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Science for a new 
energy system

Modern civilization has been created by the massive,  
and increasing, combustion of fossil fuels, but this practice 
is clearly limited by their crustal abundance, as well  
as by the environmental consequences of burning coals  
and hydrocarbons, and high-energy societies can  
ensure their survival only by an eventual transition  
to non-fossil sources.”

Vaclav Smil. Energy and civilization. A History.



F ossil fuel depletion, environmental dete-
rioration and energy-model centralisa-
tion are key factors justifying an urgent 
transformation of the energy system. 

Therefore, both the European Commission 
(through the European Green Deal) and the 
Spanish Government (through its National 
Energy and Climate Plan) have set objectives 
and defined strategies to reduce greenhouse 
gas (GHG) emissions. 

The fight against GHG emissions and clima-
te change requires a profound energy transfor-

mation based on the use of mixed 
and renewable sources, as well as 
clean and sustainable technologies 
capable of de-carbonising transport, 
industry and the residential sector, 
responsible for over 70% of emis-
sions. But this transformation       
requires major investment in R & D 
to develop new technologies that 
can improve citizens’ lives. 
      Next Generation EU, Europe's
recovery plan, approved by the 
European Council to reduce the
economic damage caused by the
pandemic, seeks to promote a tran-
sition towards this new energy sys-
tem in which renewable energies, in 
general, and hydrogen, in particular, 
will contribute to achieving total 
decarbonisation of the energy sys-
tem and become carbon neutral by 
2050. Spain must use these funds to 
boost its renewable energy network 

through projects and policies that take advanta-
ge of autochthonous renewable resources, thus 
increasing the percentage of renewables in the 
energy mix. Following such a strategy, Spain 
could achieve a sufficient, low-carbon, intelli-
gent and quality energy system, in line with 
European energy policy. 

The CSIC has published its White Papers on 
Scientific Challenges 2030, of which Volume 8 
identifies the main scientific challenges to be 
overcome in order to achieve a clean, safe and 
efficient energy system. These challenges 
include the production of renewable energy, its 
storage and efficiency, renewables-based elec-

trification of industry, the valorisation of bio-
mass as an energy source, the decarbonisation 
of industry by using CO2-capture technologies, 
catalysis for sustainable energy production and 
hydrogen technologies, without forgetting the 
social and environmental aspects. 

The multidisciplinary nature of these cha-
llenges requires the collaboration of research 
groups in very diverse fields. Therefore, the 
CSIC has created the Interdisciplinary Thematic 
Platform (Spanish acronym PTI) for Sustainable 
Energy Transition, namely PTI+TransEner, to 
establish a scientific network encompassing 
researchers and infrastructures, committed to a 
future scenario of clean, sustainable and           
intelligent energy. Its objective is to promote 
key technologies in the energy cycle to achieve 
a more affordable, reliable, competitive and  
sustainable energy system. The platform 
combines the CSIC’s capacity, know-how and 
technologies in a bid to take on high-tech 
developmental projects and promote their being 
taken onboard by industry. 

The PTI+TransEner research groups are     
investigating renewable energy storage 
systems by building an autonomous vanadium 
redox flow battery module optimized with 50 
kW. Regarding CO2 capture technologies, 
researchers are developing pilot-scale 
carbonation-calcination plants for subsequent 
commercial scale-up. In this respect, they are 
also up-scaling important technologies based 
on electrolyte modules/membranes made of 
solid oxides that enable new sustainable 
industrial systems, integrating CO2 capture in 
oxy-fuel combustion and green H2 production 
from biomass or high-temperature electrolysis. 
Researchers are also working on the design of a 
hydro-generator with a production capacity of 
60 kg of H2 daily. The development of 
electrolysers for green hydrogen production is 
another of its objectives. Finally, researchers 
are also studying the design and construction 
of pilot-plants that incorporate their own 
technologies for the production of biofuels and 
green hydrogen from agro-industrial waste. 

Undoubtedly, the CSIC holds a key position 
to lead many of the energy challenges facing 
society. 

Our energy system
requires urgent transformation 

by Clara Blanco (INCAR) and Antonio Chica (ITQ) 
PTI+TransEner Coordinators

CLARA BLANCO PhD in Chemical Sciences ANTONIO CHICA PhD in Chemical Sciences
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of energy consumed daily 
world-wide is extracted from 
renewable sources, the main one 
being hydraulics, followed by 

wind and solar. “Spain 
is a world leader in 

the generation and 
consumption of 
renewable ener-
gy, which is the 
result of a robust 

electrical system 
with high wind 

energy quotas Hernán 
Míguez (ICMS, CSIC-US) 

recounts. “But, unlike other 
countries, in Spain wind is the 
main renewable source, followed 

the White Paper, which analyses 
the current situation and propo-
ses lines of action. “It is 
essential to consolidate 
alternative and flexible 
ways of obtaining and 
storing energy 
and employ more 
efficient manage-
ment of existing 
resources and 
their emissions,” 
they point out. 

The first thing we 
think about when we 
talk about alternatives to 
fossil fuels are the so-called re-
newable energies. Currently, 15% 
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O ne of the main challen-
ges facing humankind 
in the near future is the 
problem of energy. 

According to the International 
Energy Agency Conference, the 
global energy demand will have 
increased 30% by 2040. However, 
our  society continues to depend 
on fossil fuels: two-thirds of prim- 
ary energy demand in Spain is 
covered by hydrocarbons. Besides 
the problem of pollution and cli- 
mate change, this model means 
Spain depends on imports cover- 
ing 70% of our energy demand. 

How can we obtain cleaner, 
safer and more efficient energy? 
This is one of the challenges that 
the CSIC (Spanish National Re-
search Council) has highlighted 
on its agenda in a bid to come up 
with solutions by 2030. “The aim 
is to develop technologies that 
facilitate the energy transition 
from a fossil fuel-based model 
to a self-sustaining eco-friendly 
system. To this end, more than 
100 research groups from 50 
centres at the CSIC are working 
in different lines of research,” 
explains José Manuel Serra (ITQ, 
CSIC-UPV) and Domingo Pérez 
Coll (ICV, CSIC), coordinators of 

By Isidoro García Cano

increase in 
energy demand  

by 2040, according to 
International Energy 

Agency forecasts 

30%

Paving the way to 
clean, safe and 
efficient energy 
The CSIC carries out research to improve the 
production of renewable energies, enhance 
storage and efficiency, and increase industrial 
electrification and decarbonisation. The goal is 
an energy model that is less dependent on fossil 
fuels and more sustainable for the planet



European or Spanish level, the in-
crease in storage capacity should 
also allow a decrease in energy 
imports,” says M. Rosa Palacín 
(ICMAB, CSIC). The most common 
classification for energy storage 
technologies considers five types: 
chemical (hydrogen), electroche-
mical (batteries, flow cells, super-
capacitors), electrical, mechanic- 
al (compressed air, flywheels, 
hydropower pumping) and 
thermal. The benefits provided 
and developmental stages vary. 
“The challenge is to optimise 
their development with a view to 
having robust, reliable and eco-

nomically competitive energy 
storage technologies without 
negative environmental 
impact,” sums up Palacín.  

The CSIC investigates all 
types of storage, focusing on 
chemical and electrochemical 
systems. It participates in 
several European initiatives in 
this field (Batteries Europe ETIP, 
EERA, BEPA,  BatteryPlat...). 
Moreover, CSIC institutes 
working in the Thematic Area 
of Materia carry out projects on 
very diverse technologies, 
which are at different stages of 
development. These range from 

searching for new concepts of 
multivalent-based ions batteries 
to developing redox flow batteries 
for large-scale energy storage. 

Efficiency and energy       
recovery are other key concepts 
in this challenge. Related 
research deals with developing 
technologies to recover and save 
energy in our daily lives: houses 
and objects. Buildings are 
responsible for 40% of the energy 
consumed in Europe, but 75% of 
these are energy inefficient. To 
try to alleviate this problem, 
advanced materials with 
additional functions are tested 

(coatings that reflect part of the 
solar spectrum, facades covered 
with materials that recover ener-
gy, artificial or passive lighting, 
efficient ventilation systems, and 
so on). Further developments in-
clude new construction methods 
such as 3D printing or the reuse of 
demolition materials. 

“The CSIC is involved in        
several European projects to take 
advantage of mechanical energy 
or thermal energy and convert 
it into electrical energy and thus 
increase current energy efficien-
cy,” explains Marisol Martín (IMN, 
CSIC). “One of the widest fields of 

application is in powering weara-
bles and sensors connected to the 
Internet of Things or our mobile 
devices,” she reveals. Research in 
this field focuses on increasing 
efficiency in the conversion of 
these devices, as well as develop- 
ing materials based on abundant 
and non-toxic elements.

 “Our goal is to make these de-
vices flexible and compatible for 
use on the human body. In this 
way, we seek to obtain sustain-    
able, self-rechargeable and minia-
turisable energy sources, which 
can be used to power biosensors 
that send signals to the cloud 
or to our own phone to improve 
people’s quality of life without 
increasing the carbon footprint,” 
says Martín. 

Another challenge is to achie-
ve a cleaner industry. Currently, 
the industrial sector accounts for 
30% of global energy consumption 
and greenhouse gas emissions. 
The challenge concerning indus-
trial electrification aims to repla-
ce technologies that emit green-
house gases with ones based 
on electricity from renewables, 
which currently account for only 
7% of the energy consumed by 
industry. “Electrification is one of 
the most effective tools that will 
enable us to achieve the objecti-
ves of industrial decarbonisation 
by 2050, although there are many 
scientific and technological 
issues to be solved,” says Xavier 
Jordà (IMB-CNM-CSIC). 

Industrial electrification requi-
res new electrochemical pro- 
cesses. Improving combustion-
based solutions (heat pumps, 
induction, etc.) and developing 
new electromagnetic heating 
solutions (microwave, laser, 
electron beam, plasma arc...) will 
drastically reduce carbon dioxide 
(CO2) emissions, according to 
Jordà. Meanwhile, the 
development of electrochemical 
technologies and the electrical 
processing of materials using 
devices such as electrochemical 
membrane reactors have great 
potential, although their industrial 

RESEARCH RESEARCH

by hydroelectric and solar photo-
voltaic.”

Regarding the end use of ener-
gy, Spain expects renewables 
to reach 42% by 2030, with re-
newables representing 74% in the 
electricity sector. In this CSIC re-
searcher’s opinion, Spain is called 
on to play a key role in the future 
development and commerciali-
sation of renewable energies. “We 
have natural resources, a high le-
vel of technological advance and 
international recognition of our 
position in this field,” he adds. 

The CSIC is key player in the 
renewable energy scenario in 
Spain. This research institution 
has scientific staff of recogni-
sed prestige, which is reflected 
by numerous research projects 
and a consolidated relationship 
with companies in the sector. An 
example is the Bluesolar project, 
to develop hybrid technology, 
combining photovoltaic and con-
centrated solar power (CSP). The 
challenge is to improve efficiency, 
and here the main innovation is 
the integration of optical filters in 
the panels that split the spectrum 
of sunlight in two: one part is 
used by the solar cells and the rest 
is sent to a concentrated tower 
system to store thermal energy 
for use when there is lower solar 
radiation. 

In addition to obtaining alter-
native energy sources, another 
challenge is to store the energy 
that is produced. The amount of 
energy stored globally constitutes 
a small fraction of the amount 
generated and consumed. How-   
ever, the electrification of trans- 
port and the integration of renew- 
ables in the electricity grid require 
a drastic increase in storage capa- 
city, especially considering that 
our energy consumption rises by 
5% each year. Storage needs for 
Spain are forecast to reach 20 
gigawatts (GW) by 2030, rising 
from the 8.3 GW available now. 

“Storage is also crucial for 
introducing flexibility into the 
power grid and enabling distri-
buted energy generation. At the 
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Organic solar cell  
array at the ICMAB-CSIC. 

/ ARTUR MARTÍNEZ



and technological problems. The 
implementation of pilot and de-
monstration plants at relevant 
scales will be decisive in the de-
velopment of valid technologies 
that will promote business invest-
ment and hydrogen value-chain 
development as a whole.  

Finally, we should not forget 
that the transition and sustaina-
bility of a clean, safe and efficient 
energy system requires the study 
of a variety of social and environ-
mental impacts in order to ensure 
its social acceptance. “We must 
implement experimental facilities 
that allow prior assessments of 
technologies, in order to prevent 
and mitigate social and environ-

mental impacts,” say Mario Díaz 
(MNCN, CSIC) and Ana Romero de 
Pablos (IFS, CSIC). 

This requires the joint 
analysis of the advantages and 
disadvantages of alternative 
energy sources, according to 
social needs and environmental 
impacts, at each stage of the pro-
cess, without forgetting that 
their integration must be 
compatible with other practical 
uses of land. Furthermore, “such 
assessments must be made 
taking into account the socio-
economic conditions of different 
countries, so that fair and 
equitable access to energy can be 
guaranteed,” they conclude.

not electrifiable. “Capturing CO2 
produced by certain industries 
and preventing its emission into 
the atmosphere, as well as ma-
king all the energy consumption 
renewable, is the only way to 
achieve zero emissions in these 
processes,” says Juan Carlos    
Abanades (INCAR, CSIC). 

The direct capture of CO2 from 
the air is also of great importance 
in this decarbonisation process, 
as is the production of sustainable 
synthetic fuels from renewable 
CO2 (when it comes from living 
beings or directly from the air). 
The CSIC has several research 
groups working in these fields, 
such as the team at INCAR which 
is trying to develop a pilot plant to 
capture CO2 from steel-production 
gases, which account for 5% of an-
thropogenic CO2 emissions in the 
world. The project (C4U) is being 
run at the Arcelor-Mittal facilities 
in Asturias.

 Another fundamental step 
towards achieving cleaner indus-
try is to make one of the main 
industrial processes, namely      
catalysis, clean too. An estimated 
90% of commercially produced 
chemicals involve catalysts, com-
pounds that speed up chemical 
reactions. Catalysis accounts for 
20-30% of World Gross Domestic
Product, and improving tech-
niques could reduce the energy
footprint of related products by
20-40% by 2050.

“Catalysis for sustainable in-
dustrial production means lower 
energy demand and greater    
efficiency in the use of atoms,” says 
José Carlos Conesa (ICP, CSIC). 
There are new catalytic processes 
that can use electric current or 
electromagnetism, ideally from 
renewables, to process biomass or 
waste, or to selectively heat 
ferromagnetic materials. Other 
processes are based on fermenta-
tion, using enzymes or chemical 
catalysts to synthesise biofuels or 
chemical compounds. 

Catalysis is also being investi-
gated for synthesis gas, a mixture 
of carbon monoxide and hydrogen

products,” says José Carlos del Rio 
(IRNAS, CSIC). 

Biomass research focuses on 
the use of agricultural and fores-
try waste, as well as fast-growing 
plant species cultivated specifi-
cally for biomass production, to 
obtain second-generation biofuels 
(i.e., produced with crops that do 
not compete with those used for 
food), or from algae (third gene-
ration). To maximise the use of 
biomass, “research in catalytic 
processes focuses on improving 
stability in media not commonly 
used in industry and combining 
processes by several transforma-
tions in a single catalytic system 
or several catalysts, the so-called 
cascade processes, which are 
more efficient and have fewer 
purification stages,” explains José 
Miguel Campos (ICP, CSIC). “Other 
advances focus on obtaining 
more efficient organisms and 
enzymes in more extreme condi-
tions, which can act on a greater 
number of substrates and obtain 
higher yields.” 

The biomass challenge defi-
ned by the CSIC aims to make a 
qualitative and quantitative leap 
in Spain’s capacity to develop    
technologies for the deployment 
of biorefineries to process 
biomass and oily waste. 
Subsequently, the production of 
biofuels and other bioproducts 
from agro-industrial waste will be 
demonstrated in a pilot plant. 

In order to limit global war-
ming to less than 1.5° C by the end 
of the 21st century, it is necessary 
to achieve ‘zero emissions’ as 
soon as possible. One of the ur-
gent issues is the decarbonisation 
of sectors of our economy that are 

RESEARCH RESEARCH

that acts as an intermediate to 
produce synthetic petroleum or 
natural gas. And other catalysis 
methods are being developed 
using fuel cells and electrolysers 
to convert energy or photon- 
induced processes. These meth- 
ods are used to produce hydrogen 
or to reduce carbon dioxide in 
various products. Currently, there 
are several CSIC institutes that 
are actively working on these 
new forms of catalysis. 

Increased production of re-
newable electricity will require 
the development of storage tech-
nologies and smart grids capable 
of solving the variable nature of 
this type of electricity generation. 
“Hydrogen, as an energy carrier, 
is a clean and storable solution 
capable of responding to these 
electrification needs,” says    
Antonio Chica (ITQ, CSIC-UPV). 
“When used as fuel, hydrogen 
does not generate CO2 or other 
pollutants.” While advancing in 
the development of neutral 
energy technologies that produce 
renewable hydrogen (green 
hydrogen) at affordable prices, a 
transitional solution is to produce 
hydrogen from natural gas coupl- 
ed to CO2 capture and storage 
technologies (blue hydrogen). 

Hydrogen is a promising     
option to decarbonise transport. It 
can also be used in energy-        
intensive industries such as steel 
mills, where it can replace coal as 
a reducing agent. Hydrogen and 
CO2 can be used as feedstock for 
so-called electrofuels, and can 
provide mechanisms for storing, 
transporting and distributing 
energy seasonally across sectors 
and continents. 

“Although hydrogen technolo-
gies are promising in our endea-
vour to decarbonise the energy 
system and stabilise renewable 
energies, we must first overcome 
important hurdles in order to    
accomplish their large-scale use,” 
says Chica. In his view, coordina-
ted research between science and 
industry will be key to identifying 
and overcoming both scientific 

Spain is a world leader in renewable energy 
generation and consumption, which is the 
result of a robust electrical system with high 
quotas of wind and solar photovoltaic energy” 
Hernán Míguez (ICMS)

application requires research into 
new materials. CSIC institutes like 
the ITQ are undertaking numer- 
ous research activities in this 
field. 

In addition, a system must be 
developed for the transport, distri-
bution, storage and conversion of 
electrical energy, which intercon-
nects the various renewable sour-
ces and points of use efficiently, 
flexibly and reliably. The future 
smart grid will be based on tech-
nologies that the CSIC is also wor-
king on. In the field of semicon-
ductors, the heart of the network 
that allows efficient conversion of 
electrical power, the IMB-CNM is 
developing wide bandgap devices 
based on silicon carbide, gallium 
nitride and even diamond. “Smart 
grids will be based on power con-
verters and will use artificial inte-
lligence to integrate intermittent 
renewable sources, forecasting 
consumer demand, improving 
energy quality, network recovery 
and active consumer participa-
tion into supply-and-demand me-
chanisms,” sums up Jordà. 

Besides industry, another ma-
jor energy consumer is transport. 
The sector is the second largest 
energy consumer in Europe and 
produces 25% of greenhouse gas 
emissions. In addition, it depends 
on oil for 95% of its energy needs. 
Plant biomass, the main source 
of renewable materials on Earth, 
appears as a potential solution for 
transport decarbonisation. “Bio-
mass is available in large quanti-
ties at very low cost, mainly in the 
form of agricultural waste, and 
represents a potential source for 
the production of energy, trans-
port fuels and high value-added 
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CSIC project to develop more efficient photovoltaic technologies. / PIXABAY
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different materials deposited in 
the form of a thin layer,” explains 
Lira-Cantú. “These printing tech-
niques, which are low-cost and 
manufactured on a large scale, 
have meant a paradigm shift in 
the manufacture of commercial 
silicon cells, which are more ex-
pensive as they require high-    
purity mono-crystalline materials 
obtained at high temperatures.” 

In less than a decade, pero-
vskite solar cells have already 

-
ciency, a percentage very similar 
to commercial silicon cells, which 
currently stands at 26.1 %. The 
first ones are expected to reach 
the market very soon and will 
open up new technological niches 
where, for example, lower weight, 
flexibility, portability or 
innovative designs and colours 
are required.  

To do so, the technology will 
have to overcome at least two 
major challenges: reducing the 
presence of lead in the consti-
tuent materials and increasing 
their lifetime. “In the first case, we 
are working with new nano- 
materials based on lead-free 
perovskite halides. In the second, 
we are developing various 
methods to increase the lifetime 
of the cells, such as the use of 
more stable semiconducting 
oxides that act as carrier layers, 
or defect engineering by 
functionalising perovskite with 
organic additives,” explains the 
CSIC researcher. 

Among the factors that can 
affect efficiency and longevity are  
defects in the mineral, thermal 
sensitivity of the materials or 
those related to encapsulation of 
the final device. In all these cases, 
artificial intelligence can be used 
to analyse the parameters that 
most influence the stability of 
solar cells. Among other projects, 
Lira-Cantú’s team participates in 
ProperPhotoMile, a project 
involving five countries (Spain, 
Germany, Switzerland, United 
States and Israel), with the aim of 
integrating artificial intelligence 

new materials that overcome the 
limitations of the usual silicon 
cells used in photovoltaic panels. 
Mónica Lira-Cantú, from the 
ICN2-CSIC (Catalan Institute of 
Nanoscience and Nanotechnolo-
gy), analyses a promising mineral 
called perovskite.  

“Perovskite is a new material 
with structural and electronic 

-
cient at absorbing shades of the 
sunlight spectrum. In our group 
we synthesise the nanomaterials, 
manipulate them and convert 
them into inks that can be prin-
ted. We use these to manufacture 

CSIC teams make advances in photovoltaic and geothermal 
technologies and in superconductors for fusion reactors, 
three major areas involved in achieving clean energy

RESEARCHRESEARCH

T he sixth report, presented 
last summer, by the 
Intergovernmental Panel 
on Climate Change (IPCC) 

warned about the impossibility of 
meeting the global average limit 
for global warming to 1.5 degrees, 
as agreed in the Paris Agreement. 
The extreme climatic phenomena 
already being suffered by the 
world, such as floods and heat 
waves, are expected to become 
widespread above 2 degrees. 
Thus, it is urgent to find solutions 
to improve energy efficiency and 
increase the use of renewable 
energies.

