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How were the technologies selected?

Currentefforts to limit globalwarmingto 2 degreesabovepre-industriallevels,asagreedin 2015at the

COP21 in Paris,are insufficient.

The IPCC2021 report τ like all other forecastingefforts τ makesno mention of possiblebreakthrough
technologieswhich couldemergeand speedup our pathwayto carbonneutrality. Onecouldconsiderthis a
conservativeapproach,justified by the hugedifficulty of predictingthe next technologybreakthroughsand
their potential.

In this EmergingSustainableTechnologies2021documentwe presenttopical areaswe think will offer non-
trivial benefitsfor this transition. ENGIEdoesnot onlykeepa closeeyeon their developmentbut alsohasthe
ambition to help bring someof thesetechnologiesto the market at an increasedpacethrough piloting and
demonstrating.

Howdid we selectthesetechnologies?We havetried severalmethodsto pick them in anΨƻōƧŜŎǘƛǾŜΩmanner
usingquantitative indicatorssuchas the number of publicationsand of patents,mentionsin other reports
and in pressreleases. However,we havenot found any one quantitative method that wassatisfyingon its
own.

In fact,usingΨƻōƧŜŎǘƛǾŜΩquantitativemeasuresresultsin mostlydigitalsolutionsdominatingthe selectiondue
to the enormouswork beingcarriedout worldwideon our digital transformation. If ENGIEadoptedthe same
approachwe would, in effect,all be reportingthe sameandaddlittle value.

Instead,we decidedto trust the insightsof our ENGIEexpertsin a wide variety of domainsto compilethis
selection. This approachimplies a degreeof subjectivity, reflecting our unique ENGIEexpertisein game-
changingscientificandtechnologicaltrendsin energy-relatedactivities.



4Emerging Sustainable Technologies

Dr. Jan Mertens,
Chief Science Officer @ENGIE,
Visiting Professor @Ugent

Dr. Elodie Le Cadre Loret,
Lead Science Advisor @ENGIE

What happened to thetechnologies featured in previous reports?

Forthe first time this year,we lookbackat technologieswe highlightedin previouseditionsof this report.

A qualitative evaluation is given basedon our ŜȄǇŜǊǘǎΩinsights into the technologiesthat are constantly
evolving. In this secondpart of the report, we illustrate how manyof thesetechnologieshaverapidlygained
in maturity, enhancingtheir potential to speedup our pathwayto carbonneutrality andprovethe roadmaps
wrong.

Others,meanwhile,either mature at a slowerspeedor fail to live up to the expectationsthey raisedat the
timeτ a reminderhow notoriouslydifficult it is to accuratelyevaluatethe potential of new technologies. It
alsomeanswe haveto be readyto changedirectionif earlyhopesarenot fulfilled.

No technologyhas the potential to rise to this challengeon its own. It is therefore essentialto explorea
varietyof solutionsrelatingto energyproduction,transport,storageanduse.

Thechallengeis alsotoo vastfor a singleperson/company/sectorto handleon their ownτworkingtogether
iskey.

Themainpurposeof this documentis to help inspirea new senseof collaborationbetweenall the playersin
this hugelyimportant endeavour.

Disclaimer: pleasenote that the incorporation of a certain technology does not imply that it is part of
9bDL9Ωǎstrategytowardscarbonneutrality.
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Natural hydrogen



Natural hydrogen 8Emerging Sustainable Technologies

o The Earthisat the heartof iron oxide 
redox reactionsbetweenferrous
mineralsand water percolatingin the 
subsurface to generateH2 via 
serpentinizationreactions.

Water playsa key role in the natural hydrogencycle

Hydrogenemissionsfrom rocks containingferrous
mineralsin an onshore bassin [1] (seeabove) or 
alongmedio-oceanicridges [2] (seebelow).

