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Introduction
 The availability of an adequate primary Energy is one of the 

essential future needs of mankind. 
 After a short summary of the past history of the planet Earth, 

I shall present a discussion of the present primary Energy supply 
and of some of the new options for the future.

 A progressive switch to Renewable Energies is advancing. But, no 
doubt, fossils will continue to be used for many decades.

 A new method for fossils is here described, mainly applicable to 
Natural Gas (NG) where the energy will be generated but with no 
appreciable emissions of CO2 and of other greenhouse gases. 

 Since CO2 emissions are then fully removed, the method may 
represent a valid alternative to the on going Renewable Energies 
like wind, biomass and solar. 

 In this way also some fossil resources may be finally used equally 
safely in the future
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The new computing methods
 In the past decades, our understanding has advanced considerably, 

due largely to computers which allow extensive calculations and 
numerical model integrations over long time scales.

 On a human time scale of Ka (Kilo-annum, thousand years) planets 
motion is a model of remakable regularity. However on a longer 
times planets are chaotic, resulting in future unknown orbital 
paths and eventually leading to a severely disrupted solar system.

 For instance, while in a regular region two planetary trajectories 
that begin arbitrarily close in phase space will diverge as a power 
(usually linear) of the elapsed time, in a chaotic region nearby 
trajectories will separate out exponentially.

 F.i. a typical error of 15 m in the Earth's initial position after 10 
Ma (Mega-annum, million years) brings to an error of about 150 m; 
but the same error may grow after 100 Ma to 150 million km, 
making impossible the precise prediction of the orbits.
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The Sun
 The energy generation of the Sun is based upon thermonuclear 

fusion of Hydrogen into Helium. It occurs in the core region of 
the star, based on the proton–proton chain reaction processes.

 At present, nearly half the Hydrogen at the core has been 
already used, with the remainder consisting primarily of Helium. 

 As the number of Hydrogen atoms per unit mass decreases, it 
causes the core to contract with an increased density and 
temperature, causing the remaining Hydrogen to undergo fusion 
at a faster rate and a steady increase in the energy output.

 Initially the Sun, as a Main Sequence star, radiated only 70% of 
the current energy. The luminosity has been rising by 1% every 
110 million years. The Hydrogen fuel at the core will finally be 
exhausted in five billion years, when the Sun will be 67% more 
luminous than at present.

 The Sun will then ultimately evolve into a Red Giant and a 
compact White Dwarf.
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 the Sun's expansion into a Red Giant 
will occur after ≈ 7 billion years  (7 Ga), 
up to a radius of 1.2 A.U. (180 x106 km) 

 Mercury and Venus will be absorbed by 
the Sun. The Earth’s orbit will be 
reduced and probably also absorbed 
toward its final destruction. 

 Earth may break apart the Moon, with 
debris impacting on Earth whose mantle 
and crust are removed, leaving its core.
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 Finally the Sun will begin to collapse again, 
evolving into a compact White Dwarf after 
ejecting its outer atmosphere as a planetary 
nebula, without any planet in orbit around it

Helix, a planetary nebula as the Sun will produce in >7 Ga

The Sun as a main 
Sequence star 

Diameter 0.01 A.U.

Today
Sun

d

From a Red Giant to a White Dwarf

The Sun as a Red Giant
Diameter 1.2 A.U.



The Earth
 The solar system has about one-third of the age of the Universe, 

formed about 4.54 Ga (Billion of years) ago by accretion from the 
Solar Nebula, a disk-shaped mass of dust and gas. About 2% of 
the mass was made of earth’s like variety of elements, the rest 
being unburnt stellar fuel. Collision with a planet-sized body has 
generated the Moon after few hundreds Ma (Million of years). 

 Earth outgassing and volcanic activity produced a primordial 
Oxygen free atmosphere. Water, augmented by ice delivered 
from comets, produced the oceans. After 2 Ga, Oxygen with a 
thin Ozone layer incremented life under the seas and on surface. 
Continents were created and moved around in hundreds of Ma.

 Complex multi-cellular DNA driven life on Earth was almost 
entirely born during the last 600 million years, strongly affected 
in its evolution by several huge, unexpected mass extinctions and 
major catastrophic events, with loss of 99% of all living species.
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The “Oxygen Revolution”
 The primordial atmosphere contained no Oxygen and so it would 

have been toxic to most of modern life. A solid crust and liquid 
water were formed with time.  

 Earliest undisputed evidence of life are microbial methane fed 
fossils such as stromatolites found in 3.48 Ga sandstones.