As explained in the recent 
White Paper on the subject, part of 
a series published by the CSIC, 
this challenge identifies photo- 
voltaic technology as a key ener- 
gy source in our bid to achieve a 
paradigm shift towards a decar- 
bonised society. This is because it 

cient 
technologies for converting 
sunlight into electrical energy. 

Research trends in this sector 
are focused on the search for 

By Gema de la Asunción

Promising 
renewables: from 
atoms to the Sun, 
without forgetting 
planet Earth 

Experts estimate 
a ten-fold increase 
in electricity 
production using 
new geothermal 
technologies 
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Geothermal energy is advantageous 
because it does not fluctuate like 
solar and wind energy do.  / ADOBESTOCK



pressure injection often produces
earthquakes, which has led to the 
cancellation of several projects, as 
occurred in Basel, Switzerland, in 
2006, and in Pohang, South Korea, 
in 2017. “Earthquakes do not only 
occur during the injection phase. 
The most disconcerting thing is 
that those of greater magnitude 
usually happen once injection 
stops, so we are investigating 
their causes and how to limit 
their magnitude,” he adds.  

Through simulations, the team 
led by Vilarrasa has shown that 
the continuous circulation of 
water to extract heat at great 
depth can cause an increase in 

seismicity after several years. 
“Unlike what happens in other 

at a depth of several kilometres, in 
this case the induced seismicity is 
not usually due to an increase in 

phenomenon is the cooling of the 
rock around the injection well, so 
the results suggest limiting the 
useful life of these projects to    
between one and two decades,” 
says the CSIC researcher.

Although it involves many 
technical challenges, experts esti-
mate that very high-temperature 
geothermal technology could pro-
duce up to ten times the electrical 

power that is generated per well 
today. “It is this high potential for 
carbon-free energy production 
that makes this technology so 
promising. At present, most of the 
existing production plants are in 
volcanic areas, such as Iceland, 
where virtually all of the energy 
comes from geothermal power. It 
is not being produced In Spain yet, 
but there are regions with high 
potential. The simplest site would 
be the inactive volcanic areas of 
the Canary Islands. And in the  
Peninsula, itself, noteworthy are 
the areas of La Garrotxa, Cabo de 
Gata, Cofrentes and Campo de 
Calatrava,” Vilarrasa concludes.

Trapping the sun in a bottle 

Asked about the most promising 
technology for humankind in an 
interview for the BBC in 2016, Brit-
ish physicist Stephen Hawking 
chose nuclear fusion. In a way, 
this limitless energy, the source of 
the brightness of stars, including 
the Sun, is the inverse of fission 
(splitting of heavy atoms), since it 
is based on the fusion of light 
nuclei (hydrogen, deuterium and 
tritium), which reduces the accu-
mulation of nuclear waste. Fusion 
energy appears, therefore, as a 
unique opportunity to achieve 

Teresa Puig’s team is working 
on superconducting materials to 
help create magnets with ultrahigh 
magnetic fields in fusion reactors. 
“Progress towards achieving the 
fusion goal took a quantum leap in 
the 1960s with the design of 
tokamak vacuum chambers as a 
magnetic plasma confinement 
system in Russia,” she explains. 
Their development led to the design 
of the International Thermonuclear 
Experimental Reactor (ITER), an 
ambitious international project 
involving 35 countries and 
currently under construction in 
Cadarache, southern France. But 
recently, new materials have been 
discovered that have enabled the 
design of a more advanced toka-
mak: high-temperature supercon-
ductors, whose magnets can gene-
rate magnetic fields of 20T (Teslas), 
compared to the 5T obtained with 
low-temperature superconductors 
in ITER. The main challenge now is 
to achieve more competitive 
artificial n1anostructures created 
with cost-effective, high-
performance chemical methods. 

The ICMAB-CSIC research team 
has developed a system for ultra-
fast production of super-
conducting layers at low cost and 
with high performance to enable 
the construction of more compact 
fusion reactors. This technology is 
up to 100 times faster than current 
processes and the group has been 
contracted by a Japanese multi-
national to bring this novel 
technology to market. In addition, 
within the CSIC thematic energy 
platform, a test bench for this tech- 
nology is being installed at the 
Alba synchrotron in Barcelona.  

“Fusion energy has huge 
potential and has made a break-
through in recent years. The latest 
estimates predict that by 2030 
technology could be available for 
the next generation of fusion 
energy able to produce 100% of 
fossil-free energy, in conjunction 
with photovoltaic and wind         
energy, by 2050,” concludes Xavier 
Obradors, ICMAB director and 
research team member. 
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Perovskite has 
structural and 
electronic properties 
that make it more 
e�cient in solar 
panels. 

clean, safe and unlimited energy 
within a reasonable timeframe.  

The main difficulty in achie-
ving the fusion goal lies in 
containing the plasma, a state of 
matter necessary for the 
hydrogen nuclei to reach 150 
million degrees Celsius inside the 
reactor and fuse, releasing 
enormous amounts of energy. 
“It’s about getting the sun 
confined in a bottle, an extraordi-
nary challenge. The sun’s enor-
mous gravity allows fusion, but 
hugely powerful magnets are 
needed in the laboratory to 
simulate it,” says Teresa Puig, a 
researcher at the ICMAB-CSIC 
(Institute of Materials Sciences of 
Barcelona).   

in the manufacture of solar cells. 
“We use real devices to obtain 
reliable data on the different de-
gradation mechanisms that can 
predict and improve their useful 
life, which is an issue pending 
solution in this technology,” she 
stresses.

The Earth as an energy 
source

One of the least exploited renewa-
ble energies is geothermal energy. 
The Earth’s interior constantly 
generates heat due to the decay of 
radioactive elements. The deeper 
we go, the higher the temperature 
rises, following a geothermal 
gradient. But the Earth is not just 
a heat source, it can also produce 
electricity using a system analo-
gous to that of thermal or nuclear 
power plants. The main advanta-
ge over other renewables is that 
it is continuous energy, and does 
not 
power. 

“If we can manage to make 
water circulate at a depth where 
the temperature is above 100 °C, 
when the water reaches the sur-
face, it evaporates and can drive 
turbines to generate electricity,” 
explains Victor Vilarrasa, a CSIC 
researcher at the IDAEA-CSIC 
(Institute of Environmental       
Assessment & Water Research) 
and one of Spain’s leading experts 
in geothermal energy. “By drilling 
two wells at a temperature above 
100 °C, one extraction well, throu-
gh which we pump hot water, 
and one injection well, into which 
we re-inject the cooled water, we 
should be able to produce electri-
city. The problem is that the rocks 
we encounter are not always 
permeable. In granites, water can 

limited extent,” he explains.
One solution is to inject water 

at high pressure to budge the frac-
tures and get them to open. This 
system is known as an enhanced 
geothermal system, but it has the 
disadvantage of generating indu-
ced seismicity; that is, high-
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The Sun is a huge 
nuclear fusion reactor; 
this process could be 
reproduced on Earth to 
generate clean energy. 
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ICMAB researchers Teresa Puig and Xavier Obradors show superconducting tapes. / ARTUR MARTÍNEZ



are reversible, it is possible to re-
charge the battery by connecting 
it to the electric current so that 
the reverse process occurs. 

“The potential of the cell is the 
difference between the potentials 
of the electrodes and depends 
on the materials used in each 
of them. Battery capacity (the 
energy batteries can provide) also 
depends on which materials are 
used,” Palacín adds. 

This is expressed by a unit of 
weight / volume and is determi-
ned by the container and by the 
design of the electrodes, which 
comprise, in addition to the active 
material, additives to lengthen 
conductive lifespan or to main-

tain mechanical stability. 
The most widely used 
rechargeable battery 

technology in elec-
tronic devices and 
electric vehicles 
is the lithium-ion. 
This is a family 
of technologies, 

since different ma-
terials are used for 

the electrodes. Gra-
phite is usually used for 

the negative electrode, since 
lithium metal implies safety pro-
blems, while oxides or phosphates 
are used as transition metals for 
the positive electrode.

If lithium metal could be used, 
batteries could provide much 
more energy,” Palacín explains. 
“One of the alternatives we are 
working on involves the use of 
solid electrolytes, although in this 
case the batteries must operate 
at high temperatures so that ion 
conduction is efficient and this is 
not ideal,” she adds. 

In any event, lithium is scarce 
and expensive. The alternative 
metals for potential use as nega-
tive electrodes, which would also 
increase energy density and meet 
sustainability criteria, include 

W e live in an elec-
trified world, and 
if electricity is not 
consumed at once, 

it must be stored. We are 
surrounded by electronic devices 
and vehicles are leaving fossil 
fuels behind to become electric 
too. In this context, it is essential 
to develop new sustainable  
batteries, which perform well. 

Several CSIC research groups 
are working to improve energy 
supply and storage systems:       
either to search for more sustain- 
able and abundant materials, or 
to look for complementary 
systems to satisfy the needs of 
energy demands, or achieve 
thermoelectric sys-
tems that can feed 
devices without 
the need to store 
energy. 

“Batteries are 
chemical devices 
that store energy,” 
explains M. Rosa 
Palacín, researcher at 
the ICMAB (Institute of 
Materials Science of Barcelona). 
“A battery consists of one or more 
electrochemical cells, containing 
two electrodes separated by an 
electrolyte, a liquid that conducts 
ions but does not conduct electri-
city. The electrons are transferred 
from one electrode to another 
through an external circuit, crea-
ting the electric current we use. 
And at the same time, the ions 
that compensate for this electric 
current are flowing from one elec-
trode to another inside the battery 
through the electrolyte,” she adds. 

During discharge, the material 
forming the negative electrode 
is oxidised (emitting electrons) 
while that of the positive electro-
de undergoes reduction (gaining 
electrons). When these reactions 
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Abundant metals 
challenge lithium, 
king of electric-energy 
storage
CSIC research teams work with calcium and magnesium 
to obtain more economical batteries with higher energy 
density, and study vanadium to achieve redox batteries 
with more recharges and silicon for heat-powered 
portable devices

RESEARCHRESEARCH

By Lydia Gallego and Anna May Masnou

is rechargeable-
battery technology 

widely used in electronic 
devices and electric 

vehicles.

Lithium-ion

High-capacity lithium-
ion cells as a prototype 

for new batteries   
/ ADOBE STOCK



production are decisive for this 
type of storage. 

The ICMAB researchers M. 
Rosa Palacín and Alexandre 
Ponrouch are working on the de-
velopment of these batteries: two 
electrodes and the electrolyte. A 
whole battery has not been fully 
developed yet, but electrolytes 
have been obtained that improve 
calcium and magnesium electro-
de performance. “We also inves-
tigate the processes of interfaces 
between the electrodes and the 
electrolyte, as they strongly in-
fluence the power and the num-
ber of charge-discharge cycles 
that the batteries can provide,” 
Ponrouch says.  

In addition, they study the 
electrodeposition kinetics of cal-
cium and magnesium ions, and 
look for compounds capable of re-
acting with these ions reversibly 
for the positive electrode, in order 
to make the process of charging 
and discharging the batteries easy 
and fast. Inorganic and organic 
compounds for electrodes are 
being studied, and several dozen 
charge-discharge cycles have 
been achieved.

“Research in this field is at 
an initial development stage, in 
which we must optimise each 
battery component separately,” 
explains Ponrouch. “The fact 
that lithium technology is 

already developed is a great ad-
vantage, as this facilitates tack-
ling the main challenges posed 
by new materials, namely, ion 
mobility in the electrodes and in 
the electrolyte, the sensitivity of 
the materials to the presence of 
impurities or humidity and the 
complex processes taking place 
in the interfaces in-between the 
electrodes and the electrolyte,” 
Ponrouch adds. 

Research on calcium batteries 
at the ICMAB was boosted in 2013 
with funding from Toyota Motor 
Europe to explore the feasibility 
of this technology. Since 2017, 
Ponrouch and Palacín have been 
involved in several European pro-
jects aiming to study the develop-
ment of calcium and magnesium 
electrodes and electrolytes. For 
instance, they participate in the 
European Battery 2030+ platform, 
which encompasses research 
centres developing new sustain-
able batteries. 

Redox flow batteries for 
storing renewable energy

One of the alternative and novel 
electric energy storage systems 
is the vanadium redox flow bat-
tery. In order to investigate and 
develop redox flow batteries, the 
CSIC has set up an Interdiscipli-
nary Thematic Platform (Spanish 
acronym PTI) a research structure 
that brings together scientists, 
companies and administrations 
to solve high-impact social pro-
blems. The Flowbat platform, 
created in 2019 and coordinated 
by researcher Ricardo Santamaría, 
from the INCAR (Carbon Science 
and Technology Institute) has 
already developed a promising 
prototype.

“To achieve high performance 
redox flow batteries will represent 
a major improvement in terms 
of large-scale electric power 
storage, which has traditionally 
been carried out with hydropower

and compressed air pumping 
technologies, posing serious envi-
ronmental problems, such as the 
geographic location of these facil-
ities,” explains Zoraida González, 
researcher at the same centre. 

These batteries are electro-
chemical energy storage systems 
that are more economical and 
have lower environmental im-
pacts than other systems, such 
as lithium-ion batteries. The first 
objective set by this platform was 
to develop a small-scale demon-
strator, the vanadium redox flow 
battery, providing 1 kilowatt of 
power. The demonstrator became 
available in June 2021, with excel-
lent results. 

The platform’s next objective 
involves the design, manufac-
ture, commissioning and testing 
of a 50-kilowatt battery in a real-
world environment by the end of 
2022. This can be considered a 
pre-commercial module. The goal 
is for all battery components to be 
designed, optimised and manu-
factured by CSIC groups belonging 
to the Flowbat platform. 

Like other batteries, it has two 
electrodes (where the redox reac-
tions related to the charging-dis-
charging processes take place) 
and separators (ionic exchange 
membranes, between the two 
half-cells). Its differentiating 
elements are the two external 
tanks for electrolyte storage.  
Electroactive vanadium species 
are dissolved in each of the 
electrolytes, which are pumped 
into the battery by separate 
pumps. In this type of battery, the 
redox reactions of these species 
are related with the battery 
charging and discharging.

“In this type of technology, the 
energy is stored in the electrolytes 
rather than in the electrodes, as in 
other rechargeable batteries. This 
fact improves battery cyclability 
thanks to reduced wear of the 
electrodes,” explains González. 
The use of vanadium species in 
different oxidation states in both 
half-cells ensures lower self-dis-
charge of the whole device. Lastly,
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calcium and magnesium. More-  
over, they are more abundant and 
cheaper. 

Calcium and magnesium 
batteries 

The main advantage of calcium 
and magnesium batteries is that 
their energy density is very high, 
twice that of lithium. And they 
would be more economical. As 
it may not be possible to reach 
power levels similar to those of 
lithium, researchers propose the 
hybridisation of calcium and 
magnesium batteries, which 
have high energy density, with 
high-power supercapacitors. 

Perhaps a more immediate 
application would be stationary 
energy storage (the excess gene-
rated by solar energy, for exam-
ple). This would boost the spread 
of renewable energies, since the 
cost of kilowatt per hour and the 
potential for large-scale battery 
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Calcium batteries would have higher energy 
density, so they could be smaller and more 
economical

ICMAB-CSIC researcher, Alexandre Ponrouch, manipulating an electrochemical cell in a potentiostat.  / ARTUR MARTÍNEZ Vanadium crystals obtained by electrolysis. / BORIS LOBASTOV



the battery components or the 
battery itself on a large scale, and 
electricity companies that could 
introduce renewable energies into 
the energy mix. 

Thermoelectric generators 
for the Internet of Things 

Luis Fonseca is working with 
his team at the IMB (Institute of 
Microelectronics of Barcelona) to 
develop silicon microstructures 
to exploit the temperature present 
in the environment to generate 
electricity to power low-power 
sensors. 

Silicon technologies are used 
to manufacture thermoelectric 
microgenerators that can be ap-
plied to the Internet of Things and 
power sensors that can operate 
autonomously wherever there is a 
hot surface. Used in conjunction 
with a secondary (rechargeable) 
battery, they would keep it in a 
continuously charged state. 

This silicon-based technology 
is currently under development. 
Fonseca explains “silicon technol-
ogy has played a key role in the 
technology revolution that has 
made the Information Society pos-
sible and is a mature technology 
based on a highly abundant ma-
terial, a leader in miniaturisation 
and large-scale manufacturing.  

To produce thermoelectric 
devices from this material, it is 
important both to provide them 
with an architecture that physi-
cally allows the ambient tempera-
ture difference to be transferred 
to their interior, and to integrate 
silicon-compatible thermoelectric 
materials. So far, researchers have 
succeeded in integrating silicon 
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nanowires into silicon structures, 
enabling an approach using this 
material entirely. 

“This technology must over-
come two challenges. One is to 
improve the thermal effectiveness 

of the device, that is, to make the 
entire external thermal gradient 
available for conversion by the 
thermoelectric material,” explains 
Fonseca. Improving this also 
involves integrating a heat 

exchanger, and doing so with an 
automated and accurate process. 
To achieve this, printed 
electronics and rapid prototyping 
techniques are used.

“Silicon nanowires meet the 
three properties required by a 
good thermoelectric material: 
being a semiconductor material, 
it has a good temperature-to-elec-
tricity conversion coefficient, 
sufficiently high electrical con-
ductivity, and, being nanometric 
in diameter, has low thermal con-
ductivity,” adds the researcher. 

The other challenge is to ex-
pand the range of silicon-com-
patible thermoelectric materials 
beyond nanowires, such as thin 
layers of silicon alloys or func-
tional oxides, materials that do 
not contain toxic elements or 
scarce or unaffordable raw    
materials. 

“Bringing together silicon tech-
nologies with the integration of 
foreign functional materials has 
involved a dialogue between two 
different technological worlds: 
micro-nanofabrication and mate-
rials. It is the best way to achieve 
large-scale manufacture of the 
number of devices demanded by 
Internet-of-Things applications at 
a reasonable cost and with an   
acceptable environmental 
impact,” explains Fonseca. 

The idea for this activity arose 
from an Explora project (national 
programme of high-risk projects) 
and has obtained funding from 
both European (Synergy, coordin- 
ated by the IMB) and national 
(Ugenterm and Minauto) projects 
for its development. In order to 
study the integration of 
functional oxides in microstruc-
tures, they are participating in the 
European Harvestore project. 

Beyond thermoelectric appli-
cations, but within the micro-   
energy field, the effort of techno- 
ogical compatibilization of 
functional oxides has led to 
participation in Epistore,  manu- 
facturing microfuel cells that use 
hydrogen as an energy source to 
replace fossil fuels. 

Flowbat develops a vanadium redox flow 
battery that stores energy efficiently with 
increased charge-discharge cycles

the modular nature of this type of 
battery is another great advan-
tage as it allows energy and pow-
er to be designed independently. 

The modularity of these batter-
ies also affords the possibility of 
using them on a smaller scale. In 
the short and medium term, redox 
flow batteries could be found at 
the domestic level (coupled for 
example, with a solar panel sys-
tem to ensure a sustainable and 
quality electricity supply at home) 
or also in isolated systems, where 
access to energy could be limited, 
such as on islands. 

To achieve the objectives of 
the Flowbat platform, a multi-
disciplinary team was created to 
develop a technically and eco-
nomically efficient device, opti-
mising its scientific, design and 
manufacturing elements. One of 
the improvements they are work-
ing on concerns the development 
of new iron-based batteries, as 
this mineral is more abundant, 
economical and easier to obtain 
than vanadium. 

Putting the 50-kW battery 
into operation in a real-world 
environment will demonstrate 
the platform’s potential to the 
scientific community and the end 
users of the technology, position-
ing both the CSIC and Spain on 
the redox-flow battery market, in 
line with the Euro Green Deal and 
the UN Sustainable Development 
Goals. 

This project has been awarded 
EU funding through the Recovery 
and Resilience Mechanism (Next 
Generation EU) and the European 
Research Infrastructure Network. 
It has several interested com-
panies that could manufacture 
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ICMAB-CSIC researcher Alexandre Ponrouch 
handling an electrochemical cell in a glovebox 
in an inert atmosphere. / A. M.



devices, which are so beneficial 
to our society’s well-being; and 
science has found a way: energy 
recovery, also known as harves-
ting. Like this, researchers       
continue in their quest to 
improve living conditions, but 
through methods, processes and 
materials that gradually free the 
environment from the damage it 
is subjected to. 

Several CSIC research teams 
are already working in the two 
major fields of study that are key 
to achieving energy efficiency 
and energy recovery: the develop-

January 2022 · CSIC INVESTIGA 25 

CSIC researchers are developing and improving materials and methods to achieve 
100% efficient buildings and devices that recover and transform energy
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In recent years, scientific de-
velopments have simplified 
our daily lives thanks to what 
is known as the Internet of 

Things (IoT). Increasingly smaller 
smart devices enable us to switch 
on the heating without being at 
home or lower the blinds and turn 
off the lights without getting up 
from the sofa. However, these 
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improvements in the quality of life 
in our homes have not translated 
into progress in energy efficiency, 
one of the key points required for 
sustainable development marked 
by the 2030 agenda. 

In fact, just nine years away 
from the target date, buildings are 
responsible for 40% of the Euro-
pean Union’s energy consumption 
and 36% of CO2 emissions. This 
makes them the largest energy 

consumers in a Europe focused on 
decarbonising the economy with 
a target date of 2050. Therefore, 
efficiency in the energy consump-
tion of buildings is a necessary 
and urgent goal. 