A REDOX REACTION BETWEENMINERALS AND WATER CAN PRODUCE H2

Olivine and/or 
Pyroxene

(Oceaniccrustmineralsor 
intracratonicintrusions)

+ Water Serpentine + Hydrogen + Magnetite

Heatfrom geothermal
gradient

o Natural hydrogenleakagesare estimated
by extrapolation at severalMt/y (same
orderof magnitude as current
annualhydrogenconsumption~70 Mt/y).
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Source [3]
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Monitoring allows a more precise 
evaluation of the quantity of H2 released 
at surface level by structures known as 
fairy circles. Quantity is estimated at 
several hundred of kilos per day 
confirmingthe high H2 potential of the 
São Francisco basin [4]. Researchers are 
still working to understandthis 
phenomenon [5].



Natural hydrogen 11Emerging Sustainable Technologies

o Researchprograms are necessaryin order to better
understandmechanismsand model eachbrick.

o Need to participatein practicalprojectsto 
demonstratepotentialand get a global vision of 
accumulation mechanisms.

Advantages Challenges to overcomethrough:Challenges

o Hydrogengenerationand potential trappingneedsto 
bebetter understood(TRL 3-4).

o The hydrogensystem still needsto beprovenby 
drillingwells.

o Rates and volumes maynot beeconomical(TRL 3-4).

o Continuousproduction: hydrogencouldbeproduced
continuouslywith large volumes permanently
replenished.

o Dedicatedsensorshave been developpedto identify
prospective areas (TRL 7-8). Existinggeophysicaldata 
isoften usedto makethe link with the subsurface 
(TRL 9).

o Exploration & Productiontoolsand technologies can 
bereused(TRL 9).

o Low costonshore and low carbonproduction.

o Low footprint on the ground.
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PV everywhere:
the eraof integrated
Photovoltaics(X-i-PV)
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o When solar PV modules are installed on windows, walls, 
agriculture, light-roof structures etc. requirements other 
than efficiency need to be taken into account: weight, 
flexibility, colorΣ ǘǊŀƴǎǇŀǊŜƴŎȅΧ

PRICES DIVIDED BY ALMOST 5 
IN THE LAST 10 YEARS

X-i-PV

Floating PV

o A photovoltaic installation mounted on a floating structure

Vehicle integrated PV (VIPV)

o A PV installation integrated into the vehicle, 
connected to electric loads or batteries in electric 
vehicles 

Infrastructure integrated PV (IIPV)

o Refers to embedding solar power in 
infrastructures such as: noise barriers, 
carports, streetlights etc.

Building integrated PV (BIPV)

o PV used to replace conventionalbuilding 
materialsin parts of thebuilding envelope
such as the roof, skylights, windows or facades

Agri PV

o PV combined with standard 
structures (e.g. greenhouses)

o Intensify the land use 
(cropsharvesting and energy 
generation)

Price development for PV Rooftop Systems in Germany (10kWp ς100kWp) [6] Sources [7], [8], [9], [10], [11]

https://www.youtube.com/watch?v=SEQuxq8KWiE&list=PLiVbl5RHtOSKzRXjYgByC7RpBgC7jY1YE&index=48
https://www.youtube.com/watch?v=5SAlbk1dI5Q
https://www.youtube.com/watch?v=bI2mRnL41_M
https://www.youtube.com/watch?v=PG5kcHsEPE0
https://www.youtube.com/watch?v=lnEPjJBBjFg
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ADVANTAGES

ÅLessen the competition for land use between 
growing food and generating energy in densely 
populated areas [12]

ÅCreate favorable environments for crops (shade, 
temperature, humidity conditions) [12]

ÅBring additional revenues to farmers at marginal cost 
either thanks to electricity generation (self 
consumption), crops (quality/quantity), land lease or 
free / less costly equipment [12]

ÅNew opportunities to produce solar energy in countries with a high 
population density and where competition uses for land is rife [13]

ÅAttractive in combination with hydropower assets as both 
technologies can benefit from each other: grid connection already in 
place, reduction of evaporation, complementary production 
ǇǊƻŦƛƭŜΧώмоϐ

