C
sent, but lower than at 2jQi¢h con"denge $ese risks compared to 2jCnjedium con"denge Sea level will
depend on the magnitude and rate of warming,-gegontinue to rise well beyond 210figh con"dene), and
graphic location, levels of development and vulnerabithe magnitude and rate of this rise depend on future
ity, and on the choices and implementation of adaptatioBmission pathways. A slower rate of sea level rise ena
and mitigation optionsKigh con"dende bles greater opportunities for adaptation in the human

and ecological systems of small islands, low-lying coastal
areas and deltamédium con"denge
5.2. Projected climate change, potential impacts and associOn land, impacts on biodiversity and ecosystems,
ated risks including species loss and extinction, are projected to be
lower at 1.5;C of global warming compared to 2jC.-Lim

Climate models project robust di%erences in regioning global warming to 1.5{C compared to 2;C is-pro
al climate characteristics between present-day and gloksdted to lower the impacts on terrestrial, freshwater and
warming of 1.5{C, and between 1.5{C and 2{C. $esgoastal ecosystems and to retain more of their services
differences include increases in: mean temperatute humans igh con"dende
in most land and ocean regionsigh con"denge hot Limiting global warming to 1.5;C compared to
extremes in most inhabited regionigh con"dende 2iC is projected to reduce increases in ocean tempera
heavy precipitation in several regiomaedium con- ture as well as associated increases in ocean acidity and
dencg and the probability of drought and precipitationdecreases in ocean oxygen leveigh(con"denge Con
de"cits in some regionsnedium con"denge sequently, limiting global warming to 1.5;C is projected

The key elements are presented here as a function of the risk level assessed

between 1.5°C and 2°C. Purple indicates very high
risks of severe impacts and

the presence of significant
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Figure 7.$e dependence of risks and/or impacts associated with selected elements of human and natural systems on the level of climate change,
highlighting the nature of this dependence between 0;C and 2;C warming above pre-industrial level (from Hoegh-Guldberg et al., 2018).
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to reduce risks to marine biodiversity, "sheries, and ectollowing a peakhigh con"dende CDR deployment of

systems, and their functions and services to humans, several hundreds of GtG® subject to multiple feasibil

illustrated by recent changes to Arctic sea ice and warity and sustainability constraintdigh con"dende Sig

water coral reef ecosysterhigh con"denge ni"cant near-term emissions reductions and measures to
Climate-related risks to health, livelihoods, foodower energy and land demand can limit CDR deploy

security, water supply, human security, and econominent to a few hundred GtCQwithout reliance on bio

growth are projected to increase with global warmingnergy with carbon capture and storage (BECG§h(

of 1.5{C and increase further with 2jC. Most adaptatiogon"denck

needs will be lower for global warming of 1.5;C €om

pared to 2iCHigh con"denge $ere is a wide range of

adaptation options that can reduce the risks of climate 6. ENERGY SYSTEM TRANSITION TO MEET

change lfigh con"dende $ere are limits to adaptation THE OBJECTIVES OF THE PARIS AGREEMENTS

and adaptive capacity for some human and natural sys

tems at global warming of 1.5;C, with associated losses Realizing a 1.5;C-consistent pathway would require

(medium con"denge $e number and availability of rapid and systemic changes on unprecedented scales

adaptation options vary by secton€dium con"denge in: i) the energy system, ii) land and ecosystem-man

agement, iii) urban and infrastructure planning, iv)

the industrial system. As previously stated, the energy

S8Atem constitutes the anthropogenic activity with the

highest share of GHG emission and in this section-miti

Two main pathways can be followed for Iimitinggat'on and adaptation options related to the energy sys

global temperature rise to 1.5;C above pre-industrial le{fm transition will be.reported, derived from the IPCC
els: i) stabilizing global temperature at 1.5;C or ii) globz}l5iC R?pP” (de C,:O”'an etal, 29_18)'_
temperature temporarily exceeding 1.5;C before -com To limit warming to 1.5.'.C, mitigation WQUId have
ing back down later in the century. In model pathway!® Pe€ large-scale and rapid. Transformative change
with no or limited overshoot of 1.5iC, global net anthro€a@n arise from growth in demand for a new prod
pogenic CQ emissions decline by about 45% from 2014ct OF market, such that it displaces an existing one.
levels by 2030 (40D60% interquartile range), reaching &t IS sometimes called Odisruptive innovationO. For
zero around 2050 (2045D2055 interquartile range). Fora@mple, high demand for LED lighting is now mak
limiting global warming to below 2;C, G@missions N9 more er_1ergy-|nten5|ve, mca_ndesce_nt lighting near
are projected to decline by about 25% by 2030 in mdisolete, with the support of policy action that spurred
pathways (10D30% interquartile range) and reach fd@pid industry innovation. Similarly, smart phones
zero around 2070 (206502080 interquartile range). Nofi@ve become global in use within ten years. But electric
CO, emissions in pathways that limit global warming t&ars. which were released around the same time, have
1.5{C show deep reductions that are similar to those {ipt been adopted so quickly because the bigger, more
pathways limiting warming to 2jGigh con"dende connected transport and energy systems are harder to
Pathways limiting global warming to 1.5{C with nochange. Renewable energy, especially solar and wind,
or limited overshoot would require rapid and far-reachis considered to be disruptive by some as it is rapidly
ing transitions in energy, land, urban and infrastrucbeing adopted and is transitioning faster than-pre
ture (including transport and buildings), and industrialdicted. But its demand is not yet uniform. Urban-sys
systemsHigh con"dende $ese systems transitions are tems that are moving towards transformation are-cou
unprecedented in terms of scale, but not necessarily RHng solar and wind with battery storage and electric
terms of speed, and imply deep emissions reductions ighicles in a more incremental transition, though this
all sectors, a wide portfolio of mitigation options and &ould still require changes in regulations, tax incen
signi"cant up-scaling of investments in those optiongives, new standards, demonstration projects and edu
(medium con"denge cation programmes to enable markets for this system to
All pathways that limit global warming to 1.5jCwork (de Coninck et al., 2018).
with limited or no overshoot project the use of carbon Di%erent types of transitions carry with them di%er
dioxide removal (CDR) on the order of 10001000 GtC@nt associated costs and requirements for institutional or
over the 21st century. CDR would be used to compegovernmental support. Some are also easier to scale up
sate for residual emissions and, in most cases, achitdven others, and some need more government support
net negative emissions to return global warming to 1.5if@an others. $e feasibility of adaptation and mitigation

5.3. Emission pathways and system transitions consi
with 1.5;C global warming
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options requires careful consideration of multiple di%erand potential water and nutrient constraints. Some of

ent factors. $ese factors include: the disagreement on the sustainable capacity for bioen

¥ whether su&cient natural systems and resources agegy stems from global versus local assessments. Global
available to support the various options (environassessments may mask local dynamics that exacerbate
mental feasibility); negative impacts and shortages while, at the same time,

¥ the degree to which the required technologies aréche contexts for deployment may avoid trade-0%s and
developed and available (technological feasibility); exploit co-bene"ts more e%ectively. $e carbon intensity

¥ the economic conditions and implications (economiof bioenergy is still a matter of debate and depends on

feasibility); several factors such as management, direct and indirect
¥ what are the implications for human behaviour andand-use change emissions, feedstock considered and
health (sociallcultural feasibility); time frame, as well as the availability of coordinated pol

¥ what type of institutional support would be neededicies and management to minimize negative side e%ects
such as governance, institutional capacity and politand trade-0%s, particularly those around food security
cal support (institutional feasibility). (de Coninck et al., 2018).
An additional factor (geophysical feasibility)

addresses the capacity of physical systems to carry the

option, for example, whether it is geophysically possibfe3- Nuclear Energy

to implement large-scale a%orestation consistent with

the 1.5;C requirements (de Coninck et al., 2018). $e current deployment pace of nuclear energy is
constrained by social acceptability in many countries

due to concerns over risks of accidents and radioactive
6.1. Renewable energy waste management. Though comparative risk assess
ment shows health risks are low per unit of electricity
$e largest growth driver for renewable energy hagproduction and land requirement is lower than that of
been the dramatic reduction in the cost of solar-phmther power sources, the political processes triggered by
tovoltaic (PV). Solar PV with batteries has been cosbcietal concerns depend on the country-speci“c means
e%ective in many rural and developing areas and smali-managing the political debates around technological
scale distributed energy projects are being implementetioices and their environmental impacts. On the other
in developed and developing cities where residentiblind, costs of nuclear power have increased over time
and commercial rooOops 0%er potential for consumand the current time lag between the decision date and
ers becoming producers (prosumers). $e feasibilitthe commissioning of plants is presently between 10 and
of renewable energy options depends to a large extd®tyears (de Coninck et al., 2018).
on geophysical characteristics of the area considered.
However, technological advances and policy instru
ments make renewable energy options increasingfy4- Energy storage

attractive in most regions of the globe. Another impor i .
tant factor a%ecting feasibility is public acceptance $e growth in electricity storage for renewables has

in particular for wind energy and other Iarge-scal@ée” around gri(_j lexibility resources. Battery storage
renewable facilities that raise landscape manageméls Peen the main growth feature in energy storage over

challenges, but "nancial participation and communit)}he last few years mainly as a result of signi"cant cost

engagement can be e%ective in mitigating resistance uctions due to mass production for electric vehicles.
Coninck et al., 2018) [though costs and technical maturity look increasingly

positive, the feasibility of battery storage is challenged by

concerns over the availability of resources and the envi
6.2. Bioenergy and biofuels ronmental impacts of its production. Research and-dem

onstration of energy storage in the form of thermal and

Bioenergy is renewable energy from biomass, whitdemical systems continues, but large-scale commercial

biofuel is biomass-based energy used in transport. $ergystems are still rare. Renewably derived synthetic lig
is high agreement that the sustainable bioenergy potenid (like methanol and ammonia) and gas (like methane
tial in 2050 would be restricted to around 100 EJ/yand hydrogen) are increasingly seen as a feasible storage
Sustainable deployment at higher levels, in fact, may mjtions for renewable energy, producing fuel for use in
signi"cant pressure on available land, food productiomdustry during times when solar and wind are abun
and prices, preservation of ecosystems and biodiversitgnt. $e use of electric vehicles as a form of storage has
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Abstract. Over the past decade, we witnessed a remarkable development of a-new gen
eration of photovoltaic technologies, in particular dye-sensitized and perovskite solar
cells. $ese systems have demonstrated potential to provide solutions for a more sus
tainable future in energy conversion. Both of these technologies, however, still-encoun
ter a number of challenges that stimulate further research. While dye-sensitized solar
cells would bene't from an e%ective transfer from solution-based to a solid-state tech
nology, hybrid perovskite solar cells su%er from long-term operational instability that
need to be addressed. In this perspective article, we provide an overview of the recent
advancements along with the perspectives for future developments.

Keywords. Molecular photovoltaics, dye-sensitized solar cells, perovskite solar cells,
molecular modulation, layered hybrid perovskites.

1. INTRODUCTION

$e increasing energy demands of our modern society and their impact
on the environment call for novel solutions towards renewable energy con
version. One of the most auspicious technologies to meet these demands and
prevent the devastating pollution caused by the combustion of fossil fuels
are based on solar energy conversitidature has long served as an inspi
ration in the ongoing quest for highly e&cient light-harvesting technologies,
stimulating research e%orts towards sustainable energy. In natural photosyn
thesis, the control of molecular functions is 00en achieved through the role
of supramolecular chemistf,which involves "ne-tuning of noncovalent
interactions®” Such an approach inspired the development of a number of
arti"cial molecular systems that convert external energy inputs into chemical
energy?”’In addition, natural photosynthesis has inspired the development of
technologies for light-to-electrical energy conversion, in particular dye-sensi
tized solar cells (DSSCsSFIn natural photosynthesis, the absorption of light
triggers a sequential photoinduced electron transfer that contributes to the
chemiosmotic gradient required to convert the electromagnetic stimuli into
chemical energy that fuels the bioprocesses (Figufe ltestead, in DSSCs
an electrical potential gradient is generated via the photoinduced interfacial
electron transfer from a molecular dye to a mesoscopic oxide, from where
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a) NADE" NADPH @) o $e advent of mesoscopic solar cells presented a new
: @a® & paradigm in photovoltaic technology as the electron-
~s ¢ s\ (f\g‘v SRR AR ~~&~3\ A& and hole-conducting materials form a three-dimension
< Jrgo b"v: 7L \k al junction, in contrast to the conventional planar p-n
- L ey "‘f’é;"'\—” e junctions. $e prototype of this new photovoltaic family
) { 2HO oianr @ PC » is the dye-sensitized solar cell (DSSC), also named the

OGrStzel cellO, which employs dye molecules, pigments
or semiconductor quantum dots to sensitize a nanecrys
talline wide bandgap semiconductor "Ims. $e land
mark paper published in 1991 had a substantial impact
being cited approximately 210000 times until fow.
According to an analysis Naturein 2014, this publica

Vt'n . . .
. | = tion ranks by number of citations amongst the top 100
HOMO i papers of all time published across all domains ef sci

ence. $is revolutionary approach has allowed very high
e&ciencies to be reached in a photovoltaic conversion
process that separated, for the "rst time, light harvesting
Figure 1.Schematic representation of the sequential electron-trandnd charge carrier transport, mimicking successfully the
fer in (a) natural photosynthesis and (b)#conventional dye-sengirimary process in natural photosynthesis.

tized solar cells (pioneered by GrStzel & aispired by natural Ten years ago, the DSSC research became the cradle

photosynthesis. PS = photosystem; ADP = adenosine diphosphgje; f
ATP = adenosine triphosphate; NADP = nicotinamide adeniniﬁ the birth of a new closely related technology eraploy

dinucleotide phosphate; NADPH = reduced NADP; Q = quinone';ng h?gf_]ly effelctive Iight. absorl_)er§ known as hybrid
PQ = plastoquinone; PC = plastocyanin; P680 and P700 = ¢hloffganic-inorganic perovskites, which is referred to as per
phyll pigments (P) of PSIl and PSI, respectively, that best abs@Wskite solar cells (PSCs; Figur®®BPSCs have emerged

light at either 680 nm or 700 nm, as indicated; Fd = ferredoxigis the most promising thin-"Im, solution-processable,

FNR = ferredoxin NADP reductase; CB = conduction band; LUM(P ; ; :
. - . ' —~""ow-cost photovoltaic technology with extraordinar
= lowest occupied molecular orbital; HOMO = highest occupledp P 9y y

molecular orbital: red = reduced: ox = oxidized. Solar-to-electric power conversion e&ciencies (ECES) that
have recently reached 25.2%, already surpassing the per
formance of the current market leader, polycrystalline

it is extracted via a transparent contact to the externgificon (Figure 2)°923Unlike silicon, which is a material
electric circuit. $e complete cycle of converting light tobased on a covalent structural framework (Figure?2a),
electricity involves four key steps (Figure 1b): (1)#photBybrid perovskites are ionic crystals based on organic
excitation of the light absorber (dye); (2)#electron inje@nd inorganic components featuring mixed electronic-
tion from the dye into the electron transport layer, eomionic conduction (Figure 28):*° $ese materials can be
monly a mesoscopic TiOor thin "Im transporting the described by the AMgformula, which is composed of
charge carriers via the front contact into the extern&l monovalent cation A (commonly methylammonium
circuit; (3)# dye# regeneration by the redox shuttle tHMA) CHaNH3", formamidinium (FA) CH(NH),", guant
acts as an electron donor; and "nally (4)#shuttle regenéinium (GUA) C(NH,);*, and C9), a divalent metal M
ation at the counter electrode in the "nal step that closé8l:*, Si’), and a halide anion X @IBPF, I9).192° PSCs
the electric circuit-12 currently showing the highest performances are Pb-based
An effective solar-to-electric energy conversioomprising a mixture of di%erent cations and haRéiés.
requires alignment of the energy levels and favorable Despite their remarkable performance, however,
interaction of the participating speci®d2In a conven the instability of PSCs against environmental factors, as
tional DSSC, the redox mediator that OshuttlesO electrodl as under operational conditions, remains an issue
from the counter electrode to the photo-anode is dighat has to be addressed before practical applications
solved in a liquid electrolyte. While this ascertains intbecome feasible (Figure 23§° $is particularly refers
mate contact with the sensitizer in the mesoporous "Imp the sensitivity against oxygen and water, as well as
it also poses limitations for industrial applications, thereheat and light stress (Figure 3a,c). Furthermore, signi”
by stimulating the development of solvent-free systentgnt e%ort is necessary to unravel the structure-property
and solid-state technologigs!®>$erefore, the develop relationships and provide guidance for advanced mate
ment of DSSCs using solvent-free ionic liquid electraial design for perovskites to reach a leading position in
lytes or solid-state hole conductors is of great inté#ést. todayOs photovoltaés?

dye
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Figure 2.Structural representation of solar cell materials and the evolution of their performance. (a) Schematic representation ef the struc
ture of silicon (upper; "gure adapted from #fand hybrid perovskites (lower) with the chemical formula AMX) Evolution of the pho

tovoltaic performance of PSCs since 2009 (blue) in comparison to polycrystalline silicon (22.3% eé&ciency) and the theoretical limit (red),
with the corresponding number of publications on hybrid perovskite solar cells (based on the Scopus analysis for the term Operovskite solar

cell® on September 23, 2019). In 2019 the e&ciency of PSCs has reachéd/AR%epesentative photo of a perovskite solar cell is shown
in the inset (photo credit to the researchers at NTU Singapore).

materials are 00en described by the genefglsd1,, Xzn41
formula. Here, species S (typicallyHG,,..NH3") and A
(typically MA, FA, or their mixtures) are organic cations,
M is a divalent metal cation (PbSi¥*), X is a halide ion
(Br?, 1P, and the value n represents the number of lay
ers of [MX]*P octahedra in the hybrid perovskite phase.
$e structure consists of layers of perovskite slabs sepa
rated by the organic ammonium cation spacers (Figure
4)35 $e spacer cation de"nes the properties of the-lay
ered 2D perovskites and consequently, the corresponding
optoelectronic device performane$e most common

ly used spacers feature hydrophobic alkyl chains, such
as n-buthylammonium (BA) or phenylethylammonium
Figure 3.Aging of typical triple cation d_ouble halide perpvskite(pEA), which are essential to increasing the resilience of
solar cells(a)#Evolution of solar-to-electric power Conversion e&y, . araria| against the environmental factors. $is €on
ciency under operational stability conditions upon continuous .~ . .
irradiation by maximum power point (MPP) tracking. Adaptedt”bunon to the stability, however, comes at the expense
with permission from ref® (b) Cross-sectional scanning electronOf the solar-to-electric power conversion eé&ciency, which
microscopy (SEM) image of a typical PSC highlighting its arehitepequires further advancement of these materials and the
ture and (c) time of light secondary ion mass spectroscopy elemegorresponding devices.

tal depth pro"ling image showing the concentration of Au species
across the device, indicative of ion migration under operational
conditions at elevated temperatures. Adapted with permission from
ref30 Copyright 2016 American Chemical Society.
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2. RECENT ADVANCEMENTS OF DYE9SENSITIZED
SOLAR CELLS

In contrast to three-dimensional (3D) perovskites, $e inception of dye sensitized solar cells (DSSC)
their layered two-dimensional (2D) analogues have-derabout 30 years ago by the GrStzel group provoked a revo
onstrated promising environmental stabil®?5 $ese lution in photovoltaics. He is credited with moving the
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a) b) sitizers3”-4! Examples of some of the structures of the
:::_“z §:z molecules that have emerged as some of the most pow
¢ e 4 erful DSSC sensitizers and redox shuttles are shown in

visible light absorption, the bis-thiocyanato ruthenium
bipyridyl complexes became the sensitizer of choice and
Figure 4.Structural representation of layered two-dimensionat perd/€ ?Urrently prqduced on the mU|t|'k||09|.'am Sca|e.f0r
ovskites Schematic of (a),8,5P 31 (Ruddlesden-Popper, RP), Uuse in commercial products. $e scaleup in production
(b) SApPhlsna (Dion Jacobson, DJ) formulations with di%erenhas lowered their prize by a factor of 100, from initially
number of inorganic layers (n). Blue octahedra illustrate the;¥Pbl gver 1000 US$/g to 10 US$/g, rendering DSSCs competi
} units, light blue spheres the A cations, whereas the cyan and gr . . ' .
fos correspond to the organic spacers (5, S0). tiR with conventional systems. Today, we witness the
emergence of organic and semiconductor quantum dots
as sensitizers, which show superior light-harvesting-prop

solar cell "eld beyond the principle of light absorption vi&'ti€s to the ruthenium dyes. In-depth theoretical and
diodes to the molecular level, exploiting the sensitizatigiiPerimental studies elucidated the fundamentat fea
of wide bandgap semiconductor oxides by the dye mdHres of the dynamics of interfacial electron transfer and
ecules, pigments or semiconductor nanocrystals for lighfarge carrier recombination within and at the surface
energy harvesting. $e key to this success was the-intr§f the semiconductor oxide nanocrystals. Laser photoly

duction of a new paradigm in photovoltaics. Instead ¥ in conjunct?on with time-resolved spectroscopy at the
using the conventional planar p-n junction cell architecfémtosecond time domain showed that judicious design
ture, a 3D sca%old of semiconducting oxide nanoparticféfsthe sensitizer molecule allows to control the rate of the
was introduced in order to collect the electrons injecteiaterfacial electron transfer reactions. For state-of-the-art
into the conduction band by the monolayer of adsorbegensitizers, the electron injection in the conduction band
sensitizer molecules. $e stacking of the nanoparticle8f TiO, sca%old occurs on the femtosecond to pieosec
produced a mesoscopic "Im with very high internal-surond timescale, while the charge carrier recombination
face area, which enabled e&cient light harvesting by tkkes milliseconds or even seconds. $is is su&ciently
sensitizer. By contrast, on a !at surface, a self-assemblgg to allow for near-quantitative collection of the pho
monolayer of molecular dye produces a very week ph9-generated charge carriers as electric current. $ese
to-response, since the light absorption cross-section offlecular systems can generate photocurrents that were
molecule is several orders of magnitude smaller than tBBout 100000- times larger than those obtained with pla
area it occupies. Introducing a 3D mesoporous semicoRar architectures, converting over 90% of the incoming
ducting oxide "Im as electron selective contact to suppophotons into the electric current within the absorption
the sensitizer overcame this fundamental problem. Aswavelength range of the sensitizer. $e very e&cient-con
result of its large internal surface area, the "Im achiev&ersion of sunlight with molecular chromophores renders
very e&cient light harvesting even at monolayer surfadee DSSCs the "rst photovoltaic technology to mimic the
coverage by dyes or semiconductor quantum dots. $idight reaction in natural photosynthesis. $is presents
nevertheless, le0 the challenge to "nd a way to collect tee of the most exciting developments in the generation
electrons injected by the sensitizer into the nanopartic renewable energy from solar power.
network before they recombine with the positive charges A further advancement of DSSCs was made through
le0 behind on the sensitizer. $is task appeared to be pathe molecular engineering of a new donor-acceptor por
ticularly arduous in view of the fact that the charge caphyrin sensitizer, coded YD2, achieving an e&ciency
rier collection was not assisted by an electric "eld of thiecord of 12.4 % when employed with a cobalt complex
type present in a conventional planar p-n junction deviceas redox shuttle (Figure $)Due to its beautiful green
Judicious molecular engineering of sensitizers colour and its high e&ciency, this sensitizer is present
enabled to address this challenge and to realize chronty upscaled for powering DSSC-based glazing (Figure
phores that would sustain the light-induced charge -sep@). An example is the green sound protection barrier
ration across the interface for long enough time to collegtstalled on the highway between Bern and Zurich that
the photo-injected carriers before they were recapturgmtoduces over 1000 kWh/year of electricity (Figure 6).
by the dye or by the oxidized form of the redox medidurther computation-assisted molecular engineering of
tor. $is development was supported by computationalthis type of donor-acceptor porphyrins allowed realizing
analysis, which provided precious help in the concepanchromatic light harvesting across the whole visible
tion, design and synthesis of the best performing sespectrum, increasing the PCE to 15%.