As far as reducing the carbon 
footprint is concerned, IoT devices 
in themselves represent another 
key issue. These devices not only 
make the habitability of homes 
easier and more comfortable, but 

also represent a spearhead in 
fields such as medicine, engin-   
eering, security, aeronautics and 
the environment. However, the 
Internet of Things associated with 
portable or wearable devices is 
hampered by its dependence on 
batteries, which hinder its func-
tionality. Furthermore, these      
devices are manufactured from 
raw materials that are already in 
short supply due to increasing 
demand and, above all, have very 
high environmental costs. 

The goal is to find an alterna-
tive energy source to power these 

By Esther María García Pastor

Efficiency target: zero energy wastage

Harvesting 
recovers ambient 
energy generated 
continuously in 
various ways, such as 
vibrations or changes 
in temperature and 
lighting 



olition materials. “In other 
countries, houses with doors,  
windows, and electricity and wat
er installations have been built in 
less than twenty-four hours, and 
some of these processes already 
use industrial waste as construc
tion material,” she says. 

Not only could the use of de-
molition materials combined with 
3D printing be a way to achieve 
efficient buildings but, in the 
process, would also accomplish 
reuse and decarbonisation, two 
key concepts on the path towards 
attaining environmentally friend-
ly human activity. Currently, after 
the demolition of a building, the 
remnants are deposited in land-
fills, and 45 to 60% of materials 
used for new infrastructures are 
extracted from the lithosphere, 
and processing these emits CO2 
levels that are incompatible with 
clean and efficient energy. 

Thus, the complementarity 
between new materials and new 
construction methods may, in the 
not-too-distant future, prevent 
energy waste. “By means of net- 
works of sensors and actuators, 
we hope to obtain information 

that will allow us to integrate 
all these systems and achieve 

ciency and greater comfort than 
those of today,” concludes Marisol 
Martín. 

Harvesting: energy recovery 

In the future, energy consumption 
and production will become more 
efficient, but researchers are not 
stopping at this goal; they are     
aiming to recover as much 
ambient energy as possible. The 
development of new harvesting 
devices is already underway and 
their relevance will grow in the 
coming years, driven by the need 
for autonomous wireless and 
portable systems, as well as the 
expanding use of the Internet of 
Things in various fields. 

At the CSIC, several European 
Research Council (ERC) projects 
are being developed to harness 
mechanical or thermal energy 
and convert it into electrical ener-
gy. Marisol Martín, coordinator of 
the CSIC’s Global Area Materia and 
director of the Finder research 
group, is involved in several of 
these studies and foresees a large 

powering wearable devices and 
sensors connected to the Internet 
of Things or to cell phones them-
selves. 

“Harvesting seeks to recover 
energy that is continuously ge-
nerated in our environment 
in various ways, such as 
vibrations or changes 
in temperature and 
lighting, whether 

explains the re-
searcher. At the 
CSIC, researchers 
are developing 
and improving ther-
moelectric and pie-
zoelectric or triboelectric 
devices. The former transforms 
the thermal energy that is lost 
in transport or even by the hu-
man body itself. The latter obtain 
electricity through mechanical 
energy, although each one does 
so in a different way. On the one 
hand, piezoelectric devices con-
sist of crystals or ceramics which 
produce energy when activated, 
pulsed or tensioned. An everyday 
application of this type of mate-
rial can be found in electric ciga-

rette lighters. On the other hand, 
triboelectric mechanisms pro-
duce energy when approaching 
or moving away from a material, 
like, for instance, when a balloon 
is charged with static electricity 
by rubbing it on your sweater.

scalability of these types 
of devices will be a 

reality and they 
will become part 
of our lives, but 
researchers will 
continue working 

tribute to achieving 
a circular economy 

in about twenty years, 
based on the integration 

of hybrid and multisource energy. 
CSIC scientists are focused on 
overcoming diverse challenges in 
a bid to keep moving towards this 
seemingly distant, but increas- 
ingly closer goal.

Marisol Martín explains that 
research is focused on increasing 

-
vesting devices, as well as on de-
veloping materials based on abun-
dant and non-toxic elements. The 

 

and biocompatible for use in con-
tact with the human body. In this 
way, sustainable, self-recharging 
and miniaturisable energy sources 
could be obtained to power sensors 
or microdevices without increa-
sing the carbon footprint. “These 
energy sources are proposed as a 
great alternative to generate   
enough energy to power sensors 
and biosensors, able to send 
signals via Bluetooth to the cloud 
or to our own cell phone, which 
would signify an improvement in 
people’s quality of life,” concludes 
Marisol Martín. 

Harvesting is a highly multi-

the development of new materials 

energy recovery and storage de-
vices and, at the same time, allow 
their miniaturisation and impro-
vement of sensors. Moreover, all 
this must be done without losing 
sight of the different architectu-
res to achieve these goals. Given 
these challenges facing advances 
in energy-harvesting research, 
teams of chemists, physicists and 
engineers from the CSIC collabo-
rate closely to make these devices 
a reality. 
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of the EU’s energy 
consumption and 36% 

of CO
2
 emissions

Buildings 
account for

40%
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New materials for harvesting ambient energy can be applied to wearable devices. / ADOBE STOCK

and energy recovery by means of 
mechanical devices or by using 
waste heat to power mechanisms 
and sensors.

Buildings, the key to energy 

The data are clear: in our day-to-
day lives we waste a large part 
of the energy we consume, and 
buildings are the main culprits 
of this energy wastage. Not only 
are they the biggest consumers of 
energy, but they also pose a major 
problem for achieving energy 
efficiency targets. Inadequate 
materials and poor insulation of 
buildings represent a challenge to 
which CSIC researchers are 
already seeking solutions. 

At the IMN-CSIC (Institute 
of Micro and Nanotechnology), 
researcher Marisol Martín iden-
tifies three key challenges to ob-
taining buildings with maximum 
energy efficiency. “These are the 
search for new advanced structu-
ral materials and new construc-
tion techniques; experimentation 
with new processes and methods 
that achieve a longer useful life 
and resistance to environmental 
conditions of materials for buil-
ding envelopes; and improving 
the quality of currently efficient 
LED lights,” says Martín. 

The CSIC is working on studies 
with different advanced structu-
ral materials, which offer impro-
ved functionalities compared to 
those traditionally used. 
Researchers have worked with 
new coatings for windows or 
entire buildings that reflect part of 
the solar spectrum to help indoor 
climate control, with facades 
covered with energy-recovery 
materials, efficient ventilation 
systems or thermal activation.

Additionally, Marisol Martín 
highlights two methodologies  
under development that, com- 
bined, could represent a break- 
through for the energy efficiency 
of buildings. The researcher high- 
lights 3D printing and reuse of
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modulated devices able to handle 
higher and higher voltages and 
currents,” says Jordà.

Electronic components with a 
longer service life

The CSIC participates in the   
Intelligent Reliability 4.0 project, 
of the ECSEL-H2020 programme, 
jointly with 74 institutions from 
13 European countries. Together 
they search for a solution to the 
reliability and lifespan issues 
of electronic components and 
systems. The team investigates

reliability of devices (their useful 
life, maintenance and error cor-
rection), their miniaturisation and 
the new materials on which they 
are based,” says the researcher. In 
this area, substitutes for silicon 
with better performance are being 
sought, such as gallium nitride or 
silicon carbide and, in the longer 
term, diamond and gallium oxide. 
“Silicon was a key element in the 
miniaturisation of electronics 50 
years ago and has been widely 
used for electrical power manage-
ment for 30 years, but now there 
is a need for more compact and 

Replacing silicon with new, more efficient and reliable materials is a major 
challenge for industry in a bid to replace fossil fuel technologies with 
electricity-based alternatives

Semiconductors to power 
and decarbonise industry

RESEARCHRESEARCH

The electrification of indus-
try involves replacing pro-
cesses and technologies 
that use fossil fuels (ener-

gy sources that emit greenhouse 
gases) with processes based on 
“clean” electricity from renewable 
sources. One of the main obsta-
cles to achieving this implemen-
tation is connecting these sources 
with a flexible, efficient and stable 
distribution network, an issue that 
power electronics and supercon-
ductors are seeking to overcome.

Electrification is essential 
to try to decarbonise industry, 
which is responsible for 30% of 
the world’s CO2 emissions, accord-
ing to the CSIC’s White Paper on 

Clean, Safe and Efficient Energy. 
To meet European carbon di-

oxide emission targets for 2050, 
the percentage of electricity from 
renewable sources used by indus-
try has to increase from today’s 
7% to 48%, according to data from 
the International Renewable     
Energy Agency (IRENA).  

“Power electronics is the 
branch of science that deals with 
the efficient conversion of elec-
trical energy and is one of the 
key technologies for achieving 
industrial electrification and con-
tributing to decarbonisation of the 
sector,” says Xavier Jordà, deputy 
director of the IBM-CNM (Institute 
of Microelectronics of Barcelona). 
This technology is at the heart 
of wind turbines, electric cars 

The Power Devices and Systems 
workgroup explores semiconduc-
tors and the formula for trans-
forming electrical energy while 
minimising losses. The team 
uses the Integrated Micro and 
Nanofabrication Clean Room at 
the IMB-CNM, one of the CSIC’s 
Unique Scientific and Technical 
Infrastructures recognised by the 
Spanish Ministry of Science and 
Innovation, where the conditions 
for manufacturing semiconductor 
devices are met. 

“The main challenges facing 
power electronics include the 

By Sabela Rey Cao

or photovoltaic plants and is es-
sential for harnessing renewable 
energy generation. Additionally, 
around 30% of the electrical ener-
gy generated uses power electron-
ics at some point in the produc-
tion chain and its use is expected 
to rise to 80% in the next decade.   

“The CSIC has spent over 30 
years researching the use of pow-
er semiconductor devices to help 
achieve more efficient, robust, 
compact and reliable converters. 
The IMB has the only research 
group dedicated to power elec-
tronics at the CSIC,” adds Jordà. 
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artificial intelligence-
based detection of fault 
signatures and 
degradation-indicating 
parameters, in order to 
provide the power-con-
verter controller with the 
information needed to 
take corrective decisions. 

Perfecting the system’s 
predictive maintenance 
through self-correction 
helps to significantly ex-
tend its lifetime, without 
involving a change in ma-
terials or manufacturing 
processes. The converter 
would be able to detect a 
malfunction at once and 
intervene, replacing the 
damaged system or com-
ponent and extending its 
lifetime. 

Xavier Perpiñà is the 
principal investigator of 
the project at IMB-CNM, 
whose contribution is 
based on the local study 
of power devices when 
operating under overload 
conditions, as this is 
where the most common 

bulbs (banned in the European 
Union since 2012) to LED lighting 
systems. However, thermal man-
agement (cooling) and reliability 
are the issues facing the mass de-
ployment of this semi-conductor.

To address this challenge, 
the Institute has participated in 
the PowerBase project, within 
the framework of the European 
programme ECSEL-Horizon 2020, 
led by the chip manufacturer     
Infineon, with the participation of 
39 companies and centres. This 
has led to the development of new 
HEMT-type transistors (with a 
high electron mobility channel) 
based on ultra-thin layers of gal-
lium nitride on silicon substrates. 
This technology is compatible 
with current clean rooms for    
silicon-chip manufacture.

The IMB has been responsible 
for characterising the electro-

thermal behaviour of the 
devices to achieve an opti-
mal converter design. “We 
have proposed new tech-
niques to achieve the best 
possible cooling of gallium 
nitride transistors in the 
context of their applica-
tion in renewable energy 
grid connection systems,” 
says Jordà, principal in-
vestigator of the project.

Optimal cooling en-
ables exploitation of the 
switching frequencies of 
gallium nitride transistors, 
which must be integrated 
into small surface-mount 
packages, since they oper-
ate at high-power densi-
ties, making it difficult to 
use traditional dissipation 
systems. This proposal 
has been made in close 
collaboration with Ikerlan, 
member of the RVT 
(Basque Science, Technol-
ogy and Innovation Net-
work), which tested the 
devices in converters for 
connection to renewable 
sources. 

“Gallium nitride-based 
HEMT transistors are 

the best positioned for use in 
high-efficiency compact power 
converters, in fields such as the 
generation of photovoltaic energy 
or power supplies for all types of 
electronic systems,” Jordà adds. 
The researcher points out that 
they have the best switching    
frequency characteristics for 
medium voltage, since “the 
maximum electrical voltage used 
is below 1,000 volts.”

Gallium nitride will be widely 
deployed in photovoltaics and 
telecommunications, as well as in 
components ranging from battery 
chargers to compact power     
supplies. 

Silicon carbide transistors 
and diodes for high power

One of the objectives pursued 
by European projects in the last 

decade has been to find new 
methods to reduce the cost of 
high-power semiconductors 
(above 10 kilovolts maximum 
voltage). Silicon carbide is a can-
didate, as it performs better than 
silicon, but its cost and yields 
make it difficult to implement. Sil-
icon carbide semiconductors are 
used in hybrid cars, electric cars, 
rail transport and power supplies, 
among others.

The IMB facilities are 
equipped for the fabrication of 
silicon carbide-based devices. 
The European Speed project, 
which ended in 2017, brought 
together leading manufacturers 
and research centres to adapt 
existing technology and seek 
improved converter performance. 
Consequently, the IMB-CNM team 
developed Mosfet transistors on 
silicon carbide substrates and 

high-voltage devices. New gen-
erations of these silicon carbide 
devices will enable the imple-
mentation of Smart Grids (com-
bining smart meters, distribution 
panels, renewable energies and 
broadband fibre) to facilitate elec-
trification.  

The BepiColombo space 
mission of the European Space 
Agency (ESA) and the Japanese 
Space Agency (JAXA) represents 
a unique and efficient applica-
tion of silicon carbide-based 
semiconductors manufactured 
at IMB-CNM. Programmed to 
orbit Mercury in 2025, the mis-
sion probes are equipped with 
700 diodes manufactured in the 
Clean Room. These are the diodes 
protecting the photovoltaic cells 
of the solar panels, prepared to 
withstand extreme temperatures, 
reaching 300°C when directly 

exposed to the Sun and -150°C 
during the eclipse phase behind 
the planet. Our participation is led 
by Philippe Godignon. 

Diamond semiconductors 

“Synthetic diamond is a bandgap 
semiconductor (a physical prop-
erty providing better character-
istics than silicon), which will 
change high power and dominate 
energy systems in the coming 
decades,” predicts IMB researcher 
Philippe Godingnon. It will with-
stand power lines with very high 
voltage and current, it will resist 
dielectric breakdown (the max-
imum voltage that a device will 
withstand) better than silicon 
carbide, and its thermal conduc-
tivity is very high, which makes 
it easier to cool. However, the 
manufacturing technology is still 
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Silicon played a key role in the 
miniaturisation of electronics 50 
years ago, but now we need devices 
capable of handling higher voltages 
and currents”  
Xavier Jordà (IMB-CNM)

component failures are 
located. “The develop-
ment of more compact and relia-
ble converters will promote the 
rapid evolution of alternatives to 
fossil fuels in the mobility field, 
including urban and interurban 
land transport, as well as air and 
sea transportation,” he explains. 

Gallium nitride: the 
workhorse for medium 
voltage 

Gallium nitride is a promising 
semiconductor for replacing 
silicon as the basis for medium-
voltage electronic devices. It will 
contribute to achieving more 
compact systems with lower 
energy losses. In addition, it has 
optical properties and its band-
width (wider than silicon) allows 
its use in high-frequency devices. 
It has been the central element in 
the transition from incandescent 
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the chip, covering it, protecting 
it and providing support and in-
terconnection with the outside. 
It is the last stage in the develo-
pment of the component, whose 
fabrication requires a clean-
room environment. 

Superconductivity, a 
loss-free power grid

Superconductors are materials 
that do not generate energy ex-
penditure, do not oppose resis-
tance and do not cause losses in 
the electric current. Super-
conductivity studies began over 
a century ago at temperatures 

ranging from 4 to 20 degrees 
Kelvin (260-250 degrees Celsius 
below zero), with subsequent 
research challenges addressing 
materials at higher temperatures. 
Today, high temperature super-
conductors (HTS, cooled with 
liquid nitrogen) are found in the 

turbines, industrial generators or 
energy storage.

These HTS superconduc-
tors are a focus of the Suman 
workgroup at the ICMAB-CSIC 
(Institute of Materials Science of 
Barcelona), led by Teresa Puig. 
The team has spent years search-
ing for a simple manufacturing 
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method to facilitate their imple-
mentation. 

Puig’s team works at the 
nanometric scale to design HTS 
quantum materials based on cu-
prate nanocomposites (copper 
oxide compounds whose struc-
ture controls how the material 
behaves as the electric current 
passes through). “We work at the 
nanoscale because it achieves 
extreme technological imposi-
tion with unprecedented perfor-
mance, and so we are able to con-
trol the composition, structure, 
shape, dimension and architec-
ture of the conductor,” explains 
the CSIC researcher. 

Research is progressing to-
wards the manufacture of super-
conducting tapes and wires tar-

although the high production 
cost is the main obstacle to their 
implementation. “At ICMAB we 
have recently developed a meth-
od for manufacturing high-per-
formance superconducting tapes 

based on high-performance and 
low-cost chemical processes, 
which is highly scalable,” adds 
Xavier Obradors, Suman re-
searcher and ICMAB director. 

Superconductivity will be 

transmission lines, contributing 
to a grid that is simpler and less 
costly. 

Electrochemical reactions 
for fuel synthesis

Chemical reactions taking place 
through electrochemical process-
es are good allies for industry to 
reduce its carbon footprint and 
its dependence on fossil fuels. 
Electrochemical reactors often 
produce no greenhouse gases 
and generate no waste when 
used with renewable energy. 
One of the many applications of 
electrochemical reactors would 
be the production of H2, a green 
fuel, from H2O; or the conversion 
of CO2, the greenhouse gas that 

drives global warming most, into 
high value-added products. 

The eCOCO2 project, a con-
sortium led by CSIC with 12       
institutions and companies from 
eight countries, seeks to achieve 
a scalable and efficient method 
for the conversion of CO2 
produced by fossil-fuel depen- 
dent heavy industries (steel, 
cement, petrochemicals). José 
Manuel Serra, from the ITQ-
UPV-CSIC (Institute of Chemical 
Technology), leads the initiative 
to develop a CO2 conversion pro-
cess using renewable energy and 
water vapour to produce 
synthetic fuels for aviation, for 
example. Aviation accounts for 
2% of global carbon emissions, 
according to the International 
Air Transport Association (IATA). 
Currently, major advances have 
been made in optimising the 
electro-chemical reactor compo- 
nents, as well as the validation of 
methane production from CO2 
using this type of reactor.

CSIC centres seek better-cooled and more reliable 
transistors to generate photovoltaic energy and 
power electronic devices

in its infancy and necessitates 
enormous research efforts.

The goal of the Green- 
Diamond project, completed in 
2020, was to manufacture the 
first diamond-based high-power 
electronic device. The team, with 
IMB-CNM participation led by 
Godignon, achieved a metal-   
oxide-semiconductor (MOS) tran-
sistor structure in the inversion 
regime (conditions where, if a 
voltage is applied to the semicon-
ductor, it changes from an 
insulator to a conductor), which 
makes it possible to control the 
densities of electrons and holes 
in the diamond and to obtain 
operational transistors.

Scientists at the IMB-CNM 
explore new encapsulations 
capable of withstanding the ex-
treme working conditions of this 
type of device and have proposed 
solutions for voltages exceeding 
8,000 volts and temperatures of 
up to 250ºC. The encapsulation is 
made up of the elements around 
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S emiconductors are essen-
tial for the electrification 
of industry, which is one 
of the most polluting 

sectors, but their manufacture 
requires exceptional conditions. 
The CSIC has an ideal facility: 

the Micro and Nanofabrication 
Clean Room housed at the IMB 
(Institute of Microelectronics of 
Barcelona). This environment 
maintains extremely clean air to 
eliminate the presence of dust, 
aerosols or microorganisms. It 

offers immaculate nanofabrica-
tion facilities. 

It is Spain’s leading facility ma-
nufacturing complete devices and 
integrated circuits in silicon se-
miconductor and silicon carbide 
technologies, as well as sensors, 

CSIC Clean Room:  
clean manufacturing

micro-nanoelectromechanical 
devices and electronic systems 
capable of exploiting the combi-
ned performance of micro- and 
nano-technologies. The devices 
produced here have wide-ranging 
applications such as biotechno-

logy, security, environment, food, 
energy and mobility, communica-
tions and consumer electronics. It 
is part of the Unique Scientific and 
Technical Infrastructure called 
Micronanofabs (CSIC-UPM-UPV), 
pertaining to the MCIN (Spanish 

Ministry for Science and Inno-
vation). In April 2021 it received 
14.7 million euros in funding to 
upgrade its technological capaci-
ties, awarded by the MCIN and the 
European Regional Development 
Fund (ERDF).   
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It brings the fuel from these pro-
cesses (biomass, used oils, etc.) 
into contact with an oxygen-   
carrying metal oxide. In this way, 
this oxide supplies the oxygen 
needed for both combustion and 
gasification, without bringing it 
into contact with the air. As a re-
sult, the combustion products (CO2 
and water) are nitrogen-free and 
CO2 does not need to be separated 
for capture and storage, but can 
be captured directly. Similarly, 
gasification improves the quality 
of the synthesis gas because it is 
nitrogen-free, and avoids the need 
for high-purity oxygen, which 
significantly reduces the process 
operating costs.