 After exposed minerals were oxidized between 2,5 and 2.3 Ga,
Oxygen finally began to accumulate in the atmosphere, with the 
extinction of most of the planet's anaerobes to which Oxygen 
was toxic with their progressive mutation to aerobes.
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 The huge number of tiny Cyanobacteria, 
producing during long times (Ga’s) their 
energy through photosynthesis have been 
the source of organic Oxygen in the 
atmosphere.

 This “Oxygen Revolution” has been one of 
the most significant events of Earth. Cyanobacteria: Responsible for the 

Oxygen in the earth's atmosphere



Red and green lines represent
the range of the estimates 
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Billion of years ago

 Life remained energetically limited until a widespread availability 
of Oxygen, which has proceeded in several different stages:
Stage 1 : Practically no O2 in the atmosphere.
Stage 2 : O2 rises 0.02/0.04 atm, but in oceans
Stage 3 : O2 out of the oceans, to land surfaces. 
Stages 4 + 5 : O2 accumulates in atmosphere

 The presence of Oxygen has produced huge changes in the 
chemistry between rocks, sand, clay and other geological 
substrates and the Earth's air, oceans, and other surface waters.

How Oxygen has been created
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The “Snowball” Earth
 But, although the temperature of the Sun kept rising, Earth did 

not get warmer: rather it cooled dramatically. 
 Glacial deposits in South Africa dated 2.2 Ga and then located at 

the Equator showed the Earth as totally frozen.
 Such Ice Age around 2.3 Ga ago could have been directly caused 

by the incoming Oxygen concentration in the atmosphere, which 
caused the decrease of atmospheric Methane. 

 There were four periods, each lasting about 10 million years, 
between 750 and 580 million years ago, with the Earth thought to 
be covered with ice and an average temperature of about -50 °C

 The processes should have finally been reversed in an unknown 
way, maybe by the emission of carbon dioxide from volcanoes or 
the destabilization of methane gas hydrates. 

 But, according to an  alternative “Slushball” Earth theory, even at 
the top of ice ages there was some open water at the Equator.
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A main event of Earth's history: the mass extinctions
 More than 99% of all species, amounting to the over five 

billion species that ever lived on Earth have been extinct.
 The first main known mass extinction was the “Oxygen 

Revolution”  ≈ 2.2 billion years ago. The other "Big Five" 
cannot be so clearly defined, because of the presence of  a 
relatively smooth continuum.
440 Ma; 86% of species lost, including graptolites :
375 Ma; 75% of species lost, including trilobites; 
251 Ma: 96% of species lost, with up to 96% of all marine 

and 70 % of terrestrial vertebrates 
200 Ma; 80% of species lost, including all of the conodonts

Temperatures maybe were of order of + 40 °C;
66 Ma; 76% of species lost, including ammonites, 

mosasaurs, ichthyosaurs, plesiosaurs, pterosaurs, and 
nonavian dinosaurs.
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 A Sixth or Anthropocene is the 
presently ongoing extinction  
mainly due to human activity.

 This last present extinction has 
already killed numerous plants 
and animals. At current rates, 
about 30% of species are at risk  
in the next hundred years.
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Earth’s pattern of the last 65 million years
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 Temperatures have been higher: abrupt thermal spikes have been 
observed, lasting no more than a few hundred thousand years like 
the Paleocene-Eocene Thermal Max (PETM). 

 With some progressive reduction of temperatures, about 35 
million years ago glaciations of Antarctica have appeared again.



Temperature dependence of last 60 Ma
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PETM  as analog of a possible future global warming
 The PETM is very short lived high temperature excursion 

probably associated with the destabilization of methane 
clatrates (huge frozen methane ices that accumulate at the 
bottom of the ocean) and the fast buildup of greenhouse gases.

 During the PETM, the global mean temperature seems to have 
risen by as much as 5-15°C with respect of the today’s global 
average temperature. This effect might repeat again after few 
future centuries of uncurbed man made anthropogenic changes. 

 It is likely that the full magnitude of the shown PETM rise may 
have been underestimated by a factor 2 to 4.

 Temperatures in the Arctic had reached levels of modern 
temperate oceans. 

 The poles were free of ice caps, and palm trees and crocodiles 
lived up above the Arctic Circle. 

 Much of the continental United States, China and Europe had a 
sub-tropical environment.
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CO2 behaviour during the past 600 Ma
 In the past CO2 values were many times higher than now, 

although the exact value may be in doubt.  600 million years ago 
atmospheric CO2 was about 20 times higher than present values.