o

:‘z‘__‘” §_‘z‘ Figure 5. Due to their outstanding stability and broad
‘ R 2 4

n=2 n=
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Y123

0

Figure 5.Structures of dye molecules (red) and redox shuttles (blue) commonly employed in DSSCs. $eir roles are schematically illus
trated in Figure 1b. R represents various alkyl/alkoxy substituents while X = SCN.

lonic liquids played a crucial role as non-volatile exchange mechanisth$e breakthroughs made in this
solvent-free redox electrolytes, enabling the practicatea have dramatically increased the stability of DSSCs
deployment of DSSCs. New hydrophobic ionic liquidander prolonged light soaking and heat stress, foster
were developed displaying low viscosity, which haweg their practical development for outside deployment.
found widespread applications and are now producefleveral companies are now manufacturing ionic liquid
commercially** Substantial advances in performancéased on DSSCs on a commercial scale.
were achieved by introducing eutectic mixtures of-imi  Solid-state dye sensitized solar celé&se the main
dazolium iodide salts as redox active ionic liquids, whefecus of current research e%orts. Taking the inspira
the charge transport is accelerated by a Groothus-tyfien from the work of C. Tang on organic light-emit

l IIII'IH h
o

Figure 6.Examples for DSSC-based photovoltaic gladie§: DSSC panels produced by the company Solaronix (www.solaronix.ch)
mounted at the fasade of the Swiss High-Tech Convention Centre in Lausanne, Switzerland. Right: $e "rst energy-producing noise-barrier
based on the DSSC panels developed by the Swiss company H.Glass is installed on the highway between Bern and Zurich in Switzerland.
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Figure 7.Example of a Cu-based dye-sensitized solar(aglEchematic representation of the device architecture and (b) energy alignment

of the device components, with the structure of the corresponding (c)#dyes and (d) redox shuttle, as well as the (e) current-veltage charac
teristic at di%erent light intensities. Adapted from*tefith permission. tmby = 4,40,6,60-tetramethyl-2,20-bipyridine; PEDOT = poly(3,4-
ethylenedioxythiophene); FTO = luorine-doped tin oxide.

ting diodes, GrStzel et al. replaced the liquid electréric power sources for portable electronics and can ren
lyte by solid organic hole conductors. Speci“cally, hider the operation of a great variety of devices for-wire
group introduced the triarylamine derivative, nameless sensor networks (WSN) or loT (Internet of $ings)
ly 2,20,7,70-tetraKig\-di-pmethoxyphenylamine)- autonomous. A new DSSC embodiment has recently
9,9-spirobiluorene (spiro-MeOTAD), as a hole-trans been shown to achieve high power conversion e&cien
porting material, which is now widely appli#dStarting cies (PCE) under ambient light conditions (Figure 7a,b).
from low e&ciencies below 1%, the PCE of solid-stat'® Photosystem combines two judiciously designed
DSSCs reaches presently over 11% using a solid-sBggsitizers coded D35 and XY1 (Figure 7c), with the cop
cu(i/Cu(l) redox system for hole conduction. TheP€r_complex Cu(ll/l)(tmby) as redox shuttle (tmby =
advantage of employing a solid-state hole conductdh 4,40.,6,60- tetramethyl-2,20-bipyridine; Figure 7d), which
is that it is non-volatile, showing faster charge Carrlj}uamtltatlvely regenerates both dyes at a very low driving
transport, while chemically less aggressive than a re Erce resulting in open circuit photovoltagd,§ up to

electrolyte. Hence, further research on solid-state DS V (Figure 7e). $e electric power production at 1000
ux exceeded the PCE of GaAs under similar conditions,
is presently being actively pursued. $is developmen

served as a springboard for the recent stunning rise o F1|1ghllght|ng the potential of this technology.
perovskite solar cells using the mesoscopic architecture
of solid-state DSSC and hole conductors based on the
spiro-MeOTAD family.

DSSCs based on Cu complexes as redox shuttles
have taken the lead in electric power generation from Since the first demonstration of the hybrid per

ambient lighting?” Ambient light-harvesting systems ovskite solar cell in 2009 by Miyasaka et al., the per
are of great practical interest, as they can serve as eleanance of this technology has rapidly evolved from

3. RECENT ADVANCEMENTS OF HYBRID
PEROVSKITE SOLAR CELLS
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PCE of 3.8% to over 25% in just a decade, which hdependent on their composition. This progress was
been unprecedented in photovoltaics (Figure'28)2348 facilitated by several major advancements. Following
While this progress has been remarkable, PSCs continthe "rst attempts to employ hybrid perovskite materi
to face obstacles to their application, which are maingls based on methylammonium (MA) cati#hEperon
related to their instability against moisture and oxygemt. alé! introduced the formamidinium (FA) to reduce
as well as light and heat stress under operational -conttie band gap from 1.53#eV to 1.48#eV and consequently
tions#84%In addition, the progress in hybrid perovskiteincrease the theoretical performance limit. However, the
research has been primarily driven by the device perfqrerformance of FA-based compositions were lower than
mance, while the underlying degradation mechanisntbat of MA-based ones, since the perovskite-type FAPbI
and structure-property relationships remain poorlypolymorph @6FAPbL) is not thermodynamically sta
understood, which prevents rational material desighle at temperatures below 150 jC and it transforms into
required for further advancemefit*°To overcome these the yellow polymorph&FAPbL) under ambient condi
challenges, a number of strategies emerged over the pasts$? Phase stability of the mixed FA/MA composi
years with promising future prospects. Amongst thesépns were improved by gradually substituting MA with
three strategies related to the material design are p&A cations? and the utility of FA-based systems was
ticularly important (Figure 8), namely (1) compositionalfurther stimulated by their enhanced stability at elevat
engineering, (2) employing a variety of modulators ted temperature®%4$is approach of mixing cations in
the perovskite composition to alter their propertfed hybrid perovskites was advanced further by intreduc
as well as (3) layered two-dimensional perovskites aimty 15% MAPbByin FAPb} to reach PCEs above 18%.
their heterostructure® 53 $is progress was accompa Furthermore, Cswas introduced into the composition
nied by the development of the analytical tools based tm de"ne the commonly employed triple cation g
solid-state nuclear magnetic resonance (NMR) spectro8, ;#Aq sPb(ly.sBro17s perovskite formulation, which
copy to unravel the structural properties at the atomiprovided a more reproducible and stable composition for
level and guide rational material desf§i¥? PSCs reaching PCE beyond 2%%nd later on beyond
Compositional engineeringplayed a pivotal role in 22% by reducing the bromide concentratiérzurther
advancing PSCs since the properties of hybrid argaprogress in achieving the e&ciencies that exceed 23%
ic-inorganic halide perovskite materials are stronglwas reached through interfacial engineeffngnd by

Hybrid
perovskite Molecular

Modulation Layered Hybrid
Perovskites

Figure 8.Gradual evolution of hybrid perovskite materiggehematic representation of development through compositional engineering
and molecular modulation to the layered hybrid perovskite materials.
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Figure 9.Molecular modulation caséa) Overview of e%ects of molecular modulation on hybrid perovskite solar cells: morphology altera
tion, defect passivation, and stability enhancement. Adopted with permission frehfteExample of molecular modulatdss (purple), S

(grey), andSN (purple-grey) with a schematic representation of the interacti@Nofith P&+ ions (grey sphere) and the hybrid perovskite
(FAPDL). (c) J-V curves of the modulated champion device recorded in reverse (blacky oo k9 and forward (red; frondcto Voe)

scanning directions under AM 1.5G solar radiation. (d) Evolution of power conversion e&ciency of devices over time upon continuous light
illumination at 65 jC and maximum power point tracking under argon (upper) and ambient air (lower) conditions. Adapted ffom ref.

employing either molecular modulation or layered twowith the aim of addressing a speci“c function at the

dimensional hybrid perovskite heterostructufés. molecular levelt $ree functional areas are particularly
Molecular modulation refers to utilising organic relevant for molecular modulation (Figure 9a), namely

molecules within the hybrid perovskite compositiormorphology alteratior$®7° passivation of defects that
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might act as recombination centéis?and stabiliza a single perovskite compositiétbe atomic-level inter
tion of the perovskite structure against the environactions responsible for this function can be analysed by
mental factors as well as by suppression of the interrsdlid-state NMR spectroscopy, which sets the basis for
ion migration’+75 Milic and GrStzel et al. have showradvanced molecular design.
that addressing these functional areas requires strate Solid state NMR spectroscopis a powerful tech
gies that are based on purposefully tuning a variety oique that provides atomic-level information about the
noncovalent interactions that can be employed to altenicrostructure of the material. It has been successfully
the morphology, passivate the defects, as well as seifiployed to scrutinize the incorporation of the variety
assemble layers for either encapsulation or suppressifgorganic and inorganic cations into the hybrid perovs
the detrimental ion migratiof! For instance, a bifuac kite structure3*5In particular, the comparison dfC,
tional modulator, 3-(5-mercaptoH-tetrazol-1-yl)ben N, and!®N magic angle spinning (MAS) NMR spectra
zenaminium iodide $N), was developed comprising ofof neat mechanochemical :-FARband bulk mixtures
the anilinium core II; purple in Figure 9b) that act aswith sub-stoichiometric amounts of modulators provide
a hydrogen-bond-donating group for interaction withunique structural insight%!-%8$is involves identifying
the surface of the hybrid perovskite and a thiol-tetrazdhe interaction between the modulator and the hybrid
lium unit (S; grey in Figure 9b) to coordinate the?Pb perovskite, assessing whether it involves incorporation of
cations that can act as recombination centfebese the modulator insight the A cation site, as well as wheth
functional groups are used as part of a hydrophobie arer the interaction induces any changes in the perovskite
matic sca%old introduced with the objective of enhancrystallographic properties (Figure 10).
ing the tolerance to environmental factors. As a result, The interaction between the modulator and the
adding the modulator to the perovskite precursor solyperovskite can be evidenced by the appearance of new
tion and treating the surface of the thin "Ims providedNMR resonances in the mixtures prepared mechano
a bene"cial e%ect on the optoelectronic properties. $ishemically?7® For instance, a comparison between the
was evidenced in photovoltaic devices of convention®C NMR spectra of th&N-modulated :-FAPbL per
mesoscopic Au/spiro-OMeTAD/perovskite/mesopero ovskite (Figure 10a) and the neat modulator (Figure 10b)
us-TiO,Jcompact-TiG/!'uorine-doped tin oxide (FTO) reveals a set of additional carbon environments, which
architecture, which were measured under conditions afan be associated with tB& interacting with the per
standard AM 1.5G illumination at light intensity of 100ovskite. $e chemical shiOs can also provide more infor
mW cnP? (Figure 9cbd). $e devices demonstrated ammation about the interaction and scrutinize the pro
improvement of the photovoltaic performance as eompensity of the modulator to incorporate into the cerre
pared to the pristine (control) samples, including amsponding A cation sites. In this regard, f8& and>N
increase of the short circuit current density), open- NMR spectra of the neat arfN-modulated :-FAPb}
circuit voltage Voo, "ll factor (FF), and the PCE (Figure material reveals simildfC and!N resonances (Figure
9 cbda). $eJ,cimprovements are ascribed to the higheilOc,d and Figure 10e,f), which suggests 8itdoes
electronic quality of the "Ims and e%ective charge calot incorporate into the perovskite lattice. However,
lection, whereas increas&ty. stems from the suppres a small (0.2# ppm) in the NMR spectra upon modula
sion of charge carrier recombination upon defect pasgion evidences structural di%erences between the two
vation®! $is resulted in PCEs exceeding 20% PCE, witlmaterials, which points at the interaction taking place
Jc of 24 mA crfi? Vo 1.15 V, and FF up to 0.75 (Fig on the surface of the hybrid perovskite instead. Such
ure 9c) for double cation single halide perovskite-baséadteraction can result in the changes in the crystallo
devices. Moreover, the exceptional performance wasaphic properties of the hybrid perovskite, which can
accompanied by a long-term stability upon continuoube uniquely probed b¥N#NMR spectroscopy. $is is
illumination at elevated degradation conditions betweedue to the dependence of the breadth of the residval
55D60 jC in either argon atmosphere or humid ambiespinning sideband (SSB) manifolds on the reorientation
air (Figure 9dYy® $is enhancement in stability and per of FA inside the cuboctahedral cavity that is related to
formance upon modulation corroborates the suppressiae symmetry of cation reorientation. Speci“cally,-nar
of morphological changes upon aging, as well as paewer “N SSB manifolds correspond to higher symme
sivation of defects, in addition to an increase in hydrdry that is closer to cubf®$e “N MAS NMR spectra
phobicity that was evidenced by contact angle measud neat (Figure 10g,i) and modulated :-FARIFigure
ments’® 10h,j) show a SBB pattern that becomes narrower in the
Such e%ects of the modulation on the properties miodulated material. $is means that the modulation of
hybrid perovskites are not limited to this modulator or.-FAPbI; phase increases its crystallographic symmetry,
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Figure 10.Probing molecular modulation at the atomic level by solid-state NMR spectro$agdpyt Identifying interactions vi&C
cross-polarization (CP) solid-state magic angle spinning (MAS) NMR spectra at 11.7 T, 105#K, 10 kHz MAS of a) neat mechanochemi
cal %FAPbL with 4 mol%SN and b) neat SN. Blue circles showcase the new environments that are associated with the interaction of the
modulator. (cBf) Minor changes in the chemical shiO (0.2 ppm) highlighted by the blue arrow$36f @ and™N CP solid-state MAS

NMR spectra at 11.7 T, 105#K, 10#kHz MAS of neat mechanochemi#diARd); and e,f)%FAPbL with 4 mol%SN suggest that the
interaction takes place on the surface of the hybrid perovskite as opposed to by A-cation incorporation. (gbj) Changes in the crystal struc
ture of FAPDbJ revealed by*N solid-state MAS NMR spectra at 11.7 T, 298#K and g,h) 3 kHz and i,j) 20 kHz MAS of bulk mechanochemi
cal g)%FAPbLand h)%FAPbL with 4 mol% SN implied by narrowing of the SBB manifold (grey arrows). Panels i,j) shows the views of
the center band. Adapted from Féf®

rendering it closer to cubic. Moreover, the peak features by employing hot-casting fabrication techniqdés.
the same shiO in both samples, which supports the coA#unique advantage of tunability of the properties based
clusion that the change is not caused by incorporation ofi the molecular design of organic spacer cations per
the modulator into the A cation site but rather a result ahits to rely on hydrophobic chains and van der Waals
a surface interactiot.’® interactions between the adjacent layers to contribute to
Similarly, the interaction of the modulators with thethe stability, without compromising the crystallinity of
potential defects, such as Pldan be probed, which canthe material?? Commonly employed organic cations,
serve to unravel the likelihood of defect passivation. $isuch as the BA or PEA, which form Ruddlesden-Popper
role of molecular modulators in directing the structureperovskite phases, feature long alkyl chains that jeop
of hybrid perovskites and passivating some of the defeetslize the crystallinity of the materi&s**Further engi
was found to bene"t the device performance and stabiteering of the noncovalent interactions within the spacer
ity even for the substoichiometric amounts of the moduayer has the propensity to boost the performances of this
lator. Such molecular-level engineering assessed by sotidtegory of perovskites and the supramolecular strategies
state NMR spectroscopy sets the stage for more elabomate underutilized in this context.
material design with further enhanced stability, such as In order to demonstrate the potential for exploit
in the layered hybrid perovskites. ing the Van der Walls interactions of the spacer layer,
Layered hybrid perovskitedully incorporate the for instance, AFApPblsn1 (N = 1D4) compositions
organic component within the layers of hybrid perovsbased on the (adamantan-1-yl)methanammonium (A)
kite slabs. Following the pioneering work of Mitzi et’al. as a spacer were developed (Figure 11). Adamantane is
a number of layered perovskite materials were developadvell-known building block in supramolecular chemis
over the past years. While these systems can stabilizettlgethat features ordered self-assembled structures based
perovskite structure, particularly against the detrimentaln Van der Waals interactioi%8In addition, the high
e%ect of humidity, the performances of the resulting soeymmetry and dynamics of functional adamantane sys
cells remain inferior to those of their 3D analogues. $igems is known to be used in plastic crystals and molecu
can be attributed to the charge transport inhibition byar machines$* $e utility of these systems was probed
the organic cations that act as insulating layers, since ihethe AFA,pPh l5,.; formulations based on thermally
inorganic domains mainly contribute to the electronicstable FA-based perovskite compositions by using stoi
charge transport?*3Moreover, they feature a larger excichiometries with di%erent numbers of layers (n = 1 D 4)
ton binding energy that results in the decrease of the pseparated by the spacer. $e unique property of layered
formance that is 00en related to the short circuit currer2D perovskites is that they behave as natural quantum
losses owing to ine&cient exciton dissociatibis can  wells that feature a gradual decrease in the bandgap (
be circumvented by tuning the organic cation gréBpswith an increase in the number (n) of inorganic layers,
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Figure 11.Hybrid layered perovskite Ruddlesden-Popper case. (a) UV-Vis absorption spectra spectra of three ditAgyMt 4., for-

mulations (n = 1, 2, and 3). A = (adamantan-1-yl)methanammonium. (b) XRD#patterns on glass substrates for thin "Ims based on the
AFA 5 Phl3,., perovskite compositions (n#=#1, 2, and 3). $e indices of the corresponding planes are based on the Ruddlesden-Popper
systems with comparable inorganic phases Rbt n#=#1, {Bb} for n = 2, and {Plb,¢ for n = 3)3! (c) C#CP#solid-state MAS NMR
spectra at 21.1 T, 100#K, 12 kHz MAS in the spectral area of the spacer (between 20 and 60#ppm) of neat Al and mecha&i#gghemical A
Pbnly,., (n =1, 2, 3, <=) powders. $e n<= system contains a 3D :-FAPperovskite powder modulated with 3 mol% Al. {&)

solid-state MAS NMR spectra at 21.1 T, 298#K, 5#kHz of neat sRNEAFA o Ph I3, (N = 2, 3, <=). CP = cross-polarization; MAS

= magic angle spinning. (e) Le0: Schematic of g§kRh;l,, composition. $e arrows indicate the proximity between the FA cations and

the backbone of the spacer, which provides a correlation observed by spin di%usion (SD) experimefits.!tRi§bt:golid state MAS