This research work is devel-
oping the process from the labo-
ratory scale up to semi-industrial 
application. “We develop oxygen 
carriers with characteristics 
suitable for combustion as well 
as for gasification or reforming. 
These carriers are characterised 
for industrial use by laboratory 

reduce greenhouse gas emissions. 
Capturing these gases is essential: 
it is vital to remove CO2 from the 
atmosphere in order to meet the 
2015 Paris Agreement target of 
limiting average global warming 
to 1.5°C above pre-industrial      
levels.

Biomass, such as wood from 
trees, naturally removes CO2 from 
the atmosphere by converting it 
into organic matter. Therefore, 
when this organic waste is used 
as fuel, this CO2 is emitted back 
into the atmosphere, but without 
increasing the proportion of gases 
in the environment (thus, they are 
considered zero or neutral emis-
sions). If biomass energy utilisa-
tion is combined with CO2 capture 
technology, negative CO2 emis-
sions can be achieved and CO2 can 
be removed from the atmosphere 
efficiently and at low cost. 

The technology being investi-
gated by Adánez’s research team 
enables CO2 emissions in indus-
trial processes to be controlled. 

CSIC researchers are developing processes to 
transform agricultural and forestry waste into 
sustainable biofuels and chemicals

Biorefineries 
to convert plant 
waste into 
renewable fuels
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Plant biomass, namely or-
ganic matter from crops 
or wood and from agricul-
tural and industrial waste, 

White Papers on Clean, Safe and 
Efficient Energy. 

Non-renewable fossil-based 
energy sources, such as oil, coal 
and natural gas, account for 80% 
of the energy model that drives 
today’s society. Their negative im-
pact on the environment together 
with the fact that they are a lim-
ited resource make it necessary 
to address a structural change 
in global energy production. Bio-
mass can provide an alternative 
energy source in the both indus-
trial and transport sectors, which 
are among the most polluting, and 
where decarbonisation is truly 
necessary.

Biomass can provide energy 
by undergoing various processes. 
Through combustion, it produces 
heat and electricity; through ther-
mochemical processes, it is trans-
formed into fuel gas; and through 
biochemical processes, it is then 
turned into biogas or bioethanol 
(two products that can be used to 
produce electricity). Biomass can 
also be converted into biodiesel 
or synthesis gas (syngas), from 
which chemical products (such 
as plastics) and liquid fuels can be 
synthesised.

“Waste biomass is a renewable 
fuel that exists in large quantities 
in Spain,” explains Juan Adánez, 
researcher at then ICB (Carbo-
chemistry Institute). “In addition 
to agricultural and forestry waste, 
it includes organic waste, such as 
sewage sludge, livestock waste 
and municipal waste. It can be 
used to produce energy, biofuels 
or chemicals with neutral atmo-
spheric CO2 emissions, or even 
achieve negative CO2 emissions 
if the CO2 generated in these pro-
cesses is captured and stored,” he 
adds. 

Adánez’s team is studying 
how to use biomass to obtain en-
ergy and synthesis gas through 
non-contaminating processes, 
in other words, processes that 
simultaneously enable CO2 to be 
captured from biomass waste at 
low cost and stored. This would 
be a useful technology to help 

By Marta García Gonzalo  
and Alejandro Parrilla

Plant biomass is the largest source of renewable materials on Earth. / ADOBESTOCK

is the largest source of renewable 
materials on Earth. It is available 
in large amounts at low cost and 
represents a decisive potential 
source for energy production, (bio) 
fuels for transport and bio-        
products and renewable raw mat-
erials that can be used to produce 
plastics, as set out in the CSIC’s 

36 CSIC INVESTIGA · January 2022 January 2022 · CSIC INVESTIGA 37 

Second-generation bioethanol is obtained from 
industrial plant waste and can be used as fuel 
for the transport sector



most useful ones.  “This initiative 
aims to demonstrate that nume-
rous renewable materials and 
chemical products can be produ-
ced from lignocellulosic biomass 
sustainably and at competitive 
prices, thus replacing many of 
the petroleum-based products we 
use today, such as plastic wrap-
ping and beverage bottles, paint 
solvents, and so on,” explains ICP 
researcher David Martín Alonso.

“In order to achieve this, the 
Fraction project will use a novel 
and flexible organosolv fractiona-
tion process (biomass treatment 
using an organic compound as 

a solvent) to treat lignocellulosic 
waste (pine, birch, bagasse, corru-
gated cardboard, etc.) to fractiona-
te and separately obtain the three 
main components: high quality 
cellulose, hemicellulose and lig-
nin,” says project coordinator 
Manuel López Granados. This 
organosolv process is based on a 
moderate-temperature treatment 
of the lignocellulosic residue with 
an aqueous solution of γ-valero-
lactone, a natural solvent obtain- 
ed from the biomass itself, which 
breaks and fractionates the ligno-
cellulose into these components. 
        These components can be

used both for the production of 
ethanol, for use as a biofuel, and 
of other raw materials, polymers 
and resins, solvents for paints, 
surface coatings or to produce 
plastics for packaging or plastic 
bottles. 

Europe’s bioeconomy sector 
(providing 18.6 million jobs in 2016 
and with a turnover of 2.3 billion 
euros) requires further integra-
tion. Synergies must be fostered 
between the chemical and fuel 
sectors, on the one hand, and the 
forestry, pulp, paper and agri-food 
industries, on the other, if we are 
to make use of the bio-waste they 
generate. For this reason, it is 
strategic for Europe to promote 
the development and deployment 
of integrated second-generation 
biorefineries, such as those pro-
moted by the Fraction project, 
capable of processing different 

lignocellulosic wastes and produ-
cing a range of different chemi-
cals and materials.

The Fraction project is co-     
ordinated by the ICP in a multi-
disciplinary consortium with 12 
partners from eight European 
countries. Members include two 
large industrial partners, five 
research or technology centres 
and five small and medium-sized 
enterprises. “The Fraction project 
covers the whole value chain for 
each product until the end of its 
useful life, with industrial invol-
vement, and includes members 
that are really interested in the 
further scaling up of this techno-
logy for its future commercialisa-
tion when the project ends,” says 
López Granados.

Improved bioethanol 
production

At the IRNAS (Institute of Natural 
Resources and Agrobiology of   
Seville), Jose Carlos del Río’s 
group is working on the valoris- 
ation of plant biomass to produce 
biofuels, bioproducts and bio-
materials. One of these products 
is second-generation (2G) bioetha-
nol, a biofuel obtained from plants 
and plant residues that do not 
compete with food crops and do 
not increase their price. This 2G 
bioethanol, or cellulosic alcohol, is 
obtained from the polysaccha-
rides (cellulose and hemi-cellu-
lose) present in plant matter. 

“Polysaccharides in the plant 
cell wall, particularly cellulose, 
can be converted into neutral 
sugars by a process called enzy-
matic hydrolysis. These neutral 
sugars can then be converted into 
ethanol by fermentation. 
However, there is a major obstacle 
facing this degradation process, 
namely lignin, a complex and 
highly recalcitrant aromatic poly-
mer that surrounds the cell-wall 
polysaccharides and must be re-
moved,” explains José Carlos del 
Río.  
     “To degrade or partially re-
move lignin, the lignocellulosic 

biomass must be pre-treated so 
that the cellulose is more acces-
sible to the enzymes used in the 
hydrolysis process. There are di-
fferent pre-treatment processes, 
which can be physical, chemical 
or a mixture of both, but generally 
they all use aggressive chemicals,” 
del Río explains. 

As an alternative, IRNAS re-
searchers are working on the 
development of more environ-
mentally friendly biotechnologi-
cal pre-treatments that achieve a 
more selective removal of lignin 
from biomass. “The pre-          
treatments developed by IRNAS to 
degrade lignin are based on the 
use of fungal enzymes such as 
laccases. However, the direct 
action of laccases on lignin is 
restricted to phenolic units that 
only represent a small percentage 
of the lignin polymer, which 
limits their biotechnological 
application,” says the researcher. 

“Our research group has pro-
posed an alternative, namely the 
joint use of laccases with redox 
mediators, i..e. simple compounds 
that form stable diffusible radi-
cals, which, once oxidised by the 
enzyme, in turn oxidise and 
degrade the lignin,” he explains. 
So far, the results obtained by 
IRNAS are highly promising and 
demonstrate the great potential of 
the laccase-mediator system to 
degrade the lignin structure in 
lignocellulosic materials. The 
process increases the exposure of 
polysaccharides to the hydrolytic 
enzymes, which translates into a 
significant improvement in their 
hydrolysis, as well as a substan-
tial increase in bioethanol  
production.

The EU has set a target of 
achieving at least 32% of trans-
port fuels from renewable sour-
ces by 2030, in accordance with 
the Renewable Energy Directive 
2018/2001. In this scenario, obtai-
ning biofuels from biomass will 
contribute to the decarbonisation 
of the transport sector, which is 
one of the top sources of green-
house gas emissions.  
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methods and then tested in pilot 
plants with the same characteris-
tics as the industrial ones at dif-
ferent production scales in order 
to demonstrate the technology. 
Finally, mathematical modelling 
is carried out for the conceptual 
design of industrial plants of this 
kind,” Adánez concludes. This 
technology could be applied in 
industrial plants with CO2 capture 
from biomass and waste combus-
tion, as well as in plants for the 
production of hydrogen, synthetic 
biofuels, fertilisers and in bio-    
refineries.

Refining plant waste

One of the installations for pro-
ducing fuel from biomass are 
biorefineries, a type of refinery 
that converts biomass (plant dry 
matter, specifically lignocellulose) 
into other beneficial by-products 
such as biofuels and chemicals. 
Biorefineries can produce a va-
riety of chemical products by 
fractionation of an initial raw 
material (biomass) into multiple 
intermediate products (carbo-
hydrates, lignin, lipids), which 
can be further transformed into 
value-added products. The use of 
biomass as a feedstock can help 
to reduce the negative impact on 
the environment, as well as to cut 
the emission of pollutants and 
diminish the emission of hazard-
ous products.

Researchers at the ICP (Ins-
titute of Catalysis and Petroche-
mistry) are leading an ambitious 
project to develop a biorefinery 
that generates renewable fuel and 
chemical products from plant 
waste, sustainably. The project, 
called Fraction, received 6.2 mill- 
ion euros from the European 
public-private consortium of Bio-
based Industries Joint          
Undertaking (BBI-JU), within the 
EU’s H2020 programme and the 
Bio-Based Industries Association. 
The project addresses a novel 
method for treating plant waste 
through fractionation of its 
components and extraction of the 
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IRNAS researcher José Carlos del Río 
is working on the valorisation of plant 
biomass to produce biofuels. / IRNAS

An ICP group is developing a process that 
fractionates lignocellulose from plant waste to 
obtain ethanol, polymers, resins and plastics



CSIC centres are working on technologies that capture 
CO

2
 produced by steel mills, converting some of the fuel 

gases into hydrogen, and obtaining pure CO
2
 for use or 

underground storage
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Researchers at the INCAR 
(Carbon Science and   
Technology Institute) are 
working on an ambitious 

European project that aims to re-
duce greenhouse gas emissions 
from one of the most polluting 
industrial sectors; namely iron 
and steel. “We are endeavouring 
to decarbonise what cannot be 
decarbonised”, Carlos Abanades 
sums up with word play. This 
INCAR researcher is leading the 
CSIC’s participation in the C4U 
project, funded with 13.8 million 
euros under the EU Horizon 2020 
programme and coordinated by 
University College of London.

Steel production, and metal 
processing in general, are among 
those industries that are most 
difficult to decarbonise. They 
are known as “carbon-addicted” 
industrial sectors. Mainly, they 
are industries that manufacture 
cement, limestone or ceramics, 
produce metal (steel, iron) and the 
chemical sector, which produces 
carbon-based products. These are 
sectors that necessarily emit CO2 

in order to exist, or that require 
carbon to obtain their chemical 
products, which then decompose 
and generate CO2, such as fer-
tilisers or polymers. Emissions 
associated with industrial pro-
cesses account for 20% of current 
emissions.

Moreover, future electricity 
grids powered by renewables will 
need support, storage and trans-
port services, which will probably 
have to rely on the advantages 
afforded by fossil fuels, such as 
high energy density and low    
storage and transport costs. 

Decarbonising these indus-
trial sectors is crucial if we are to 
achieve the goals set by the 2015 
Paris Agreement (limiting global 
warming to less than 1.5°C by the 
end of the 21st century, which re-
quires zero CO2 emissions or even 
net removal of carbon from the 
atmosphere by 2050), given that 
an energy model based on 100% 
renewable energies does not seem 
feasible, according to scientific 
consensus.

To mitigate these so-called 
“hard-to-avoid” emissions from 
industry, researchers are working 

By Jesús García Rodrigo

CO
2
 capture for 

industrial reuse or 
underground storage

The ecoco
2
 project 

is investigating 
synthetic jet-fuel 
production from 
CO

2
 using renewable 

electricity and steam

on carbon capture and storage 
(CCS) and carbon capture and uti-
lisation (CCU) technologies. “This 
goal basically involves capturing 
CO2 from the flue gas in industrial 
processes, or from the atmosphe-
re, to purify it,” explains Abanades. 
“Then it is either stored perma-
nently underground to avoid its 
emission into the atmosphere, or 
it is reused in different chemical 
processes, mainly fuel produc-
tion,” he adds. These technologies 
can play an important role in 
facilitating the transition to re-
newable energies while making 
useful products such as fuels or 
chemicals.

The C4U project, in which   
Abanades’ team collaborates, 
combines these two technologies. 
“It involves transforming a fuel 
gas used in steel production, 
which has a high carbon mon- 
oxide and carbon dioxide content, 
into a hydrogen-rich, carbonate-
free gas,” says Abanades. In this 
way, the greenhouse gas 
generated by steel production is 
purified and can be reused as 
hydrogen, for energy storage or 
for renewable fuel generation.

In this process, CO2 is treated 
cyclically in three stages, accor-
ding to Abanades. In the first stage, 
the target gas (containing CO and 
CO2), together with steam, is fed 
into a reactor containing solids 
with calcium oxide and copper. 
This produces a gas rich in H2 (di-
hydrogen, or molecular hydrogen) 
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“eCOCO2 will develop an inten-

synthetic jet fuels from CO2 using 
renewable electricity and water 
steam,” he says. “There are a host 
of benefits for the aerospace      
industry, the EU’s leading 
position on climate change and 
the environment.

The main novelty of the pro-

CO2 transformation process. To-
day, CO2 transformation is carried 
out in different stages, each of 
which leads to a loss of efficien-
cy, also having a negative impact 
on the environment. In this res-
pect, eCOCO2 will make it possible 
to reduce all these stages into just 
one. “The integrated technologies 
to be used in the project will ena-
ble on-site water electrolysis and 

hydrocarbon production in a    
single-step process of unprece- 
dented efficiency,” says Serra. 

The transformation will be 
carried out in an electrochemical 
cell, which will combine ion-     
selective membranes together 
with advanced catalysts, includ- 
ing zeolites, technologies that will 
selectively generate the (hydro-
carbon) molecules required in the 
jet fuel. Specifically, it will use 
ceramic membranes, which can 
purify CO2 gas very efficiently. In 
the CO2 separation process, mem-
branes offer several advantages: 
they are compact, they simplify 
operations, they consume little 
energy and they have good ther-
mal and mechanical properties.

“With this technology, indus-
tries that emit CO2 will be able 
to offset their emissions both 

environmentally and 
economically. Each company, if 
it sees fit, could transform it for a 
new use,” adds Serra.

Underground CO
2
 storage

The capture of CO2 emissions can 
also be carried out with under-
ground storage in mind. Resear-
cher Víctor Vilarrasa’s team 
works in this field at the IDAEA 
(Institute for Environmental  
Assessment & Water Research). 
“In this case, CO2 has to be cap-
tured before it is emitted into the 
atmosphere, which can be done 
using different techniques, and 
then it is injected into deep geo-
logical formations for permanent 
storage,” explains Vilarrasa. “By 
doing this, we would simply be 
returning the carbon to its place 

of origin, since the carbon already 
emitted - and still being emitting 
- into the atmosphere comes from
burning fossil fuels that we have
extracted - and continue to ex-
tract - from the subsoil,” he adds.

This process, however, implies 
potential leakage, because it is 
currently done in porous and per-
meable rocks at between 1 and 3 
km deep, and as CO2 is less dense 
than water, it s. To prevent CO2 
from leaking back into the atmos-
phere, storage formations must be 
located under very low-       
permeability rock, such as slate or 
schist. Even so, there is a risk of 
leakage through poorly sealed 
wells or permeable fractures and 
faults. This is one of the main obs- 
tacles facing CO2 storage strategies. 

Vilarrasa’s team has conducted 
a study, published in Geophy-
sical Research Letters, 
which presents an in-
novative method for 
storing CO2. Using 
computational 
simulations, the 
work demonstra-
tes that CO2 could 
be stored safely, 

-
cing the risk of leaka-
ge, if it is injected into 
wells where water is in a su-
percritical state. This state occurs 
at temperatures above 374°C and 
pressures over 218 atm. “In this 
state, the density of CO2 is higher 
than that of water, and therefore it 
sinks,” says Vilarrasa.

These conditions are found 
at a depth of 3-5 km in volcanic 
regions, and below 13 km in the 
rest of the world. Drilling down to 
13 km is not technically possible, 
so volcanic regions are a more 
feasible option. “We found that 
each well could store emissions 
equivalent to those emitted by 
between 75,000 and 1.1 million 
people,” the researcher tells us.
      Countries such as Spain (in 
the Canary Islands), Italy or    
Turkey, which have volcanic 
areas, have great potential to 
develop this technology. “In 2016, 

such conditions were recorded 
in volcanic regions of Iceland 
at a depth of about 4.5 km, so 
the proposal seems feasible. 
“However, many issues remain 
unanswered; for instance, the 
development of techniques to 
detect supercritical conditions, 
the assessment of risks inherent 
to volcanic areas, the improve-
ment of drilling techniques and 
the adaptation of measuring de-
vices at such high temperatures,” 
he says. 

This work forms part of the 
GEoREST project, funded by the 
European Research Council (ERC) 
under the EU H2020 programme. 
GEoREST aims to develop a me-
thodology to predict and mitigate 

injection into the subsurface with 
     a view to  developing geo-

energies that contribute 
to mitigating climate 

change, such as geo-
logical carbon sto-
rage, geothermal 
energy and under-
ground hydrogen 
storage. Within 

the framework of 
this project, Vilarra-

sa’s team has shown 
that the geological stora-

    ge of carbon has a low potential 
to induce earthquakes. This is be-
cause CO2 is a gas and, thus, has a 
very low viscosity, which enables 
it to flow very easily, preventing 
the generation of large overpres-
sures that could destabilise faults. 
Furthermore, CO2 is injected into 
sedimentary rocks, which are 
relatively soft and deformable; 
therefore, if they break, they do 
not do so abruptly. Abrupt break-
age would release a large amount   
of energy, which is what would 
cause an earthquake.

“Scientific research in 
geo-energy aims to minimise 
these risks so we can include the 
subsoil in decarbonisation strate-
gies. Geological resources, which 
are the source of the problem, 
must also form part of the solu-
tion,” concludes Vilarrasa. 
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of current CO
2
 

emissions come from 
industry, particularly 

‘carbon-addicted’  
sectors

20%

because the CO2 (in the original 
gas and which forms when carbon 
monoxide reacts with steam) has 
been captured as solid calcium 
carbonate. In a second stage, the 
copper is oxidised to copper oxide 
with high-pressure air to prevent 
calcium-carbonate decomposition. 

In the last stage of each cycle, 
a fuel gas is fed into the bed to de-
compose calcium carbonate into 
pure CO2 and calcium oxide with 
the heat given off by reducing the 
copper oxide to copper with the 
fuel gas. This last stage ideally 
produces only CO2 and water va-
pour, making it easy to obtain a 
pure CO2 stream for use or for per-
manent storage. The H2-rich gas 
can be put to many uses, without 
their emitting CO2. The C4U project 
aims to apply this technology in 
a cluster of metal industries (steel 
mills) located in the North Sea Port 
of Antwerp (Belgium). 

Carbon capture and utilisation 
technologies play a potentially 
important role in facilitating the 
transition to renewable energy 
forms as well as in manufacturing 
useful products such as fuels or 
chemicals.

Electricity to produce jet fuel

Industrially emitted carbon dioxi-
de can be reconverted, by carbon-
capture and utilisation technolo- 
gies, into fuel for highly polluting 
transport, such as air travel. This 
is the aim of the large-scale 
European project eCOCO2, funded 
with 4.4 million euros under the 
Horizon 2020 programme and 
coordinated by CSIC researchers at 
the ITQ-CSIC-UPV (Institute of 
Chemical Technology). “These 
technologies using low-carbon 
energy sources keep the global 
carbon footprint down. The ones 
used currently, which employ 
renewable electricity to produce 
fuels, are relatively expensive and 
inefficient,” explains José Manuel 
Serra, CSIC researcher coordi-
nating the project, which forms 
part of the EU’s roadmap to reduce 
greenhouse gas emissions. 

42 CSIC INVESTIGA · January 2022 Januay 2022 · CSIC INVESTIGA 43 

IDAEA researchers study injecting carbon into deep geological regions for permanent storage. / PIXABAY



remove these compounds is very 
difficult using traditional sewage 
treatment methods. When ozo-
ne and photocatalysts - a type 
of light-activated catalyst – are 
used in this context, on coming 
into contact with commonly used 
drugs such as ibuprofen, they 
break them down and remove 
them from the water. This is how 
we obtain clean water, ready to be 
discharged into rivers or recycled 
for industrial use, or even used as 
drinking water. 