 It dropped, then rose again some 200 million years ago to 4-5 
times present levels—a period that saw the rise of giant forests
without flowers — and then continued a slow decline until recent 
pre-industrial time. 
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(History of Atmospheric CO2 through geological time. Berner, Science, 1997). 

 Burning of fossil fuels is the 
leading cause of increased CO2
now at 400 ppmv. In 2010, 9.14 
GtC of fossils were released 
compared to 6.15 GtC in 1990.

 Land use changes have also 
contributed 0.87 GtC in 2010, 
compared to 1.45 GtC in 1990.



 The last million of years has been characterized by glacial and 
interglacial cycles and of gradually deepening ice ages. 

 These glaciations involve involve fluctuations driven by changes 
in the Earth orbit known as Milankovitch cycles. 

 0.4 million years ago there has been an unexplained switch in 
the dominant periodicity from the 41 ka to the 100 ka cycles.

 Currently, since ≈ 10,000 years, Earth is an interglacial period. 

The last 1 million years
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Global average temperature during the last 0.4 Million years

 Reconstructed global Earths’ temperature over the last 420’000 years 
based on the Vostok ice core from the Antartica (Petit et al. 2001) 
measured from the O18 global concentration 

 The few warm periods (shown in red) have been exceptional, 
lasting only for a relatively short periods. 
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This situation should not be underestimated



A future glaciation is inevitably ahead ?
 Now, since about 10 ka Earth is in the Holocene interglacial period. 
 The present warm period would normally be expected to last still for 

no more then a few Ka. The Milankovitch theory predicts that glacial 
periods periodically covering the higher latitudes of the continents 
will occur cyclically because of astronomical factors in combination 
with climate feedback mechanisms.

 However, the increased rate of carbon dioxide released by  man 
may delay the onset of the next glacial period. 

 On the other hand, the present  global warming period of finite 
duration (based on the assumption that fossil fuel use will cease in a 
few centuries) will probably only impact for about a few k-yrs the 
arrival of such next glacial period. 

 Thus, our global warming induced through a few centuries worth of 
greenhouse gas emissions may only have a local impact.
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A future glaciation could be dramatic for > 8 billion people 



 A small African ape has been 
the last link between modern 
human apes and chimpanzees.

 The ability to walk upright 
developed about 4 Ma ago.

 Brain size increased rapidly, 
and by 2 Ma, the first animals 
classified as Homo appeared. 
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 Fire began with Homo erectus probably from 0.8 Ma to 1.5 Ma.
 Language is more difficult; it is unclear whether Homo erectus 

could speak or if that capability had not begun until Homo sapiens
 Modern humans (Homo sapiens) are believed to have originated 

around 200,000 years ago or earlier in Africa; the oldest fossils 
date back to around 160,000 years ago.

 The first humans showing signs of spirituality are Neanderthals.

The human evolution
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Colonization of earth
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 However, evidence of more 
sophisticated beliefs, such as 
the early Cro-Magnon cave 
paintings (probably with 
magical significance) did not 
appear until 32,000 years ago.

 Cro-Magnons also left behind 
stone figurines probably also 
signifying religious belief

 By 11,000 years ago, Homo 
sapiens had reached the 
southern tip of South 
America, 

 Communication continued to 
improve, and relationships 
became more intricate.

Homo sapiens

Homo 
Neanderthal

Homo 
erectusHomo 

Mauritanious

Homo 
abilis

Homo 
Ordesiensis



What happened to the Neanderthals ?
 It is estimated that at its peak the total Neanderthal 

population across this habitat range numbered around 70,000.
 Fossils have been found from northern Germany to Israel, Spain 

and Italy, from England and from  Portugal to Uzbekistan
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 Research has no accepted 
conclusive explanation as 
to what exactly caused 
the Neanderthal's 
extinction between 40.000 
and 28.000 years ago.

 Hypotheses include failure 
to adapt to colder climate 
change, competitive 
exclusion or extinction 
caused by modern humans.

Limits of 
permanent

ice



Colossal Campanian Ignimbrite eruption 39,280 years ago 
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 The eruption has been classified at 7 out of 8 of Explosivity
Index (VEI) with a dense rock dust emission (DRE) of> 300 km3

 But it is unlikely to have caused the Neanderthal extinction. 

Ash layer > ½ meter

Over this area live today more than 150 million people



Summary: global temperature patterns (2500 BC to 2040 AD) 
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The presently on-going warm period has been so far by no 

mean exceptional !



2000 years of temperatures in the 30-90° North hemisphere
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 Earth's climate has changed naturally between cooler and 
warmer conditions on a millennial timescale.