NMR spectra at 21.1 T, 298#K, 20 kHz MAS of mechanochemical A2FA2Pb3I10 using mixing times of 3 >s (red) and 23 ms (blue). $e for
mulations are de"ned by the stoichiometry of the precursors and they include mixtures of phases for n > 2 compositions. $e region inside
a rectangle is magni“ed to highlight the low intensity cross-peaks. $e black arrows show the cross-peaks that evidence atomic-level inter
action between FA and A. Adapted from&efith permission.
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from n = 1 (APbl,) to n#= = (-FAPbL).33%In addition, instance, the SD spectrum of,FA,Phil,, is symmetric
as a result of high exciton binding energies, their U\around the diagonal, with the diagonal signals corre
Vis absorption spectra typically show excitonic featuresponding to those shown directly on the two projections
that gradually disappear with an increase in the nhun{Figure 11e). AOer a mixing time of 23 ms, a series of
ber of layer§® $e UV-Vis absorption spectra of A, 0%-diagonal peaks appear that evidence the atomic-level
;Phylsn4 (Figure 1la) show strong exciton absorptioproximity between species. $is interaction can be either
signals and a gradual red shiO of the absorption with antramolecular (e.g. backbone of spacer) or intermelecu
increase in the number of layers (Figure 11a), which lar (between the FA cation and the spacer). As the cross-
suggestive of the formation of the layered structure. $@eaks are present in the spectrum for each of the two
excitonic absorption peaks are well de"ned for the n EA environments (CH and N§), which is correlated to
1P2 compositions, whereas multiple signals occur for ntlke chemical environments of the spacer (the backbone,
2 compositions, suggesting a mixture of di%erent phas€, and -NH;*), this unambiguously shows that the
within a single predominant phase (Figure 11a), which t&/o cations exist in the same microscopic pifag=
typical for layered hybrid perovskite "Ims. $ere is evi analysis of structural properties of such layered systems
dence that this feature can be bene"cial for the electri;m complemented by X-ray di%raction (XRD), as the cor
transfer processes of interest to optoelectronic appliceesponding XRD patterns commonly reveal the presence
tions 85-86 of low-dimensional phases through the appearance of
With analogy to the modulated perovskite system$w angle relections in the 2? range below 10 j. Di%rac
the atomic-level microstructure of layered 2D perovskitiograms of AFA,sPhi 3041 "IMS on microscopic glass
materials can also be assessed by solid-state NMR sgédes show low angle relections below 10j, typical for
troscopy. To probe the interaction between the spacdayered perovskite materials (Figure 2H5F.While the
and :-FAPDI;, 13C and>™N MAS NMR spectra at 100 n = 1 compositions show predominant low angle relec
K are particularly insightful*>°$e analysis requires tions around 6j associated with (002) relections that
comparing the neat spacer, the 2D perovskite composire related to the parallel orientation with respect to the
tions (n = 1, 2, and 3), and the 3D phase modi"ed witbubstrate, the n > 1 compositions show a lattice relec
sub-stoichiometric (e.g. 3#mol%) amount of the spacgon at 2?# (15 that can be ascribed to the (111) plane,
(n <=; Figure 11cbdi*"®$e 3C NMR spectra of the indicative of the perpendicular orientation. $is orienta
(adamantan-1-yl)methanammonium spacer reveals cletion is of particular interest to the photovoltaic perfor
di%erences between neat iodide salt of the spacer, layeradce, as it enables e%ective charge extraction through
2D compositions, and the modi“ed :-FAPpphase (Fig the inorganic slabs.
ure 11cf’ $e peaks shiO and they are broadened com  $e photovoltaic properties of the layered hybrid
pared to the signals of neat Al, which is in accordangerovskite solar cells are therefore more e%ective for the
with the existence of the spacer in a new chemical enkigher compositional representatives (n > 1), which is
ronment, interacting with the [PEF slabs, as it would also in accordance with their optical properties revealed
be the case in a layered structure. With the increasibyg the UV-Vis absorption spectra (Figure 11a). Mereo
of the n value, thé3C resonances gradually broadenyer, it is apparent that n#@ 3 compositions feature an
indicating structural disorder in the FA/Al phases. $is onset above 720#nm. $is is indicative of the presence of
is further relected in thé“N MAS spectra (Figure 11d) additional 3D phase®.Despite the co-existing phases,
of both AFA.pPh I3 @and modulated :-FAPhJ(n<=)  the highest-performing devices based osFAPhl,,
compositions. Unlike e%ective modulators shown preomposition show a short circuit current densitl( of
viously, N NMR spectra of layered 2D systems shod4.3#mA crf, open circuit voltageVo) of#1.08#V, and
only subtle narrowing of the SSB manifold compared! factor (FF) of 0.50, resulting in a PCE of 7.8% in a
to the 3D :-FAPbL perovskite. In this case, howeverreverse scaf#,which is superior to other FA-based low-
for unambiguous evidence of the atomic-level contaciimensional systenfS.Furthermore, the long-term sta
between FA and spacer A, it is necessary to demdility under full sun illumination under inert conditions
strate their presence within the same microstructure at ambient temperature show that >84% of the overall
a distance on the order of 10 . For#this purpose, tw®CE is maintained over more than 800 h of continuous
dimensional'H-H spin di%usion (SD) measurementoperation at their maximum power point. Moreover,
are particularly relevant (Figure 11e), as in this expestorage in humid ambient air with a relative humidity of
ment magnetization exchange is allowed to occur duringp0% maintains >90% of the initial PCE aOer 900#h. On
a longer mixing period, which results in a correlatiorthe contrary, pristine 3D FAPHIPSCs lose more than
between species that are within 1 nm dista&fiééFor 50% of their performance aOer <20@8which empha
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sizes the potential in the performance and stabilizatiang of organic spacer layers provides a productive plat
of layered hybrid perovskite solar cells. In this regarform to ascertain this potential, such as by engineering A
the most prominent application of layered 2D perovsinteractions, through exploiting hydrophobic !uoroarene
kites is stabilization of highly e&cient 3D perovskitanoieties. $ere are several examples of luorine-contain
materials. ing aromatic spacers in layered hybrid perovskites over
2D/3D perovskite heterostructuresare presently the past years:®°For instance, a 2D FEBRbI, perovs
the most successful category of hybrid perovskite -matedte layer employing perfluorophenylethylammonium
rials that meet both the performance and the stabilitfFEA) as a fluoroarene cation was inserted between
requirements. $e challenge, however, remains to retaithe 3D hybrid perovskite "Im and the hole-transport
performances comparable to the 3D PSCs with highg material# (Figure 12.As a result of this overlayer,
operational stabilities in ambient air. Further engineer2D/3D PSCs were shown to retain 90% of their e&ciency
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Figure 12.2D/3D perovskite heterostructure case. (a) Schematic representation of a layered 2D perovskite structure incorporating per!uoro
ethylammonium (FEA) spacer layer with the contact angle measurements of the neat 3D perovskite (le0) and the corresponding 2D/3D het
erostructure based on the FEA overlayer (right). (b) Time-resolved photoluminescence decay traces recorded for the 3D and 2D/3D perovs
kite "Ims. (c)J-V curves of a 3D PSC and a 2D/3D PSC with the maximum power point tracking shown in the inset. (d)#Ambient atmos
phere ageing results of the unsealed 3D and 2D/3D PSCs with the relative humidity shown in the inset. Adapté&€l from ref.
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during operation for 1000#h in humid air under stimuvide inspiration. $is particularly refers to controlling
lated sunlight, which is ascribed to high hydrophebicthe assembly of the dyes and redox shuttles by relying on
ity of the system (Figure 12a,d). Moreover, the 2D laydre strategies of supramolecular chemistry, which could
was also shown to enhance interfacial charge-extracti@mable engineering side-chains of both dyes and redox-
suppressing non-radiative carrier recombination (Figurehuttles to "ne-tune their contacts. $is e%ort should be
12b) and resulting in PCE#>22% (Figure 328pse complemented by the assessment of the potential for uti
remarkable properties exemplify the bene"cial e%ect lofing tandem redox shuttles for directing the electron-
luoroarene moieties on the structure and morphologyransfer cascades. Overall, in-depth investigation of the
of layered perovskite materials, as well as their hetemrientation and packing in conjunction with rational
structures. It can be argued that such systems a%ectsiygramolecular design can pave the way for overcoming
ionic migration within the active layers of the solar cethe current performance limitations of dye-sensitized
through various ion-A interactions, which requires-fursolar cells
ther investigation to exploit these molecular design-con  On the other hand, as the performance of hybrid
cepts in the future. Such investigations, in conjunctioperovskite solar cells starts to approach theoretical lim
with solid-state NMR spectroscopic analysis, could sigé, the research focus shifts towards resolving their
the basis for fully exploiting the strategies of supramatability limitations without compromising the perfor
lecular chemistry that are e%ectively employed by nataance. In this regard, two strategies have been particu
ral systems to further advance molecular photovoltaicslarly promising, namely the molecular modulation and
In summary, while a number of challenges with théhe development of layered two-dimensional perovskite
hybrid perovskites remain to be addressed, recent-devaichitectures, which was facilitated by the use of solid-
opments in molecular design and atomic-level investate NMR spectroscopy to assess the interactions at the
tigation open perspectives for further advancementatomic level, setting the stage for advanced molecular
$is is particularly the case in the context of moleculardesign. Further advancements to overcome the-chal
modulation and the development of layered perovskitenges can be addressed by relying on the concepts of
architectures, which promise to revolutionize the "eld ofupramolecular engineering to develop novel supramo
hybrid perovskite solar cells. lecular modulators, as well as layered perovskite-mate
rials with superior properties. As structure-property
relationships are unravelled at the atomic level, a new
4. PERSPECTIVES FOR ADVANCING DSSCS AND PSQffatform for rational molecular design emerges to-con
trol the underlying processes. Here, "ne-tuning the-non
Dye-sensitized and perovskite solar cells have beesvalent interactions can play a major role in control
extensively developed over the past decade, providiigg the phase purity and orientation of layered hybrid
sustainable solutions to present energy demands. Dygerovskites, while facilitating the implementation of
sensitized solar cells were inspired by natural photosyslectroactive systems and controlling the ionic motion.
thesis and they remain the most powerful technologi¢a addition, manipulating the interactions between the
for harvesting ambient light to date. $eir performancesperovskite and hole- and electron-transporting materi
are complemented by an aesthetic appeal, which stimals could ensure maximizing the impact of PSCs. $ese
lated the "rst commercial applications, leading to thgtrategies can open the way to combining the funetion
current yearly production in the megawatt range. $isality exploited in arti"cial supramolecular systems with
development involved a number of stages driven Igolar energy conversion. We predict that this approach
molecular engineering of a variety of dyes and redaxill play a major role in the near future, as more inRova
shuttles, as well as solvent-free electrolytes based-on itwe strategies emerge to control the properties of light-
ic liquids, fostering industrial applications. Meanwhileharvesting materials and the corresponding solar cells.
their e&ciency remains below the theoretical limit. It
is therefore instrumental to focus on the development
of solid-state dye-sensitized solar cell technologies. $e ACKNOWLEDGEMENT
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INTRODUCTION

$e human mind is remarkable in many ways. One of them is its- abil
ity to disregard reality in order to induce pleasant feelings. | know for sure
that my wife of 50 years, who recently unexpectedly passed away, will never
return. Yet, several times a day, | catch myself expecting her to open the door
and smile at me. Twice a year, | tell my students that there will be a "nal
examination at the end of the semester. $ey ignore this repugnant thought
blissfully, since the distant future is of no concern. A few days before the
exam, when disaster is at the door, they start coming and asking what they
are expected to know. | doubt that as a student | was any better. No wonder
that much of the general public and numerous inluential politicians deny
that the incipient climate change has anything to do with human activi
ties, least of all with the burning of fossil fuels, although in sober moments
they must surely realize that thousands of climate scientists actually know
their business. AQer all, the most serious consequences of climate change are
not yet at the door, unlike many immediate and apparently more important
issues of the day that are.

| suspect that the tendency to deny inconvenient reality and cherish
immediate gain at the expense of distant troubles are in our genes and must
have 0%ered evolutionary advantages in some distant past. $ey surely do not
o0%er long-term advantages now and our generation will be cursed by all that
follow. Past generations did not know what e%ects a drastic rapid increase in
the concentration of carbon dioxide in the atmosphere will have. We do and
yet on the whole we act as if it did not matter.
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Given the nature of the human mind, it seems t 50
me that the best giO that science and engineering cot
presently 0%er to mankind is to make sustainable enel
economically preferable. $is is not an easy task. How
ever, if solar, wind, and other forms of energy generatic
that do not contribute to climate change were cheap
than the burning of fossil fuels, hardly anybody woul
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SOLAR CELLS AND THE SHOCKLEY9QUEISSER LIMIT
of i
The largest potentially available source of sa L L L

0.0 0.5 1.0 1.5 2.0

renewable energy is solar radiation, and an increase
the e&ciency or reduction of the cost of solar cells wou Sy-T: Bandgap (eV)
go a long way toward reducing the currently huge r(alea’fg'@ure 1.Maximum theoretical e&ciency of a single-junction solar

of greenhouse e%ect gases. Many scientists and enging@l'sssuming 1 sun illumination, full absorption of incident solar
are working on this task all over the world and greadiht above 1.1 eV, detailed balance, 200% triplet yield in the singlet
strides have been made in recent decades. In many péﬁgpn layer, and production of_ an electron-hole pair from eaeh t_ri
of the world, the goal appears to be realistic, althoug‘?t',, Bottom curve (blue): ordinary; top curve (red): top laye, sin
. . . et "ssion and bottom layer, ordinary. Reproduced by permission

well recognized and very formidable technical obstaclgs,, Hanna and Nozik.
stand in the way, such as the need for large-scale energy
storage and for transportation fuels.

Unfortunately, the energy e&ciency of inexpensivenodern silicon cells. Little further improvement of the
solar cells is limited to about 1/3 (the Shockley-Queissggciency of single junction cells is possible.
limit?). $ese cells contain only a single junction (inter  Ajl this has been known for over half a century, ever
face) at which negative and positive charges separatesjigce Shockley and Queisser, his postdoc at the time,
proceed to their respective electrodes, $e primary causgublished their pivotal papérOnce | asked Prof. Que
of the limitation is the broadband nature of solar radiaisser about the correct pronunciation of his name (|t is
tion, whose photon energies range from the infrared t{@erman, kwi-ser) and he told me about the hard time
the ultraviolet. No matter how small or Iarge we ChOO&ﬁey had when they tried to get the article accepted for
the bandgap of a solar cell material, which determinggplication. $e reviewers did not see anything wrong
the maximum voltage produced, there always are somethe derivations, but they felt that the results were of
solar photons with less energy than the bandgap that &€ theoretical or practical interest and publishing them
not absorbed and utilized, and others that have moigould waste precious journal pages. Half a century lat
energy than the bandgap. $e latter are absorbed b, this may well be one of the most quoted paper ever
their excess energy is almost immediately converted ini@blished in the journal. | mention this story to remind
vibrational energy and ultimately wasted as heat. myself and others not to get discouraged when our

$e current produced by a solar cell is limited by thepapers are not immediately accepted for publication and
number of photons absorbed and the voltage is limitgstoposals for funding.
by the size of the bandgap. A smaller bandgap permits
the collection of a bigger fraction of the incident pho
tons and hence leads to a larger current at the cost of BEYOND THE SHOCKLEY9QUEISSER LIMIT
generating a smaller voltage. A larger bandgap wil pro
duce a higher voltage but will cause a smaller fraction of Overcoming the Shockley-Queisser limit at low cost
the photons to be absorbed and therefore will generatea stimulating challenge. True, the use of cells centain
a smaller current. $e power generated is the product aihg multiple junctions with di%erent bandgaps already
the current and the voltage, and the best compromisehas led to e&ciencies approaching 1/2. However, since
to choose a bandgap of about 1.1 electronvolt (eV), whitlhe currents flowing through each junction need to
provides a theoretical e&ciency of about 1/3 (Figure 1), matched, the fabrication is very demanding and so
limit that has been approached but not quite reached lexpensive that such cells are suitable only for special



Singlet Fission: Toward More Elcient Solar Cells 47

uses, for instance on space vehicles. $ey are valuabfieum theoretical e&ciency of a solar cell to almost 1/2
but using them does not have much chance to be ehegpigure 1¢ No current matching would be required and
er than burning coal. the cost would remain low. A similar suggestion in this
Several other schemes have been proposed for goitigection was made even earlier by Dexter but did not
beyond the Shockley-Queisser limit, promise to be-ineglicit much attention until very recently. By now, singlet
pensive, and are the subject of intense research. Oné'ssfion has been shown in two laboratories to provide an
them is multiple exciton generation (MEG), which reliegxternal quantum eé&ciency over 1009%1%.12.13
on solids in which each high-energy electronic excitation
can be converted into two or more lower energy-elec
tronic excitations faster than it is converted into vibra SINGLET FISSION SOLAR CELLS
tional excitation and thus ultimately into heat. $en,
each absorbed low-energy photon is used to produce a Why, then, if the theory is understood and the prin
single electron-hole pair as in ordinary solar cells, whitdple proven in the laboratory, are singlet "ssion solar
absorbed high-energy photons act as if they were two mginels not commercially available after a decade of
more low-energy photons. As a result, a smaller fractiantense e%ort in many laboratories? $e problem has to
of their high energy is converted into heat and e&cienayo with "nding a practical singlet "ssion material and
rises. with moving charges out of it into a useful electrical cir
Materials known to behave in this manner are ofuit. A truly practical material must produce two triplets
two types: (i) semiconductor nanoparticles and (iijupon absorption of nearly every photon of su&cient
organic molecular solids. $e most obvious di%erencenergy. $is will occur if singlet "ssion outcompetes all
between the photophysics in the two is the absencemfer modes of excited state decay, which is only pos
a clear distinction between singlet an triplet excitationsible when the process is exothermic or only slightly
in semiconductors and its presence in organic moleculahdothermic. It should not be too exothermic, since that
solids. $e latter are the subject of the present article. would incur a loss of e&ciency by converting electronic
$e conversion of a singlet exciton into two triplet excitation energy into vibrational and subsequently into
excitons, known as singlet "ssion (Figure*2j,°was heat. For the maximum e&ciency to approach 1/2, the
"rst observed over half a century &dgince the two tfi  singlet excitation energy should be about 2.2 eV and
plets are coupled into an overall singlet when they afRge triplet excitation energy, about 1.1 eV. $e two-tri
“rst born, the process is spin-allowed. It can be very fasfets must separate easily, must be long-lived, and must
and can outcompete all other decay modes, providing afbve readily through the material in order to reach an
up to 200% triplet yield. $e fundamental nature of thejnterface where the negative and positive charges are to
phenomenon was elucidated in half a dozen years aGiparate. During their travel to this junction, the- tri
the initial discovery and thereaOer interest in it died O%Iets should not encounter any of the separated charges,
It revived early in this century when Hanna and Nozilgecause these quench triplet excitation e&ciently te gen
pointed out that a combination of a top layer of singledrate the ground state and héat.
"ssion capable material followed by a bottom layer of an  gere is another reason for insisting that singlet-"s
ordinary solar cell material would increase the maxkjon must occur very fast, even if there are no competing
decay processes other than the relatively slow !dores
cence, which occurs on a nanosecond time scale: Ordi
51 51 narily, singlet excitation moves through a molecular sol
1 . id much faster than triplet excitation. Although singlet
singlet excitation is much shorter lived, nanoseconds instead
fission of microseconds, it still may reach the interface where
v excitation separates into charges before singlet "ssion
T; T has had a chance to occur, especially if the initia} exci
. tation occurred very close to or right at the interface. If
hv smglet this happens, only one electron-hole pair will result and
fission e&ciency su%oers.
$e requirement of approximate thermoneutrality of
the singlet "ssion process imposes a demanding eondi
So So tion on the energi f the | t excited singlet and tri
gies of the lowest excited singlet and tri
Figure 2.Schematic representation of singlet "ssion. plet levels in the solid, HEY&nd HE(T), respectively:
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HE®@ 2 HEQY () the two triplet excitations separate as two free and-inde

pendent triplet excitons whose spins usually remain
Only a handful of compounds, mostly tetracenecoherent (OentangledO) for tens of nanoseconds. We shall

pentacene, and their derivatives, are known to meet thensider the two main events separately.

condition and to perform singlet "ssion with full e&
ciency. Unfortunately, structures of this type are netori
ous for their inability to withstand the combination of
light and air. Yet, a practical singlet "ssion material must

. . . $e singlet exciton may meet one of several fates. It
continue to function aOer a long time of exposure tg ; s : .

) . - . ! can undergo singlet "ssion to produce two triplet exci
sunlight under ambient conditions. It is possible to-pro

h . ) . ion ir i n al ndergo inter m
tect it from the atmosphere with a suitable coating, bLtJ?to s as desired, but it can also undergo intersyste

. . . crossing to produce a single triplet, it can form an-exci
the more perfect the insulation against traces of OXYgell.. it can form a charge-transfer state, in which one
the higher the cost. ' '

In addition t ting th diti . db molecule has transferred an electron to a neighbor, and
n addition to - meetng f’ conditions IMposed by, -5, perform a photochemical reaction. If all of these
the requirements of singlet "ssion, the material mu

¢ th that o all sol (gocesses are too slow, it will ultimately !uoresce. $e
meet many others that are common fo all solar C&4ation of a biexciton typically occurs without any

materlgls: f]?r mTltar?c_eb,l I ShZUIdl ha\{ela h'?]h absorpt'h(ﬂ:lltermediates and its rate can be approximately divided
coe&c_lent or afl visible and u traviolet p oton_s Withinto a dominant OsuperexchangeO contribution mediated
energies above the absorption threshold, and its red8§ virtual singlet charge-transfer con"gurations and a

properties must be appropriate for the intended separgga)ly negligible Odirect® contribution provided by the

tion of charges at the junction. o _two-electron part of the interaction Hamiltonian.
Assuming that all these potential pitfalls are avoid |, are cases, the relative energy of the charge-

ed, all the necessary conditions met, and the chargesnsfer con"gurations is so low that they describe real
generated at the junction are successfully brought {9ates that correspond to minima in the potential ener
electrodes, the question remains, how do we identify &Y surface of the "rst excited singlet $ey then have
optimal practically useful singlet "ssion material? $e5 “njte lifetime and are actually observable. $ey still
search can be subdivided into two tasks: (i) What molegaye an opportunity to generate a triplet biexciton and
ular structure do we choose? (ii) How do we pack thgmetimes they dd,but mostly they take one of two
molecules in the solid? Before addressing these issyfier undesirable options. One is internal conversion to
the singlet "ssion mechanism needs to be described tife singlet ground state by back electron transfer, with
more detail. a complete loss of all the excitation energy as heat. $e
other option is intersystem crossing to the nearly iso
energetic triplet charge-transfer state. In that instance
SINGLET FISSION MECHANISM only half of the original excitation energy is lost, and
one triplet exciton is generated. It may be di&cult to tell
$e process is rather complex and provides manyyhether the origin of observed triplets is singlet "ssion
opportunities for decay to the ground state, all of whichy this type of intersystem crossitg.
need to be bypassed if triplet yield is to be 200%. In |n certain solids limited molecular motion is rela
Figure 3, the desirable path is indicated by narrow blygely facile.The crystal structure may permit two of
arrows and the decay paths by stubby red arrows. $ge molecules that share the initial singlet excitation to
introductory event is the absorption of a photon, whickpproach each other and form a stabilized stacked pair,
generates a singlet exciton. $is contains a single-exdtnown as an excimer. Its wave function typically-con
tation, which is however typically shared among half @ins comparable amounts of the initial locally excit
dozen or perhaps a dozen adjacent molecules in the ssil con"gurations and charge-transfer con"gurations,
id. Note that in contrast, a triplet exciton would be -usuwhose energy has been lowered by the approach of the
ally localized on a single molecule. two partners. $e excimer is o0en considerably stabi
Singlet "ssion consists of two main events. Firslized relative to the original exciton and its conversion to
the singlet exciton is converted into a singlet biexcitom, biexciton is usually too endothermic to compete with
a molecular pair in which each partner is in its tripletadiative and non-radiative decay to the ground state.
state and the two triplets are coupled into an overall sin It is likely that the formation of charge-transfer
glet. Second, the spin state of the biexciton transformsgates, which also can compete with singlet "ssion from
from singlet to a mixture with quintet and triplet, andthe singlet exciton, is merely a more extreme version of

(i) Formation of a biexciton
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the process of excimer formation. If the approach of thgart of the Hamiltonian. Once again, the exciplex is usu
two molecules stabilizes the charge-transfer con"gurally stabilized too much relative to the original exciton
tions so much that they dominate in the excimer wav@ permit its conversion to a biexciton. As noted above,
function, even a small dissymmetry that favors -eleguch states usually decay to the singlet ground state by
tron transfer from one partner to the other over elechack electron transfer, or to a triplet exciton by intersys
tron transfer in the opposite direction will collapse thdem crossing to the nearly isoenergetic triplet charge-
wave function in the more favorable direction and forniransfer state.

a radical ion pair, known in solution as an exciplex, and

in the solid as a charge-transfer state. $e facility of thgj) Formation of free triplet excitons

collapse is due to the very small value of the interaction

element between the two charge-transfer con"gurations, Once the singlet biexciton is formed, the path to
which only contains contributions from the two-electronits dissociation into two independent triplet excitons