Catalysts are also essential 
for improving air quality. “In in-
dustry, when sulphur or nitrogen 
compounds are generated during 
combustion, they can be catalyti-
cally treated before being emitted 
into the atmosphere in order to 
remove them or transform them 
into other harmless compounds,” 
he says. Talking about energy, 
they crop up again: “There are ca-
talysts used to generate biofuels 
from biomass-derived waste. 
The list goes on: “The production 
of perfumes, soaps and preser-
vatives needed in some foods, 
the so-called fine chemistry, also 
makes use of catalysis. Without 
catalysis, it would be impossible 
to produce the products that we 
buy in shops and supermarkets,” 
concludes Chica.  

This ubiquity gives an idea of 
how important catalysis actually 
is. Google the words “catalysis 
research European Commission” 
and the search engine returns 
6,660,000 results. Specifically, the 
European Cluster of Catalysis 
believes that catalytic processes 
are crucial to achieving the 2050 
energy-efficiency targets. José 
Carlos Conesa Cegarra is ad ho-
norem researcher at the ICP-CSIC 
(Institute of Catalysis and Petro-
chemistry) and one of the authors 

C atalysis is present in our 
everyday lives, enabling us 
to manufacture many of 
the products we consume 

and accounting for over 20% of the 
world’s GDP. However, catalysis is 
largely unknown to a large part 
of society. This concept refers to 
any process that serves to facili-
tate or precipitate reactions. Used 
intensively by industry, it enables 
us to obtain more products, in less 
time and with less waste. This is 
of key importance in the context of 
an energy crisis, soaring prices of 
certain energy sources, potential 
depletion of fossil fuels and our 
fight against climate change. 

“Almost everything is cataly-
sis. When we want to produce a 
compound, we mix several rea-
gents under certain conditions 
and they react; without a catalyst, 
there are reactions that would 
never take place or would be very 
slow. Thus, the catalyst increases 
the reaction speed, favours selec-
tivity towards the desired product 
or allows the reaction to occur 
at lower temperatures,” explains 
María Jesús Lázaro, institutional 
delegate of the CSIC in Aragón 
and researcher at the ICB    
(Carbo-chemistry Institute).

Her colleague Antonio Chica, 
from the ITQ, UPV-CSIC (Institute 
of Chemical Technology), provides 
several examples to demonstrate 
the extent to which this process 
is part of our daily lives: “Many of 
the drugs we consume are produ-
ced using catalysts. We also need 
catalysts for water management, 
where they are used to remove 
pollutants such as drugs that we 
excrete in our urine, which beco-
me part of the sewage treated in 
wastewater treatment plants. To 

CSIC researchers are studying novel materials and 
processes to improve the performance of catalysts, 
chemical accelerators that help obtain a host of products 
more efficiently, like plastics or pharmaceuticals, as well as 
energy
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By Mónica Lara del Vigo

“If we want  
green chemistry, 
we need  
green catalysis”
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aforementioned objectives,” con-
cludes Chica. 

This calls for progress on se-
veral fronts, such as the design 
of catalysts and how they work. 
“Most of the products I have men-
tioned before are manufactured 
in several stages, the first stage 
involves the formation of a mole-
cule that is not the final one, then 
in successive stages that molecu-
le is transformed until it reaches 
the desired product. Each stage 
generates its corresponding waste 
and consumes energy, which is 
why research is focusing on deve-
loping multicentre catalysts that 
can carry out everything in a sin-
gle step, thus making the process 
more sustainable,” reasons Chica. 

New materials

Another aspect to consider con-
cerns the materials that the ca-
talyst itself incorporates. This is 
where María Jesús Lázaro’s work 
comes in. Her team is participa-
ting in the European Bike project, 
funded with 3.72 million euros, 
which aims to train young scien-
tists in the field of bimetallic    
catalyst development for energy 
purposes. Specifically, her group 
targets hydrogen production. “Our 
application uses low-temperature 
anionic polymeric membrane 
electrolysis technology: a catalyst 
that promotes the decomposition 
of water into hydrogen and oxy-
gen and dispenses with critical 
metals. We want to avoid using 
iridium, ruthenium and platinum, 
which are scarce and very expen-
sive materials. Instead, we use 
cheaper and more accessible me-
tals such as nickel, cobalt or iron,"

she explains. For these technolo-
gies to be cost-effective, “we have 
to develop an efficient and durable 
catalyst that is also economical,” 
she adds. 

Moreover, as Chica highlights, 
the catalysts themselves have a 
useful life. “That is why there is a 
field of research that focuses on 
designing them so that they can 
be recycled and reused.” Genera-
lly speaking, a catalyst has three 
main characteristics, namely 
activity: it must be as active as 
possible with the lowest energy 
expenditure; selectivity: it must be 
as selective as possible, targeting 
the desired products to avoid ge-
nerating waste; and durability or 
stability: it must have maximum 
durability so that it does not have 
to be replaced continually. Moreo-
ver, these three traits are linked to 
what green chemistry seeks.  

Energy saving

Waste reduction and energy sa-
vings have also been the focus 
of a project by Chica and Avelino 
Corma in collaboration with      
Johnson Matthey, a British multi-
national catalyst manufacturer. 
“We have managed to eliminate 
practically all the sulphur from 
natural gas by means of catalysts 
that, while reacting with the sul-
phur compounds, extract the sul-
phur atom and retain it, resulting 
in totally clean gas,” says Chica. 
Today, the company has over 20 
industrial plants working on the 
elimination of these pollutants 
and produces more than 200 ton-
nes of catalyst per year. 

“Previously, two catalytic pro-
cesses were necessary, which 
were carried out in two different 
reactors: in one, the sulphur-   
containing molecules were brok- 
en down while, in the other, the 
sulphur was trapped. Our catalyst, 
which is associated with several 
patents, enabled the same thing 
to be done in one reactor,’ he adds. 
This is an example of catalysis 
applied to energy generation, in 
this case natural gas, which in his 

opinion will continue to be one of 
the most important energy sour-
ces, “even though we are introdu-
cing hydrogen and other biofuels.”

Catalysis is at the heart of 
thousands of industrial processes 
and, in the midst of the ecological 
transition, its role is growing. Like 
EU objectives, the CSIC’s White 
Paper on Clean, Safe and Efficient 
Energy includes it as one of the 
nine challenges associated with 
achieving a sustainable energy 
model. The CSIC is currently 
leading or participating in dozens 
of research projects focused on 
optimising catalytic processes to 
reduce the generation of waste, 
facilitate its reconversion into 
high added value products, save 
energy or obtain clean energies 
such as green hydrogen. 

“There are a lot of institutes 
working on catalysis at the CSIC. 
The ITQ and the ICP are the most 
prominent; the latter has a whole 
department dedicated to 
research on biocatalysis [enzyme 
catalysis], which employs 25% 

of its staff. But others also work 
in this field, such as the ICQCH 
(Institute of Chemical Synthesis 
and Homogeneous Catalysis), the 
IIQ (Institute for Chemical Re-
search), the ICB (Carbochemistry 
institute), the ICMS (Institute of 
Materials Science of Seville) and 
the INCAR (Carbon Science and 
Technology Institute),” says José 
Carlos Conesa.

Within the complex global 
energy scenario, green hydrogen 
emerges as a possible solution for 
decarbonising the economy, i.e., 
reducing carbon emissions - es-
pecially CO2 - by dispensing with 
the use of fossil fuels (oil, coal and 
natural gas). To achieve this, besi-
des increasing the consumption 
of traditional renewable energies 
(solar, wind, hydroelectric, geo-
thermal, etc.), the great long-term 
challenge is the ability to store 
the energy produced; one way is 
to generate green hydrogen on a 
large scale by means of low tem-
perature electrolysis. 

“Currently, most hydrogen is 

obtained from natural gas, but this 
has several drawbacks. Mainly, 
the pollution caused during the 
process if CO2 emissions are not 
captured, not to mention the high 
price of gas. Another point to bear 
in mind is that although a great 
deal of investment is being made 
in renewable energies, their pro-
duction is intermittent; if there is 
a surplus of this energy, it is fed 
into the grid. This energy must be 
consumed from the grid if there is 
no generation. Hydrogen is seen 
as a candidate for the storage of 
renewable energies because it can 
be transported or ‘stored’ and then 
used in fuel cells, which, could be 
used in hydrogen cars, for instan-
ce,” explains Lázaro. 

Lázaro is working on the     
Storelec project, funded by the 
MCIN (Ministry for Science and 
Innovation), which aims 
to store energy from hydrogen 
using regenerative batteries. “We 
aim for these batteries to work 
in two ways: on the one hand, 
when hydrogen is needed, they 
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A catalyst must have three characteristics: 
high activity at low cost; high selectivity 
towards the desired products so as to avoid 
waste, and high durability”
Antonio Chica (ITQ)

of the CSIC White Paper on Clean, 
Safe and Efficient Energy. He 
points out that, “catalysis is a key 
factor in industry, which goes far 
beyond fuel refining processes: 
it transforms raw materials into 
intermediate and end-use pro-
ducts for consumers, and is very 
important for environmental pro-
tection.”  

What exactly is the role played 
by this branch of chemistry in the 
quest for greater sustainability? 
Catalysis enables waste reduction 
and energy savings. “By increa-
sing transformation-process effi-
ciency, energy demands can be 
reduced, and it also makes it pos-
sible to use other raw materials 
that were not used before now. 
Chica refers to the reuse of certain 
by-products, something that is 
of increasing interest to indus-
try and governments, which are 
currently committed to reusing 
materials in their circular eco-
nomy strategies. A perfect circle 
to break away from the classic 
linear economy model based on 
"make, consume, throw away". 

Back in 2015, Avelino Corma, 
who is also an ITQ researcher 
and one of the leading experts in 
catalysis, spoke of the objectives 
of sustainable chemistry: “Make 
maximum use of raw material(s) 
and minimum use of energy, 
minimise the waste generated 
in reactions and processes and, 
if there is any waste, recycle it 
into useful compounds or break 
it down into non-polluting mo-
lecules.” All this can be achieved 
with catalysts. In fact, “if we want 
green chemistry, we need green 
catalysis; only through the use 
of catalysts will we achieve the 
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able to carry out different types 
of reactions, and also make them 
reusable,” says Chica. On the other 
hand, catalysts that are able to 
use the sun’s energy to perform 
their function would be “the ulti-
mate” achievement. However, for 
the moment, this is somewhat 
futuristic. In his opinion, “we are 
still in our infancy in terms of 
using photocatalysis, but it could 
help us to improve many proces-
ses from the energy viewpoint”. 
And this in not because Spain is 
lagging behind, “in fact I would 
say that we are a trending topic in 
catalysis research,” but because, 
internationally, this technology is 
not mature. These challenges are 
not framed in energy, environ-
ment or health; they are specific 
to catalysis and, regardless of 
their field of application, would 
make these applications much 
more sustainable.  

While research is being done 
and applied, are we facing a 
critical situation? For Lázaro, the 
energy crisis is an issue that in-
volves variables and interests 
that go beyond science. “Fossil 
fuels are running out and Europe 
does not have enough energy to 
supply its population’s energy 
consumption. We live in a world 
that constantly demands energy. 
In some places this deficiency is 
already causing serious problems. 
We do not know what is going to 
happen. In China, for example, 
power cuts have affected homes 
and businesses in several provin-
ces. Due to the lack of electricity, 
companies have been forced to 
stop production at certain times 
or limit production to certain days 
of the week. In Europe, there has 
been a recent debate on the likeli-
hood of a major blackout affecting 
the continent. 

There is probably not just one 
solution, but many, which may 
converge in the binomial propo-
sed by Avelino Corma: reducing 
energy consumption and taking 
advantage of the technological 
advances that science will provi-
de in the coming years. 

Scientific Culture 
and Citizen Science

Campus X+ CSIC held at the 
institution’s headquarters  
in Madrid
AUTHOR: EDUARDO ACTIS

A project proposes 
applying cheap metals 
such as nickel, cobalt 
or iron to obtain 
catalysts to produce 
green hydrogen 

process, thus reducing external 
energy inputs. On the one hand, 
you use low-value waste, while 
on the other, you generate electri-
city from renewable sources; and 
thirdly, you obtain heat within the 
process, which you are reusing to 
avoid the consumption of another 
fuel to heat the reaction system. 
The pilot system has already been 
built and installed at Destilerías 
San Valero in Cariñena in 
Zaragoza.

All these advances bring with 
them several immediate challen-
ges associated with catalysis. 
On the one hand, “collaborating 
with several centres to make 
catalysts much more active and 

Catalysis laboratory at ICP. / C.H.

will produce and store it [in elec-
trolysis mode]; and, on the other, 
when electricity is needed, they 
will produce it with the hydrogen 
generated. The catalyst is crucial 
because it has to work both ways,” 
she explains. This type of battery 
is not commercially available yet, 
but if it were to reach the market 
it would open up a range of op-
tions for energy supply in particu-
larly isolated places. “During the 
day, it would produce hydrogen 
from renewable energy, and at 
night it could be used to produce 
electricity. In this way remote 
places, without any electricity 
connection, could become self- 
sufficient and produce their own 
electricity; for example, refugee 
camps or field hospitals.  

Chica mentions other recent 
research works related to hydro-
gen and energy savings. The EU 
Life project called Ecoelectricity 
has developed catalysts 
(already patented) that can gene-
rate energy from alcohol waste. 
“We transform very low-value 
waste, which is produced in 
distilleries or the wine industry, 
into hydrogen. Afterwards, this is 
used in a fuel cell and generates 
electricity that the company can 
use; what is more, the fuel cell 
produces heat that can be fed 
back into the alcohol reforming 

48 CSIC INVESTIGA · January 2022



in certain wastes that can be used 
as an energy source] into chem-
ical products, and in obtaining 
hydrogen from water. We also 
need catalysts to reduce the CO2 
emitted into the atmosphere by 
fuel or chemical manufacturing 
processes.

Q: Your research has focused on 
designing and developing hetero-
geneous and sustainable catalysts 
for different applications. What do 
these two adjectives mean?
A: We aim to tailor catalysts, in 
other words, to achieve a molecu-
lar design and synthesis depend-
ing on the reaction we want to 
catalyse, to find the catalyst that 
would be the most suitable, due 
to its high activity and selectivity 
for the product in question. Our 
catalysts are heterogeneous be-
cause they are in a different phase 
to the reactants used. Specifically, 
we prepare solid catalysts to car-
ry out reactions with reactants 
that are in the gas phase or in 
the liquid or liquid-gas phase. 
The advantage is that they work 
constantly: the reactants are con-
tinuously fed into the reactor inlet 
and the products obtained are 
continuously extracted. When we 
say they are sustainable catalysts, 
we mean that not only are the 
methods for preparing them as 
sustainable as possible, but also 
that these catalysts will be used to 
carry out increasingly sustainable 
chemistry. 

Q: Some of the catalysts you have 
developed are already being used 
industrially. Can you give us 
some examples?
A: Yes, one example is the produc-
tion of biodiesel [liquid synthetic 
biofuel made from vegetable oils 
or animal fats]. We feed the fatty 
acid esters and, in the catalyser, 
we remove the oxygen from the 
molecule. This way we obtain a 
hydrocarbon from biomass that 
can be used directly as a fuel. 

Q: You said your catalysts make 
chemistry more sustainable.

te. When we use a catalyst, we 
can reduce the time and obtain 
the desired product in minutes, 
sometimes even seconds. Many 
of the processes carried out in 
chemistry use catalysts to make 
the reaction as fast as possible 
or, in other words, to produce the 
maximum number of kilograms 
or tonnes per reactor unit. A great 
way to explain catalysis is using 
the enzyme model - our biological 
catalysts: not only do they speed 
up the reaction taking place in 
our body, but they also direct it to 
produce the products we want. 
Otherwise, if enzymes were not 
selective, we would generate a lot 
of by-products in our body that 
would ultimately poison us. This 
is exactly what we are seeking 
in chemical processes: to carry 
them out quickly, effectively and 
efficiently, directing them to the 
desired product and avoiding 
by-product formation. 

Q: To what extent is catalysis 
everywhere, and can you give us 
some examples?
A: There are loads of them. Cat-
alysts are used to manufacture 
polymers and synthetic fibres [all 
industrial plastic materials], to 
produce most pharmaceuticals, 
and are also key in many of the 
refining and petrochemical pro-
cesses [the branch of chemistry 
that focuses on transforming 
crude oil and natural gas into 
useful products or raw materials]. 
Moreover, catalysis is required for 
all kinds of soaps and perfumes. 
We also use catalysts to convert 
biomass [organic matter present 

Chemist Avelino Corma, author of over 200 patents, develops devices that speed up and 
direct chemical reactions to obtain improved biofuels, fibres and polymers sustainably

RESEARCHRESEARCH

A velino Corma has been 
researching catalysis for 
30 years, applied to di-
fferent fields but sharing 

a common goal: “The catalytic 
process speeds up a reaction and, 
consequently, we obtain more 
product -whatever that happens 
to be in each case-, in less time 
and generate less waste.” This 
is the function of the sustaina-
ble catalysts that he develops at 
the ITQ, UPV-CSIC (Institute of 
Chemical Technology), which he 
founded back in 1990. The adjec-
tive ‘sustainable’ is key at a time 
when science is seeking solutions 
to achieve a low-carbon economy 
and mitigate climate change. On 
this point, catalysis has much to 
say in terms of more sustaina-
ble industrial processes, reuse 
of waste or generation of clean 
energy such as green hydrogen. 
These are just some of the lines of 
research in this discipline.

Corma has received nume-
rous national and international 
awards, he is the author of over 
900 articles in research journals 
and more than 200 patents, many 
of which are currently being 
used in industrial processes. He 
argues that reducing energy con-
sumption is a must, but he is also 
optimistic about the challenge of 
moving towards a more sustai-
nable energy model: “Humankind 
has created problems, and science 
and technology have provided 
answers and solutions.”

Question: Every day we consume 
countless products produced by 
catalysis, but this concept is still 
largely unknown to the general 
public. How can we define it?
Answer: We often hear expres-
sions like ‘a catalyst of relations-
hips between people’. In this case, 
catalyst means facilitator; if we 
are talking about chemical reac-
tions, to catalyse means to speed 
up the reaction. Without catalysis, 
many reactions would take hours, 
days or even months to comple-

By Mónica Lara del Vigo

Many chemical 
processes use 
catalysts to produce 
the maximum number 
of kilograms or tonnes 
per reactor unit”

AVELINO CORMA CHEMIST
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“Our catalysts 
convert biomass 
waste into biofuels”



A: Yes, it links in with the circu-
lar economy by using waste and 
reducing CO2 emissions from bur-
ning fossil hydrocarbons.

Q: Can advances in catalysis pro-
vide solutions to the energy crisis 
and contribute to the transition 
to a more sustainable model, for 
example, based on the use of hy-
drogen?
A: Yes, in fact, catalysts are cu-
rrently used to obtain hydrogen 
by electrolysis of water. This te-
chnology is used produce green 
hydrogen.

Q: Deploying this technology 
responds to the goal of decar-
bonising the economy and for 
hydrogen to provide us with the 
clean energy we need. However, 
the production of so-called green 
hydrogen, obtained from renewa-
ble energy sources and thus 
pollution-free, is not very 
widespread for the moment.
A: This technology is not very well 
developed in that it is not com-
mercially exploited yet, because it 
does not compete in price with the 
technology that produces hydro-
gen derived from natural gas. But 
now that we need to obtain green 
hydrogen, this is precisely the 
system that will work, namely, the 
use of electrolysers, which already 
exist, to split water into hydrogen 
and oxygen through a catalytic 
process: electrolysis. 

Q: In the coming years, could 
there be a similar trend to what 
we have seen in other renewable 
energies, in that the costs of this 

technology will gradually become 
cheaper and green hydrogen will 
be accessible on a large scale?
A: Yes, of course. At the end of 
the day, the main issue is to have 
cheap and accessible renewable 
energy. If we have this energy, we 
can use it to generate electricity 
and split water to produce hydro-
gen. There is currently a research 
endeavour underway to develop 
more efficient photovoltaic cells.

Q: Catalysis can provide solutions 
for the energy transition, but will 
they be enough, or do science and 
research fall short? Do we need a 
more profound change in our  
model - one that involves less 
consumption and less growth? 
A: Many resources are limited. 
How about water? We are consu-
ming more and more. It is clear 
that the solution is not just the 

one being pursued at the moment: 
to look for more deposits and ex-
plore more reserves that we had 
not considered before. There is a 
limit to this. We have to reduce 
consumption. And the same goes 
for energy. If we want to move 
towards a more sustainable world, 
the first thing we have to do is to 
save energy. We could probably 
maintain the same standard of 
living by consuming 15% less 
energy. That is already within our 
reach, it’s up to us, not science or 
technology. As for the rest, I do 
believe in science. Humankind 
has created problems and science 
and technology have provided the 
answers and solutions.

Q: What are the big future challen-
ges facing catalysis research?
A: We have several challenges. 
One of them is to activate mole-

cules that are harder to activate, 
for example, to activate and trans-
form CO2 effectively and efficient-
ly. This is already being done, but 
it is far from optimal, and more 
research is needed because it 
holds potential. Another exam-
ple is nitrogen. Today the energy 
required to make ammonia is 
tremendous. If we had catalytic 
methods to activate this nitrogen 
in a simpler way, to make it react 
with hydrogen and obtain ammo-
nia while consuming less energy, 
this would be a step forward. 
The second challenge, which is 
underway, is to reduce waste pro-
duction by developing more selec-
tive catalysts. And the third would 
be to improve process intensifica-
tion through catalysis.