 Extra-tropical Northern Hemisphere (90–30°N) decadal 
mean temperature variations (dark grey line) relative to the 
1961–1990 mean temperature with 2 standard deviations bars.

 After a little Ice Age in 1700, the climate has progressively  
increased during the whole Industrial revolution from 1750 on.

Ljungquist,2010 Warmer

Colder



A new phenomenon: the emergence of Anthropogenic Era
 The permanence of the unique, long, stable period after 

the last inter-glacial period has been essential to create 
and sustain life and civilization as they are today, an 
essential element for survival we must preserve at all cost. 

 BUT, as well known, we are presently facing a novel 
phenomenon, coined by Eugene Stoermer and popularized 
by Nobel Laureate Paul Crutzen, the emergence of a man 
made Anthropogenic Era: for the first time human 
activities may influence the future of the Earth’s climate. 

 The main element has been the extraordinary growth rate 
of humankind.

 The first signs of an Anthropogenic Era may have been 
already detected. These effects should be curbed to avoid 
the irreversible consequences of a major climatic change. 
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Today people growth rate
 Today at every second, 21 people are born and 18 die, a 

net gain of 3 people/s. Every day the population increases 
by 220’000 people. The growth rate has been incessantly 
rising and it is currently approaching 90 million/year, with 
the rapid blow-up of a population explosion, i.e. a novel 
“Austria” every month.

 Such an immense increase of the human species is one of 
the most extraordinary evolutions of our planet and no 
doubt it is conditioning the future of man as well as the 
one of any other animal and vegetal species and of future 
climate.

 The total number of individuals which have ever lived on 
Earth is estimated between 70 and 150 billions. Because of 
the exponential growth, as many as 6 to 10 % of all human 
beings which have ever populated the earth are alive today.
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The growth of the energy demands
 At the beginning of the 

year 1800 (population = 109) 
the average power was 
about 1kW/p, about 1/2 of 
a HP, 10 x human power.

 Since 1850, energy has 
grown twice as fast as 
population, i.e. E N2.
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 During the last 80 years, the global population grew by 3.42 
times and the energy production increased 11.7 times .By 2050 
we shall be reaching the 10 billion people mark.

 In 2000 mankind consumed 14.5 Twatt x year, a pro capite
equivalent to 2.3 ton/y/p of coal, of the same order of the pro-
capita nuclear weapons or of the energy required to launch each 
human being into space. For the US ≈ 14 ton/y/p.



New energies: the key to sustainability
 The value of Energy represents today about 10% of global GNP.
 Energies with lower emissions and a quantitatively significant 

management based on the progressive elimination of the CO2
emissions have to be vigorously pursued. 

 But, in order to ensure acceptable future developments, it is 
reasonable to evolve simultaneously on two parallel lines: 
1. a more efficient utilization of fossils fuels, limiting the 

effects of the anthropogenic CO2 and other emissions;
2. the development and progressive utilization of renewable 

energy sources, like wind and solar.
 IEA predictions for the next 25 years are however gloomy:
1. Massive expansion of fossils with no scarcity of resources.
2. Very slow growth of renewables, going only from 13% to 18%
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Coal

Nuclear

Oil 

NGas

Renew.

Predicted IEA growths during the next 25 years

OECD Not OECD

But worldwide investments in renewable technologies more than 214 billion US$ in 2013, 

 Growth of fossil burning (+33%), mostly the non OECD countries
 Modest increases (+8%) of renewables (including hydro) and NG
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The accumulated effects of CO2 and of other GFG gases
 The present-day man made excess CO2 concentration of the 

atmosphere is +100 ppmv or 200 Pg C (1Pg = 1012 kg); the uptake 
rate is currently 2 Pg C yr−1 (petagrams of carbon per year).

 If fossil-fuel burning continues at a business-as-usual rate until 
2100, CO2 will surpass 1000 Pg C, (700 ppmv), returning later to 
pre-industrial levels but only after many thousands of years.

 The entire reservoir, predominantly coal, totals 5000 Pg C. 
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Change in scale

Antropogenic CO2 for 5000 Pg pulse 
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The growing concerns of the huge CO2 accumulation
 Cumulative emissions of CO2 by 

humans have reached the huge 
value of about 400 billion tons of 
C equivalent and to 400 ppmv. 

 However for the second year in 
a row new CO2 emissions stood at 
32.1 billion ton and remained 
essentially flat while global GDP 
grew by 3.4% in 2014 and 3.1% in 
2015.  

 In 2015 Renewables accounted 
for about 90% of new electricity 
generation. 