ÅSynergies between fresh water and PV: the cooling effect of water 
can boost the energy yield, reduction or elimination of panel 
shading, elimination of the need for major site preparation (leveling, 
foundations etc.) [13] [14]

ÅThanks to advantageous regulations, the BIPV market is 
expected to grow by an average of 2.7% per year [15]

ÅNumerous aesthetically appealing products have been 
launched (semi transparent, colored PV, flexible etc.) [16]

ÅMitigation of the timing imbalance between supply and 
demand of electricity thanks to BIPV façade oriented 
towards east or west [17]

ÅBring additional revenues at marginal cost thanks to 
integration on existing envelope functionalities. 

CHALLENGES

ÅMajor module manufacturers do not yet market 
modules of a suitable size and efficiency for Agri PV 
systems [12]

ÅPossible higher price due to its innovative nature; 
specific regulatory frameworks are needed to 
support its development [12]

ÅSoiling from products, components, and fertilizers 
used in agricultural activities could impact the 
durability and power production [12]

ÅNeed for specific floating PV test for drinking-water compatibility, 
wind resistance of platforms etc. International certifications are 
lacking [13]

ÅO&M more complex compared to conventional PV (electrical circuit, 
cleaning due to possible soiling caused by birds) [13]

ÅDifficulty of implementation in the sea where water surface 
conditions are much rougher [13]

ÅToday, BIPV is a niche market [18]

ÅPV modules lose efficiency as temperature increases, special 
care should therefore be taken regarding façade ventilation 
[19]

ÅBIPV projects require advanced collaboration between 
building stakeholders: PV, architects, construction and real 
estate sectors [15]

AGRI PV FLOATING BIPV
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Flagship commercial projects*

* This isa non-exhaustive selectionof examplesof recenttechnologydevelopmentsand achievments.

Largestfloating PV in 
Belgiumdevelopedby ENGIE
Sibelco: 7MWp 17256 
modules, construction 
completedin 2019 [22]

BiggestAgri-PV plant
640 MW solar park in 
the BinheNew District, 
combined with goji 
berry production [25]

First commercial floating PV
Completed in 2008,
175 kWpin the Far Niente 
Winery [13]

ENGIE BIPV demonstrators
o Linkebeekin 2017, 2.37 kWp, first 

integration of OPV into glass [20]
o Zwijndrechtin 2018, 40m² of 

organic façade BIPV [21]

World largest
floating plant
Hangzhou Fengling
solar floating farm. 
Completed in 2020, 
320 MW [26]

FiskerKarma
2011, first mass 
production of a car with a 
120W solar roof [27]

LargestBIPV façade
Mumbai, CtrlsData 
Center, 800 kWp
completedin 2019 
[24]

Largestbifacial noise barrier
Along the A50 in the 
Nederlands, 400m long [23]

Carport by ENGIE
Completed in 2016,
13,5 MWp in Rivesaltes[28]
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Countries with significant X-i-PV projects

Floating 
PV Agri PV BIPV IIPV VIPV

Europe 

Austria

France

Germany

Italy

The Netherlands

Norway

Portugal

Spain

Scandinavia

Sweden

Switzerland

Turkey

United Kingdom

North 
America

Canada

United States

Floating PV Agri PV BIPV IIPV VIPV

Asia

Australia

China

India

Indonesia

Israel

Japan

Malaysia

Maldives

Republic
of Korea

Singapore

Sri Lanka

Taiwan

Thailand

Vietnam

Latin 
America

Brazil

Panama

Africa Tunisia
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Road to 30%
efficiencyPV cells
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SILICON SOLAR CELLS ARE LEADING
THE MARKET

The rapid increase in overall photovoltaic 
electricity production has been facilitated by the 
declining cost of silicon-based solar cells [29]. 