Q: Could we say that in order 
to achieve green or sustainable 

chemistry we need sustainable 
catalysis?
A: Yes, that is why we were tal-
king about sustainable catalysts 
earlier. For example, there are 
many reactions that can be ca-
rried out using sulphuric acid or 
hydrochloric acid, but preparing 
these acids requires a lot of ener-
gy. For the latter, you have to use 
chlorine, and for sulphuric acid, 
you must use sulphur dioxide and 
it is not easily manageable. By 
contrast, if you have a solid-acid 
catalyst, which is not aggressive 
and is able to perform the same 
catalysis as those acids, the pro-
cess will be more sustainable.

Q: What projects are you current-
ly working on related to catalysis 
and energy?
A: We are working on the Euro-
pean EBIO project, which aims 
to obtain molecules for the che-
mical industry and biofuels from 
biomass waste by combining an 
electrochemical process (elec-
trochemistry involves catalysis) 
and a classic catalytic process 
(with solid catalysts). The goal is 
to produce sustainable fuels with 
high-energy content from biomass 
generated by the agri-food and 
paper industries. We are also run-
ning a national project, HIDROSAF, 
which aims to obtain aviation fuel 
from forestry and urban waste. 
What is more, we are working on 
several projects related to conver-
ting biomass waste and plastic 
waste in order to produce biofuels 
and molecules for the chemical in-
dustry in general, and on another 
project to trap CO2 from emissions 
and transform it into hydrocar-
bons, for which we are collabora-
ting with several companies.

Q: Are we at the forefront of ca-
talysis research? Where does the 
CSIC stand?
A: I would say yes, Spain is very 
well positioned internationally 
in the field of catalysis. And, of 
course, the CSIC centres working 
on catalysis occupy a prominent 
place.  
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Catalysts are used to make polymers and 
synthetic fibres, pharmaceuticals and 
petrochemicals, to convert biomass into 
chemicals, and to obtain hydrogen from 
water”

Catalytic device at the ICP. / C. H.

How come? How does your 
catalysis research relate to the 
energy transition and the search 
for more energy-efficient indus-
trial processes?
A: We design multifunctional 
catalysts, which means they have 
different active sites to carry out 
cascade reactions. This signifies 
that catalytic reactions used to 
obtain products every day, which 
are currently performed in 2, 3 or 
4 steps, can be done in one single 
step: reactant A is transformed 
into B, which is then turned into 
C, which is then transformed into 
the final product D. All this takes 
place in one reactor with one 
catalyst. This provides very 
substantial energy savings. In a 
normal three-stage process, after 
each stage we would have to 
separate, purify and feed the 
product into the second reactor, 
carry out the reaction, separate 
and purify it again, transfer the 
product to a third reactor, and so 
on. Think of the amount of energy 
needed for all this. If it is done in 
one single step, product A goes in 
and product D comes out. In 
applying catalysis to sustainable 
energy processes, I have focused 
on developing catalysts to convert 
biomass-derived waste (forest, 
agricultural, organic, urban waste) 
into aviation biofuels, as well as 
obtaining molecules that are used 
in the manufacture of fibres and 
polymers, surfactants, etc.

Q: This allows revalorisation or 
reuse of certain waste and ties in 
with the idea of a circular eco-
nomy.
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duce its impact). By contrast,        
if generated from renewable sour-
ces (solar, wind, hydro), it gives 
rise to so-called green hydrogen, 
in other words, clean hydrogen.

The problem is that currently 
most of the hydrogen produced 
comes from fossil fuels because, 
so far, this has been the most 
efficient and economical way to 
generate it. According to the 
International Energy Agency, this       
accounts for some 900 million 
tonnes of CO

2 
emissions world-

wide. Currently, the technology to 
produce green hydrogen and use 
it in fuel cells is in its infancy, and 
further research is needed to 
reach its full potential, as stated in 
the CSIC White Paper on Clean, 
Safe and Efficient Energy .

Several CSIC research teams 
are studying novel processes to 
obtain more efficient and affor-
dable green hydrogen, to convert 
it into energy through fuel cells, 
and to generate green chemicals. 
“Green hydrogen is the best way 
to store energy from renewable 
sources,” says Retuerto. “And it is 
applicable to many sectors,” she 
adds. It can be used to produce 
electricity again, via a fuel cell 
(similar to a battery); it can be fed 
into the natural gas grid to reduce 
greenhouse gas emissions; it can 
be      used in industry to produce 
green chemicals, such as ammo-
nia and fertilisers, and biofuels; 
and it can be used as fuel in        
industrial production.

Electrolysers and fuel cells

Electrolysis is the ideal process 
for obtaining large quantities of 
green hydrogen efficiently. Elec-
trolysers are devices that use 
electricity to separate hydrogen 
and oxygen molecules from wa-
ter to produce hydrogen without 
emitting pollutants. There are 
different electrolytic technologies, 
each having particular advanta-
ges and disadvantages. We can 
divide them into four main types 
that are more or less industrially 
developed: conventional alkaline 

“And the electrical energy is 
accumulated as chemical energy 
in the hydrogen molecule, which 
can be stored and used in a con-
trolled way.

Therefore, the key to its sustai-
nability lies in how the hydrogen 
is produced. If it is produced from 
fossil fuels (petrol, coal natural  
gas), it generates pollutant emis-
sions (part of the CO

2 produced 
can be captured and stored to re-

CSIC teams explore new methods to improve hydrogen 
production from renewable energies in a bid to help 
mitigate emissions from energy and transport sectors

Green hydrogen: 
energy carriers to 
boost renewables
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J ules Verne wrote in his 
book The Mysterious 
Island (1874): “I believe 
that water will one day 

and where it is needed. Hydrogen 
can be obtained from any type of 
primary energy and if this energy 
is renewable, then the hydrogen it 
produces will also be renewable. 
Fundamentally, this element is 
obtained through electricity and 
water. “Green hydrogen is mainly 
produced by electrolysis: electri-
cal energy is used to dissociate or 
split the water molecule into oxy-
gen and hydrogen,” Retuerto says.

By Alejandro Parrilla and Abel Grau

be employed as fuel, that hy-
drogen and oxygen which 
constitute it, used singly or 
together, will furnish an inex-
haustible source of heat and 
light.” Verne’s fascinating 19th 
century prediction of the fu-
ture of hydrogen has become 
a reality in the 21st century.

Hydrogen, the most abundant 
element in the universe, is key to 
boosting the transition to an ener-
gy model driven by renewable 
energy sources. It offers a great 
advantage: it allows clean,      
energy-dense fuel to be stored for 
subsequent controlled use. What 
is more, it could be fundamental 
to decarbonising the energy sec-
tor, and part of the industrial and 
transport sectors, three of the top 
greenhouse-gas emitters.

However, hydrogen research 
faces major challenges such as 
clean and cheap production, safe 
and efficient storage, a secure 
network for its transport and dis-
tribution, and the development of 
efficient devices to convert hydro-
gen’s chemical energy into electri-
city such as fuel cells.

Renewable energies, such as 
solar, wind and hydro, are the 
basis for attaining a new energy 
model with reduced emissions of 
pollutants. “But they have a major 
drawback: they are intermittent 
and fluctuate, so it is essential to 
accumulate them during produc-
tion surpluses so they can be used 
in a controlled way later on,” says 
CSIC researcher María Retuerto, 
from the ICP (Institute of Catalysis 
and Petrochemistry). Hydrogen 
provides a solution.

Hydrogen is not an energy 
source, but an energy vector or 
carrier. In other words, it is a 
means of storing energy that has 
been produced by primary energy 
sources and releasing it when 
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Hydrogen is obtained by splitting 
oxygen and hydrogen molecules 

from water.  
/AXEL ROUVIN



hydrogen and oxygen with easy 
maintenance and without using 
noble metals; and the advantages 
of proton-exchange membrane   
electrolysis, which generates a 
very pure form (over 99%) of hy-
drogen. Both types of electrolysis 
entail drawbacks. Liquid elec-
trolysis loses energy production 
due to the low current density 
separating the components, and 
proton-exchange membrane elec-
trolysis uses noble metals in the 
electrode, making it very expen-
sive.

Low-temperature water 
electrolysis technology using 
anion-exchange polymer mem-
branes, namely, those with ne-
gatively charged ions, combines 
both advantages. “On the one 
hand, it enables catalysts without 
noble metals to be used, such 
as iridium or ruthenium, which 
lowers the cost, and on the other 
hand, it is highly efficient,” exp-
lains Lázaro.

This new type of electrolyser 
would enable efficient production 
of hydrogen from water and could 
be applied to renewable energy 
storage, she says. “These elec-
trolysers are key to the future of 
the hydrogen economy,” she pre-
dicts. “The combination of elec-
trolysers and hydrogen fuel cells 
will make it possible to store elec-
tricity generated from renewable 
energy in the form of hydrogen,” 
Lázaro adds.

“Fuel cells work like an inverse 
electrolyser, put in another way, 
they use hydrogen to produce 
electricity when it is needed. Hen-
ce,       hydrogen can be used to store 
energy for later use in other appli-
cations: domestic, industrial or 

mobility,” she explains. Hydrogen 
is easy to transport and to trans-
form into electricity or chemicals.

Microwaves to obtain H2

At the ITQ (Institute of Chemical 
Technology), new methods are 
sought to produce green hydro- 
gen. A team led by researcher 
José Manuel Serra (CSIC), and 
José Manuel Catalá (UPV) has 
developed novel experimental 
technology that can transform 
electricity into hydrogen or che-
mical products, just using mi-
crowave power (electromagnetic 
radiation), without either wires or 
contact with electrodes.

Their team has observed that 
microwaves interact with ionic 
materials by accelerating 
electrons and releasing oxygen 
molecules from their structure (a 
phenomenon called reduction), 

which means electricity can be 
generated.

This is a revolutionary achie-
vement in energy research and a 
key breakthrough in the industrial 
decarbonisation process, as well 
as for the future of transport and 
the chemical industry, among 
others. This finding, published in 
Nature Energy journal, has alre-
ady been patented.

“We are talking about a techno-
logy with huge practical potential, 
especially for use in energy stora-
ge and the production of synthetic 
fuels and green chemicals,” Serra 
stresses. “This characteristic is 
of transcendental importance, as 
both transport and industry must 
meet very demanding targets 
between 2030 and 2040 to reduce 
energy consumption and use of 
fossil-based materials, mainly na-
tural gas and oil,” he adds. It could 
also have applications in the che-

mical, metallurgy and ceramics 
industries as well as in fertiliser 
production, among others.

Serra and Catalá’s research 
group is now focusing on the use 
of this technology for ultra-fast 
battery recharging. “Our techno-
logy could enable a virtually ins-
tant reduction (release of oxygen 
molecules) in the entire volume of 
the electrode (metal anode) that 
stores the energy. In other words, 
we would go from a progressive 
layer-by-layer charging process, 
which can take hours, to a si-
multaneous process in the whole 
electrolyte volume, which would 
allow a battery to be charged in 
just a few seconds,” explains     
Catalá.

Decarbonising industry

Hydrogen has been used for 
years in the industrial sector 

with a host of applications, such 
as refining oil (33%) or as a raw 
material for producing ammonia 
(27%), according to figures from 
the International Energy Agency. 
However, most of the hydrogen 
used in these industrial processes 
is obtained from natural gas, i.e., 
a fossil fuel. Therefore, it is impe-
rative to promote the introduction 
of green hydrogen as an energy 
carrier in the industrial sector.

An ITQ team plans to design 
and build a pilot plant that uses 
hydrogen in industrial operations 
to transform raw materia  ls               and 
obtain high value-added 
products. Specifically, they are 
aiming to make the plant self-
sufficient energy-wise, in other 
words, part of the hydrogen 
generated will be used to provide 
power to the plant itself.

As a primary energy source, 
they use agricultural biomass 
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An ITQ team plans to design a pilot plant 
that uses hydrogen in industrial operations 
to transform raw materials and obtain high 
value-added products

electrolysis; proton-exchange 
polymer-membrane electrolysis; 
anion-exchange polymer-     
membrane electrolysis, and solid-
state electrolysis.

María Retuerto and Sergio 
Rojas’ workgroup study proton-
exchange polymer-membrane 
electrolysis, the most suitable 
type for accumulating renewable 
energy fluctuations. However, 
this technology involves the use 
of critical raw materials, which 
makes the process more expens- 
ive. The group is investigating the 
substitution of these materials 
with more abundant cheaper 
ones, without compromising 
system efficiency, which is 
indispensable for the global im-
plementation of this technology.

Low-temperature electrolysis 
is the process used by CSIC 
researchers at the ICB (Carboche-
mistry Institute) to obtain green 
hydrogen efficiently. They are 
developing new materials for 
electrolysers, devices that use 
electricity to separate hydrogen 
and oxygen molecules from wa-
ter, and thus obtain hydrogen 
without emitting pollutants. “We 
are developing a low- temperature 
water electrolyser with a polymer 
anion-exchange membrane 
(AEM) for hydrogen production by 
incorporating new electrodes 
based on cheaper metals that are 
more readily available in nature 
than the metals used in commer-
cial catalysts,” explains María 
Jesús Lázaro, ICB researcher and 
project manager.

Polymer electrolyte membra-
ne water electrolysis technology 
combines the advantages of 
liquid electrolysis, separating 
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Researchers José Manuel 
Serra, from the ITQ, and José 

Manuel Catalá, from the 
UPV, study the application 
of microwaves to convert 

electricity into hydrogen. / ITQ 



and alcohol waste from the wine 
industry. Bioethanol (a type of 
alcohol) is obtained by fermenting 
these residues. This bioethanol is 
then treated with steam, at tem-
peratures between 500 and 700 
degrees and atmospheric pres-
sure, to produce hydrogen. Ex-
plicitly, they produce dihydrogen 
(H

2
), a molecule composed of two 

hydrogen atoms. “Specifically, the 
hydrogen produced in this way 
can be used to synthesise pollu-
tion-free fuels and to generate 
electricity and heat, which can be 
used by the plant itself, thus re-
ducing the energy demand of the 
process,” explains Antonio Chica, 
ITQ researcher and head of the 
project.

“Using the hydrogen produced 
in a high-temperature fuel cell 
(SOFC), electricity and heat will be 
generated. This heat can be used 
in the bioethanol reforming reac-
tor to attain the highest possible 
energy self-sufficiency levels,” 
adds Chica.

At the ITQ, new catalytic formu-
las are being developed to increase 
the speed of bioethanol treatment 
with steam to produce hydrogen 
both stably and selectively. “Part 
of the hydrogen produced will be 
used to generate biofuel and ano-
ther part to generate electricity, 
which can be used by the industry 
itself depending on its needs, and 
also heat, which is reused to keep 
the plant running,” he explains. 
This project generates hydrogen 
with a dual purpose, which promo-
tes a highly efficient life cycle that 
could reduce energy needs within 
industrial processes.

Hydrogen for biofuel

Obtaining hydrogen from biomass 
is also being studied at the ICP. 
A team led by researcher José 
Miguel Campos is testing how to 
apply hydrogen to an industrial 
process in order to obtain biofuel. 
It consists of introducing hydro-
gen in a gaseous state to make it 

react with vegetable oil residues.
“The process used to produce 

this biofuel consists of two stages: 
catalytic conversion to remove 
pollutants from the gas, and then 
fractionation of the gas to separa-
te its components and obtain in-
dividual products,” explains José 
Miguel Campos.

“In the first stage, vegetable 
oil waste products are fed into a 
reactor together with a hydrogen 
stream to give rise to carbon oxi-
des (CO2 and CO), linear hydrocar-
bons and water,” Campos explains. 
The catalytic reaction between 
hydrogen, liquid oil-based waste 
and the catalyst takes place at a 
temperature of between 300 and 
400 degrees, at 20-bar pressure. 
The aqueous phase of the mixture 
is then removed and the other 
components are processed.

In the second stage, the linear 
hydrocarbons undergo a chemical 
reaction that yields hydrocarbons 
containing only carbon and hy-
drogen atoms. This process im-
proves the physical properties of 
the fuel. Finally, the fuel is sepa-
rated into three phases: a gaseous 
phase (consisting of hydrogen 
and propane), a light-fuel phase 
(consisting of hydrocarbons, simi-
lar to gasoline or paraffin), and a 
heavy-fuel phase (corresponding 
to the diesel fuel range).

Therefore, the results provide 
fuel originating from the use of 
renewable hydrogen, which can 
increase energy efficiency by 
up to 85 %, compared to the 25 % 
achieved by traditional internal 
combustion engines. This fuel is 
still at the experimental stage.

“Green hydrogen is a highly 
promising technology that can 
contribute to reducing pollutant 
emissions from the energy and 
heavy transport sectors,” says 
Retuerto. “It is a key element of 
the low-carbon technology mix, 
which can help decarbonise the 
current energy system; however, 
it also requires more basic re-
search to explore its full potential 
and enable prospects for econo-
mic growth,” he concludes.

CSIC and UPV researchers have developed 
experimental technology applying 
electromagnetic radiation, which 
transforms electricity into hydrogen or 
chemical products
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T
he CO2-capture pilot 
plant located at the 
La Pereda thermal 
power station in Mieres 

(CSIC-Hunosa-Endesa) is an ex-
ceptional facility. It boasts 2 me-
gawatts (MW) of power, making 
it the largest and most active in 
the world in the field of carbona-
tion-calcination technology. “By 
means of these processes, CO2 is 
separated from flue gases (whe-
re it has a concentration of 10-
15% by volume) through a reac-
tion with calcium oxide to form 
calcium carbonate, resulting 
in fumes with a CO2 content of 
below 0.5% by volume,” explains 
Carlos Abanades, a researcher at 
the INCAR (Carbon Science and 
Technology Institute), which 
works on this technology. “To 
extract pure CO2 and regenera-
te calcium oxide from calcium 
carbonate, the carbonate solids 

rous public-private collaborations 
at both the national and interna-
tional level, with energy being the 
main cross-cutting theme.

The CSIC is turning out to be 
one of the major patent appli-
cants at the European and global 
level, according to the “Patents 
and the energy transition report”, 
published in 2021 by the Euro-
pean Patent Office (EPO). In the 
last twelve years, 7.4% of patent 
applications by the CSIC related 
to energy production, storage and 
distribution and 90% of these fo-
cus on the development of clean, 
safe and efficient energy. 

The EPO report reveals that 
between 2000 and 2019, Spain 
ranked as the ninth country in 
terms of the number of patents re-
lated to clean energies in Europe, 
and fifteenth worldwide. Likewi-
se, at the national level, the CSIC 
is a leader in this type of patent, 
second only to Abengoa, a multi-
national that has filed many of its 
patents in collaboration with the 
CSIC, its main academic partner.  

In 2021, the CSIC included 
nearly thirty energy-related 
scientific projects in its portfolio 
for development and commercia-
lisation. These cover a wide range 
of applications, such as novel 
catalysis methods; the production 
of new fuels; nanogenerators that 
recover and convert energy, or 
more environmentally friendly 
air-conditioning systems. These 
are examples of the CSIC’s quest to 
develop innovative processes and 
products for the generation and 
management of clean, safe and 
efficient energy.

The CSIC has also supported 
the creation of eight technolo-
gy-based companies operating in 
the industrial energy sector. The-
se include Thermal Cooling Tech-
nology, which develops more sus-
tainable and economical cooling 
equipment; Bcircular, which recy-
cles glass fibre from wind turbine 
blades; and FutureVoltaics, which 
has managed to develop efficient 
solar panels in conditions with 
low solar exposure.

More efficient and  
cost-effective solar energy

The world is moving 
towards electrification and 
solar photovoltaics has 

become the most cost-effective 
source of electricity. Neverthe-
less, current energy production 
technology accumulates excess 
energy around mid-day. “These 
photovoltaic systems have a 
highly variable electricity yields 
and tend to generate surplus 
energy at times when the grid 
cannot absorb so much power, 
resulting in a substantial waste 
of energy and resources,” exp-
lains José María Ripalda, 
at the IMN (Institute of Micro and 
Nanotechnology) and founder of 
the CSIC spin-off FutureVoltaics. 
Ripalda argues that we must 
solve this problem by finding 
resources beyond storage sys- 
tems, as these are not economi- 
cally profitable.

Thus, seeking more profitable 
and efficient solar energy, 
FutureVoltaics has proposed 
innovative reflectors for photo-
voltaic systems, which flatten 
daily and seasonal production 

curve and are specially designed 
to increase the performance of 
bifacial solar panels. What this 
system achieves is to maximi-
se energy production when the 
sun is close to the horizon. “This 
increases the operational hours 
and makes better use of the 
energy in periods when light is 
scarcer, as it is in winter,” says 
Ripalda.

Besides increasing efficiency 
and cost-effectiveness in collec-
ting solar energy, FutureVoltaics 
reflectors reduce degradation of 
the PV panels encapsulant, de-
crease the need for cleaning and 
maintenance, and lengthen the 
installation’s lifetime. In addition, 
the surface of these reflectors 
helps to prevent global and local 
warming due to higher albedo, 
which means it reflects a higher 
percentage of radiation than a 
conventional installation.

FutureVoltaics is validating 
the technology with three proto-
types installed at the IMN and is 
preparing the first installation in a 
production environment. 

CSIC patent 
applications 
related to energy 
production, storage 
and distribution have 
accounted for 7% of 
patents filed in the 
last twelve years

undergo high-temperature calci-
nation in a CO2-rich atmosphe-
re,” he adds.

Thanks to this pilot plant, the 
CSIC is a world pioneer in the 
quest to decarbonise energy pro-
duction and decarbonise indus-
trial processes that emit CO2 (ce-
ment, steel, etc.), even when they 

are fully electrified, by means of 
reversible reactions at very high 
temperature to capture CO2. The 
advantage of these high-tempera-
ture reversible reactions is that it 
is possible to recover a great deal 
of the energy input to the system 
in the form of high-temperature 
heat, which is useful for reducing 
fuel consumption in the process 
or for generating electricity. Other 
variations on the CSIC’s patented 
process are currently being de-
veloped for the steel industry in 
the C4U project, with additional 
funding from the Recovery Plan 
(CSIC’s PTI+TransEner+).