 RCP scenarios (Representative 
Concentration Pathways) have 
been introduced by IPCC.
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Germany as an example
 Thermal power is the backbone of electricity supply � providing 

today > 95% of total load in winter time, > 60% in summer time.
 The ratio of actual productivity in a year to this theoretical 

maximum is called the capacity factor. The German nationwide 
wind power capacity factor over 2012 was just under 17.5% 

Vienna_Jan.2017 Slide# : 32

Cheapest Coal

 In 2015 the penetration 
fraction of energy 
produced by wind for world 
electric power generation 
was only 3.5%

 Resources of off-coast 
winds are hampered by so 
far inevitable under-water 
construction costs.

 PV is also so far more 
expensive than fossils. 
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Wind’s variability
 Wind variability in Germany. 

Percentage of electrical demand 
delivered by all the wind turbines 
of E.ON Energie during 2007. 

 For a vast transformation into 
solar and wind such intrinsic 
variability must be compensated 
with additional power storage, 
supplies from other energies, huge 
power overcapacity and extending 
transmission over longer distances 
with very high power electricity. 

 The cost of Electricity as a 
function of the fraction of 
renewables. (Germany  vs. US).
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The need of new GWatt transmission lines
 One factor that has so far 

inhibited efficient employment of 
new renewable energy has been the 
lack of an accompanying investment 
in power infrastructure to bring 
the power to market. It is believed 
3800 km of GW’s power lines must 
be built or upgraded in Germany 
alone.

 Powering the world with 100% 
renewable energy is the stated 
goal of many individuals and 
organizations. However since this is 
feasible to make 100% renewables 
to generate electricity, it’s not 
possible in the near-term to 
replace for instance motor fuels.
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Our new developments: high power superconducting lines 
 In January 2001 superconductivity was announced of a simple 

new compound, the Magnesium Diboride, MgB2. 
 MgB2 is under development and relatively small quantities of 

cable have been manufactured so far at the laboratory scale. 

 An extremely simple method of producing the cheap 
chemicals and of drawing the wire, in analogy with Nb-Ti.

 Wire unit length today up to 20 Km in a single piece, easily 
scalable by increasing billet size/length. 

 Conductor cost at 20K, 1T:now 1.5 €/kAm; in 3 y 0.5 €/kAm

Manufacturing 
of MgB2 wires

by simple ex-situ
Powder-In-Tube 

method

+
B Mg

reaction at
900°C in Ar

MgB2

+

Chemical phase Metallurgical phase

Tube filling

wire drawing
to 2 mm

cold 
rolling



20 kA MgB2 R&D programme
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 A R&D programme has been developed jointly by CERN and 
IASS/Potsdam. China will extend the project in the future.



Concept of superconducting for MgB2 Transmission Line
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I =     20 kA
V =    ±125 kV

33 cm diameter 
Pressure 20 bar



Cost comparison for 700 km length and 5 GW capacity
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57 m tall

125 m width

± 125 kV
underground
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Likely future evolution of energy consumption
 In 2013 all renewables contributed 19 % to energy consumption 

and 22 % to electricity.  But new renewables, namely wind, solar, 
geothermal and biomass contributed in 2013 only with ≤ 2%. 

 In order to curb CO2 emissions, most expectations for the 
future predict a huge growth both for Natural Gas and 
Renewables with a factor ≈ 2 increment in about 30 years.

Vienna_Jan.2017 Slide# : 39



Incrementing the contribution of Natural gas
 As the world struggles to find new sources of energy, it is clear 

that fossil fuels, and in particular Natural Gas (NG), will play a 
major role together with the growth of Renewables.

 Compared to Coal, NG is an odourless, colourless, tasteless, non-
toxic and cleaner-burning mostly methane fossil fuel, emitting 
about ½ of CO2 for the same amount of energy 

NG can be either conventional or unconventional:
 “conventional’ NG is produced by drilling a borehole into a 

porous, permeable rock formation, which lets gas flow out of 
the rocks and up to surface. 

 “unconventional” NG is absorbed or trapped in an impermeable 
source rock (shale gas and coalbed methane), or bound within a 
crystal lattice (methane hydrates). Gas from shale is produced 
by hydraulic fracturing (‘fracking’), where a mixture of water, 
sand and chemical additives are pumped at very high pressure.
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The novel NG technologies: Shales and CBM
 Shales are sedimentary rocks 

formed from deposits of mud, silt, 
clay and organic matter. 

 Hydraulic fracturing involves 
pumping of water mixed with 
chemicals at high pressure into a 
well that has been drilled. The 
fluid creates fractures in the rock, 
in order to get the gas out. 
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 CBM is Coalbed Methane adsorbed into 
a solid coal matrix (macerals) released 
if the coal seam is depressurised.