Cell Efficiency Trend in Mass Production, current and roadmap [29] [31]
Trend: shareof cell technologies [30] [31]

T

SIGNIFICANT IMPROVEMENT
OF THE EFFICIENCY

During the last decade, solar PV has seen a 
substantial improvement in efficiency: from 
16% in 2010 to 22% in 2021. The efficiency 
value of silicon solar cell is moving towards the 
maximum achievable limit of 29.2% [29]

COMPETITIVE MARKET FOR NEWCOMERS

Due to its technological maturity, its 
prominence in the microelectronics industry 
and its cheap cost, Silicon based technology is 
a difficult supply chain to challenge. 

In the future, perovskite cells will 
possibly challenge silicon solar cells. 
Significant commercialization is not 
expected before 2025
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CONCENTRATED PV

o Integration of tiny, highly efficient, 
multi-junction cells on top of standard 
silicon panels.

o Use of micro-lenses and micro-
ǘǊŀŎƪŜǊǎ ǘƻ ǘǊŀŎƪ ǘƘŜ ǎǳƴΩǎ ǇƻǎƛǘƛƻƴΦ 

o Measured efficiency of 29%.
[32] [33] [34] 

TANDEM PEROVSKITE SOLAR 
CELLS

o Layer of perovskites absorb only the 
high-energy blue end of the spectrum 
that silicon cells are unable to capture 
[29].

LIGHTWEIGHT PV

o Weight: 1-10 kg/m2 as opposed to 
12- 15kg/m² for standard PV.

o Encompasses several technologies: 
organic PV, Silicon, CiGSetc.

o Different approaches exist such as 
replacing the glass with lightweight 
polymers. [16]

THERMORADIATIVE 
PHOTOVOLTAICS

o ώорϐ ǇǊƻǇƻǎŜǎ ŀ άƴƛƎƘǘ ǘƛƳŜ ǇƘƻǘƻǾƻƭǘŀƛŎ 
ŎŜƭƭέ ǘƘŀǘ ǳǎŜǎ ǘƘŜ ŜŀǊǘƘ ŀǎ ŀ ƘŜŀǘ ǎƻǳǊŎŜ 
and the night sky as a heat sink.

o [36] demonstrated a similar device that 
can produce 25mW/m² (for 150 W/m2 for 
silicon) at night using a thermoelectric 
module that radiates heat towards the 
extreme cold of space. 

Illustration of the concept of a tandem 
perovskite-on-siliconcell

IŜƭƛŀǘŜƪΩǎlightweightPV modules on ENGIE 
[ŀōƻǊŜƭŜŎΩǎbuilding, Linkebeek, Belgium Description of the concept [37]

https://www.youtube.com/embed/S66dMviMC_0
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CONCENTRATED PV TANDEM PEROVSKITE SOLAR CELLSLIGHTWEIGHT PV THERMORADIATIVE PV

ADVANTAGES

ÅAssembly of technological mature 
bricks in an innovative module giving 
concentrated PV a higher module 
efficiency than tandem 
perovskite/silicon modules [34]

ÅIncreasing efficiency decreases the 
environmental footprint of PV

ÅMicro-tracking allows for a flattened 
production curve [34]

ÅHigh efficiency allowing the 
efficiency limit of silicon to be 
exceeded [40]

ÅHigh and tunable spectral 
performances [41]

ÅIntensive R&D activity which 
accelerates the development [43]

ÅPossible implementation of 
PV on unused areas/surfaces 
that require lightweight or 
flexible PV [16]

ÅAlready commercially 
available [16]

ÅHigh-cost reduction potential 
due to innovative 
manufacturing such as roll-
to-roll [16]

ÅPossible production of electricity 
during nighttime [35] [36]

ÅPV cells could be combined with 
thermoradiativecells [35]

CHALLENGES

ÅComplex technology inducing an 
overpricing and possible reliability 
issues [34]

ÅGallium Arsenide (GaAs) offers high 
efficiency, but competitive prices 
must be maintained on an industrial 
scale [34][38]

ÅGallium is listed as a critical raw 
material by the European 
Commission [39]

ÅMaturity not yet reached, 
problems with stability over the 
lifetime of the modules 
(degradation can be caused by 
environmental conditions) [40] [43]

ÅRetaining high efficiencies on an 
industrial scale and module size 
with competitive prices [40[43][42]

ÅPresence of lead in the best-
performing perovskite cells might 
require a specific recycling process 
[40] [44]

ÅEfficiency is currently lower 
than conventional PV 
modules.