The pilot plant at La Pereda is 
possibly the clearest example of 
how basic CSIC-based research, 
aiming to achieve clean sustai-
nable and efficient energy, can be 
transferred to industry and trans-
formed into innovative processes. 
The CSIC participates in nume-

New patents  
for novel energies
CSIC researchers turn know-how into innovation and 
develop multi-source nanogenerators, more efficient 
photovoltaic technologies and improved industrial 
catalysts
By Esther María García Pastor

José María Ripalda, from IMN, develops photovoltaic technology. / C. H.
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Ambient energy harvesting for devices

Energy harvesting devices, 
known as nanogenera-
tors, will become a reality 

in the near future. It is estima-
ted that the market will reach 
billions of harvesting devices 
by 2025. The goal is to decrease 
our dependence on batteries, 
whose production negatively 
impacts the environment and 
whose use limits device func-
tionality. However, to achieve 
this we still have to overcome 
certain challenges. One such 
challenge is to design hybrid or 
multi-source nanogenerators 
that harvest different types of 
energy from a single device. 
However, the efficiency per unit 

volume may decrease compa-
red to individual harvesters and 
there is still a need to optimise 
the sustainable large-scale ma-
nufacture of materials that are 
able to serve this purpose.

Researcher Ana Isabel Borrás 
and her team at the ICMS 
(Materials Science Institute of  
Seville) have patented a novel 
nanogenerator. These are rain 
panels based on triboelectric 
nanogenerators that harness the 
kinetic energy of the impact of 
water droplets to generate elec-
tricity and are compatible with 
solar panels. This new patented 
device is part of the project 
3DScavengers, funded by the

EU’s Horizon 2020 programme, 
which seeks a solution to the two 
problems posed by multi-source 
nanogenerators. They propose 
the one-reactor method to manu-
facture these devices.

Their plan is to combine 
different manufacturing tech-
niques in a single reactor and 
isolate them using plasma. “The 
implementation of plasma te-
chnology will make it possible 
to manufacture these nano-
materials without the need for 
high-temperature processes, so 
we hope to take a step towards 
industrially scalable manufactu-
ring through sustainable synthe-
sis,” concludes Borrás.

Sustainable industrial catalysts

At the CENIM (National 
Centre for Metallurgi-
cal Research), CSIC re-

searcher Félix López and his 
group have been working on 
two patented projects to pro-
duce sulphur-free industrial 
catalysts based on recycling 
alkaline batteries. “Commonly 
used catalysts are obtained from 
non-renewable natural resour-
ces. The catalysts we have 
developed are cheaper, more 
efficient, cleaner and could be 
available for use immediately,” 
says López.

Félix López’s group together 
with María Jesús Martínez and 
Alicia Prieto’s research teams 
at the CIB (Centre for Biological 
Research) have demonstrated 
the effectiveness of mixed zinc 
and manganese oxide nanopar-
ticles as an enzymatic support to 
produce a robust biocatalyst to 
synthesise biodiesel. “We have 
synthesised catalysts for biodie-
sel production from fatty acids, 
and have found them to be equa-

lly effective or more effective than 
conventional ones,” explains the 
researcher.

Furthermore, in collaboration 
with the CIEMAT (Research Cen-
tre for Energy, Environment and 
Technology), also using mixed 
zinc and manganese oxides, Félix 
López’s group has obtained ma-
terials that eliminate sulphur in 

gasification processes. This tech-
nique has also been tested in the 
gasification of biogas, which is 
a great alternative to natural gas 
to tackle the energy crisis. “The 
development by CSIC scientists 
could enable the production of 
clean biogas to feed engines and 
turbines that produce electricity,” 
says López.

Greener cooling

Global warming is a phe-
nomenon exacerbated by 
human activity. There are 

increasing periods of extreme 
temperatures and, in order to cope 
with daily life, people are resorting 
to solutions that contribute to this 
environmental problem. Indeed, 
not only do such solutions fail to 
improve the situation, they actua-
lly worsen it. For instance, air-
conditioning systems used to keep 
comfortable indoor conditions use 
refrigerants containing fluorine 
and chlorine. These can poten-
tially destroy high stratospheric 
ozone and directly contribute to 
the greenhouse effect. Moreover, 
this type of electrical appliance is 
maintained at a higher indoor 
pressure than atmospheric pressu-

re, which means there is constant 
leakage of refrigerant, polluting the 
atmosphere even when it is swit-
ched off.  

For this reason, at the IETCC 
(Eduardo Torroja Institute for 
Construction Sciences), resear-
cher Marcelo Izquierdo Millán 
and his team have developed 
two types of air conditioning 
apparatuses which, they state, 
could replace the currently used 
small-power fluorinated refrige-
rators. This innovative alternative 
system uses an aqueous solution 
of lithium bromide, where water 
is the refrigerant. “Water is used 
as the base, so the contribution 
to global warming is zero and 
stratospheric ozone is unharmed. 
In addition, the chiller works at a 

lower pressure than atmospheric 
pressure, thus eradicating leaka-
ge. In the event of a breakdown, 
the solution remains inside the 
container and is not emitted into 
the atmosphere,” Izquierdo exp-
lains.

This research work, which be-
gan in 2003, has produced several 
patents. The first was a compact 
water chiller, which was patented 
in Spain first and later in the Euro-
pean Union and Japan, in 2012 and 
2013. In 2020, a split water chiller 
was presented, which differs from 
others in that the evaporator is 
installed in the enclosure to be 
cooled, separate from the rest of 
the components, which are insta-
lled outside. This model has been 
patented in the USA since 2020.

Researcher Félix López, from CENIM. / C. H.

Researcher Ana Isabel Borrás (left), in her lab at ICMS. / RAFAEL ÁLVAREZ
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fuel has not been used properly) 
and it also reduces emissions of 
particulate matter (carbon nano-
particles), which cause numerous 
diseases.

The improvement Prieto’s 
team is developing involves re-
gulating the content and quality 
of oxygen in the molecules that 
make up renewable fuels, resul-

or combustion in truck and ship 
engines. Overall, results would 
reduce overall air pollution levels 
by eliminating CO2 emissions and 
also locally by reducing unwanted 
engine emissions.

In the Redifuel project (for land 
transport), the biomass is fractio-
nated and its carbon is stored in 

INTERNATIONALINTERNATIONAL

ranges from the development of 
rechargeable calcium-based ba-
tteries, to CO2-capture systems, 
waste management and the use 
of 3D nanoarchitectures capable 
of converting light into electricity.

Gonzalo Prieto’s team at the 
ITQ, mentioned above, is studying 
how to improve the quality of the 
chemical process that provides 
energy to vehicles. His group 
works towards obtaining new 
renewable fuels. They develop  
catalysts, materials that 
accelerate and direct chemical 
reactions, to transform ligno- 
cellulosic biomass (plant waste) 
into a sustainable liquid fuel.

His research focuses on pro-
cesses that can produce molecu-

les with chemical bonds that store 
more energy in less volume than 
in batteries, a characteristic that 

in heavy and long-distance trans-
port. Furthermore, the biofuels 
obtained produce less pollution. 
“The resulting fuels are renewable, 
as their combustion in vehicles 
only returns to the atmosphere 
the same amount of CO2 as the 
biomass had previously removed 
during growth. The net emission 
is almost zero,” Prieto explains.

The use of these alternative 
liquid fuels has two major ad-
vantages: it reduces emissions 
of unburned or partially burned 
fuel material (which shows that 

By Agathe Cortes and Alda Ólafsson

T ransport and energy pro-
duction are two of the 
sectors causing most po-
llution. Energy-wise, they 

Prieto leads two projects ai-
ming to obtain biofuel: Redifuel, 
aimed at heavy road transport 
(trucks), and Idealfuel, for mari-
time transport of both goods and 
people. The two projects have a 
budget of almost 10 million euros, 
funded by the European Commis-
sion’s Horizon 2020 programme.

This research is in line with 
the European Commission’s ambi-
tious plan, launched in December 
2020, to reduce CO2 from transport 
90% by 2050. The plan, called the 
Sustainable and Smart Mobility 
Strategy, is a key part of the   
European Green Deal, a 
comprehensive set of energy and 
environmental measures to make 
the EU climate neutral by 2050. 
The plan is that, by that year at 
the latest, net CO2 emissions 
should be reduced to zero.

At the CSIC, several teams ca-
rry out basic EU-funded research 
to develop new materials and che-
mical processes that contribute to 
the decarbonisation of industry 
and transport. The institution is 
involved in over 40 international 

sustainable energy. This research 

Plant waste: clean 
renewable power for 
trucks and ships

Biofuels only return 
to the atmosphere 
the same amount of 
CO2 that the biomass 
had removed during 
growth” 
Gonzalo Prieto (ITQ)

Maritime transport,  
highly dependent on fossil 

  tsom eht fo eno si ,sleuf
polluting sectors. / PIXABAY

are still dependent on fossil fuels, 
which are both limited and detri-
mental. Transport is responsible 
for 30% of carbon-dioxide emis-
sions. At the CSIC, research teams 
are developing catalysis-based 
chemical processes (acceleration 
and direction of chemical reac-
tions) to recycle CO2 and improve 
the production of liquid biofuels 
from biomass (plant waste). 

       “Passenger car trans-

means of batteries in the coming 
years, but to contribute to decar-
bonisation for other means of 
transport - like freight, maritime 
and long-distance aviation – we 
need to develop renewable   
environmentally-friendly liquid 
fuels, which are compatible with 
existing engines and at a 
competitive price,” explains CSIC 
researcher Gonzalo Prieto, from 
the ITQ-UPV-CSIC (Institute of 
Chemical Technology).
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fuels (such as biofuels). The latter 
provide higher propulsion energy 
per unit weight (energy density) 
and marginal cost, difficult to 
achieve using electric batteries or 
alternative fuels such as hydro-
gen, which are not liquid under 
ambient conditions.

The proposal underway at the 
ITQ looks at techno-economic 
factors too. “We are working to 
improve the economic competit- 
iveness of biofuel production to 
compete with petroleum-based 
fuels,” says Prieto. 
      "The EU is pioneering 
regulations that are promoting 
the use of bio-fuels like these,” he 
says. Moreover, these new fuels 
are designed to meet legal 
requirements and are compatible 
with vehicles already on the road, 
so their introduction will not 
require a change in the fleet of 
trucks and ships. Both projects 
are testing these technologies at 
pilot (pre-industrial) scale.

Harnessing CO
2
 for biofuels

Most CO2 emissions come from 
energy production. Researchers 

are pursuing the decarbonisation 
of these industrial processes, 
endeavouring to eliminate and 
reuse the CO2 emissions. At the 
ITQ, Fernando Rey and Pascual 
Oña Burgos lead the international 
Laurelin project, funded with al-
most five million euros under the 
H2020 programme, which seeks 
to improve the process to obtain 
methanol, a type of biofuel.

“We aim to use methanol as 
an energy vector, that is, an ener-
gy carrier capable of using the 
hydrogen that comes from elec-
tricity,” explains Rey. “We will use 
electrical energy to transform CO2 
and hydrogen to obtain 
methanol,” he adds. The project 
involves  eight European and two 
Japanese institutions, as well as 
academic institutions, research 
centres and SMEs.

Through this process, CO2 is 
used to obtain both biofuel and 
renewable chemical products 
that are of value to the industrial 
sector. “We are looking for a dual 
decarbonisation process that re-
valorises the CO2 emitted and also 
reduces the energy demand of the 
process,” explains Pascual Oña 

Burgos. “We aim to capture the 
CO2 and convert it into something 
we can use, such as methanol, 
which is a platform molecule 
used to produce other chemical 
products,” he stresses. For this 
process, the hydrogen used must 
come from renewable sources, 
such as solar or wind power, i.e., 
green hydrogen.

These catalysts will be studied 
in three complementary proces-
ses, “with conventional thermal 
heating, with low-temperature 
plasma and with magnetic induc-
tion”. These three technologies 
represent an improvement in the 
use of energy resources, which 
is key to enable sustainable CO2 
recovery.

A future energy testing 
model 

The energy transition from the 
current fossil fuel-based model (li-
mited and harmful) to one based 
on renewable energies is a very 
complex process. A new computer 
tool designed by CSIC researchers 
can simulate how this transition 
will take place. This is the Medeas 

project, led by Jordi Solé, a resear-
cher at the University of Barcelo-
na who launched the study 
from the ICM-CSIC 
(Institute of Marine 
Sciences) in 2016, 
awarded almost 
four million euros 
in EU funding.

“This transition 
aims to achieve 
something that 
has never been done 
before in the history 
of industrialised society: 
to replace one fuel with another,” 
Solé tells us. “If we go on as we are 
now, disaster is assured in less 
than a decade, and the most pres-
sing issue is not so much climate 
change but the lack of resources,” 
he predicts.

His computer model forecasts 
how the energy sector will evolve 
in Europe, taking into account 
physical and social constraints. 
The tool, developed in 2019, is al-
ready being used in several local 
initiatives in Catalonia.

“The model remains valid as it 
is open-source, which means that 
anyone can use it and readapt it 

to different situations. What the 
model does, is to assess transition 
scenarios, projecting up to 2050, 
with variables such as emissions, 
necessary resources, trends in the 
GDP, and it looks for alternatives 
with the incorporation of renewa-
ble energies,” says Solé.

“Basically, the model tells us 
whether the resources available 
to a community or a country are 
suitable for the energy transition 
model required by the EU and the 
Paris Agreements,” adds Solé.

Researchers have developed 
three scenarios, based on 35 so-
cio-economic sectors, to achieve 
the transition to a low-carbon 
economy. The model considers 
the limits established, i.e., limi-
ting global warming to below 2°C 
compared to pre-industrial levels 
and achieving the EU target of re-
ducing total annual CO2 emissions 
by 80%.

The first scenario follows 
historical trends, the second pro-
poses a slight increase in the use 

of renewables, whereas 
the last scenario im-

plements the maxi-
mum efforts that 
could be made to 
achieve the 2050 
target, showing 
that this stabilises 
the economy and 

drastically reduces 
emissions.
The main con-

clusions of the Medeas 
research project indicate that an 
increasing number of biophysi-
cal resources will be needed to 
develop more renewable energy 
sources. “The current implemen-
tation of renewable energy sour-
ces in the EU is not sufficient to 
achieve a carbon-free economy 
by 2050. Besides, we must ensure 
sufficient energy storage capacity 
for the stability of supply of these 
energy sources,” concludes Solé. 
In short, the socio-economic mo-
del in place since the industrial 
revolution must be changed while 
reducing our dependence on fos-
sil fuels. 

INTERNATIONAL INTERNATIONAL

of atmospheric 
carbon-dioxide 

emissions 

30%
Transport is 

responsible for

Even if electrification of private cars becomes more widespread, heavy transport will still need liquid 
fuels, such as biofuels. / PIXABAY

a simple molecule (carbon mo-
noxide) and in a mixture of gases 
called synthesis biogas, used to 
build the more complex molecu-
les of the biofuel, Prieto explains. 
“This innovation in catalysis gives 
rise to a process that provides 
diesel biofuel of high combustion 
quality, which meets the stringent 
European EN590 standards for 
diesel fuels, and can be used in 
the existing truck fleet without 
their modification,” he adds.

On the other hand, in the Ideal-
fuel project (for maritime trans-
port), which Prieto is working on 
in collaboration with Marcelo  
Dómine, a colleague at the ITQ, 
they have designed a catalytic 
process that breaks down lignin 
(the least valuable biomass 
fraction) so that the fuel obtained 
has the fluid properties required 
for the maritime transport sector.

“In cooperation with compa-
nies in Switzerland (Bloom) and 
the Netherlands (Vertoro), which 
efficiently extract lignin from 
different raw materials, we aim 
to recover this biomass fraction 
in the form of renewable fluids 
that can be used as substitutes for 
marine bunker fuels: fossil-based 
fluids, which are not very refined, 
highly viscous and highly pollu-
ting,” Prieto explains.

The catalytic process proposed 
by the ITQ team requires minimal 
hydrogen consumption, just enou-
gh to convert the solid starting 
reagent into a fluid with viscosity 
properties and oxygen and ener-
gy contents per unit mass that 
mimic unrefined bunker fuels for 
marine vessel engines.

The renewable origin, low ad-
ded cost and low oxygen content 
(which reduces the production of 
unburned and particulate matter) 
of the resulting biofuel is intended 
to reduce unwanted emissions 
associated with the traditional 
highly polluting maritime sector.

Although the electrification 
of private cars may become wi-
despread, the heavy transport 
sector, on both land and at sea, 
will continue to require liquid 
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reacts with water vapour in the 
presence of a calcium oxide-     
based sorbent, which captures the 
CO2 and a catalyst that promotes 
reforming. This produces             
high-purity, decarbonised 
molecular hydrogen, on the one 
hand, and concentrated CO2 
available for transport and 
storage or reuse, on the other. 

When Capa started working 
on this topic, what surprised her 
the most was the discovery that 
the majority of the hydrogen 
produced industrially nowadays 
is obtained from natural gas, in 
other words, a fossil fuel. 
“Something doesn’t add up,” says 
the researcher. “We produce a 
priori something sustainable 
(hydrogen) but we use natural 
gas, which causes pollution, and a 
process that also emits CO2.

This is what my thesis addres-
ses: instead of using natural gas, 
we use biogas (obtained by anae-
robic digestion of organic matter), 
and in this way we combine the 
circular economy with the energy 
transition,” says Capa.

Young CSIC researchers seek technologies to transform 
the chemical industry and make the best use of resources 
and waste

TRAININGTRAINING

ble energy sources, new hydrogen 
technologies, decarbonisation of 
industry and the reuse of residual 
ambient energy, among other re-
lated issues.

Xabier García’s research pro-
ject, seeking new uses for waste 
ambient energy, is based on nano-
technology. This involves desig-
ning materials on a nanometric 
scale, which can capture ambient 
energy and convert it into elec-
trical energy to provide power for 
various devices. The appliances 
used for harnessing this waste 
energy combine several types of 
energy harvesters (kinetic, solar 
or thermal) in a single device, 
using multifunctional materials 
(semiconductors, ferroelectric 
oxides and perovskites) to simul-
taneously convert several energy 
sources into electricity. By com-
bining several types of harvesters 
in one, these researchers aim to 
ensure that efficiency is not lost 
and, also, that synergies between 
the different phenomena are crea-
ted and that they can function as 
multi-source harvesters.

“The project proposes to com-
bine efficiency and versatility in 
an all-in-one solution for multi- 
source energy harvesting, based 
on the nanoscale design of multi-
functional materials,” adds García. 
“The goal is to build nanoarchitec-
tures for energy harvesting throu-
gh photovoltaic (light), piezoelec-
tric (deformation), triboelectric 
(friction) and pyroelectric (tempe-
rature) effects, while minimising 
the environmental cost of their 
synthesis,” he says. Using these 
technologies could help offset our 
current dependence on lithium 
batteries, which currently power 
most portable devices but provide 
a very limited energy source.

High-purity hydrogen and    
decarbonisation

Hydrogen-based technologies 
are one of the great promises for
driving the energy transition to- 
wards renewable energy sources. 
Researcher Alma Capa (aged 29), 
at the INCAR (Carbon Science and 
Technology Institute), is studying 

By Agathe Cortes and Alejandro Parrilla

Just imagine a type of tech-
nology that enables you to 
power your smart devices 
by recovering residual ener-

gy from the environment,” says 
Xabier García (aged 25), a PhD 
student at the ICMS (Institute of 
Materials Science in Seville). This 
is the energy generated by the 
lights in your office, your random 
body movements while reading 
this journal, or by small tempera-
ture changes when you breathe 
in and out, or go for a walk. This 
technology is in its infancy, but it 
holds promise for the future.

“The energy is already there, 
all around us. We just have to trap 
it and make generators to a scale 
that reaches the power neces-
sary to be able to work the most 
powerful devices,” says the re-
searcher. García is working on the 
European 3D Scavengers project, 
funded with 1.4 million euros, to 
develop a technology that is able 
to power from the residual heat in 
the environment. “It’s clean ener-

gy that was being totally wasted”.
“In this project we are mainly 

looking at systems that consume 
very little power but this can be 
really useful when connected to 
the Internet of Things [the digital 
interconnection of everyday ob-
jects with the internet],” he adds. 
For example, it could be applied 
to wireless sensor networks to 
monitor the air in cities or the 
structural stability of buildings 
and large infrastructures, without 
the need for using and recharging 
batteries. Or in wearable devices, 
such as smart shoes, T-shirts or 
bracelets that monitor our move-
ments or our state of health.

Xabier García’s work is one of 
several projects being undertaken 
by dozens of young researchers 
who are training and specialising 
at the CSIC, with the aim of ob-
taining cleaner, safer and more 
efficient energy, in line with the 
EU’s Green Deal and the UN’s Sus-
tainable Development Goals. The-
se PhD students are working on 
new materials and processes to 
improve energy storage, renewa-

“We cannot 
conceive the energy 
transition without a  
circular economy”

hydrogen production tech- 
nologies with integrated CO2  
capture. As part of the BioGas2H2 
project, funded by Spain’s 
National Research Plan for 
Science, Technology and 
Innovation, she aims to produce 
high-purity hydrogen from 
biogas, using a catalytic process 
that also captures CO2 simul-
taneously.

The process, known by its 
acronym SESR (Sorption Enhan-
ced Steam Reforming), is a simul-
taneous CO2 capture and refor-
ming process. Basically, biogas 

Oxel Urra (ICV) is  
improving batteries 
by developing 
graphene electrodes 
obtained by additive 
printing

Researchers Oxel Urra (ICV), Paula de Navascués (ICMS) and Alma Capa (INCAR).  / CSIC
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industrial sectors, such as chemis-
try and transport, among others.