 Methane is extracted by drilling wells 
into the coal seam. The water pressure 
is decreased by pumping water from the 
well. The decrease in pressure allows 
methane to desorb from the coal and 
flow as a gas up the well to the surface.



World-wide Shale resources are global & massive
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CBM reserves
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Units are in Trillion ft3



European resources
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Trillion ft3



Clathrates: the largest reserves of hydrocarbons on the crust
 Methane hydrate is a natural form of 

clathrate, a chemical substance in which 
molecules of water form an open solid 
lattice that encloses, without chemical 
bonding, appropriately-sized molecules 
of methane. 

 At high pressure methane clathrates
remain stable up to 18 °C. One litre of 
methane clathrate contains as much as 
168 litres of methane gas NPT.
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Burning Ice

Oil ≈ 200 GtC
Coal ≈ 5000 GtC
Clathrates >12000 GtC
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Locations where clathrates have been observed
Reservoirs of methane, located globally within 2000 m of the 
solid surface and observed in a large number of locations are 
of major interest as a potential novel energy resource.



Natural gas options to reduce CO2 emissions.
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 Three methods are here considered and compared:
1. Conventional process with CO2 emitted in the atmosphere;
2. Geo-engineering attempts to compensate for CO2 emissions;
3. A novel method: methane cracking without CO2 emissions.

1

2

3

Several methods of points 2 and 3 are discussed



Conclusions by the Royal Society

 As noted by the the Royal Society (2009):

 “The safest and most predictable method of moderating 
climate change is to take early and effective action to 
reduce emissions of greenhouse gases.

 No geo-engineering method can provide an easy or readily 
acceptable alternative solution to the problem of climate 
change. 

Geo-engineering methods could however potentially be 
useful in future to augment continuing efforts to mitigate 
climate change by reducing emissions and so should be 
subject to more detailed research and analysis.”
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Point 2A.- Geo-engineering to compensate CO2 emissions

Herzog, H., Eliassou, B., Kaarstad, O.: Capturing Greenhouse Gases,
Scientific American vol. 282, No. 2, pp. 72-79, February 2000



Vienna_Jan.2017 Slide# : 50Slide# : 50

CSS: safety considerations
 The degradation processes for the sealed wells and the

behaviour over long times (millennia) are difficult to predict.
 If the likelihood of leaks from a CO2 reservoir is similar to

that of hydrocarbon reservoirs during production, leaks (> 10
t/day) are expected to occur at about 10-3 per reservoir x
year. But we need CO2 wells under pressure for >103 years.

 The expanded CO2, if promptly emitted, will be very cold and
hence remain close to the surface of the escaping area.

 Although not toxic, above some %, CO2 acts as a powerful
brain vein dilatator. In a few minutes, unconsciousness occurs
at 15 % of relative concentration and immediate death at
30%. Deaths start being observed already at 9%.

 In 1986, at lake Nyos a volcanic CO2 leak of 2.4x105 ton has
killed all the 1746 people + animals < 15 km from the source.

 In order to ensure 550 ppm by 2100 with the option
“Business as usual” –according to IPCC– we must accumulate
CSS with≈ 2x1012 ton.
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Point 2B.- Mineral carbonation ?

3.1 Mton/y

17.5 Mton/y

Mg2SiO4 + 4CO2 + 4H2O -> 2Mg2+ + 4HCO3- + H4SiO4

1 GWe power station, 360 t/h of coal require 2000 t/h of Olivine



Point 2C.-Aerosol SO2 cooling ?
 If there were a way to continuously inject SO2 into the lower 

stratosphere at a level of ≈ 1/1000 of the CO2 emissions, it 
would produce large, compensatory global cooling.

 The main advantage of these non-CO2 effects is that the 
weight of the material to be captured is of the order of 
millions of tons and not billions of tons as in the case of CO2. 

 Assume that we put SO2 into the lower stratosphere (16-22 
km) over the Equator at a daily rate equal to 5 Mt/yr (1 
Pinatubo eruption every 4 years) or 10 Mt/yr (1 Pinatubo every 
2 years) for 20 years, or at 68°N at a daily rate equal to 3 
Mt/yr for 20 years.

 BUT both tropical and Arctic SO2 injection might disrupt the 
Asian and African summer monsoons, reducing precipitation to 
the food supply for billions of people.
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Robock, Alan, Allison B. Marquardt, Ben Kravitz, 
and Georgiy Stenchikov, 2009:  The benefits, 
risks, and costs of stratospheric geoengineering. 
Geophys. Res. Lett., 36, L19703, 
doi:10.1029/2009GL039209. 