D+ S, D T, S,
— 4+ o+ A —
A+ + 4 + #

e s ’,r

’ quintet triplet
B D+ D+ D+ D+ A B A B
S, S S, S, singlet - T
A B D_ D_ D_ D_ A B D D D D
D* D* T, T, T, T, D* D* 515 515
DD | msss)p | D-D-
S$15 So So So So SI S) | oy -
D' D' —) — —— D- D- Tl Tl 11
T, T, hv D+ D+ D* D* T, T, So So So So
So So S1 8 $1$ So So
D-D- DD ? /
Tl T1 T1 Tl ?\ A B
So So So So D* |1 D* | uncorrelated
S1 Sy
N N\ 0| 0| g
T, || Ty
So | | So

Figure 3.A: Symbolic representation of states available to molecules A and B. B: $e general mechanism of singlet "ssion. $e possible
electronic con"gurations of partners A and B are listed in black and the actually occupied con"guration is shown in red. Frames located
above each other indicate the sets of con"gurations that need to be mixed to form a state. Black frames indicate real states and red frames
show states that usually are only virtual. $in blue arrows indicate the path for singlet "ssion and fat red arrows indicate undesirable decay

channels. See text.
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may appear to be smooth. In reality it is anything butbserved with certainty, in order to minimize its likeli
smooth, and the yield of free triplet excitons is o0ehood it is desirable although probably not essential to
disappointingly low. Although the calculated biexcitorcomplement the condition expressed in equation (1) with
binding energies are usually quite small and the dissthe condition HE, > 2 HE.

ciation should be fast, the decay of the biexciton to two In principle, the biexciton might also convert to
ground state molecules, or possibly to one ground staemolecular quintet excited state, but this will hardly
and one triplet molecule, tends to compete successfullyer be energetically possible. AOer all, even the lowest
Unfortunately, relatively little is known about the mechmolecular quintet state is a doubly excited state and the

anisms involved. condition HE, > 2 HE is ful"lled more or less automati
First of all, we need to note that the conversion of clly.
singlet exciton into a singlet biexciton is reversitte Why should the wave function of the singlet biexci

reverse process is known as triplet-triplet annihilatiorton change its spin part into triplet or quintet so easily
An exact reversal yields the singlet exciton back amcen it is an eigenfunction of the electrostatic Hamilto
delayed !uorescence may be observed. Two free tripleian and only some very minor additional terms in the
excitons can still be formed, but it will take longer anéull Hamiltonian can be responsible? $e relatively fac
this is not helpful. Conversion of the singlet biexcitonle intersystem crossing is enabled by the nearly exact
into the singlet ground state of both molecules mighdegeneracy of the singlet, triplet, and quintet states of
be expected to be slow because of the large energy tapbiexciton. $en, even the very weak magnetic dipole
but oOen it is fast and competitive with the desired dis magnetic dipole interactions, familiar from electron
sociation into two free triplet excitons. $e mechanismparamagnetic resonance spectroscopy of triplets (zero-
that makes it so is not understood, and conceivably tlield or D, E tensor), are able to induce intersystem
process goes through the intermediacy of the quintet orossing. $e levels can also be mixed by Zeeman terms
triplet states of the biexciton. If it goes solely through thdue to an external magnetic "eld and indeed, the sen
singlet manifold, it might possibly be related to eventstivity of singlet "ssion to external magnetic "elds was
that occur during photochemical pericyclic reactionspne of its early recognized hallmatRs.

speci"cally photocycloaddition$8In these reactions, According to theory, the initial conversion should be
the ground state of the starting material correlates witfnom the singlet biexciton to the quintet biexciton, which
a doubly excited state of the product and vice versa. $isas already been obsern@dand then to triple:1®
correlation produces a conical intersection (Operic$ese pathways, and the paths from the three spin states
clic funnel®) half-way along the reaction path, througdf the biexciton to free excitons and to the ground state,
which the excited molecule or molecular pair returngare currently under intense scrutiny. The separation
to the ground state surface and then partitions betweénto two independent triplet excitons that are spatially
starting material and photocycloadduct. Since the-dowseparated seems to occur by a hop of excitation in one
bly excited state has a singlet biexciton (double tripledf the triplet partners in the biexciton to a neighboring
character, it is conceivable that the decay of the biexground-state molecule, similar to the hopping motion of
ton formed in the "rst step of singlet "ssion involves arriplet excitons through the soli.

approach toward the same conical intersection. $e-low

est energy point of the intersection would not have to be

reached before decay to the ground state potential ener MOLECULAR STRUCTURE
gy surface becomes rapid. At this point, however, this is
pure speculation. Some of the structural requirements on the mol

If the biexciton has time to modify its spin func ecules to be used in singlet "ssion materials are dictated
tion, the reverse process might produce a triplet excitéy common knowledge. $e need for high absorption
molecular state. Formation of the lowest triplet stateoe&cients and absorption onset near 2.2 eV is generally
would be strongly exoergic and probably quite slow, bsatis'ed by the use of extended A-electron systems. $e
if the excitation energy of one of the next higher molecedox properties can normally be controlled by a choice
ular triplet states lies only a little below the energy of tleé substituents. $e need for slow intersystem crossing is
biexciton, it might be formed fast. Subsequent internaisually met by avoiding heavy atoms and low-lyi(y
conversion would a%ord the lowest triplet and this decatates. Suppression of fast internal conversion calls for
process would then represent the conversion of the sistructural rigidity and absence of structural elements
glet biexciton to one triplet exciton, a signi"cant losswith low-frequency vibrations. Inspiration for light fast
Although such a process has apparently not yet besass is provided by industrial dyes.
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$e condition that is the most di&cult to meet is
the location of the lowest triplet level,( Bpproximately
half-way between the groundg(Sand "rst excited ($
singlet leveld® In most ordinary molecules,;&nd $ ‘
result from the same promotion from the highest acc\
pied molecular orbital (HOMO) to the lowest unroc
cupied molecular orbital (LUMO) and are separated b
approximately twice the exchange integral between the
two orbitals. $is integral is very small fan(* excita ‘

n

g2 ||

[=]|—

tions and excitations with strong charge-transfer eha
acter, in which the HOMO and the LUMO avoid eacli
other in space. It is also small in most non-alternar
hydrocarbons and in contrast, tends to be large for-alte
nant hydrocarbons (no odd-membered cycles). Thu
large alternant hydrocarbons tend to be good ChOiC€| ' ‘
Tetracene and pentacene were recognized as suitg l ‘
a long time ago, and a derivative of a large altern

hydrocarbon, terrylene, has also been recently shownpgure 4. Multi-view projections of the nine best pairs of the C
perform well?A more general group of compounds thatotamer of 1,3-diphenylisobenzofuran optimized for the rate of sin
s ecogrized eaty o 22 rovding Sable Ca e e o e oy oo e
are blradl.calqlds' compounds that are part way betwe%ﬁ/stal, in the order l-g, are 4306, 2944, 2261, 896% 892, 806, 717,
perfect biradicals and ordinary molecules. In the for5461 and 536.

mer, the §T, gap is typically much smaller than half

the $-S gap, and in the latter, much bigger. In between,

there is a range of biradicaloid structures where the tWReory has provided some advice. $is is available in the
are comparable. Considerations of this type led to a $8tm of a publicly available computer program Sinfple,
of guidelines for the choice of two partially overlappingshich "nds the local maxima of the rate constant for the
sets of chromophores that meet the energy criteriofgrmation of a singlet biexciton from a singlet exciton
large alternant hydrocarbons and biradicalditi$eo - py singlet "ssion as a function of all physically possible
retical requirements for the use of biradicaloids hav§eometrical arrangements of a pair of rigid A-electron
subsequently been elaborete#f?52’and several biradi chromophores (six degrees of freedom). Geometries in
caloid structures have been identi"ed as suitable eandyhich the molecules interpenetrate are excluded. $e
dates computationalR#27:282°380 far, only one of theseoutput consists of the best geometries, drawn in the
proposals has been tested. $&¢ compound in question ixder of decreasing relative rate constant, and an exam
1,3-diphenylisobenzofuran, which was indeed found tple® is provided in Figure 4.
be highly e&cient! However, the triplet yield was up to  $e calculation is based on the Fermi golden rule,
200% in only one of its two very similar known crystadccording to which the rate is proportional to the square
modi"cations, and was a mere ~15% in the offer. of the electronic matrix element for singlet exciton into
biexciton conversion and the density of states at the
energy of the biexciton. It involves the evaluation of the
PACKING IN THE SOLID PHASE electronic matrix element at billions of geometries but is
still quite fast, because it uses a series of physically moti
$e above observation leads us to the second-varvated and testéé36approximations. $e relative rate
able in singlet "ssion materials, and that is the packonstants are evaluated using Marcus theory, and the
ing of the selected molecule in the solid phase. $ere jgwogram has been used without problems for molecules
ample evidence that it plays a critical role in determiras large as cibalackrot, with 36 atoms in the conjugated
ing the suitability of a compound as singlet "ssion mateA-electron system of each member of the $air.
rial.3*We leave aside the di&cult question of methods A simplified version of the theory was used to
for enforcing a particular packing, whether by crystadevelop pictorial rules for evaluating the suitability of a
engineering or synthesis of non-conjugated covalepiair geometry, which require only the knowledge of the
dimers, and focus on the need to know what packirgpproximate shapes of the frontier orbitals of the-mol
to aim for. $is was not clear in the past, but recentlyecule, HOMO and LUMG?:38

g 1& (1% |
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Inspection of the results for several chromophore A case of particular interest are conjugated poly
choices suggests that two dominant factors determimeers, but only a few recent references can be provided
the relative rate of singlet "ssion at the optimized geontere3%40.4142.4fn such polymers, the two triplet excita
etries. $ey are, "rst, the size of the squared electronitons can move quite far apart on the same chain, and
matrix element, and second, the energy balance of thkso jump to separate chains. It is then certainly appro
process. $e former enters directly into the Fermi golderpriate to talk about singlet "ssion. As long as the two
rule and the latter, along with the reorganization energgxcitons stay on the same chain and only undergo a one-
enters the Marcus equation. $e energy balance is natimensional di%usion, they have a high probability of
determined solely by molecular properties. It dependg-encountering each other, and it is then important that
strongly on the size of the Davydov splitting, the separthey do not mutually annihilate. As discussed above,
tion of the two levels into which an exciton pair is splisuch a reverse of singlet "ssion would oOen provide
by intermolecular interactions. AOer vibrational equli ample opportunities for ultimate decay to the ground
bration, the exciton level that is energetically lower widitate with a release of heat.
carry the bulk of the initial population. If it is stabilized
excessively, it will not have enough energy to produce
a biexciton, even if in the isolated molecule théeVel SUMMARY
was positioned ideally half-way between thea®d $
levels. Instead, the exciton will decay to the ground state, In conclusion, it is fair to say that singlet "ssion is
radiatively or radiationlessly. now known to be a much more complicated process

The magnitude of the Davydov splitting can béhan it appeared to be before the recent spurt of -activ
approximated as four times the electrostatic interactioity in the "eld, and that there are many ways in which
between the &5 transition charge densities on the twoit can go astray. It is possible that a practical material
molecules, which in turn can be roughly estimated frorfor singlet-"ssion solar cells will be recognized tomor
the interaction of their transition dipoles. It vanishesow, but it is also possible that it will take many years. |
when the dipoles are perpendicular to each other afglieve that the ultimate goal, making sustainable energy
this goes a long way toward an explanation of the twid&ss expensive than the burning of fossil fuels, is impor
seen in the optimal pair structures shown in Figure 4ant enough to make it worth turning over every stone
$ese geometries relect a compromise between the teron the beach.
dency of the electronic matrix element to favor strong It should also be recognized that by their very
overlap of the two molecules and the proclivity of theature, scientific discoveries build on each other in
dipole-dipole interaction to minimize their interaction unpredictable ways. The fundamental understanding
and vanish at orthogonally twisted geometries. of the photophysics of organic molecular systems that

is generated in the studies of singlet "ssion may end
up being the largest gain from the enterprise, and may
INTRAMOLECULAR SINGLET FISSION turn out to be valuable in very unexpected contexts. For
example, perhaps the initial spin coherence (Oentangle
$is survey would not be complete if we did not mentO) of the two triplet excitons generated by singlet
mention singlet "ssion in which the two generated tri"ssion might be utilized in quantum information sci
plet excitons reside in di%erent parts of the same mehce? AQer all, when Bunsen and Kirchhof discovered
ecule, known as intramolecular singlet "ssion. Wherhat the sodium D line is a doublet, their discovery must
the interaction between the two covalently connecteghve appeared to have no practical consequences. $ey
chromophores is strong, especially when the bridgingpuld not have foreseen that they have launched a pro
unit or units are capable of A conjugation, it becomesss that will lead to the concepts of electron spin,-nucle
di&cult and ultimately even impossible to distinguishar spin, magnetic resonance spectroscopy, and a century
the now intramolecular singlet biexciton state from-othand a half later, imaging of brain tumors!
er intramolecular singlet excited states and the use of the
term singlet "ssion could then be questioned. It would
be unusual to refer to the internal conversion of the ACKNOWLEDGEMENT
optically allowed Bstate of 1,3-butadiene into its Odou
ble triplet® Astate as singlet "ssion, although their wave | am grateful to Dr. Eric Buchanan for e&cient help
functions suggest it. It is not obvious just where to drawith graphics. Our work on singlet "ssion was support
the line. ed in Boulder by the U.S. Department of Energy, O&ce
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Abstract. AOer explaining the current climate emergency, this survey article summa
rises "nancial cost estimates for transition to zero carbon by 2050, which even in the
medium term, neglecting catastrophic climate collapse, are much less than the cost of
Obusiness as usual® (BAU). Standard economic modelling of continued GDP growth
with only minor costs of climate change and limited mitigation investment which
still guides policy is shown to be completely unrealistic, simply ignoring current cli
mate science, health costs and the welfare economics of economic growth. $e global
health bene"ts from phasing out fossil fuels will also exceed the costs of transition to
renewable energy in the medium term, and these co-bene"ts are widely neglected. $e
major investment and "scal expansion required for rapid transition will help to attain
full employment, further reducing the net "nancial cost of the policies necessary for
energy transition to avoid catastrophic climate change, policies 00en summarised as a
OGreen New DealQ.

Keywords Climate catastrophe, energy transition, renewable energy, fossil fuel, pollu
tion.

1. INTRODUCTION

Atmospheric CQ concentrations have been rising steadily, with a 2- 3
ppm increase p.a., reaching a record 415 ppm in May 2019 (the highest for
about 3 million years), although estimated carbon emissions from fossil fuels
(FF) remained roughly constant for 3 years, mainly due to the substitution
of cleaner gas for coabefore increasing again in 2017. Emissions of green
house gases from land use change and biomass burning are more di&cult to
estimate and probably account for the steady growth of atmosphetic CO

1UK emissions in 2017 were 42% below 1990 levels due mainly to replacing coal by gas, accord
ing to o&cial accounts, but neglecting the outsourcing of Odirty® production to China-and oth
er developing countries, as well aviation and shipping. Including these factors means that con
sumption-related emissions have declined by only about 10%, as pointed out by climate activist
Greta $unberg (Carbon Brief, 2019; Anderson, 2019). China remains the worldOs largest emitter
and user of coal by a wide margin, as well as being the largest investor in RE, and though coal
production seems to have peaked, there is no sign yet of the rapid reduction needed to reduce
even appalling local pollution with health costs from 9 B 13 % of GDP , let alone mitigate climate
change (LSE, 2018).

Substantia. An International Journal of the History of Chemistry 3(2) Suppl. 2: 55-67, 2019
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$e really bad news is that the Arctic is warming twiceupsurge in Green Party votes and a "rst commitment by
as fast as the temperate zones, under the inluence gw EU Commission President Ursula von der Leyen to
positive feedbacks P albedo e%ects as ice and snow ettan carbon neutrality by 2050.
recede, and growing methane emissions from rapidly To avoid widespread collapse of water supplies and
thawing permafrost B thus threatening eventually-irreagriculture in populous regions, which is most likely to
versible, runaway warming without drastic and rapide the "rst major climate related disaster if emergency
mitigating action. Otherwise the result could be a largefyolicies are not rapidly implemented, other measures
uninhabitable, Ohothouse earth® with much higher teare also needed. Reducing food waste, deforestation
peratures than previously predicted, or experienced fand meat consumption, and transition from industrial
millions of years, and resulting collapse of current eivilfactory farming to sustainable eco-agriculture, are all
zation (Ste%en et al, 2018; Berners-Lee, 2019; McKiblhegently required for food security, which includes halt
2019; Wallace-Wells, 2019)!e only rational response toing the parallel emergency of accelerating biodiversity
the'scienti"c evidence'on climate change, is to declatess (SDG, 2019).
global emergency B to mobilise all of society to do what $e 1.5;C target is arbitrary, and evolving tempera
ever it takes to "x i{@aul Gilding, 2018). tures cannot be predicted at all precisely from actual
Mean global temperature is already more than @missions paths and policy measures. $e target is likely
degree C above the pre-industrial level, &tfl paleocli to be exceeded, at least temporarily, even if all emissions
matology has revealed that in the longer run each 1jGvefe suddenly stopped, due to the thermal inertia of
warming will result in 10 to 20 metres of sea-level ribe large ocean mass, which takes a long time to reach
and that the current level of greenhouse gases is su)c@uilibrium temperature with relatively slow circulation
to produce warming that would likely end human civilisérom the surface down to the depths. Eliminating aero
tion as we know itESpratt, 2019) sol air pollution from biomass and FF burning, which
Yet the latest, 2018 report by the Intergovernmerhas a substantial cooling e%ect, would actually acceler
tal Panel on Climate Chang8Jobal Warming of 1.5;C: ate warming in the short run, and require further draw
An IPCC Special Reppwrarns of serious consequencegown of atmospheric CO Much faster warming of the
from exceeding 1.5jC, but neglects the major threagsitical Arctic region also reduces the relevance of mean
already posed by current warming, not to mention- furglobal temperatures.
ther warming triggered by Arctic methane release and A CO, concentration of 350 ppm is considered to be
other positive feedback e%ects. Loss of Arctic and Atite maximum OsafeO level and is thus a much mere rele
arctic ice has been accelerating in recent years, and oript target (though the pre-industrial level was only 280
a rapid drawdown of existing atmospheric Cltas a ppm), since the current warming trend began at about
chance of averting major, long term sea level rise. Lédtks level in the 1970s. Nearly half of current emissions
of policy recommendations follows the conservative trare sequestered by natural sinks. However, ending-defor
dition of o&cial UN reports, which have all failed to calkstation, and additional carbon sequestration through
for the required emergency, WWII-scale mobilisation ofeforestation and a switch from industrial monocultures,
investment to phase out FF as rapidly as technically paghich promote soil carbon loss, to regenerative ece-agri
sible (Spratt, 2019). culture and agro-forestry will be needed, in addition to
Since the cost of energy transition varies consideiapid transition from FF to RE, to reduce the atmospher
ably between nations, and there are also incentives forcarbon concentration to 350 ppm by 2050. Industrial
national governments to Ofree-rideO or rely on mitigatfe@gmp can sequester 10 tonnes of carbon per hectare per
by others, strong international agreements for cost-shafear, in poor soil with little water and no need for ferti
ing and meaningful sanctions are essential to accelézers, so is much more e%ective than slow growing tree
ate the process. Such agreements would have to gopiantation. (Hawken, 2018; Rumpel et al, 2018). $ese
beyond the ine%ective United Nations Framework-Copolicies have already been shown to be highly cost-e%ec
vention on Climate Change (UNFCCC) Paris Agreetive at local levels, and are much more promising than
ment, or the badly designed EU emissions Trading Sysarbon capture and storage (CCS), which has proved to
tem, neither of which have had much success in facilitdte very costly and ine%ective in several discontinued tri
ing energy transition. lronically, Swedish schoolgirl-Gre
ta $unbergf)s Fridays for Future, school strike Campaigrwhether political response will be rapid enough to avert disaster

and other movements such as Extinction Rebellion ha{;-énains an open question, yvith plenty of~grounds for pessimistic scepti
' cism in spite of a surge of Ogreen votesO in the 2019 European Parliament

done much more to focus pUb“? opinion on. the- cli gjections, but with strong right wing populist support forclimate science
mate emergency in many countries, with a widespreahnial as well.
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als in the US (Grandia, 2018). Sgouridis et al (2019) shahle energy including storage from a net energy perspec
in detail that RE investment is much more cost-e%ectitiee while staying within the carbon budget. To achieve
that any likely development of CCS, though of courdgis, installation rates would peak at around 8TW p.a. in
technological breakthroughs cannot be ruled out. 2035, and emissions could be cut by more than half by
It is ironic that the dangers of climate change ha#030 with major energy savings and parallel OdrawdownO
already been clearly identi"ed by 1989, when pioneerirgf atmospheric carbon through eco-agriculture and
scientist James Hansen testi"ed before the US Congrésdustrial hemp plantation.
and the "rst IPCC had been constituted, with little pro ~ Jacobson et al (2017, 2018, 2019) analyse several
gress over the intervening 30 years, or indeed at the latésthnically feasible models of decarbonisation. One esti
December 2018 COP24 conference at Katowice (Revkimate gives a total gross investment cost for transition by
2018). New research by Yu et al (2018) provides strong 8050, at about $125 trillion or an average annual cost of
dence that 1.5;C of average warming will be reached jogt over $4 trilliorf, which, as we argue below, repre
about 2030 on present trends or Obusiness as usual® (Baut} a less demanding policy shiO for the rich countries
10 years earlier than predicted by the 2018 Ip€Ecial that will have to bear most of the cost than the WWII
Report One estimated global carbon budget of cumulativaobilisation which "nally ended the Great Depression
emissions for not exceeding 1.5;C will exhausted by 2020the US (McKibben, 2015; Tooze, 2019). $is estimate
under BAU, underlining the urgency of radical mitigationis quite conservative, neglecting likely major further
and OdrawdownO policies for which only the political viitiprovements in WS or any other, new RE technologies,
is lacking (Hawken, 2018; Hickel, 2017). but does assume large scale e&ciency gains and savings
$e good news is that solar and wind power costshrough electrification. These numbers are of course
have been declining much faster than only recently prenly a rough guide to gross costs, and neglect the-exten
dicted, to reach or fall below parity with FF generatiosive co-bene"ts of transition discussed below. Hawken
costs in favourable locations, but this development {2018) provides detailed discussion of many di%erent
rather overwhelmed by the still limited share of windechnologies to Odrawdown® carbon and transition to RE,
and solar (WS) in global primary energy consumptiomvith similar overall conclusions. A comprehensive new
(only about 1.5%, though estimates vary), and totaleport by Ram et al (2019) estimates a much lower cost
ly inadequate investment. Nuclear remains the mosf global transition to 100% RE by 2050.
expensive new power source, but closing down existing Behavioural changes such as much higher cycle and
nuclear power for purely party-political reasons, whilgublic transport shares in urban areas, less lying, meat
only planning to phase out heavily subsidised coal lmpnsumption, deforestation and material use in an econ
2038, as in GermanyOs expensive but ine%ective Ofimgrbased on repair and recycling rather than ebso
giewendeO, will remain one of Chancellor Angela Méescence and disposal, will also be necessary to ensure
kelOs worst legaciBe( SpiegeR019). rapid enough transition and avoid shortages of crucial
Estimated WS capacity is just over 1 trillion wattmaterials.
(TW), currently growing at about 17% p.a. with invest  In the next section 2, we o0%er a brief account of
ment under $300 billion pa (and recently declining iriraditional neglect and fundamental misunderstanding
monetary terms). Jacobson et al (2017) estimate abaitthe climate emergency by prominent economists. In
50 TW of new wind, water and solar (WWS) capacitgection 3 we then summarise the evidence that mebilis
would be needed by mid-century for a zero carbon-ecoimg society for energy transition would yield enormous
omy, which would thus require an average expansionedium term "nancial, health and employment Oce-ben
of about 1.6 TW p.a. over the next 30 years to attaie’tsO that would more than pay for transition, in addi
more than 10 times the current annual ¥\@ldition! Of tion to averting catastrophic climate change as the ulti
course, this could only be achievable with initially stilhate long termb®nu®. Section 4 explains the macro
higher growth rates, underlining the catastrophic iadeconomic and distributional bene"ts of the OGreen New
equacy of current Obusiness as usualO climate and eBergd (GND) or mobilisation for energy transition, all
policy (BAU), which will generate only a slow decline dhe more urgent aOer decades of neoliberal austerity. A
the FF primary energy share of about 80%, as well adesailed discussion of the main policies for a GND fol
rapid overrun of the OsafeO global carbon budget, atmiva in section 5, while section 6 relates these policies to
probable Ohothouse earthO. Sgouridis et al (2016) iresOgrowth or de-growthO debate. Conclusions are sum
tigated the dynamics of a complete transition to renewnarised in a "nal section 7.