Plasma reactors to obtain 
hydrogen

Technologies for obtaining clean 
hydrogen include another promi-
sing source: plasma technology. 
Researcher Paula Navascués 
(aged 27), at the ICMS, is studying 
the application of plasma reactors 
to obtain ammonia, an energy ca-
rrier that can store hydrogen for 
use whenever and wherever it is 
needed, or to produce hydrogen 

directly from ammonia or metha-
ne molecules.

“Plasma is a unique state of 
matter,” explains Navascués. It ba-
sically consists of an ionised gas, 
made up of atoms or molecules 
that have generally lost electrons 
and, therefore, they have an elec-
tric charge, as well as other highly 
reactive particles such as electrons 
and radicals. Plasma is extremely 
conductive electrically and is also 
sensitive to the application of 
magnetic fields. “Lightning and fire 
are examples of plasma,” she adds.

“Atmospheric-pressure plas-
ma reactors provide a promising 
alternative for carrying out che-
mical processes, which otherwise 
require high pressures and tempe-
ratures in the traditional chemical 
industry,” explains Navascués.

Thus, small reactors arranged 
in series, operated at atmospheric 
pressure and room temperature, 
can produce high value-added 
substances such as hydrogen. 
“Thanks to the high-energy elec-
trons in the plasma, it is possible 
to break down the ammonia or 
methane molecule (which could 
subsequently be manufactured 
using the same technology) and 
obtain hydrogen under ambient 
conditions,” she tells us.

This technology is ideally sui-
ted to be coupled with renewable 

energy sources, as it works with 
electricity that can be obtained 
using wind, photovoltaic or solar 
thermal sources, for instance.

“Personally, what motivates 
me most about working on this 
research issue, focusing on plasma 
to obtain hydrogen, is its applicabi-
lity in the short and medium term, 
and also that it can contribute to 
the energy transition in Spain,” she 
adds.

Filaments to store energy

A central challenge posed by re-
newable energy sources, which 
are highly intermittent, is the need 
to store energy during production 
peaks so as to enable its use when 
there is a shortage. Researcher 
Oxel Urra (aged 27), from the ICV-
CSIC (Institute of Ceramics and 
Glass), has focused his research 
on batteries and energy storage 
systems. Explicitly, “on improving 
electrode manufacture and con-
formations to enable the scaling 
of energy storage systems without 
overlooking device performance 
optimisation”.

Urra’s research addresses the 
development of graphene and 

polylactic acid filaments with a 
high load of inorganic particles, a 
material that is highly conducti-
ve and enables the production of 
highly efficient battery electrodes. 
His project aims to produce them 
through 3D printing. “Using these 
filaments, we can make a more 
specific and efficient conformation 
of the manufactured components, 
enhancing the functionalities we 
are interested in, depending on the 
final application of the device,” ex-
plains this PhD candidate.            
3D-printing and additive manufac- 
turing technologies are disruptive 
technologies, which are already 
widely integrated in industry.

From corn to fuel

Another pillar to support the ener- 
gy transition is the use of biomass 
(dry plant or lignocellulosic waste) 
to obtain green biofuel and renew- 
able chemicals. PhD researcher 
Noemi Gesteiro (aged 25), from the 
MBG-CSIC (Biological Research 
Centre of Galicia), studies crop 
waste products to produce 
lignocellulosic ethanol (a type of 
biofuel). Gesteiro is convinced that 
lignocellulosic ethanol derived 

from the waste of fast-growing 
crops is poised as “a relevant       
option” for the green transition, 
and in particular for the transport 
industry.

Gesteiro explains that lignoce-
llulosic feedstock, the most widely 
available, is generated from corn, 
as this crop is the most extensively 
grown and produced worldwide. 
“However, we must ascertain that 
while this crop undergoes im-
provement to obtain greater and 
more efficient ethanol production, 
it does not simultaneously have a 
greater repercussion on herbivore 
susceptibility,” she warns.

Gesteiro aims to build genotypic 
prediction models for quantity and 
quality of crop waste for ethanol 
production, and then determine 
whether these models are 
effective. She points out that the 
use of bioethanol as a fuel is not 
new, as it was already used in the 
last century in the first affordable 
cars, such as Henry Ford’s so-
called Model T, for example, and 
some cars even ran on peanut oil. 
“But we want to optimise this pro- 
cess so the bioethanol has a higher 
yield and competes economically,” 
says Gesteiro. 

TRAINING TRAINING

Xabier Garcia, 
from the ICMS, is 
working on a project 
to harvest ambient 
energy, produced 
by office lighting or 
temperature changes 
sparked by breathing, 
to power sensors or 
smartphones

Researchers Noemí Gesteiro (MBG) and Xabier García Casas (ICMS).  / CSIC

Plasma reactor. / ICMS

Fossil fuels and even the me-
tals needed for the energy transi-
tion are limited, so the potential 
hidden in waste must be harnes-
sed. “It is impossible to conceive 
the energy transition without the 
circular economy,” she says.

Alma Capa chose the CSIC 
because it gave her the chance to 
go abroad during her PhD studies 
and enrich her professional career. 
Now she is in the UK, working 
in a pilot plant that applies SESR 
technology to produce what is 
known as blue hydrogen. “It’s rea-
lly interesting to see how they are 
building this plant and will be able 
to apply the knowledge gained 
studying biogas, bio-oils or other 
renewable materials in order to 
boost their application in SESR 
processes,” she adds.

Capa’s research group investi-
gates the application of renewable 
raw materials in the SESR process 
in both fixed-bed and fluidised-bed 
reactors, and also carries out si-
mulation work for the design of 
self-thermal processes, i.e., proces-
ses that are energetically self-     
sufficient. High-purity hydrogen is 
produced by shifting the chemical 
balance achieved by capturing CO2 
in-situ, in a process that is neutral 
in terms of energy requirements 
and CO2 emissions. This renewable 
hydrogen could be used in various 
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Q: Why do we need gas if we 
have other energy sources?
A: In Spain there are 112 gigawatts 
(GW) of electrical power installed 
to cover a demand that peaked 
at 45 GW in 2008 and has been 
falling ever since: it is currently 
equivalent to 30 GW. We need to 
have a certain degree of redun-
dancy in electricity generation, 
because the sun does not always 
shine nor does the wind blow 
continuously; even nuclear power 
plants have to be shut down from 
time to time for recharging or in-
cidents. But with 70 or 80 GW of 
installed capacity we can cover 

Q: Why do we use this system?  
A: Because economists say it 
encourages the emergence of new 
technologies that are cheaper than 
the most expensive ones, so the 
latter will be replaced, achieving  
rapid technological progress. They 
think that the set of technologies 
and energy sources ar  
this is not true. In the real world, 
the marginal cost pricing system 
means that when a raw material 
such as gas becomes scarce, the 
price goes through the roof. This 
system is implemented through 
European regulations, which Spain 
cannot change on its own.
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T he phone in Antonio 
Turiel’s (b. León, 1970) 
office at the ICM keeps 
ringing. Why? The 

shortage of materials and the 
energy crisis. Journalists, 
companies and administrators 
want to consult him, especially 
since he appeared before the 
Ecological Transition 
Commission in the Senate to talk 
about the challenges of a sustain-
able energy transition. He did so 
as a Doctor in Theoretical Physics 
and an expert in energy resourc-
es; he is also a mathematician and 
oceanographer. In his speeches, 
as well as in his blog The Oil 
Crash and the book Petrocalipsis, 
he portrays a complicated scenar-
io: fossil fuels (oil, coal and gas) 
have begun to run out or are about 
to do so, and renewables cannot 
replace them under the current 
model. He believes that technolo-
gy will be unable to cope with the 
situation if we do not give up the 
idea of continuous growth. 

Question: Microchips, fuel...  
Why does everything seem to be 
running short?
Answer: The most relevant factor 
is energy. A barrel of crude oil 
costs about 85 dollars, it is a high 
price, but not a price breakout. As 
we are still far from reaching 120 
dollars, which is considered a 
price that bankrupts the global 
economy, people do not think of 
oil as the cause of this situation. 
But this is a mistake, because we 
do not use crude oil, we use oil-
based fuels, and it is diesel that is 
in short supply.

Q: Why is it scarce?
A: Because conventional crude oil 
peaked in 2005. Production has 
not increased for 16 years and has 
started to decline. To make up for 
this, we have extracted other sim-
ilar liquid fuels, but they cannot 
do the same thing. That is why 
we reached the peak in diesel 
production in 2015 and in 2019 
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dous chain of interactions because, 
for example, gas has an impact on 
the price of electricity.

Q: How come?
A: In Spain, we use a marginal 
cost pricing system on the whole-
sale market, where trading com-
panies buy gas. In other words, 
electricity is paid for, per kilowatt 
hour (kW-h) produced, at the price 
of the most expensive kW-h at 
any given time. The most expen-
sive technology tends to be    
combined-cycle power plants, 
which use gas, and the price of 
gas has now skyrocketed. 

tion started to drop and 
now it is crashing.

Q: Is this affecting the economy 
as a whole?
A: Diesel is the lifeblood of the sys-
tem. It drives our trucks, bulldoz-
ers, tractors and ships. Ships now 
need a type of fuel that competes 
with diesel as it falls in the same 

 
this has contributed to a tenfold 
increase in the cost of maritime 
transport since last year.

Q: What about gas?
A: Gas is expected to peak between 

2020 and 2030. But Europe has 
already reached the peak in sup-
ply, because gas is not as easy to 
transport as oil. The producers that 
supply it to us overland, Algeria 
and Russia, peaked 10 years ago 
and their domestic consumption is 
still growing, so their exports are 
falling. The pipeline from the 
Middle East brings a lot of gas, but 
has its limitations, so the rest has 
to come by ship, and that requires 
really expensive facilities. That is 
why gas imported by ship is three 
or four times more expensive. The 
gas price problem is here to stay. 
This situation sparks a tremen-
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ANTONIO TURIEL PHYSICIST AND MATHEMATICIAN

 “Materials scarcity 
puts the energy  
transition at stake”
Researcher at the ICM-CSIC (Institute of Marine 
Sciences) explains the fossil-fuel peak and the 
di�culties in  implementing renewable energies

By Eduardo Actis and Ana Iglesias



an average demand of 30 GW. And 
yet we have to continually resort 
to gas. How come? The explana-
tion is highly technical, but very 
interesting. Not only do we have 
the issue of the intermittency of 
renewable energy sources, but also 
the problem of current stability. 
People tend to think of electricity 
as a liquid. But electricity does not 
flow, it is a wave that oscillates 50 
times per second. The important 
issue here is to keep all the sys-
tems producing electricity per-
fectly synchronised. They all have 
to go up and down at the same 
time. When you have renewable 
systems spread over a very large 
territory, achieving that synchrony 
is really complicated. If everything 
is not perfectly synchronised, you 
start to generate wave fronts. Just 
imagine two girls who can’t agree 
on how to move a skipping-rope. 
When one goes up, the other goes 
down and the one in the middle 
gets slapped.

Q: Aren’t renewables the solution 
to fossil fuels peaking?
A: I have no doubt that we are 
going to replace fossil-based 
energy with renewables. What 
is debatable is the current 100% 
renewable-energy model and the 
idea that we are going to produce 
the same amount of energy with 
renewables as we consume now-
adays. Renewables can produce 
lots of energy, but perhaps not 
as much as we consume today. 
Anyhow, renewable energy may 
be sufficient to meet the real 
demands of people worldwide 
but our lifestyles would have to 
change, and it might even be pos-
sible to improve living standards. 
However, the model of electric 
renewables being proposed today 
has three serious drawbacks. The 
first is that there are limitations 
to the amount of energy that can 
be extracted from our planet’s 
energy flows. Apparently, the en-
ergy reaching us from the sun is 
almost 10,000 times all the energy 
consumed by humankind annual-
ly, but the truth is that this energy 

is highly dispersed. The maxi-
mum that can be extracted with-
out disturbing the planet’s natural 
cycles is only about 0.04%. This is 
four times the current energy con-
sumption, but there is no scien-
tific consensus on the maximum 
amount extractable from renew-
able processes. Basically, there are 
two positions: those who estimate 
we can produce half of what we 
consume today, and those who 
think we could produce about five 
times as much.

Q: Which do you think is on the 
right track?
A: I side with the low end of 
the spectrum because I find the 
physics-based arguments more 
convincing. If we were to take the 
most optimistic scenario as valid, 
the economy would at some point 
have to come to a standstill. If 
we take into account that energy 
consumption over the last de-
cades has doubled every 30 years, 
we would reach the peak before 
the end of this century. This is the 
first problem, the potential is lim-
ited and puts paid to the idea of 
economic growth in a short peri-
od of time, some 60 or 70 years.

Q: What is the second drawback 
of renewables?
A: The one that I see as the most 
serious is their dependence on 
fossil fuels and on scarce materi-
als. On the one hand, to date not 
a single hydroelectric dam, wind 
turbine or photovoltaic panel has 
been built in such a way that 
its manufacturing, installation, 
maintenance and decommission-
ing processes are fossil fuel-free. 
No one has managed to do all this 
with renewable energy alone be-
cause it is unclear whether it can 
be done. Maybe it could be done 
in a technical feat, but we would 
probably use more energy than 
the system would give back to us, 
so we would have an energy sink 
rather than an energy source. On 
the other hand, we do not realise 
that materials we take for granted, 
like cement and steel, are critical-
ly dependent on fossil fuels.

Q: Isn’t research underway to 
gain independence from fossil 
fuels?
A: Nobody is addressing this 
problem seriously because it is 
insurmountable. It is unproven 
that these systems can be made 

without fossil fuels. In fact, some 
authors state that the current 
renewable systems, the electric 
ones, are just extensions of fos-
sil fuels. Obviously, they have a 
smaller carbon footprint, they 
emit less CO2 per unit of energy 
produced, but without fossil-
produced CO2 they cannot be put 
into operation.

Q: What about scarce materials?
A: There are many materials that 
would run out if the whole world 
made the energy transition to 
renewables. The latest report from 
the International Energy Agency 
says that to meet decarbonisation 
targets, annual lithium production 
would have to increase by a fac-
tor of 100 by 2050 and cobalt and 
nickel by 40. Moreover, current 
reserves have to be taken into 
account. Based on the known and 
probable reserves of critical mate-

rials, Alicia Valero (University of 
Zaragoza) lists a dozen materials 
that are insufficient for such a 
transition: neodymium, lithium, 
silver, platinum, cadmium, man-
ganese, copper, zinc, lead...

Q Isn’t it possible to substitute 
these materials?
A: Sure, but you lose both efficien-
cy and performance. And you 
have to take into account that 
Spain imports all these materials. 
The materials crisis is holding 
everything back, it is putting the 
transition to an electric renewable 
model at stake.

Q: Can’t we use these materials 
more efficiently?
A: Companies are making chang-
es to become more efficient. This 
will lead to improvements of 10 or 
20%, sometimes even 50% in very 
inefficient industries, but it cannot 

be done indefinitely. Economists 
can’t get it into their heads that 
efficiency cannot be increased ad 
infinitum. It isn’t possible to reach 
a point when you don’t need any-
thing. There are material, physical 
and thermodynamic limits.

Q: What is the third problem   
facing renewables?
A: They are geared towards gen-
erating electricity, and while 
electricity is energy, not all energy 
is electricity. Globally, electricity 
represents approximately 20% of 
all final energy uses; in advanced 
countries, a little more. It is very 
difficult to electrify the rest. We 
are taking it for granted that we 
are making a transition to a mod-
el that is not only 100% renewable 
but also 100% electric. This is not 
at all clear.

Q: Can hydrogen be used as fuel?
A: Electrolysis is a process that 
uses electricity to separate hydro-
gen from a water molecule. But 
the key lies in process efficiency. 
It is commonly stated that the ef-
ficiency of electrolysis is 80-85%, 
but that figure is based only on 
considering the electricity used, 
but not the energy consumed by 
heating the water to 80º C first. 
If we look at the total efficiency 
of the best electrolysis plants, it 
is 53%. Hydrogen is the only rea-
sonable alternative for engines in 
trucks, excavators, heavy machin-
ery, tractors, boats and planes. 
They cannot work with batter-
ies, because the volume energy 
density is too small: in a truck 
travelling at 80 km/h with a nor-
mal autonomy range, the battery 
would take up 80% of the load. 
Hydrogen stored at a certain pres-
sure has an energy density that 
is not great, but it is not as bad as 
that of batteries.

Q: But it has problems too,  
doesn’t it?
A: Yes, you could burn hydrogen 
directly in a fuel engine, but with 
an efficiency of 15%. After losing 
50 per cent in electrolysis,
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We will replace fossil-based energy with 
renewables, but it is debatable whether the 
same amount of energy can be produced”

Oil production has not 
increased for 16 years 

and has started to drop, 
warns Turiel. / PIXABAY
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transforming energy from one 
type to another, there is always a 
loss in the form of heat, and these 
losses increase proportionally 
with the number of different  
energy types used.

Q: Have we reached a critical 
point in time?
A: Yes, the next five years are de-
cisive because the effect of divest-
ment by oil and gas companies is 
already becoming evident. This 
anticipates a drop in production 
that is already being reported by 
the International Energy Agency. 
We are at a highly volatile point 

because of the complexity of the 
interactions. Politics has a lot to 
do with this. Depending on the 
decisions taken and measures 
adopted, the future may be very 
bad or much better. It is vitally 
important to understand that we 
have to act now and if something 
does not work, correct it quickly.

Q: You say that the energy crisis 
prevents infinite growth.
A: Humankind faces several prob-
lems related to sustainability, not 
just the depletion of energy sourc-
es and materials, but others like 
climate change, pollution from 

plastics and heavy metals, poor 
air quality, soil degradation... All 
these problems have a common 
origin: a fast-tracked economic 
system that leads to infinite and 
exponentially rapid growth on 
a finite planet. We are altering 
the biosphere and its capacity 
to sustain us, and that can lead 
to self-destruction. When I ar-
gue with economists, they say: 
“you don’t take into account that 
technological progress wields 
improvements in the efficiency 
of material usage.” And I tell them 
that all studies show that efficien-
cy is useful, but it is not infinite.

Q: Do we need to change our 
ideas about the economy?
A: Kenneth Boulding said that 
humanity has to switch from 
the “cowboy model” with its 
never-ending green prairie to 
the “Spaceship Earth model”, in 
which many are growing but 
have limited resources. There are 
7,900 million of us and we have 
to learn to manage our waste, 
recycle it and close the circle 
because we are on an isolated 
spaceship in the middle of the 
cosmos. Our economic system 
has been built over the two cen-
turies of expansion since the 
industrial revolution. But now 
the materials on which it was 
founded are running out, both 
in terms of the inputs required 
(energy source materials and raw 
materials) and because of the 
waste generated, causing prob-
lems such as climate change. We 
have to accept that the phase of 
expansion is over. Capitalism is 
just another phase in the histor-
ical evolution of humanity. We 
do not have to destroy it, but we 
must overcome it, to mature. If 
we insist on continuous growth 
in a scenario where it is impossi-
ble, we will crash.

Q: What role does science play in 
this scenario?
A: Our societies believe in the 
widespread myth of progress, 
meaning that the place which 
used to be occupied by religion 
in society is now taken by sci-
ence. This seems dangerous to 
me, because science is not a reli-
gion, it is something completely 
different. It has indeed made us 
progress, but it has also warned 
us about our limits. Not just exo-
systemic limits, but also that 
we cannot go beyond the speed 
of light or prevent entropy from 
growing. In neoliberal discourse, 
this aspect of science vanishes. 
Science appears only as the pro-
vider of salvation, the solver of all 
problems. But science also tells 
us there are some things that just 
cannot be done. 

Nobody has 
managed to build a 
hydroelectric dam, 
a wind turbine or a 
photovoltaic panel 
without using fossil 
fuels”

A feasible energy model 
would be one that produces a 
certain amount of electricity, 
but in which the main use of 
renewables is not electricity, 

says Turiel.  / PIXABAY

you have an efficiency of 7.5 per 
cent, which is nothing. That is 
why fuel cells are used. The good 
ones have an efficiency of 50%, 
which is fine, but they contain 
platinum, which is one of the ma-
terials we are running out of. Be-
sides, fuel cells produce electricity 
at a constant rate, so this process 
uses a lithium or cobalt battery 
and then drives an electric motor, 
which uses neodymium and dys-
prosium. Therefore, a hydrogen 
engine is basically still an electric 
motor; with a smaller battery, yes, 
but one that needs all these scarce 
materials. Moreover, the battery 
implies losses of 50%. Added to 
the 50% lost in electrolysis, this 
results an efficiency of 25%. Put-
ting hydrogen in the tank at 700 
atmospheres is quite a substantial 
energy cost. This implies losses of 
10-15% of the original energy. In 
addition, the efficiency of the 
electric motor is not perfect and 
the hydrogen leaks out of the tank 
progressively, so the total losses 
are 90% or more. This is typical 
for a current hydrogen engine.

Q: Isn’t there any room for im-
provement?
A: Yes, probably, but the losses 
will be 80%, which is not very 
good either. Hydrogen technol-
ogy is very immature, not to say it 
will ever be mature. The latest 
working group III report by the 
IPCC [Intergovernmental Panel on 
Climate Change] states that 
hydrogen technology is not yet at 
the point of use. The summary 
addressing the problems with 
renewables says that they have 
limited potential; they depend on 
fossil fuels and rare materials; 
and they are geared to producing 
elec-tricity, which entails the 
problem of conversion.

Q: So, what would be a feasible 
model?
A: A model where a certain 
amount of electricity is produced, 
but where the main use of renew-
ables is not to generate electric-
ity. Whenever there is a process 
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