At the end of SO2
injection period,

CO2 caused
effects will 

promptly
return 

 SO2 injection might disrupt the Asian and African monsoons, 
reducing precipitation and food supply for billions of people

 In the past 2000 years there have been three major high 
altitude natural eruptions: 939, Eldgjá, Iceland; 1783-84,  
Lakagígar, Iceland, 14.7 km3 of lava;  1912 Novarupta, Alaska



Aereosol tropical injection after 10 y
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NH summer 
and 5 Mt/y
after 10 y

NH winter 
and 5 Mt/y
after 10 y

Without aerosol cooling With aerosol cooling



Point 3A.- A revival of fossils: NG without CO2

 Methane cracking or Methane decarburation (TDM) is the 
spontaneous thermal dissociation at sufficient temperature of 
Methane molecule into is atomic components (Carbon H2) :

CH4 -> 2H2+C
 Hydrogen becomes the final form of  energy. The total 

absence of CO2 is the main reason for its development.
 Cracking methane with no CO2 emissions uses no more energy 

than the standard SRM reforming process, which however 
produces as much as 4 tons of CO2 for each ton of Hydrogen.

 The black carbon can either be sequestered or sold on the 
market as a materials commodity, or reduce costs by 
marketing the carbon as a filler or a construction material 

 A vigorous pre-industrial development is on going as a 
collaborative effort with German research institutions.
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The spontaneous thermal de-composition at high T
 The direct combustion of NG will produce 890 kJ/mol.  Instead 

the combustion of the resulting H2 is  572.2 kJ/2mol H2. The 
product theoretical efficiency is then  64 %.The black carbon 
represents 394 kJ/mol C. Its mass is 75 % of the NG.

 The endothermic contribution of the transformation is 76 
kJ/mol, i.e. 8.5% of the NG. CH4 heat Black C 2 x H2

heat

x100kx100k

Carbon formed at 1100°C
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Early (2005-09) studies on spontaneous thermal dissociation

 The device is a simple 
graphite tube heated at very 
high temperatures

 Natural gas is introduced at 
high temperatures and it 
flows in the reactor to 
activate pyrolytic dissociation.

 A dense black smoke 
streamed from the outlet end 
of the reactor tube and it was 
found to consist of carbon 
black and hydrogen.

 Carbon black particles are 
extremely fine.

The idea

The process is 
extremely fast, 

milliseconds!

10 ms



The liquid metal alternative
 The preferred option, in most of the previous studies is based 

on molten metals, as carbon separation seems more achievable 
due to the density difference between the liquid and the carbon. 

 In our opinion, the use of molten media to host the methane 
cracking reactions is promising, although preliminary 
experimental work is necessary to confirm if a continuous 
operation scheme may be feasible at industrial scale.

 As early as 1930, Tyrer had proposed and patented a process 
for producing hydrogen from methane or methane containing 
gases using molten iron (1200 – 1300 °C). Several outhors have 
pursued the technology with mixed results.
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Carbon powder accumulated on top of the 
surface of the liquid metal along with quartz 

glass pieces that formed the packed bed.



Molten metals for methane decomposition

 Early decomposition through bubbling of NG through a 
molten metal at high temperatures.
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Extract black C

Molten metal loop

NG to Hydrogen
+ black carbon 

Conversion
Heat 

exchanger

NG bubbles

Molten liquids are 
Pb, Fe, Sn, NaCl, NaF



Comparing methane pyrolysis with standard MSR
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 Hydrogen production is 1.9x1011

Nm3/y, 17 Mton/y ≈ 5% of the 
world Oil production (84 
MBOL/day)

 Methane Steam reforming
(MSR) is the classic method of 
producing commercial H2 with 
CO2 starting from NG with 700 -
1100 °C

 Methane decarburation (TDM)

Methane 
decarburation

MSR TDM
MSR and TDM have comparable efficiencies and costs



The experimental table-top setup
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Photograph of the methane 
cracking facility at KIT 
showing the insulated liquid 
metal reactor in the bottom.

Basic methane decarbonisation
process definition.



Hydrogen yields as a function of temperature
 Hydrogen yield as a function 

of temperature at 50 mln/min 
and 200 mln/min pure methane 
volume flow rate for two 
different packed bed designs: 
cylindrical rings (porosity 
84vol-%) from the current 
study and quartz glass 
fragments (porosity 76 vol-%) 
published earlier in Geißler et 
al. and equilibrium hydrogen 
yields as a function of 
temperature at 1 bar, 1.5 bar 
and 2 bar (dashed lines).
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50 mln/min

200 mln/min

Equilibrium yields



Volume flow rates in mln/min
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Hydrogen 
yield as a 
function of 
methane 
volume flow 
rate at 
different 
reference 
temperatures 
with pure 
methane as 
feed gas.