3 Most of the new capacity would be WS, since there is only limit¢dPresumably in constant, current dollars, roughly 5% of current global
scope for expanding (mainly small scale) hydro power. GDP.
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2. TRADITIONAL ECONOMICS OF CLIMATE CHANGE ter. Furthermore, water and products of the vulnerable
AND ENERGY TRANSITION sectors are universally under-priced, neglecting exter
nalities and sustainability, and encouraging overuse and
Long after the threats of unmitigated climateexploitation.
change, pollution and environmental destruction had In addition to the moral repugnance of these -con
been recognised by environmentalists and scientistdusions, they are also based on elementary economic
these issues were ignored by most economists. $e 20&fors. If agriculture was devastated by climate change,
Nobel laureate economist, William Nordhaus, was amost of the rest of the global economy would collapse,
exception who did make early attempts to quantify thend food prices would explode, so while billions of the
OoptimalO carbon tax with the help of long-term modptsorest inhabitants would starve, what was le0 of the
of GDP growth and possible climate damage known agricultural sector would actualjominateglobal GDP
Ointegrated assessment modelsO (IAMs), but neverthplessuse inlated spending on food would exhaust most
assumed growth to be much more important thanr clibudgets even in rich countries! $is is likely to be the
mate damage and essentially unlimiteButure dam "rst really major global impact of climate change, long
ages are reduced to trivial present values using unrégfore rising sea levels have !looded many of the worldOs
sonably high discount rates, and future generations aiggest cities, because modern industrial agriculture in
assumed to be so much richer that they can easily cajgheral and many of the most important food growing
with climate change! His latest attempt (Nordhausareas in China, India, and Africa, as well as the wheat
2017), estimates the welfare maximising Osocial dssit of the North American Great Plains are particularly
of carbon® or optimal tax rate at $31 per ton, rising bylnerable to increasing aridity, falling water tables, ris
about 3% p.a., which would only slightly reduce the BAlhg temperature and extreme weather events as climate
emissions path. He predicts Omean warming of 3.1;C ¢hange progresses.
an equilibrium CQ doubling® by 2100, without consid A major reduction of meat consumption and food
ering the methane and other feedbacks which woulglaste could feed the current population with a much
almost certainly generate much higher temperatures asghaller total output, as well as greatly reducing FF use
a largely uninhabitable Ohothouse earth© under sueihd emissions, and providing healthier diets, but in
policy. With average annual real per capita growth preddition, large - scale conversion to regenerative eco-
dicted to be about 2%, mainly due to exogenous-techigriculture, and ending deforestation are necessary for
nological change, climate damage is claimed to be omdyng term sustainability. $is incorporates mixed farm
about 2% of GDP by 2100, though much of the worldig, low-till cover-cropping and controlled animal graz
population might not survive this BAU programme! ing, to reverse accelerating soil carbon loss, degrada
All these model predictions are decisively contraion and deserti"cation under current destructive and
dicted by the climate science which is never mentionethhealthy industrial agriculture, with its reliance on
by Nordhaus. It is now clear, as Ste%en et al (2018) andnsive factory farming and large-scale, vulnerable
others have shown, that even the old OpoliticalO target@focultures, to sequester a substantial share of carbon
2iC average warming, let alone 3.1;C, would decimagenissions (Holt-Jimenez, 2019; Hawken, 2018; Rumpel
global food production, and trigger irreversible methanet al, 2018; FitzRoy and Papyrakis, 2016; Montgomery,
and other feedbacks to leave much of the world unir2016).
habitable in the long run, with warming ultimately far ~ While NordhausOs ideas seem to have provided aca
beyond 3.1jCOWhat is more, Nordhaus reasons that themic respectability for policy makers® obsession with
sectors most vulnerable to global warmingNagriculturajrowth and neglect of food security and climate mitiga
forestry, and "shingNcontribute relatively little to globalion measures, other prominent economisteever cited
GDP, only about 4 percent. So even if the entire gldgaNordhaus (2017), have clearly recognised the pessibil
agricultural system were to collapse in the future, fipg of catastrophic climate change and the impossibility
costs, in terms of world GDP, would be minigiit®-  of any meaningful cost-bene"t analysis of, for example,
el, 2018). On this logic, billions of the worldOs pooreke destruction of much of human and other tefres
inhabitants contribute relatively little to Global GDP,
so their death from starvation would also hardly mat

6See Stern (2015), and Wagner and Weitzman (2016). $ese studies as

well as the latest climate and environmental science and the threat to
5Bardi (2018, 2011) discusses NordhausOs repeated failure to understhoizhl food production are all ignored by Nordhaus (2017), although
Ocomplex systemsO of ecology and economy, as modelled in the Cthleyotlearly show that all his central assumptions are completely-unreal
RomeOs Limits to Growth and various updates (Meadows and Randisti,. However these and most other economists have neglected the co-
2004). bene"ts of transition discussed below.
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trial life, so that policy priority should just be the fasthalf of the average annual $4 trillion cost of complete
est politically OfeasibleO transition to zero carbon. Swahsition in the next 30 years, following Jacobson et al
a policy will minimise the expected cost of ongoin§R017). $ey also estimate that nearly 13% of total end-
climate change as well as the risk of more distant-disase energy world-wide is usedpmducethe re"ned FF
trous outcomes. In this respect, these economists foll@amd uranium that provide most of the current energy
the lead of climate scientists, but like Nordhaus, neglestipply. All FF costs are likely to rise substantially as the
the much earlier, pioneering work of ecological eeconanost easily exploited resources are declining and reli
mists such as Daly (1973, 1992) and environmentalistece on unconventional, OtightO oil and gas and costly
such as McKibben (1989), who have long recognised thiecking increases. Total FF cost savings will depend on
drastic reduction of emissions with a mobilisation ofhe precise path of RE expansion, but should be substan
resources almost comparable to that of WWII (but-lastial, at least in the later stages, though rapidly expand
ing for decades), represents the only safe and viable glig RE and e&ciency investment will initially raise FF
mate policy, which would also provide many co-bene"tglemand which is a necessary component of what was
Indeed, full employment aOer the Great Depression wasrmed the SowerOs Way D the use of FF for building the
only restored by war time mobilisation in the US. RE infrastructure (Bardi, et al, 2016).

As Gilding (2018) remarks,Tiie only rational $e second co-bene"t or cost saving has recently
response Eis to do whatever it t€Rewhich must againbeen highlighted by the IMF, where Coady et al (2017)
mean the fastest OfeasibleO transition, where the estimate the current global costs of air pollution from
straint is how rapidly behavioural changes such as Ig35, including about 4 million annual fatalities from -out
driving, !ying and meat-eating can be implemented irdoor air pollution, at around $4 trillion in 2015, roughly
the wider population with help of OnudgesO and persegual to the projected average cost of transition! How
sion in a democratic framework. What is not widelyever Burnet et al (2018) and Lelieveld et al (2019) "nd
realised, due to the well-funded e%orts of the FF lob®ymillion b twice as many b fatalities p.a. from ambient
to exaggerate the costs of transition to RE, as well (astdoor) "ne particulate, or PMs; and ozone pollution,
denying the costs of climate change, is just how smaliMth much improved data and estimates, greater than
actuallynegativeb the real overatlet costs of transition the 7 million annual deaths from smoking found by
are likely to be, though of course the FF sector will bee WHO. Indoor air pollution from cooking with solid
the main loser with all their Ostranded assetsO le0 infaleés and traditional stoves are a major additional source
ground’ of mortality and morbidity in developing countries, but

with less quantitative data. All this obviously implies
much higher costs, at least double the IMF estimate,

3. THE COST9REDUCING AND HEALTHOIMPROVING depending on how the morbidity and mortality of poor
CO9BENEFITS OF ENERGY TRANSITION individuals is evaluated. Over 90% of the fatalities are in

poor countries, which is why the imputed value of a sta

In addition to the obvious benefit of saving thaistical life (VSL) of about $1 million, or less with mor
natural world and human civilization from irreversiblebidity costs included, is only a small fraction of the VSL
and catastrophic climate change in the long run, trann advanced economies. $us following the new studies,
sition to RE o%ers three additional major co-bene"ts §10 trillion or about 13% of global annual GDP would
the medium term (Hawken, 2018; FitzRoy and Papyraeem to be a very conservative, rough estimate of annual
kis, 2016; Smith, 2013). $e most obvious is perhaps thgealth and well-being costs from FF pollutfon.
reduction of expenditure on FFs as they are replaced by These costs have two components B the direct,
RE, thus reducing the net cost of transition. $e IEA"nancial or resource costs of lost output, disability and
(2019) estimates world FF energy investment of abogiktra costs of care and medical services, and the-intan
$1.5 trillion in 2018, about 2% of global GDP, so the
average annual total direct cost of BAU could be nearfly

8Most of the fatalities are among vulnerable individuals with a much

lower life expectancy than the average, but this is 0o0en the result of a
7See McGlade and Ekins, 2014; Rogeli et al, 2015. An alternativéoig history of exposure. Pollution also directly reduces happiness of all
compensation or a public sector buyout of FF assets in order to redweeo are a%ected, as well as the future health, life expectancy and 1Q of
opposition with a Pareto improvement for all (Broome, 2018; Smittchildren who su%er exposure. Huge health costs from indoor air pollu
2019), not an appealing policy aOer decades of deception and disinfoon due to biomass burning for cooking in developing countries should
mation, a campaign which was clearly contradicted by ExxonMobili¥s added, and could also be largely eliminated with cheap solar energy
own early research results. Smith (2019) emphasises that displaceddfig- clean cookers, adding substantially to the bene"ts from transition to
a%ected workers do need to be given alternative employment and traénewable energy. Scovronick et al (2019) estimate that O$e global health
ing. bene"ts from climate policy could reach trillions of dollars annuallyE0.
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gible, welfare costs of premature mortality and marbid 4. GREEN NEW DEAL
ity, as well as directly reduced life satisfaction for most
people a%ected. $ese latter costs are usually estimated Various co-bene'"ts of Osteady state economicsO and
as the VSL, and the value of QALYS D quality adjusteergy transition have long been emphasized by- envi
life years D by willingness to pay for a marginal redumnmentalists such as McKibben (2016, 2006, 1989) and
tion in the probability of fatality or morbidity, or for a progressive economists, such as Daly (1973, 1977), and
cleaner environment, which in turn implies dependenceecently by the Green New Deal Group and New-Eco
on income and hence large di%erences between rich andics Foundation in their OGreen New DealO proposal
poor countries, an ethically dubious distinction. We dgNEF, 2008; Murphy and Hines, 20¥900er the "nan
not have separate estimates of the intangible and tamial crash of 2007/8, Oquantitative easing® (QE) B-the pur
gible components, but even just the latter are likely ®hase of government bonds by central banks B helped to
exceed the approximately $4 trillion estimated avefuel an asset price boom, making mainly the rich even
age annual cost of complete transition to a zero carbeoigcher and contributing to growing inequality, with little
economy by 2050. e%ect on employment. Austerity then inlicted huge losses
Coady et al. (2017) refer to the total imputed cost @ the majority, as most wages have stagnated and welfare
Opost-tax subsidiesO, which are much greater than dagending cut, particularly in the UK and US, while un-
or pre-tax "nancial FF subsidies of less than $1 trillioand particularly under-employment remain serious prob
p.a. Economists usually refer to external costs of -polliems everywhere (Storm, 2017; Blanch!ower, 2019).
tion rather than subsidies, but not accounting for these $e Keynesian alternative would have been a major
costs with an appropriate OPigouvianO tax on FF disesl expansion to fund labour-intensive investment
amount to an implicit subsidy which has substantiallyn infrastructure and energy transition in a Green New
increased FF consumption and consequent enviroameBeal, creating jobs for genuine full employment, and
tal and health damage. a start to averting irreversible climate change. ECB
Pollution costs have been steadily increasing undekpenditure of M2.4 trillion on QE, ending in 2018, was
BAU, and some health damage from pollution will cona gigantic missed opportunity, as were similar QE pro
tinue to emerge aOer the pollution is reduced or elimigrammes in the UK and US (Tooze, 2019).
nated. Nevertheless, avoiding a growing share of at least $¢ Keynesian OmultiplierO e%ect results as increas
$(2+10 = 12) trillion direct and indirect or externaling employment reduces the need for welfare and unem
annual costs of FF as RE grows and replaces FF qlgyment bene"t payments, so the formerly unemployed
gests a very approximate average annual saving of haill start to pay taxes, while their greater spending will
the total, or $6 trilliorf. $is is much larger than the in turn stimulate the rest of the economy and further
Jacobson et al (2017) estimate of annual average costagfe tax receipts. $us some of the original extra pub
transition, leaving a huge co-bene"t in addition to avertlic expenditure will be recouped, further reducing the
ing irreversible and catastrophic climate change as thet cost of RE and other public investment before the
ultimate ObonusO. Of course, health and other costscohomy reaches full employment, with little danger of
pollution would increase rapidly under continued BAU,ncreasing inlation in the current environment of very
well beyond 2050, until the industrial global economiow interest rates and inlation. Prospects of Osecular
collapsed under the impact of climate change, and maatagnation® advanced by prominent economists strength
of the global population died, so these OestimatesCeratée case for further "scal stimulus (Eggertsson et al,
very conservative, rough guides to orders of magnitud2018; Tily, 2017).
Furthermore, the health bene"ts from a zero carbon Launching a programme of rapidly expanding RE
economy would continuende"nitely aOer 2050, so evenand related investment will require initially increasing
in terms of discounted present values, the surplus of
cost savings or bene"ts over the actual expected costsof ———
transition to RE would be still further increased, a hug#thout distinguishing between pecuniary and non-pecuniary compo
reward over and above the essentially incalculable béwﬁnts, and using the outdated Coady et al (2017) health cost estimates,

" . . . ich could explain why the total is somewhat lower than the estimates
e"t from averting catastrophic climate charige. b y

reported here. It is not clear whether the total represents "nal accumu
lated savings or a present discounted value. However the similar orders
of magnitude from such disparate approaches are quite reassuring.
9Summarises for simplicity a linear increase of savings from initially 0%$e idea is receiving increasing attention from progressive Democrats
to "nally 100% of projected total FF costs of at least $14 trillion p.a. Asch as Alexandria Ocasio-Cortez, the UK Labour Party and Green
noted above, some of the health costs and hence savings are intangiti®arty supporters in the US and Europe, though neoliberal media disin
10Hawken (2018) summarises of savings from complete decarbonigarmation and neglect have so far hindered any broader public under
tion by 2050 of $74 trillion with a very di%erent methodology, bugtanding or acceptance (Roberts, 2018; Klein, 2019; RiNin, 2019).
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public expenditure and funding requirements before thpolicy, but to gain public acceptance and avoid adverse
multiplier e%ect begins to generate rising revenue adistributional e%ects, at least some of the revenue should
reduce welfare claims. While the dysfunctional Eure syBe returned, either as an equal per capita OdividendO to
tem raises serious legal obstacles to such necessary pdllicitizens as part of a universal basic income, or tar
cies (Mody, 2018), there are no real problems for countrigeted to the most disadvantaged. While redistributive in
with sovereign currencies such as the UK, where centegjgregate because the rich generally use more FF- car
banks can simply create necessary funds without causlman per head than the pobrthere are always some low
inlation, as long there are underutilised resources, andcome households with a high FF consumption, e.g.in
governments can borrow or raise taxes on high earneraral areas, who would need additional compensation
As Tooze (2019) puts ik @ecade a$er the world bailedBoyce, 2018; Stiglitz and Stern, 2017). Subsidised electric
out "nance, itOs time for "nance to bail out the world®. cars for low income individuals with long commutes and
However, conservatives obsessed with the neolibetatking access to public transport would have obvious
ideology of smaller government, lower taxes for the richene"ts to mitigate the distributional impact of a car
less welfare for the Oundeserving® poor, and Qdeliofetax, as would the expansion of low cost or free pub
ishismO, have imposed austerity in the UK and muchliof transport (as recently introduced in Luxembourg).
the EU since 2010 at enormous cost in both human af&nning most cars from cities would greatly facilitate
economic terms. $ey continue to oppose "scal expancycling, socialising and public transport with major
sion, neglect infrastructure and underfund the NH®wealth and welfare bene"ts, and be much more €%ec
and care services, while completely failing to undetive than current plans just to replace petrol and diesel
stand the urgency of climate change mitigation (Coop&ars with still very expensive e-cars, or indeed w®fith
and Whyte, 2017). And more broadly, the ad hoc Maamotorised individual transport.
tricht criteria for Eurozone members place all emphasis Extensive and sometimes violent, OGilet JaunesO pro
on debt and budget de"cits, ignoring employment, -povtests erupted in France in late 2018 in opposition to ris
erty or any environmental/CC targets. $e o&cial UK ing fuel taxes, initially announced without any com
Climate Change Committee (CCC, 2019) has publishgensation or redistribution of revenues, thus illustrating
detailed plans for zero carbon by 2050, now also an o&e importance of distributional equity, and "nally ferc
cially legislated target, but there are currently no signsiofy the Macron government into cancelling the fuel tax
needed policies. hike and several neoliberal policies which also reduced
Conservatives in the US including most of thehe incomes of low earners. As Mehling (2018) explains,
Republicans in Congress and the Trump administratiosubsidies for RE are also needed to accelerate develop
generally deny basic climate sciéh¢as well as modern ment and gain broad acceptance, and higher taxes which
economics and even evolution), as do Vladimir Putin itmpact low income households need to include appropri
Russia and BrazilOs new President Jair Bolsonaro, satde&ompensation, in contrast to purely redistributive tax
political prospects for rapid implementation of seriougs on high earners, which should then be used to bene"t
climate policy even in Europe, let alone in other majahe poorer majority of the population. Under such appro
polluters, are still extremely dim. China leads in Rfpriate conditions there is actually widespread support for
investment but also in emissions and coal consumptic global carbon tax (Carattini et al, 2019). Unfortunately
by a wide margin, and while coal use may have peakedme commentators such as Martin Wolf in the Finan
appalling pollution problems remain, and the urgentlhcial Times (5 Nov, 2019) claim without evidence that
needed, rapid reduction of coal powered generation h&gge scale public investment in mitigation implies aban
not yet been addressed, while China continues te sugoning markets in favour of a Oplanned economyO with
port new coal power in many developing countries. disastrous e%ects. He fails to understand that it is far too
late to rely exclusively on carbon taxation.
To alleviate the inevitable disruptions of transition
5. POLICIES FOR ENERGY TRANSITION to RE, as well as problems already being caused by the
growth of non-standard and precarious employment
$e co-bene"ts outlined above are all medium to
long term, and so major additional initial expenditures|n the US, the top 10% of the income distribution emit over 4 times
remains necessary. Economists agree that substan@aimuch carbon per head as the bottom 10%, and globally they are

and rising carbon taxes should be part of anv climat ponsible for about half of total emissions. However Boyce (2018)
9 P y shows that a $200 / t G@S fee-and-dividend would leave 12% of the