ÅAdapting the best existing 
efficiencies to lightweight 
manufacturing processes 
[45]

Åϵκ²Ǉ Ŏƻǎǘǎ ŀǊŜ ǎǘƛƭƭ ƘƛƎƘŜǊ 
than standard PV [16]

ÅNew technology still in early 
research phase with a low TRL (1-3)

ÅDue to a lack of maturity, several 
different concepts currently exist 
[35][36]

ÅThe demonstrated power 
production remains low 
(25mW/m²) [36]
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Insolight
Hiperion
Efficiency: 29% [32]

Oxford PV
Record efficiency of 
29.52% efficiencies for 
perovskite/silicon 
tandem of 12cm² [46]

Stanford or UC Davis
Thermoraditative
photovoltaics 
concepts [35] [36]

Solliance
Perovskite/silicon 
tandem of 9mm².
Efficiency: 28.7% [47]

ENGIE
Test benchfor new PV 
technologies in Chile in the 
Atacama desertwhichoffers
amongthe highestsurface 
irradiance on earth [49]

Miasolé& Solliance
Perovskite/CiGS
Efficiency: 26.5% 
efficiency [48]

Panasonic
Perovskite
Efficiency:16% for full
modules of 30cmx30cm [53]

ENGIE & Heliatek
Largest lightweight OPV 
installation of 530m² in 
La Rochelle [50]

Hanergy
Silicon heterojunction 
modules of 2mx1m
Efficiency of 25.11% [52]

ENEL & CEA INES
Efficiency of 25% on 
heterojunction silicon 
cells [51]

*Theseare a non exhaustive selectionof examplesof recenttechnologydevelopmentand achievments

TRL 1-3

TRL 5-6

TRL 7-9

TRL 8-9 TRL 5-6

TRL 6-7

TRL 5

TRL 5TRL 5
TRL 6-7
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Wind Turbine Blade 
Circularity
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Wind Blade Waste is composed of valuable resources that 
should be recycled to make the supply chain even more 
sustainable

BLADE COMPOSITION
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o In five to ten years time, 
the number of 
decommissioned blades 
will be so high that it 
will be crucial to adapt 
the current waste 
processing system.

o The wind energy 
industry believes an EU 
landfill ban will 
accelerate the scaling 
up of recycling 
technologies, which in 
turn, will see the 
demand for recycled 
materials rise.

BLADE DIMENSIONSINCREASING
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Source [58]

BLADE DECOMMISSIONING KICKING IN

Source [57]
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Source [58]

FRP: Fibre-Reinforced Plastic

MATURITY OF SOLUTIONS
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STRENGTHS CHALLENGES

Thermal

PYROLYSIS

ÅPyrolysis gas/oil can be used as an energy source in 
processes or in chemicals production;
ÅEasily scaled up;
ÅMicrowave Pyrolysis: easier to control. Less damage to the 

fiber.

ÅFiber product may retain oxidation residue or char (combine with 
gasification)
ÅPotential gas leakage from waste treatment chambers

CO-PROCESSING
ÅHighly efficient, fast and scalable;
ÅLarge quantities can be processed;
ÅNo ash left over.

ÅLoss of original material form;
ÅAdditional energy needed to reach high processing temperatures
ÅEmissions of pollutants and particulate matter

GASIFICATION
(Fluidized bed)

ÅRecovery of energy and potential precursor chemicals;
ÅHigh efficiency of heat transfer.

ÅRecovery of low-quality material;
ÅEconomically viable at > 10,000 t/year;
ÅProcess-related emissions

Chemical SOLVOLYSIS
ÅRecovery of full length clean fibers;
ÅRecovery of resin which can be re-used.