Our recent successful experimental results at KIT
 The technical feasibility of methane TDM decomposition in a 

liquid metal bubble column reactor has been demonstrated. 
 The single pass hydrogen yield of 78% was obtained at 1175 °C.
 No major differences in terms of hydrogen yield were found 

between different kinds of experiments.
 Diluting the methane feed gas with nitrogen in the range of 0–

90 vol-%, revealed no significant influence on the resulting 
hydrogen yield in the investigated temperature range. 

 During the present experiments, no clogging issues due to solid 
carbon deposition on reactor walls or other parts occurred. The 
produced carbon mainly accumulated above the liquid metal 
interface in powder form with particles sizes of 15–20 µm.

 Disassembling the reactor after 15 days of operation, only a thin 
carbon layer, around 10 µm in thickness, was found.
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Point 3B.- A liquid “fuel” without CO2 emissions
 Much has been said and much money has been spent for the 

hydrogen economy as a substitute for Oil. 
 Hydrogen as a chemical product is already widely used in a 

number of fields which include for instance production of 
ammonia, cracking of Petrol: its production is as much 4% 
of the one of Oil, mostly out of NG production. 

 Notwithstanding, fundamental problems will have to be 
solved if hydrogen gas is ever to become directly a 
practical, every day transportation fuel that could be filled 
into the engines as easily and safely as gasoline is today.

 The chances that lay ahead seem prohibitive. In many 
people’s view the necessary future substitute to Petrol for 
transport must be liquid, containing H2,O2 and CO2.

 A main alternative choice is to produce liquid Methanol:



Methanol
 Methanol freezes at -97.6 °C, boils at 64.6 °C, and has a 

density of 0.791  at 20 °C.
 It is a convenient, safe liquid easily obtained from existing 

coal or natural gas sources via classic methods developed and 
practiced since the 1920's. 

 Roughly 8% of the fuel used in the Chinese transportation 
system is methanol. The Chinese are now the largest 
producers of methanol in the world. .

 Methanol can also be readily converted into many other 
chemicals like ethylene, propylene and others. 

 Methanol not only represents a convenient and safe way to 
store and transport energy, but together with its derived 
product dimethyl ether (DME), is an excellent fuel.

 Therefore it would be able to replace Oil both as a fuel and 
chemical raw material mitigating the dangers of global warming 
without costly new infrastructures.
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Transforming  CO2  from a liability to an asset

Transport and 
storage like Oil

spent CO2 recovery
The basic process with fossil NG 

combined with CO2 recovery

New options New option
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Methanol derived chemical products

A “methanol Economy” 

In practice, all 
chemical 
products 

associated to 
Oil may be also 
produced from 

Methanol



Describing the process
 Assume that we recover CO2 as a chemical material and to 

recycle it from some conventional source of concentrated CO2
waste, removed since already “paid for” by the recovery of 
the CO2 conversion of the previous application (two for one).

 We can combine it with Hydrogen for instance produced with 
black carbon and without CO2 from the de-carburation of NG.

 CO2 and hydrogen can produce Methanol and water, a liquid 
substitute to Gasoline in all distant transport applications;

 If  Methanol or its substitute is burnt in a concentrated 
source, its CO2 could be indefinitely recycled. Otherwise CO2
may be re-used returning it back to the atmosphere.

 Future supply options are nuclear and solar energies for 
Hydrogen and the capture from the atmosphere for CO2 .
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Conclusions ..
 In addition to the progress with Renewables, the continued 

production of energy from fossils is mandatory.
 According to an old saying, “The end of stone age did not occur 

because of the lack of stones”.  Likewise, in my view, at the end 
of the Coal exploitation era, there will be still huge amounts of 
Coal left.

 Methane decarburation (TDM, CH4 -> 2H2+C) in association with 
NG may become a valid alternative to Renewable Energies since 
having removed the CO2, it has the capability of becoming 
another safe primary energy source adequate for centuries.

 Both as a H2 gas or a liquid with Methanol and already used CO2 it 
can be made environmentally acceptable with a minimal footprint 
and without costly new infrastructures.

 Provided the emissions of CO2 can be economically removed with 
black carbon and our simple method, why should it not be vastly 
used in the future and without environmental drawbacks ? 
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Thank you !