lowest income quintile, and 23% of the 2nd quintile worse 0%, so the
12Even those who claim to accept the evidence for climate change geeed for additional compensation is clear, some of which could come
erally still deny the need for urgent policy measures to reduce FF usefrom a universal basic income.
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for many, a modest universal basic income for all citi  $e intermittency of WS is frequently claimed to be
zens, combined with a public sector job 0%er or guaram major obstacle to complete decarbonisation. However
tee, seems to be the most e%ective policy to supplendaatobson et al (2017, 2018), Breyer et al (2018), Brown et
existing and unco-ordinated, targeted welfare measurak (2018) and Ram et al (2017) have shown in detail that
(FitzRoy and Jin, 2018) an appropriate combination of continental-scale smart
A carbon tax or Ofee-and-dividend® which is rpids, feasible storage technologies and closed cycle gas
too high to be disruptive initially, but rises on a-preturbine back- up generating capacity, using bio-gas or
announced path to ultimately capture the full extereven natural gas, can smooth supply and solve the inter
nal costs of FF use, and thus undo the existing impligitittency problem at a cost which is dwarfed by the value
subsidies discussed above, should provide the appropsf the energy savings from almost complete electri'ca
ate incentives for the private sector to invest in enerdipn. Since the back-up will only be required during very
saving and RE. However direct government and centradre, extreme weather conditions persisting over large
bank intervention, Ogreen bondsO and subsidies will sareas, the average annual emissions from use of natu
ly be required for rapid change on the required scalgl gas during such events will be negligible. In Europe,
less than WWII mobilization when military spendingfor example, the sunny Mediterranean periphery would
peaked at 41% of GDP, but lasting for decades (Toobe, optimal for solar, and could be linked to the windy
2019). In particular because the very fast growth of Rigrth for night time wind power generation by a high
capacity needed to achieve largely complete decarbowdltage, direct current, Osmart gridO with very low trans
sation by mid-century will impose initially rising costsmission losses, and additional savings potential when
supply-side bottlenecks and shortages. Certainly to buitdupled with smart metering and household appliances.
the continental -scale smart grids and storage and back- An important but neglected point is that mov
up facilities needed to OsmoothO the natural interntig from OlowO to zero emissions is the most expensive
tency of local RE production will require major publicphase of transition. Particularly since existing natural
investment and international political coordination insinks would be substantially augmented by adoption of
Europe and elsewhere. Smith (2019) and others argueeitn-agriculture and large scale reforestation, a small,
detail that only Oeco-socialismO with public ownershigeshaining share of lexible natural gas for power genera
large corporations can manage rapid transition, thougtion, as a back- up to variable renewables, could greatly
it is di&cult to see why appropriate regulation and othereduce storage and other costs and still allow a steady
policies cannot achieve the same goal. reduction in the stock of atmospheric €€bncentration
Contrary to frequent claims, higher taxes are ndb the target of 350 ppm. Complete decarbonisation may
necessary initially, though reducing growing inequalthus be an unnecessarily ambitious and expensive goal,
ity with more progressive, redistributive taxes on higthough the "nal trade-0%s will need careful calculation
incomes would have many political and welfare bene"tand monitoring. $& main priority must be the initially
but obviously faces strong opposition. Instead, as long r@pid reduction of emissions through energy saving and
there are underutilised resources in the economy, soexpansion of RE while phasing out coal consumption,
ereign governments and their central banks can creaed cutting globaal emissions by at least half by 2030.
new money, or borrow without risk of generating inla
tion or default, to fund the vital and productive invest
ment of a Green New Deal. As the additional expendi 6. GREEN GROWTH, DE9GROWTH OR BOTH?
ture is re-spent by the initial recipients and thus raises
other incomes, this Keynesian multiplier mechanism $ere is a long standing debate about the feasibil
will increase government tax revenues and over time céiy of continuing (greener) GDP growth on the transi
0%set much of the initial investment cost. tion path to a zero carbon economy and subsequently,
$e "rst stages of a massive expansion of RE wilbr whether radical reduction of currently wasteful and
also require additional FF energy, which may eveawolluting production and consumption will be required,
require a temporary increase of FF production if energgnd if so, how the costs of such de-growth should be dis
saving elsewhere does not proceed fast enough.-Sgdtibuted (Antal and van den Bergh, 2017; Jackson, 2018;
idis et al (2016) have estimated that FF supplies shoddmieniuk et al, 2018; Schrider and Storm, 2018). $ere
be adequate for transition with the growth of unconvendoes seem to be general agreement, at least among envi
tional or OtightO oil and gas, in spite of the decline-in #@asmental economists, that complete decoupling of GDP
ily recoverable reserves and the Oenergy return on engrgth from environmental damage is an illusion (Ward
investedO (EROEI). et al, 2016). However, this debate sometimes diverts
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attention away from the crucial supply-and-demandl (2013) and many others, it has long been known that
synergy of expanding RE, replacing "rst coal, and théBDP is a poor measure of welfare, and ®pjhasing
other FF power as rapidly as possible, and simultaneo@DP growth results in lower living standards. Better indi
ly reducing energy demand by investment in energy e&ators are needed to capture well-being and sustainabil
ciency and saving. $us there is extensive scope to raty.QStiglitz, 2009). Since the pioneering work of East
ro"t buildings for greater energy e&ciency, and replacerlin (1974, 2013), a large and expanding body of survey
ing ICE vehicles with EVs, including public transportevidence shows that subjective well- being, life satisfac
and bicycle$* Much of this activity is labour intensive, tion or happiness are unrelated to economic growth in
and under a Green New Deal full employment shoulthe long run in developed economies, though short-term
be attainable, with rising incomes for the formerly unfluctuations are positively correlated. This is mainly
and-underemployed, and increasing public expenditurdecause unemployment and loss of income are major
so that GDP would certainly grow in the initial stageauses of unhappiness, and also becaalatveincome
of transition. However this growth would be mainly inis an important determinant of happiness above the pov
investment, though with some consumption growth foerty level, which does not change when all incomes are
the newly employed and low income households whgrowing simultaneously (Kaiser and Vendrik, 2018).
bene"t from redistributive carbon fee-and-dividend pay =~ Though income is correlated with well-being in
ments and a universal basic income, as well as more pcooss sections at any time, the e%ect is weak for income
gressive taxes on the rich. above the poverty level. $e main determinants of hap
Clearly developing countries need green growth tpiness are satisfying work, health and family and social
attain the Sustainable Development Goals, but equatglationships, as well as environmental quality. Even
obviously, the developed economies cannot continwgorse, growing inequality in recent decades has eroded
material growth inde"nitely, with ever more and eveiboth well-being for the majority who have not bene"t
larger cars and houses which use many other scated from economic growth, and the basic institutions of
resources in addition to energy. Indeed, radical-comlemocracy (Atkinson, 2015; Dorling, 2017; Stiglitz, 2013;
servation and savings policies will be needed, includinfilkinson and Pickett, 2010, 2018). In the UK, only the
repair and maintenance of durable goods instead of tiheinority with higher education and earnings reported
Othrowaway cultureO of planned obsolescence. In the iloogeasing life satisfaction over the last two decades,
run the Olevelized cost of electricity® (LE@Bgr tran  while in the US average happiness has declined since the
sition to RE is estimated to be lower than the BAU LCOB70s, with greatest decline for the poor (FitzRoy and
largely powered by FFs in the many studies referencldlan, 2018; Graham, 2017).
above, but it will not be zero (though thearginal cost In an egalitarian society with minimal poverty and
of RE up to capacity limits is very low with no FF use)eprivation, technological progress can be used to reduce
$us there will continue to be limits to the recycling of working time and improve work-life balance following
non-renewable resources, and hence to sustainable maieactice in Social Democratic Denmark and other-Nor
rial (and population) growth. On the other hand, declindic economies, which also regularly yield the highest
ing IT costs facilitate the OweightlessO growth of hudifensatisfaction or happiness rankings (Gustavson, 2011;
knowledge, though the resulting power of digital GnatRadcli%, 2013; Lakey, 2016). In addition to transition to
ral monopoliesO, the proliferation of Ofake newsO, an&Eheanother, complementary, transition, from neoliberal
potential for intrusive surveillance, abuse and addictioabsession with GDP growth to priority for well-being
in digital social networks remain serious threats, still fand sustainability is urgently required (Laurent, 2017). As
from being e%ectively regulated (Zubo%, 2019). Jackson (2016) and many others have emphasised, Opros
Though ignored by policy makers and academiperity without (material) growthO is then the only- sus
GDP growth proponents such as Nordhaus (2017) andinable, long run alternative in advanced economies to
Friedman (2006), but emphasised by Nobel Laureaterrently prevailing Ogrowth fetishism® and environmen
economist Joseph Stiglitz (2009; 2019), Kubiszewskitalt destruction, though of course knowledge should con
N tinue to grow, and poor countries still need to overcome
14Such policies have already dramatically improved the quality of urbRPverty with aid for green growth.
air and life in cities such as Copenhagen, Freiburg, and, remarkably, in
Curitiba, Brazil (FitzRoy and Papyrakis, 2016).
15ge net present value of the unit-cost of electricity over the lifetime of 7. CONCLUSIONS

a generating asset, including both investment cost and operating cost,

equal to the break-even average price. Aghahosseini et al (2019) "nd Concern about climate Change is increasing in
that complete transition of power generation to RE in the Americas b

2030 would already reduce the LCOE compared to BAU opulations around the world as the effects become
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Abstract. Proper recognition of energetic, engineering and economic realities means
that the decarbonization of global energy supply will be much more di&cult and it will
take much longer than is 00en assumed by uncritical proponents of OgreenO .solutions

Energy transitions have been among the key defining processes of
human evolution (Smil 2017a). $e "rst (millennia-long) transition was from
the reliance on traditional biofuels (wood, charcoal, crop residues) and ani
mate prime movers (human and animal muscles) to increasingly common
reliance on inanimate energy converters (water wheels, wind mills) and on
better harnessed dra0 animals for "eldwork and in transportation. Transi
tion to fossil fuels (burned to produce heat, thermal electricity and kinetic
energy) began in England already during the 16th century but it took 0% in
Europe and North America only aOer 1800, and in most of Asia only aOer
1950. $is transition has been accompanied by increasing reliance on-prima
ry electricity (dominated by thermal electricity since the 1880s, with nuclear
generation contributing since the late 1950s).

Post-1800 transition from traditional biofuels to fossil fuels has result
ed in gradual relative decarbonization but in enormous growth in absolute
emissions of C® Relative decarbonization is best traced by the rising H:C
(hydrogen to carbon) ratios of major fuels: they rise from no more than 0.5
for wood and 1.0 for coal to 1.8 for the lightest re"ned fuels (gasoline and
kerosene) and, obviously, to 4.0 for methane JCtHe dominant constituent
of natural gas (Smil 2017b). $e reverse order applies tg &@issions per
unit of energy: combustion of natural gas produces less than 60 kilograms
of CG, per gigajoule (kg C@GJ) while the rates for liquid hydrocarbons are
between 70-75. As the global energy transition progressed, coal consumption
overtook the burning of traditional biofuels and it was, in turn, overtaken by
the combined mass of hydrocarbons (crude oils and natural gases) and rising
share of primary electricity has further reduced the average carbon intensity
of the worldOs primary energy supply. $e global mean declined from nearly
28 kilograms of carbon per gigajoule (kg C/GJ) in 1900 to about 25 kg C/GJ
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in 1950 and then to less than 20 kg C/GJ by 2015. But $e¢ most important fact is that during those dec
this relative decline has been accompanied by an almastes of rising concerns about global warming the world
uninterrupted growth of absolute G@missions. Com has been running into fossil carbon, not moving away
bustion of fossil fuels contributed just 8 million tonnedrom it. Since 1992 absolute emissions of, @Gm fos
of carbon (Mt C) in 1800 (for COmultiply these totals sil fuel combustion have declined signi“cantly (by nearly
by 3.667), 534 Mt C in 1900, 6.77 Gt in 2000 and 92@%) in the EU28 and have grown only marginally (in
billion tonnes (Gt) C in 2018Boden et al. 2017; IEA each case by about 5%) in the US and Japan (Boden et al.
2019). $ese emissions have been the principal reasoB017) but these accomplishments have not set the world
for the rising atmospheric concentration of ¢@rom on the road to decarbonization as emissions have nearly
285 parts per million (ppm) in 1850 to 369.6 ppm inripled in Asia, largely because the Chinese combustion
the year 2000 and to 408.5 ppm in 2018 (NASA 201%d;fossil fuels has almost quadrupled (Boden et al. 2017,
NOAA 2019). In turn, these rising concentrations hav®BL 2018). As a result, global emissions ofiGeased
been the principal reason for gradual increase of-avdryy more than 60% since 1992, setting yet another record
age tropospheric temperature that has, so far, amounted2018.
to about 0.8 C (NASA 2019b) but that would, in the Historians of energy transitions are not surprised by
absence of any remedial actions, surp8ss @r even 8 this development, as history shows that neither the-dom
C in a matter of decades and result in rapid anthropanant sources of primary energy nor the common ener
genic global warming (IPCC 2014). gy converters can be displaced rapidly and completely
Past transitions were driven by a variety of factois short periods of time. $e high degree of the global
ranging from the need for higher unit power (even smatlependence on fossil carbon and the enormous scale
water wheels were more powerful than an ox or a hors#) the fuel-dominated global energy system mean that
and better conversion e&ciency (windmills can li04rri the unfolding energy transition will inevitably follow
gation water much more e&ciently than people) to mor¢he progress of all previous large-scale primary energy
a%ordable supply (heating coal was far cheaper th&iOs and that it will be a gradual, prolonged a%air (Smil
charcoal) and reduced environmental impacts (natur&d017a). In 1800 traditional biomass fuels (wood, char
gas is a much cleaner fuel than coal). In contrast to preoal, crop residues, dung) supplied all but a tiny share
vious energy transitions the unfolding quest for decaof the worldOs primary energy, a century later their share
bonization is not primarily driven by resource shortagewas about 50%, and at the beginning of thé&htu
or technical imperatives (most of the existing convery they still accounted for nearly 10%. $is means that
sions are highly e&cient and also very reliable). Todaysn aOer more than two centuries the world has not
qguest for decarbonization has one dominant goal: limicompleted the shiO from traditional biofuels to modern
ing the extent of global warming. $e goal is to estabsources of primary energy.
lish a new global energy system devoid of any combus CoalOs share of global primary energy supply has
tion of carbon-containing fuels or the world with net-been in retreat for generations as the reliance on hydro
zero carbon emissions where a limited amount of fossibirbons has grown B but the fuel still supplies nearly
fuel combustion would be negated by the removal ar@D% of the total requirement. $at is still more than nat
sequestration of the gas from the atmosphere resultingal gas (whose commercial extraction began about 150
in no additional carbon releases. years ago but whose share of total supply has been grow
How have we done so far? Concerns about anthring slower than expected) and in absolute terms its out
pogenic global warming (a phenomenon whose bagit is more than eight times larger than it was in 1900
cause has been appreciated since the ldtecd8tury) when the fuel dominated the global energy supply. And
began to receive wider public attention during the 1980shile most economies began to reduce their reliance on
and the "rst United Nations Framework Convention oncrude oil in the aOermath of OPECOs two rounds of large
Climate Change was signed in 1992 (UNFCCC 1992)pitice increases during the 1970s, the fuel remains the
was followed by the Kyoto Protocol of 1997 and its lalominant source of the worldOs primary energy, supply
est global endeavor was the 2015 Paris Agreement threg nearly 40% of the total.
included nationally determined contributions designed $e unfolding transition toward non-carbon ener
Oto combat climate change and to accelerate and intgies has to take place on unprecedented scales. Annual
sify the actions and investments needed for a sustainabldraction of fossil fuels now includes about 7.7 Gt of
low carbon future©O (UNCC 2019). Numerous meeting®al, 4,4 Gt of crude oil and 3.7 trillion cubic meters of
and assorted pledges aside, what has actually taken plaateiral gas, altogether an equivalent of nearly 9 Gt of
since 1992? crude oil or about 370 EJ (BP 2018). $is grand total is
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the !ux that matters: unlike all other previous shiOs inzation of the global energy supply as electricity genera
primary energy use, the unfolding decarbonization cation accounts for no more than 20% of total "nal energy
achieve its goal B eventual elimination of fossil carb@onsumption, and as decarbonizing transportation,
b only when it succeeds on the global scale. Substartigdting, agriculture and industrial production is eon
decline of carbon emissions, even an instant decarbosiderably more di&cult than installing new intermittent
zation of energy supply in a major advanced econonggpacities, connecting them with major load centers and
makes little di%erence as long as the greenhouse gg=iring the required back-up supply.
emissions from other sources and from other countries Electrification of passenger cars is in its earliest
keep on rising. stage, with 5.4 million electric vehicles on the road by
Even aOer some three decades since the beginnthg end of 2018, still less than 0.2% of all vehicles regis
of high-level global warming concerns the unfoldingered worldwide (Insideeves 2019). More than a century
transition is still in its earliest stage and even the relatie®er they were "rst seen as the best road transporta
shi0 has been, so far, minor. When the shares of primi@on choice, electric cars are "nally ascendant, but even
ry energy are calculated by excluding traditional biofuelsnder the best circumstances it will take many decades
and by converting all non-thermal primary electricity byto accomplish the transition from internal combustion
using its energy equivalent (1 Wh=3,600 J), fossil fueagines. $e International Energy Agency sees 160-200
supplied 91.3% of the worldOs primary energy in 199@lion electric vehicles by 2030, BP expects 320 mil
and by 2017 their share was still 90.4%. As with malign by 2040 and my best forecast (based on a pelyno
phenomena in early stages of expansion, the combinedal regression) is for 360 million in 2040 (IEA 2018;
growth of contributions made by new renewables (win8P 2019). But by that time there might be about 2 bil
and solar electricity generation and modern biofuels) hdien vehicles on the road globally (compared to about
been rapid: in the year 2000 they supplied only abolit25 billion today), and hence even 400 million -elec
0.2% of the global primary energy supply, their shatdc cars would be just 20% of the total. Forecasting the
reached 1.3% by 2010 and 2.2% by 2017 B but that futisre adoption of hydrogen-fueled vehicles is even more
still well behind the contributions made by either hydraincertain, but it is hard to see how even the most like
and nuclear generation. ly combined progression of electric and hydrogen cars
Of course, the shares of new renewables are signitfould completely eliminate internal combustion engines
cantly higher for electricity generation because this sdwefore 2040, or even soon aOer.
tor has been the main focus of the unfolding drive for Given the energy density of todayOs best commercial
decarbonization. Photovoltaic cells and wind turbinebatteries, the electri"cation of trucking, shipping and
generated a mere 0.2% of the worldOs electricity in Wiag is even more challenging. $e key to understand
year 2000, the share reached 4.5% in 2015 and neartythe fundamental di&culty is to compare the energy
7% in 2018 (BP 2018). But even if the decarbonizatidensities of the best Li-ion batteries with the energy
of global electricity generation were to proceed at atensity of diesel fuels used in trucking and shipping.
unprecedented pace, only the availability of a%ordabledayOs widely deployed Li-on batteries have an energy
massive-scale electricity storage would make it possidiensity of up to 260 Wh/kg, and it is foreseen that they
to envisage a reliable system that could rely solely oould reach up to 500 Wh/kg in the future (J.P.Morgan
intermittent renewable energies of solar radiation and019). In contrast, diesel fuel used in land and marine
wind. Even securing just three days-worth of storage ftnansport and aviation kerosene have, respectively; ener
a megacity of more than 10 million people that would bgy densities of 12,600 Wh/kg and 12,800 Wh/kg), which
cut 0% from its intermittent renewable sources (a-cormeans that todayOs dominant liquid transportation fuels
mon occurrence during the monsoonal season in Asire nearly 50 times as energy dense as our best commer
with heavily overcast skies and high winds) would baal batteries - and this gap is not to be closed anytime
prohibitively expensive by using todayOs commercial bsdon. Shipping and lying present particularly insur
teries. mountable challenges as only high energy density fuels
Setting aside exaggerated media claims, a techman power massive container ships carrying more than
logical breakthrough meeting that requirement appear20,000 steel units on their long intercontinental routes
unlikely in the near future as pumped hydro storagéSmil 2019) and high-capacity commercial airliners.
(originally introduced during the 1890s) remains today While air conditioning is powered by electricity, sea
the only way to store electricity at gigawatt scale. Arabnal heating in cold parts of Eurasia and North Amer
even major advances toward large-scale electricity stagza now relies overwhelmingly on natural gas delivered
age would not be enough to bring about rapid decarboby large-diameter trunk lines and dense networks of
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small-diameter distribution lines serving more than haléble source of energy to raise their standard of living
a billion customers. Obviously, replacing this fuel-supand to build their essential infrastructures. Not-sur
ply and abandoning this extensive infrastructure wilprisingly, IndiaOs total primary energy consumption is
not be achieved over a single generation. And even mdoeecasted to increase nearly "ve-fold between 2012 and
intractable challenges come with the decarbonization @047 according to a recent study by the National -Insti
industries producing what | have called the four pillargution for Transforming India (NITI Aayog), and coal

of modern civilization: ammonia, cement, steel and-plass expected to remain its dominant fuel ($ambi et al.
tics (J.P. Morgan 2019). 2018).

Mass-scale production of these materials (annual In conclusion, the verdict B based on the history
outputs are now close to 200 Mt for ammonia, abowf past energy transitions, on the unprecedented scales
4.5 Gt for cement, 1.6 Gt for steel ad about 300 Mt fof the unfolding shiO, on the limits of alternative path
all kinds of plastics) now depends on large-scale inputsys, and on the enormous and immediate energy needs
of fossil fuels, both for process heat and as feedstoatfshillions of people in low-income countries D is clear.
Without Haber-Bosch synthesis of ammonia (with natuDesigning hypothetical roadmaps outlining complete
ral gas as the dominant feedstock and fuel), nearly halfmination of fossil carbon from the global energy-sup
of todayOs humanity would not be alive as even the nygtby 2050 (Jacobson et al. 2017) is nothing but an exer
assiduous recycling of all available organic matter coudise in wishful thinking that ignores fundamental physi
not supply enough nitrogen to feed nearly 8 billion-peccal realities. And it is no less unrealistic to propose leg
ple. Cement and steel are the two irreplaceable-infriglation claiming that such a shi0O can be accomplished
structural components. Cement is produced in kilngn the US by 2030 (Ocasio-Cortez 2019). Such claims
heated by low-quality fossil fuels, two-thirds of all stealre simply too extreme to be defended as aspirational.
are made in basic oxygen furnaces from pig iron that & complete decarbonization of the global energy -sup
smelted in blast furnaces with the aid of about one biply will be an extremely challenging undertaking of an
lion tonnes of coke, augmented by natural gas (Smihprecedented scale and complexity that will not be
2016). And gaseous and liquid hydrocarbons are tlecomplished B even in the case of sustained, dedicated
dominant feedstocks (and fuel) for synthesizing a widend extraordinarily costly commitment B in a matter of
variety of plastics. few decades.

All of these processes have one important character
istic in common: there is no available non-carbon alter
natives that could be readily deployed on mass commer REFERENCES
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Abstract. In the early decades of the car industry (1880-1920), battery electric vehi
cles (BEVs) got a remarkable popularity. Eventually, they fell into oblivion for nearly a
century, leaving the stage to internal combustion vehicles (ICVs), which enabled long-
distance driving thanks to the superior energy density of liquid fuels. $e invention

of the lithium-ion battery (LIB, 1991), characterized by unprecedented energy density
and steeply decreasing costs, set the stage to reverse this century-long trend, making
nowadays BEVs a competitive alternative to ICVs. In this paper, we analyze-the per
spectives of battery electric cars, quantitively assessing their performance in terms of
energy e&ciency and consumption versus ICV counterparts. An examination of mate
rial requirements for manufacturing each battery component is made, with focus on
critical resources such as cobalt, dysprosium, lithium and graphite. Based on quantita
tive data, we conclude that the transition to electric powertrains for light-duty vehicles
is not only desirable but also doable. However, this must be accomplished by following
circular economy principles across the whole industrial chain, in the frame of a wider,
radical transformation of the mobility system towards more sustainable models.

Keywords Battery electric vehicles, lithium ion batteries, cobalt, dysprosium, critical
materials, energy e&ciency, circular economy.