ÅLow efficiency;
ÅHigh energy consumption due to the high temperature and pressure
ÅLarge amounts of solvents required, ecotoxicity from gas emissions

HIGH VOLTAGE 
PULSE 
FRAGMENTATION

ÅScalable to treat large amounts of waste;
ÅLow investments required to reach the next TRL.

ÅOnly laboratory- and pilot-scale machinery is available;
ÅHeavily decreased modulus of glass fiber.

Mechanical
MECHANICAL 
GRINDING 

ÅEfficient and high throughput rates.
ÅCost efficiency;
ÅLow quality of output. High content of other materials;
ÅRequires space and facilities to treat materials. 

Source [59]
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BRIO ςGreen ςTech Fibre Insulation

RELICARIO

Projects

ÅReciclalia
ÅTRC

ÅAlpharecyclage 
Composites
ÅRecycling Carbon

ÅExtracthive
ÅPHYre

ÅKarborek

ÅV.Carbon

ÅELG Carbon Fibre Ltd.

ÅCarbon Fiber Recycle Industry co. Ltd.
ÅMitsubishi Rayon Co, Ltd.
ÅToray
ÅTeijin

ÅConenor

ÅECRT
ÅaƛƭƧǄƪǆǊƳ

ÅReFiber ApS
ÅContinuum

ÅVirol

ÅExtreme Eco2 Solutions

ÅCFK Valley Stade Recycling
ÅHadeg Recycling Ltd

ÅWipag
ÅRoth International

Selfrag

ÅCRTC
ÅECO-WOLF, Inc.
ÅGlobal Fiberglass Solutions
ÅShocker composites

ÅShocker composites

ÅGeneral Electric
ÅVeolia North America

ÅCarbon Conversions
ÅCarbon Rivers
ÅCHZ Technologies
ÅFirebird Advanced Materilas, Inc.

ÅReprocover

ÅGeocycle

ÅNeowa/Neocomp

Pyrolysis Mechanical Grinding

SolvolysisCo-Processing

HV Pulse FragmentationGasification (Fluidized Bed)

Legend
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¢ƻŘŀȅΩǎ CƻŎǳǎ ƛǎ ƻƴ ǊŜŎȅŎƭƛƴƎ ōǳǘ the major manufacturersare now workingon future eco-designedblades

Source [60]

PORT-LA-NOUVELLE WIND FARM IN FRANCE

TRL 9

GAYA

ZEBRA

TRL 5-6

TRL 4

The ZEBRAproject goal is to demonstrate on a full scale the technical, 
economic and environmental relevance of thermoplastic wind turbine blades, 
with an eco-design approach to get a 100 % recyclable wind turbine blade. 
The project has been launched in 2020 for a period of 42 months with a 
ōǳŘƎŜǘ ƻŦ ϵмуΦр ƳƛƭƭƛƻƴΦ

The shredded material can be used to 
make solid recovered fuel (SRF). 
Gasification of this SRF is planned on 
the GAYA platform of ENGIE.

https://www.youtube.com/watch?v=mUb9f6KwEuo
https://www.youtube.com/watch?v=mUb9f6KwEuo
https://www.youtube.com/watch?v=mUb9f6KwEuo
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Metal fuels
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Electro-fuels are primarily produced from electricity, during the reduction process to convert 
spent combustion/oxidation products back into reactive fuel.

Metals have high energy densities and serve as fuels in many batteries, energy materials, and propellants. Metal fuels can beburned with air or made to 
react with water to release their chemical energy in a range of power-generation scales. Metal-oxide combustion products are solids that can be 
recycled,enabling metals to be used as recyclable carbon neutral solar fuels orelectro-fuels.

Potentialmetal fuel candidates. The elementmust beoxidizedby 
O2 from air, with high specificenergy, becheap and non-toxic[62]

Inspiredby Source [61]