THE RISE, FALL AND REBIRTH OF THE ELECTRIC CAR

$e widespread notion that electric cars are a new technological con
ceptis incorrect. $e "rst battery-powered electric vehicle (EV) was made
in 1834,i.e, over 50 years before the "rst internal combustion vehicle (ICV)
powered by gasoline went onrcadlotably, the "rst examples of machines
for personal transportation were based on steam engines and dates back to
the very beginning of the #9century. A century later, at the turn of the
20" century, the share of registered US cars was as follows: 40% powered by
steam, 38% by electricity, 22% by gasoline (Figdfkedgfore, as weird as it
may sound nowadays, the "ght for predominance among the three car con
cepts was far from over in 1900, when re"ned oil products were still scarcely
available, electricity was a luxury for (some) city dwellers, and roads were far
from being developed and paved outside the main urban centers.
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ISSN 1827-9643 (online) | DOI: 10.13128/Substantia-576



76 Filippo Monti, Andrea Barbieri, Nicola Armaroli

Mapledll;m'The Paper Time Machine” - . g S < '.L'i'foqélTM‘ic,h” 7 =

Figure 1.From leO to right, examples of electric, steam and internal combustion engine cars of the early 20th century (1906, 1908, 1925,
respectively).

In the early 20 century, cars were only used byprogressive introduction of portable devices on a large
wealthy people within metropolitan areas, where discale (mp3 players, mobile phones, etc.) and also -of sys
tances were very short. $is is why electric cars werems requiring bigger battery packs (home appliances,
still an attractive option. Moreover, EVs were silent, didikes) o%ered a formidable opportunity to boost the
not produce any smoke or smell and B most remarkaldgvelopment of LIBs and widely expand the market. $is
b did not require hand crank to be turned on. Howevettend was timely pinpointed by two American engineers,
within a few years, the situation dramatically changeartin Eberhard and Mark Tarpenning, who realized
in favor of ICVs?2 whose dominance in road transporta that LIBs could be the long-awaited solution to enable
tion was poised to last for over one century. $e mairbattery vehicles with long ranges. $ey founded Tesla
drivers for the triumph of ICVs were (i) the invention ofMotors in 2003 and were soon joined by Elon Musk, a
the electric starter in 1912, (ii) the start of the industriflamboyant South African immigrant and entrepre
production of the Ford Model T in 1908 (though Henryneur, who became the CEO and product architect of the
Ford continued to use his luxury electric car); (iii) theeompany. Since then, Tesla has become one of the most
oil boom in Texas that made gasoline increasingly -availoteworthy, controversial and debated companies in the
able at a%ordable prices, (iv) the development of roadrld. Whatever will be its future destiny it will be-his
networks that required cars with increasingly long miletorically remembered as the company which challenged
age? $e last EV of the pioneering times was producedhe most gigantic industrial conglomerate of human
in Detroit in 1926 and the idea was (ephemerally)-resindustry B oil & automotive B and forced it to change its
urrected only in the 1970s in the aOermath of the "rstentury-old trajectory.
oil crisis. Waves of interest occurred in the last part of $ere are three types of cars equipped with a-bat
the 20" century, but times were not mature, primarilytery pack: hybrid electric vehicles (HEVs), plug-in hybrid
because battery technologies (typically based on leadectric vehicles (PHEVs) and battery electric vehicles
acid systems) were not capable of providing acceptallBEVs). HEV batteries are charged only by the thermal
mileage at an a%ordable price and overall weight. engine or via regenerative braking, whereas in PHEV

In 1997 Toyota released Prius, the "rst hybrid cathese processes can be integrated by direct charging on
(Figure 2 It combined an ICE with electric propulsion,the electric grid. BEV have only an electric motor and
which enabled a decrease of fuel consumption in urbaan be powered exclusively by electricity. $is article will
settings. Nowadays, hybrid cars are the preferred chojmemarily deal with BEVs, 00en indicated simply as-elec
for taxi drivers in many cities worldwide. $e success ofric vehicles (EVs).

Prius and of some other hybrid models (almost exclu

sively from Japanese firms) marked the slow rebirth

of electric mobility. $e "rst Prius used a nickel-metal THE KEY COMPONENTS
hydride (NiMH) battery pack. OF BATTERY ELECTRIC VEHICLES

$e technological game changer that made at last
possible the dream of $omas Edison B the pioneer of BEVs are easier to assemble and cheaper to maintain
the electric transportation D is the rechargeable lithiunthan ICVs simply because they contain a much smaller
ion battery (LIB), which was introduced in the markenumber of moving part® Hybrid, instead, are by far the
by Sony corporation in 1991 to power laptjs$e most complex and materials intensive automobiles, as
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Figure 2.$e slow rebirth of electric vehicles: the "rst hybrid Teyo
ta Prius (1997, top) and the Tesla Roadster (2008, bottom).
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Power electronics

Battery Electric machine

Figure 3.$e key components of a battery electric vehicle (BEV).

tions and the robust casing that protects the cells (vide
infra). $erefore, at pack level, the battery energy -den
sity is smaller by 30-50% compared to bare cells. On
the long term, the accessory parts of the battery appear
to be the main limit for increasing energy density.
$e energy density of the most performing LIBs for EVs
are presently close to 250 Wh/kg (Tesla Model 3), or 710
Wh/L.2! $is value unfavorably compares with gaso
line or diesel fuels, which is nearly 15-fold higher at ca.
10,000 Wh/L. However, this comparison is partly-mis
leading because the energy packed in the storage unit
must be converted into mechanical movement. For this
job an electrical motor is 3-4 times more e&cient than
a combustion engine and, at the same time, is substan

they contain both electric and traditional componentstially lighter. $erefore, power densities should be nor
Key constituents of BEVs are: the battery, the electiigalized accordingliZ A 75 kWh lithium ion battery
machine, the power electronics and the charging dévicpack (Tesla Model 3) weights about 478 kg, whereas an
A schematic representation of the key components of aguivalent ICE car requires the burning of only 25 kg

electric car are depicted in Figure 3.
Battery. It determines the key technical attrib

of gasoline to deliver the same energy to the wheels.
However, it must be emphasized that an EV is a closed

utes of an EV, such as driving range and also perfor
mance. In the past, EVs were equipped with lead-acid

or nickel hydride batteries, but nowadays lithium ion
batteries (LIBs, see also next paragraph) are by far the
dominant technology and their role is not expected to

Mass energy density / Wh kg -
10[00 10?00
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o

fade even in the medium-long term, due to the unique,
(electro)chemical and physical properties of Iithi&m.%
$e most important parameters that de"ne the quality
of a battery are the mass and volume energy densities,
the former being expressed in MJ/kg (or more oOen irg '
Wh/kg and indicated as Ospeci“c energyO) and the It

ter in MJ/L or Wh/L!¥® the volume energy density is §°1j

particularly relevant for vehicles, due to obvious space

constraints. In Figure 4 are depicted energy densitie$9! +———
of some types of batteries, along with those of the lig
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Figure 4.Volume and mass energy densities of some selected bat
teries and liquid fuels. Both MJ and Wh are reported in the dia

gram as energy units (on opposite sides), as both are largely dif

that warrants the car performance under any cendkused in the literature and technical documents.
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system which exchanges only (electric) energy with tleg mode is controlled via an onboard system which
external environment, whereas ICVs are open systermgerates during slow garage-based operations (2-3 kW,
undergoing a constant inbound !ow of fuels and arstandard socket) or in small-medium size recharging
outbound 'ux of gaseous chemicals at tailpipe. AOestations up to 22 kW. If one wants to charge faster, the
250,000 km, an average diesel car running at 18 kmAC/DC converter needs to be bigger and heavier, taking
has burnt 13,900 L of fuel, i.e., over 10 tons correspong more space and increasing the complexity and cost of
ing to about 8 times the weight of the whole ICE car aritie vehicle. $erefore, 0%-board DC fast-charging- sys
over 20 times the weight of a 75 kWh EV battery. Whdems are typically used to charge the battery with higher
the electricity is produced by solar panels (an increasingower (@ 50 kW)Fast DC charging stations up to 300
ly frequent case) the lux of matter that moves an electridV are now being introduced by some companies. $is
car is reduced to zero across the entire supply chain.pgoses relevant challenges for the long-term integrity of
other words, comparisons of energy density and materitde battery (a very e&cient cooling systems is required)
intensity of batteries vs. traditional fuels is less straighand for the electric grid as a whole. In fact, with a high
forward than it may appear at "rst sight. market penetration of BEVs, the stability of the grid may
Electric machine$is term de"nes the combina in principle be endangered not only by extensive net
tion of the electric motor, converting the electrical irworks of high-power fast charging stations with high
mechanical energy, and the power generator coupleedak demand®, but also by uncoordinated EV charging
to it, which recovers kinetic energy from braking andt the residential level at low-medium poweAccord
deceleration and convert it into electricity for rechargingly, the di%usion of the electric car must be aecom
ing the battery. Electric machines are characterizgzhnied by an upgrade and strengthening of the electric
by an high starting torque (up to 1,000 Nm), high-e&grid, i.e., the so-called smart gtfdin this scenario, a
ciency (up to over 90% battery-to-wheels), robustnedayrge share of electric vehicles should be ideally charged
negligible noise, long life and low maintenance costaround midday, when the peak of photovoltaic proeduc
Electric machines can run with both direct (DC) andion occurs. $is can be facilitated by a larger di%usion
alternating (AC) current. Traditionally, series wound DCof parking lots equipped with charging stations at work
motors have been used, but today modern BEVs can ajgaces.
be powered by AC. $e alternating current generates a
rotating magnetic "eld that causes rotational movement
inside the motor (made up by a stator and a rotor) via THE CORE OF BEVS:
electromagnetic induction. In turn, the motor is coupled THE LITHIUM ION BATTERY
to a gearbox that brings the power directly to the wheels;
the speed of the vehicle depends on the Pulse Width $e basic idea of this device (whose concept dates
Modulation (PWM) frequency of the power converterback to 19708)is the reversible, alternate intercala
In principle, in a BEV, the electric motor can be directtion of Li* in a lithium oxide material at the cathode
ly incorporated into the wheel (as e.g., in the Micheliand in graphite at the anode, upon redox processes. J.
Active Wheel), removing the need for a complex an8. Goodenough, M. S. Whittingham and A. Yoshino
intrinsically ine&cient transmission system of ICVs thatvere awarded the Nobel Prize in Chemistry 2019 for the
converts the linear and noisy motion of cylinders intglevelopment of lithium-ion batteries.
the circular motion of the wheels. Lithium is the smallest and lightest metal ion, hence
Power electronicsThe power electronic module LIBs exhibit intrinsically high mass energy density and
oversees all the functions that control the e&ciency ar@re particularly suitable for fast recharging. Moreover,
economy of the vehicle, such as torque and e&ciencyibfas excellent cycling performance and exhibits one
the motor, and regeneration of the battery charge. $@f the highest electrochemical potential among metals,
main function is to convert the DC output of the batterywhich enables devices with high voltage. A LIB is made
into an AC feed for the motor through an inverter (orof anode, cathode, separator, electrolyte and two metal
viceversa during recuperation). It also controls the dific current collectors at each terminal; it is schematically
ferent levels of voltage, depending on the power demagdépicted in Figure 5.
and speci'c device to run. It is also very important for Upon battery charging, the "Lions are forced to
the charging process. move away from the cathode (where cobalt/nichel exida
Charging devicdt is the interface between the vehition occurs) and nest inside the graphite layers (which
cle and the electric grid. Modern electric cars can Igets reduced) of the anode; upon discharging, they go
typically charged both with AC and DC. $e AC charg back to the cathode at their equilibrium position. In
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$e features of the three main families of LIBs €ur
rently on the market are reported in Table 1. Cobalt is
omnipresent, due to the unique electronic con"gura
tion of Co* with 6d electrons in a low spin state, which
makes it particularly small and capable of affording

Load/Source

Graphite (anode)

LiCoO, (cathode)

Copper '—
Aluminum l—

0 ® % %, Li batteries with high energy density. Big e%orts are being
® © .

e > made to reduce as much as possible the cobalt content,

"3?&'?3:“ due to supply concerns (vide infra). For instance, the

L] ® ® ®

Nichel-Manganese-Cobalt batteries (NMC) have-pro
gressively evolved as, for instance, NMC111, NMC622
and then NMC811, where the numbers designate the
speci"c ratio of each metH.

$e element requirements of some common elec
trodes (in kg/kWh) are reported in Tablé®From these
gata it can be inferred that a medium sized 40 kWh bat
tery NMC 111 contains in the cathode about 5.5 kg of
Lithium (without considering the electrolyte), 15.7 kg of
Ni, 14.7 kg of Mn and 15.8 kg of Co (to be reduced to 8.6
parallel, electrons move back and forth along the exteand 3.8 kg with NMC 622 and NMC811, respectively). A
nal circuit and are conveyed to the Al and Cu terminalkattery of a 40 kWh BEV also contains nearly 50 kg of
on the cathode and anode side, respectively. Upoen bgtaphite, irrespective of the cathode composition. E%orts
tery discharge, the electric current powers the exteo increase the energy density of batteries are now also
nal device. When shuttling between electrodesjdns addressed to the improvement of the standard graph
passes through a plastic polymer separator that preveiigs anode, with focus of silicon-based materigBese
the low of electrons inside the battery. solutions are still far from large-scale market applica

$e cathode of LIBs is made of layered oxides of gertions.
eral formula LiMQ, where M indicates some combina Real-life batteries for electric vehicles are made of
tion of Co, Ni, Al, and Mn; nowadays anodes are madwndreds or thousands of individual cells having the
of carbonaceous materials, particularly natural and artstructure depicted in Figure 5 and connected in a series
"cial graphites'® Non-layered cathodes can be made aind parallel combination. $ese cells may have three dif
less precious Li oxide materials (e.g., LiEgP@t their ferent shapes: cylindrical, prismatic and pouch, the lat
energy density is not comparable with layered systerigs being characterized by very small thickness (< 1 cm).
and cannot be used in highly performing LIBs. $e elecDi%erent car manufacturers adopt di%erent types of cells
trolyte is typically a lithium salt in an organic solvent oand related assemblies (Figure 6).
gel. $e replacement of the latter media with solid matri Tesla uses cylindrical cells slightly longer and wider
ces would be a substantial breakthrough of the LIB- tectihan conventional AA cells for home appliances, pro"t
nology, particularly in terms of durability and saféty.  ing from the large manufacturing experience of its-part

LY

Figure 5.Scheme of a lithium ion battery, where*@6o3%" half
reaction occurs at the cathode and redox-promoted intercalation
lithium in graphite takes place at the anode.

Table 1.Key parameters and applications of the three main families ofvLIBs.

Battery type

Name - . Lithium Nickel Cobalt Lithium Nickel Manganese

thhlum(fé)g?lt Oxide Aluminum Oxide Cobalt Oxideg
(NCA) (NMC)

Cathode LiCoO, LiNiCoAIO, LiNiMnCoO,

Voltage [V] 3.7 3.9 3.65 3.8D 4.0

Mass energy density [Wh & 150 b 240 200 B 300 150 b 220

Cycle life 500 B 1000 500 1000 b 2000

$ermal runaway [iC] 150 150 210

Applications

Mobile phones, tablets,
laptops, cameras.

Medical devices, electric
powertrains, industrial.

E-bikes, medical devices, electric
vehicles, industrial.
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Table 2.Li, Co, Ni, Mn, Al requirements for common battery eath Lithium ion batteries, all the way from raw materials to
odes (kg/kwWh): manufacturing and then recycling. $e battery pack of
the long-range Tesla Model 3 (75 kWh) contains 4416

L co Ni Mn c cylindric batteries (70 mm length, 21 mm diameter; 66
LCO 0.113  0.959 B B g) arranged in 96 blocks of 46 parallel connected cells.
NCA 0112 0143 0759 b $e Nissan leaf 2018 (40 kwh), has a battery pack made

NMC111 0.139 0.394 0.392 0.367 R1.2
NMC622 0.126 0.214 0.641 0.200
NMC811 0.111 0.094 0.750 0.088

of 24 modules, each containing 8 pouch NMC cells.
Each of these 296 cells weights 914 g and have a size of
261x216x8 mm. All the battery packs in BEVs are pro
tected by robust metallic and plastic enclosures that pro
tect the cells from external elements (e.g., dust, moisture,
ner Panasonic, with whom it has developed the so calledn, debris) and must withstand severe crash tests to
Gigafactory 1 in the Nevada desert. $is enormous faciwarrant the safety of passengers in case of accidents.
ity is planned to be energy self-reliant through a com.ast but not least, BEVs are equipped with a battery
bination of photovoltaic, wind and geothermal energymanagement system (BMS) which warrants integrity and
$e projected capacity for 2020 amounts to 35 GWh/ybest performance, for instance by avoiding damages due
of automobile cells and 50 GWh/y of battery packs fd@ anomalies in temperature or electricity supply.
stationary backup of renewable power facilities, but it Nowadays battery packs range typically from 20
is not yet evident if these targets will be fully met. $&ip to 90 kWh; the driving range is rated between 150

idea is to demonstrate cradle-to-cradle handling cnd 500 kni? but strongly depends on the weight of
the vehicle, style of driving, speed and, quite remark

ably, outside temperatuf@.At 0 jC the mileage of an

EV is shortened by about 30% and even more in harsh

er winter conditions, this is related to a lower intrinsic

e&ciency of the device at low temperature and to the
energy needed to warm up the car interior. Also hot
temperatures have detrimental e%ects for similar (and
opposite) reasons, but to a substantially lesser extent. As
far as temperature is concerned, one may say that LIBs
are like human beings: they perform best in the range

15-30 jC?? (4) Average consumptions of EVs are about

12-14 kWh/100 km in mild and warm seasons and 15-17

kWh/100 km in cold weather.

Present targets for BEVs to become fully competitive
with conventional thermal cars concern:

(i) Faster charging capabilities order to achieve 80%
state of charge within 5-20 min. $is target will
become more challenging if the average battery
capacity will grow bigger. For example, to charge
a 60 kWh battery (350-400 km range) in 20 min
would require at least 180 kW of charging power
and a very eé&cient on-board temperature control
management of the cells. Nowadays standard fast
charging stations are normally rated 50 kW. It must
be emphasized again that the di%usion of fast-charg
ing stations requires a more rational management of
electricity peak demand, to be ideally matched with
the daily and seasonal production peaks of renew
able electricity.

(i) Higher battery energy densiy about 240 Wh/kg

Figure 6.Individual cells for BEVs and their "nal assembly in the ~and 500 Wh/L at pack level, in order to routinely
pack: Tesla (cylindrical, top) and Nissan Leaf (puch, bottom). reach driving ranges of 500 Kfn$is is technically
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possible already, but only for models which, at precarpody
sent, are economically accessible to a limited fracz'gr:f;fj:qgth“*'

tion of consumers. - carbon fibers

(iii) Price decreas#gown to 125 $/kWh at pack level to "P*

become fully competitive with ICVs at the car show

room. Present battery costs are placed at 1000170 $/ O
kwh and 220250 $/kWh at the cell and pack level,

respectivewﬁ Lithium-ion battery

- anode - C (graphite) Electric motor
Regardmg future perspectlves research on next OJ€Nathode - Li and Mn, Co, Ni, Fe or Al - magnet - Fe and Nd, Dy or Pr

« windings - C
eration batteries targets the development of new sensgfgctronics-cu windings - Cu

| he d + casing and cooling system- Fe (steel) and Al - other parts - Fe (steel) and Al
to monitor complex reactions in the device, so as te en ure 7.Most relevant materials used in di%erent parts of battery

ble SeIfZIS’IeaIIng and enhance battery performance aefgctnc vehicles. $ose de"ned as critical are highlighted in red.
lifetime:

Power electronics
«Cu -Al

As far as material criticality is concerned, battery is
CRITICAL RAW MATERIALS IN BEVS by far the most sensitive part of BEVs, both in terms of
number of materials involved and quantity utiliZ8d?
Since 2011 the European Commission has compileg; pointed out above, the battery pack of a BE\: con
a list of Ocritical raw materialsO (CRM); the latest list ha$, some tens of kilograms of metals D in particular Li,
been issued in 2017 and contains 27 materials or clasggs Ni, Mn and Al (cathodes, electrolyte) B and graph
of materials such as Platinum Group Metals (PGM) qte materials (anode). In batteries, Cu is only used as
Rare Earth Elements (REEMaterials are de"ned criti  anode collector (along with Al on the cathode) in rather
cal aOer a thorough screening that quantitatively assegignited quantities. However, Cu is a strategic metal for
es (i) importance for the EU economy in terms of endhe electric mobility system as a whole, being widely
use applications and added value and (i) risk of suppmployed in car circuitry and wiring, all the way to the
disruption for the EU. electric grid.
Due to the ever-increasing number of road vehicles Among the materials listed in Figure 7, Co, Li, Dy
worldwide, the huge size of the market and the extensiyfe the most critical in terms of potential availability
use of materials of di%erent sorts in automobiles (a lighisks, whereas graphite is critical because the production

weight duty vehicle weights between 1 and 3 tons) the highly concentrated in one country (China). Let us
car industry is the object of intensive studies to assesspitfely examine each of them.

materials sustainabili}. $is issue is even more imper

tant nowadays, because this industrial sector is undergp Lithium. At present, lithium is the most di&cult com
ing a technological shi0 from thermal to electric tractionponent to replace in BEVs. Its mass, volume and elec
$e body and some auxiliary parts of BEVs andtrochemical properties suggest that the role of lithium
ICVs are virtually identical. $e electric machine isin this sector can be reduced only going beyond metal-
much lighter than the conventional combustion enginebased batteries, an unlikely scenario for the foreseeable
but this advantage is counterbalanced by the heafture.
battery pack, which can exceed 600 kg for the largest In 2017, about two thirds of lithium was extracted
capacities (85-100 kWH).$e weight of battery packs from hard rocks® which are crushed to allow the sepa
is almost linearly correlated with overall capacity, wheration and concentrations of lithium minerals and then
the same cell technology is examined. On the othehemically processed (e.g., by leaching) to obtain lithium
hand, ICVs have a much larger number of parts, whidhydroxide, carbonate or chloride. An easier, cheaper, but
impacts the mass of the automobile. All in all, BEMenger process is extracting lithium dissolved in highly
equipped with lithium ion batteries and ICVs of com concentrated underground saltwater solutions called
parable size have a similar weight, but BEVs are marentinental brines. Such brines are brought to the sur
material intensive than conventional thermal cars. lface by drilling wells and then moved through a series
other words, they contain substantial amounts of moref surface ponds to concentrate the lithium salts and
OsophisticatedO materials (particularly metals) somer@hove impurities (Figure 8). $e last step is chemi
which are considered criticdlln Figure 7, major raw cal treatment to make the final marketable product,
materials utilized in electric cars are schematicalluch as dry lithium carbonaté Extraction from brine
indicated?’ was started in the salt lakes of the Atacama desert in
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tion,2% half of which goes to the battery market, the rest
being used in ceramics, glass, lubricants and other minor
applications?® $ese data also suggest that the present
production of lithium for the manufacturing of batteries
(about 40,000 tonsly) can in principle sustain only a 5%
share of EV in the present global annual car market.

The substantial increase in resource and reserve
estimates in recent years does not indicate risks of lith
ium shortages up to the medium term (10-20 yedrs).
Recently, there have been a supply de"cit for re"ned
products and an oversupply of mined minerals. Spot
prices of lithium carbonate have fallen 60% from early
Figurg 8. Lithium_brine ponds in the Lithium Triangle, South 2018 to mid-2019, but long-term contract prices (over
America (bottom right map). 75% of lithium trade globally) were rather stable in the
same period. Forecasting on the longer term on such a
complex and evolving market is di&cult. Price trends

o . B . epends on multiple factors such as the evolution of the
so-called OLithium TriangleO, the region between Chile, | o i r0ad vehicles® the availability of new lithi
Bolivia and Argentina where the concomitance of-geg .

. . ) o uc{n reserves and, last but not least, the establishment of
logical, orographic and climate conditions have createrec cling practices in a circular economy perspective. At
several lakes very rich in lithium brines (Figure 8). $e yeling p y persp '

largest lithium reserve in the world is the Salar de_uylﬁ)resent, lithium recovery is technically possible through

ni in Bolivia, for which extraction plans are con!ictinga variety of pyrolytic, hydrothermal as well as pyro- and

with the need to preserve a place of unique envirorqydrometallurgic methods! Despite some companies
ve implemented industrial processes for recycling

mental value and are challenged by the presence of hpBags,“ the recovery and recycling of lithium from bat

concentrations of magnesium, which needs to be-sepa . . .
r*erles remains scarcely attractive at the present cost of

rated?® It has to be emphasized that lithium extractio i . | ductds ¢ ; i
from brines, though relatively easy, is a lengthy proce\éI gin mineral products: $e economic attractiveness

that cannot quickly respond to the steep rises in demafij €cycling will improve when the number of end-of-life
that are expected in the years to cdie. EVs will substantially increase.

According to the US Geological Survey (USGS), LIBs in cars are conmdgrgt_ﬂ exhausted when they
Australia (from hard rocks) and Chile (from brines) cur ¢@n recharge at 80% of the initial rate, a level allowing
rently dominate lithium production with 60% and 3104€Xcellent performance in some second—llfe-appllcatlops
of global output in 2018, respectivély$e production sugh as accumulator_s for rgnewable eIectrlp generation
of this highly valuable metal has been on a steep risef@ilities powered by intermittent sources (wind, pkoto
recent years (+ 23% in 2018), due to enhanced dema¥itaics). Some companies have implemented this- prac
for all types of electric vehicles. The largest knowlif€ in !agship sites such as the Amsterdam stadium (3
untapped resources (i.e., identi"ed deposits) are- coMW),* showing that car LIBs can fruitfully serve well
centrated in the Lithium Triangle, but their upgradedeyond the performance guaranteed by car manufactur
to reserves (i.e., technically and economically exploRrs which is between 150000 and 200000 km. Longer
able stocks) is still uncertain in Bolivia and Argenmileages can be achieved by a thorough daily manage
tina28 $e search for new lithium reserves is a relament, especially in the recharging ph#seor instance,
tively recent trend, hence it is reasonable to expect tiids advisable to not keep them above 80% or below 20%
discovery of relevant deposits in new geographic are@fstheir capacity for very long times. $is means that
such as Afghanistan, where e%ective exploitation rigtteries of higher capacity (> 60 KWh) can in principle
be extremely challenging for a variety of technical ar@st longer, as the number charge/discharge cycles across
political issues! their lifetime tends to be lower.

In 2018, over 80 million new cars were sold. On the
other hand, we can approximately assume that an avé CobaltCobalt is considered the most serious peten
age BEV contains about 10 kg of lithium in the baftéry.tial obstacle for the expansion of the LIB market for
$erefore, if all the cars presently sold worldwide wereelectric mobilityt® As already pointed out, cobalt is the
BEVs, the annual lithium demand would be 800,000est choice among transition metals to get laminated
tons. $is is about 10 times the current world produc cathodes with very high energy density; so far, it could

Chile in 1980s. $is technigue is now dominant in the
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be only partially substituted with Ni or Mn. In the lastgraphites (NGs) are normally utilized, with an almost
decade (2009-2018) the world mine production of cobadtjual market share. NGs tend to be less performing, but
has increased by 125%, from 62 to 140 ktonffeir; they are about 50% cheaper than S@®¢Gs occurs in
comparison Ni production has increased by OonlyO 64$éveral forms (amorphous, !ake and vein) and its -qual
(from 1.4 to 2.3 Mt§® By assuming 10 million BEV carsity is dictated by the carbon content and the grain size;
sold yearly by 2025 (about 10% of the global car markbgttery grade NG must have a very high carbon content
b with an average battery pack of 75 kWh (about 408 99.95%) and particles sizes in the range 10-25 um for
km driving range) and under the assumption of a mixedptimal operation$? Availability of natural graphite
cathode chemistry relative to the present technologi€s not a matter of concern in itself because the annu
b the global demand for cobalt in LIBs would increas¢ world demand is around 1 Mt and estimated world
up to almost 600% (from 50 to 330 kt, 2016-2828}. reserves are currently placed at 300"MNew extraction
present, it is not evident if supply can keep up with sugirojects are under development in several parts of the
a steep demand, in the absence of substantial techmerld, particularly in Africa (Tanzania, Mozambique),
logical advancements to reduce the use of cobalt in LIB&rth America and Australia; reserves in Europe appear
even if demand trend will be less disrupting, as projedb be very limited? Presently, the issue with natural
ed by other studie¥. graphites is that over 60% are produced in China (the
Besides impending constraints in material avadabirest primarily in Brazil and India), which makes this
ity, cobalt is critical for other aspects. First of all, most ahode material the most geographically concentrated
it is obtained as a byproduct of the extraction of Ni andomponent of LIBs in terms of supply, even more than
Cu (about 60% of the world cobalt production comesobalt!®4>However, less than 10% of graphite is used for
from copper ores)? which means that its production batteries, the primary application being refractories, due
is dictated by the market trends of its parent Oattracttur its high temperature stability and chemical inertness,
metalsO, potentially generating uncertainty and pri@nd steel making $e share of graphites used in LIB
volatility.*! Moreover, cobalt production is concentratednanufacturing is expected to increase dramatically in
(around 60%) in a politically unstable country such ahe next decad®.
the Democratic Republic of Congo (DRC), where viola
tion of human rights in small uncontrolled mines is wel¥ Dysprosium$e most widely used motors in electric
documented'? To give an idea of the economic valueehicles are based on permanent magnets (PM) which
of cobalt, it is interesting to note that one of the largestre made of the neodymium-iron-boron (NdFeB) affoy,
mines in Congo (Mutanda) produces about 250 kt/y gérimarily in a NdFeg,B tetragonal crystalline struc
Cu and 25 kton/y of Co, but the latter generates abotire. At present, NdFeB is the dominant high-perfor
40% of the revenuésCobalt re"ning is also a matter of mance permanent magnet material due to its superior
concern because most of it is done in China. $e tradenagnetic !ux output per unit volume, which is almost
low of Ni-Co and Cu-Co ores from DRC and otherten times as much compared to ferrite. Besides electric
countries to China is a multibillion a%air that feeds thmotors, NdFeB is used in several applications such as
Chinese manufacturers of LIB cathodfe$is is one of wind turbines, computer drives and headphones. $e
the (many) strategic activities behind the ongoing OtratlieiFeB alloy is made in di%erent variants, with minor
warsO between China and the USA. concentrations of other rare earths (dysprosium, praseo
$e bene"ts and concepts related to the reuse andymium, terbium) or transition metals (copper, cobalt,
recycling of LIBs discussed for lithium fully applies Biobium) capable of optimizing the alloyOs properties for
and even more strongly so B to the more critical cobadipeci'c applications. Dysprosium is used to enhance the
Indeed, at present, LIB recycling is much more attractiyeerformance of NdFeB magnets at high temperatures
for cobalt than lithium due to its higher economic andup to about 7% in weight), such as those reached inside
material value. At any rate, the extensive use of LIBs islactric motors?” About 90% of BEVs presently sold have
relatively recent trend, therefore large-scale recycling cparmanent magnet motors, whereas induction motors,
be e%ectively accomplished not earlier than 2025, withich do not require rare earth elements (REE), cover
EU possibly obtaining about 10% of its Co supply for thmost of the rest. PM motors are up to 15% more e&cient
EV sector from end-of-life batteries in 2030. and the combined weight of metals used in PM motors
is also 15% smaller than induction motors, despite the
¥ Graphite $e dominant material for LIBs anodes is presence of REE. $e latter account for a tiny percentage
graphite, sometimes added with small amounts of silof the overall motor weight, which is mainly dictated by
con oxides. Both synthetic graphites (SGs) and natudaiminated steel and coppér.



84 Filippo Monti, Andrea Barbieri, Nicola Armaroli

Cerium Nissan Leaf 2018) runs at least 250 km with its fully

Lanthanium charged nominal 40 kWh Ni-Mn-Co lithium ion battery
Neodymium TS (actual: 38 kWh). In a nutshell, the energy consump
Praseodymium [ 475% tion of the gasoline car is 0.60 kWh/km, i.e., four times
Yttrium HE 3.30% higher than a BEV (0.15 kWh/km). If one considers
Samarium [l 1.50% losses due to battery charging and discharging (5-20%,
Dysprosium | 0s2% depending on speci“c conditions of temperature, current

Europium | 0.24%

intensity, etc.) a BEV is still over three times more e&
cient than an ICV of comparable power.

Assuming a yearly mileage of 15,000 km, a medi
um-size EV (0.15 kWh/km) consumes 2,250 kWhly,
Figure 9.Production of rare earth oxides in 20%7. i.e., less than the average EU household (3,500 kWh/y).
It has been assessed that if 80% of EU cars were elec

~ tric by 2050, the EU electricity demand would increase
REE are not rare on the EarthOs crust, but they ge,n|y about 109% $e desirable scenario of an over

rarely found at concentrations making extraction viablg|| qecrease of the number of cars in the EU in the next
from the technical and economic point of view. Aceordyecades would make electricity demand for personal car
ingly, rare earth mines are very few worldwide ang,nsportation nearly insigni“cant. Let us put these-con
prices are highly volatile. Dysprosium makes less thafynntion numbers in a speci'c national context. In Ita
1% of the global production of rare earth oxides, Whil@ there are 37 million cars, running an average 12,000
neodymium is about 16% and is substantially cheapgg,, 1 they were all electric B assuming 0.18 KWh/km
(Figure 9)%4° $is physical and economic constraint py jhcjyding charging/discharging losses D they would
has prompted technological improvements leading 10 &quire 80 TWhly of electricity. Italy already produces
decrease in the use of dysprosium by 50% (from abQyfer 110 TWh/y only by renewable sources (hydro, PV,
120 to 60 g) in the average E\kis allowed a stabii \ying hiomass, geothermal). $erefore, by increasing
zation of the global demand of dysprosium oxide, whicngs, only renewable electricity production with respect
is almost completely covered by China. In the years {9 cyrrent levels, all Italian cars could in principle be
come, a large expansion of the EV market is expeci§flyered by renewables. $e target is very ambitious but
and, in spite of an enhanced e&ciency in the use of dy,t nrealistic in a 20-year time window, particularly in
prosium in permanent magnets, it is expected that ifge perspective of a very likely climate crisis that may
demand will increase to such an extent that China aloRggier grastic political decisions and, hopefully, bring
will no longer be able to cover it with legal productiony,q,t 4 more moderate use of individual transportation.
(illegal mining of REE in China is commdi number st he emphasized that a strong expansion of the EV
of new mining projects of rare earths are under develog, et in the next 20 years would be fully sustainable in
ment in several countries, including Australia, Canadge ms of electricity demand, but might "nd bottlenecks

Chile, Namibia and Greenlartd $erefore, a relieve on (o4arding the availability of critical materials such as
the supply of dysprosium and, more generally, of ragg5t (see above).

earth elements is expected, also in light of the increasing

e%orts aiming at recycling REBNnd replacing the most

rare ones in new magnet formulatiols$?! Level 2 B !e in*uence of the electricity production mix on
greenhouse gas (GHG) emissions of BEVs

Terbium |0.10%
Holmium [0.10%
Others Il 1.80%

EFFICIENCY, ELECTRICITY, CONSUMPTION $is issue has been examined in many studies, and
AND ENVIRONMENTAL IMPACT there is a general consensus that greenhouse gas emis
OF BATTERY ELECTRIC VEHICLES sions (primarily CQ) associated with the use of BEVs

are lower compared to ICVs, when the electricity-pro

Level 1 B Tank-to-wheel vs. battery-to-wheel and the odettion stage is factored #iIn Figure 10 are reported
all electricity consumption of BEVs the results of a recent study where GHG emissions of

) gasoline and diesel cars vs. BEVs are thoroughly ana
~ $e average consumption of a modern 150 hp cafy;eq, in relation to the electricity mix of every EU
is around 6 liters of gasoline for 100 km, which corrgqyntry and taking into account upstream emissions
sponds to about 60 kWh in terms of thermal energygyiraction, transport, re"ning of fossil fuels) and cross-
content of the fuel. An equally rated electric car (€.Gyorder electricity trade among di%erent countifes.
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250 pean Environment Agency has recently released an
- GHG emissions (with upstream) . "
B fora 14.5 KWh /100 km BEV exce.llent report on the state of the art in the "eld, where
200 | fora200kwh/100km BEV details on impacts assessed at the di%erent stages of
I Mo @ineice) | the industrial chain are reported: raw materials extrac

150
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wsen i weeice | 1ION, production, use, end-of-lif€.$e component that
makes the biggest di%erence between BEVs and ICVs is
of course the battery. It has been consistently reported
ecotoxicity, as well as freshwater eutrophication. In this
domain, the comparison with ICVs may be presently

| ‘ ‘ ‘ that the extraction of battery materials has a substan
EJ Zl z 5 J%%M.;.%. unfavourablé® and the single most important factor

* shtez 900 leading to this result is the use of electricity produced
Figure 10.Greenhouse gas (GHG) emissions of electric vehicles firom fossil fuels in raw materials extraction and battery
the countries of the European Union vs. gasoline and diesel cafsanufacturing?’ Besides the use of renewable electricity
taking into account the electricity generation mix and cross-bordej; every stage of LIB production, use and disposal, other
electricity exchange. relevant factors that can improve the life-cycle environ

mental performance of BEVs vs. ICVs are (i) using them

. . for at least 150,000 km and (ii) better transparency of
Small/Medium-size BEVs (14.5 kwWh/ 100 km) entai r "rms through the implementation of traceability

a lower GHG emissions than gasoline ICVs in every otocols along the whole raw materials supply chain,

country and perform worse vs. diesel only in two cou . . )
Y P y 0 as to constantly monitor social and environmental

tries (Latvia and Malta) in which electricity producnonimpacts_

Its stronglc))/ b?ﬁed ;)hn cohal %ndmml él\{lﬂaé[a IS how Sw;t%héng Finally, putting the BEV industrial supply chain in
ig ?nisgh Igweretcr)\ar?rlcelg i,n c?)untrieser\?vli?ﬁlc;n sc;ren e context of circular economy is crucial for the end-
9 ot-life management’ To this end, legislations around

ly decarbonized electricity portfolio such as Swede e world must promote as much as possible the imple

France, Finland, Austria and Denmark, which prlmarllymentation of Extended Producer Responsibility (EPR)

rely on nuclear, hydro, wind and biqmass. It is_notewor ractices, which make product manufacturers respon
thy the good performance of BEVS in ltaly, a big e>(porgible for the entire life-cycle of their products and espe

ing industrial economy with a renewable eIectr|C|ty-proCially for the take-back, recycling and "nal disposal. In

dUCtlltorrlnEl;JtS%;O:rg?r{asized that all of these data Cthe Ia§t decades, several governance mechanisms have

be considered a superior limit, as they do not take in >en introduced on waste Q|sposal and rnmeral-rec_y

account a simple fact, At Ieasi in this initial stage, B ng processes for electronics and batterles'. Recy_cllng
' ' ractices related to BEVs are already and will continue

?r\]/; ?]ezﬁea;i;yap'za(l:l?{ izrzgrgn%n\égggr?sgéam/ei? oggrt.esrr\];i be shaped by these national and international regula
9 ions, which will become stricter as electric mobility will

self-produced PV electricity or sign contracts with utili s

. > exlpandff

ties that sell renewable electricity packages. Such a ba $e number of BEV to recycle is presently insigni"
gaining power, which of course cannot be exerted at t t, but companies and legislators must be ready for

gasoline pump with IQVS, can speed up.the Ogreenlqﬂ "rst wave of end-of-life BEVs which will occur in the
of the electric system in a bottom-up fashion. 2020s
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Level 3 B Overall life-cycle assessment of battery electric
vehicles CONCLUSION

Assessing the environmental impact of BEVs over After one century of undisputed dominance of
the entire lifecycle is a complex exercise that deperiéi® internal combustion engine, the road transperta
on several factors, such as the size of the vehicle con8iRn sector is slowly undergoing an epochal transferma
ered, the electricity production mix, the location of thdion towards electric powertrains. $is trend is dictated
mineral resources for batteries and whether the -corRy two main factors: the quest for enhancing the energy
parison is made with diesel or gasoline cars. $e Eurce&ciency of vehicles and the need of improving air-qual
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ity in urban areas for the sake of public health. Anothetehicles is a key milestone of the global energy transi
factor that may foster the market expansion of EVs is thien, because almost 30% of the world electricity supply
supply and/or price of oil in the long term. At presentis already generated by renewable WWS technologies
oil is cheap and plentifdl, but it is increasingly obtained (Water, Wind, Solaff and will grow further in the years
from unconventional resourc&s(e.g., shale rocks, tarto come, due to massive investments worldwide, with
sands, conventional wells in extreme environmentsEhina as leadéfHowever, in order to make this process
which are characterized by stronger carbon footprintstuly bene'cial for society, it is necessary that the global
heavy environmental impacts, questionable economindustrial supply chain of LIBs D all the way from raw
returns, poor energy return on energy invested (EROIl).materials extraction (concentrated in South America,
On the other hand, the constant increase of renewabAdrica and Oceania) to battery manufacturing (primar
electricity production and the possibility to deploy vehiily in China, Japan and South Korea) to usage (mainly in
cle leets which are intrinsically less dissipative (batteNorth America, Europe, China, Japan) b is made-envi
ies are far easier to recycle than,C&an ultimately be a ronmentally and economically sustainable.
major driver for the transformation of the car sector. Regarding physical availability of materials, cobalt
$ere is debate on which extent electri"cation will represents a real risk, whereas lithium appears to be of
permeate the way of moving persons and goods in th@ver concern. At any rate, integral recycling of LIBs at
next decades. In our opinion, BEV will be dominant fothe industrial scale is becoming mandatory because it
personal transportation (cars, SUVs, motorbikes, bikes presently projected that there will be 140 million EVs
because the ubiquity of the recharging infrastructuren the road by 2030 (10-15% of the global share), with
(i.e., the electric grid) is a formidable asset versus potdrl million tons of LIBs reaching their end-of-life ser
tial competitors lacking an energy distribution base (e.qice throughout the next decablfe$e biggest obstacle
hydrogen)?® On the contrary, we believe that batteryin this direction is the fact that batteries are manufac
based transportation will be far less relevant for truckared in several forms, sizes, and chemistries, hence a
and buses, due to the huge material demand this wouldriety of disassembly/recycling protocols needs to be
imply for manufacturing batteries. Since heavy dutgstablished, increasing technical and economic costs.
vehicles are o0en collected in large parking lots and ruftimately, failure in addressing the recycling issue
more predictable routes, it is reasonable to expect thaduld endanger the expansion itself of the BEV market,
they may be preferentially electri"ed via fuel cligd as availability of some virgin raw materials (particularly
by hydrogen or liquid fuels produced in large centralizedobalt) could turn out to be an insurmountable physical
facilities. In this regard, it is needless to say that an euénit, also in view of the rise of another potentially huge
more rational solution for freight transport is shiOing asnarket such as backup battery packs for intermittent
much as possible to railways, which are largely existirenewable technologies.
and o0en underutilized in several countries. In principle, electric vehicles might be an integral
Lithium ion battery is the key enabling technol part of smart electric grids, serving as two-way electric
ogy for the development of road electric transportationity dispatchers on demand (V2G, i.e., vehicle-to-grid
with a number of di%erent chemistries now available fooncept§j® thus helping to shelve peak demand. $is
the cathode, but less practical solutions for the anodapproach has several pros and cons, for instance the car
beyond graphite materials. It can be reasonably expectmaner could make a pro"t of his/her Omobile storage
that no practical alternatives to LIBs will be found in theystemO, but the lifetime of the battery would be-nega
next decade and perhaps even beyond, also becausetitledy impacted. $e rational of this idea is compelling:
huge ongoing investments in LIBs manufacturing mak87% of their lifetime vehicles are idle. However, an-e%ec
it harder for potential alternatives (e.g., lithium-sulphurtive implementation of V2G require substantial advance
lithium-air or sodium/magnesium based batterfédp ments at the grid and battery level.
become economically or technically competitfugnfor- Presently, the car battery industry is focusing on
tunately, the energy sector is alicted by frequent claimthree priorities to be fully competitive with tradition
of OrevolutionaryO inventions or discoveries, with -scieal thermal cars: a price of 125 $/kWh for LIB pdéks,
tists sometimes too bold in communicating results to thiigher energy densities (up to 500 Wh/L, pack |&vel)
general public, without properly highlighting the limitsto extend driving ranges beyond 500 km, and the con
of their work for commercially viable applicatidiis. solidation of fast charging networks. A relevant issue to
$e road transportation sector claims about 50%address is the modernization of the commercial network
of the world oil supply and emits about 18% of globaidf car companies, which is unprepared (if not unwilling)
CO, emission$? therefore the electri"cation of road to o%er electric models to custonférs.
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It must be emphasized that the "nal objective of the
electric revolution should not be the replication of the

presently ine&cient and unsustainable system heavily.

based on individual mobility, with an increasing urban

population trapped in tra&c jams, albeit OelectricO. $&1.

great transition to be possibly accomplished within the
next 30 years primarily concerns the development of

public, mass, light and smart transportation, which2.

entails buses/metros, railways, bike lanes, shared-mobil
ity, autonomous driving. $e desirable expansion of the

BEV market is only one of the ingredients to achieve18.

radical change of the transportation system towards
new, rational and resource e&cient paradigms that make
cities designed for people and not for automobiles.
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