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Why Sustainability?

Need for a systematic and
analytic method for:

v' |dentification
v' Evaluation
v' Minimization

of environmental impacts
involved in the entire life
cycle of a product or a
process.



Life Cycle Assessment Scope

v Based on ISO standards, LCA enables
analyses of potential environmental
impacts throughout a product’s life cycle
from raw material acquisition through
production, use, end-of-life treatment,
recycling and final disposal

v' LCA approach is critical in the hydrogen
sector to ensure its sustainability through
the whole value chain: production,
storage, distribution, end-use application

v’ Key for identifying the optimal trade-off
between economic profitability and
environmental sustainability



Life Cycle Assessment Methodology

According to the ISO standards, an LCA consists of four phases:
1. Definition of goal and scope

2. Life cycle inventory (LCI)

3. Life cycle impact assessment (LCIA)

4. Life cycle interpretation

System : :
Literature Theoretical

Conditions '
Inventory _ Data
Analysis (LCI)

Entry of Data to

the Software Collection

l | Impact Results
Assessment (LCIA) =) Interpretation
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O European Hydrogen Sustainability
Objectives and Circularity Panel

The EHS&CP has been tasked by the Clean Hydrogen JU to embed sustainability and
circularity considerations into the work of the Clean Hydrogen JU and support the
dissemination of knowledge to foster a culture of sustainability and circularity in the
hydrogen economy

« What type of policies exist and most important what type of policies are
required for sustainability and circularity of hydrogen?

* Potential Impacts of hydrogen scale-up on sustainability and circularity
aspects

* Review of potential circularity and related sustainability indicators required to
negate or limit potential adverse impacts of hydrogen

e Study how sustainability and circularity is addressed in the Strategic Research
and Innovation Agenda of the Clean Hydrogen Partnership and completed EU
Research and Development Projects

https://www.clean-hydrogen.europa.eu/get-involved/european-hydrogen-sustainability-and-circularity-panel/members_en



15 experts — 4 TaskForces

Clean Hydrogen

. Partnership

*Hydrogen production (TF1)
*Hydrogen storage and distribution (TF2)
*Hydrogen end uses (TF3)
*Cross-cutting issues (TF4)

https://www.clean-hydrogen.europa.eu/get-involved/european-hydrogen-sustainability-and-circularity-panel/members_en



European Sustainability and Circularity Panel
Indicators | Sustainability Dimension

1. Hydrogen Production Carbon Intensity (kgCO,/kgH,)

cl Where Cl is the Carbon Intensity of electricity used for the electrolysis,
Nelec IS electrolyser efficiency and my, is the annual hydrogen
My ..
2 production in

H, Carbon Intensity =
Nelec

This indicator will be expanded to include CO, emissions during all life-cycle stages of the
hydrogen value chain, including production, storage, distribution, utilisation through LCA

2. Hydrogen Green Index (%): Assessing the share of renewable energy used in
hydrogen production for determining its sustainability.

_ Efrom—RES (MWh) + Efrom—grid,lc (MWh) + Efrom—grid,hc (MWh) * RES share in grid(%)
Etotal (MWh)

GI

Efrom-grid,lc : accounts for the grid electricity utilised for H, production in time intervals where the electricity prices
are lower than 20 €/MWh. Thus, the electricity is considered 100% renewable, as during this time intervals RES
production in the energy mix is high, thus reducing electricity prices

Efrom-grid,hc: accounts for the grid electricity utilised for H2 production in time intervals where electricity prices are
higher than 20 €/MWh. In this case the electricity is not considered fully renewable but is multiplied by the RES share in
the energy mix.



European Sustainability and Circularity Panel
Indicators | Sustainability Dimension

Impact category Indicator

Climate change, total Radiative forcing as Global Warming Potential kg CO; ¢q
(GWP100)

Ozone depletion Ozone Depletion Potential (ODP) kg CFC-11,,

Human toxicity, cancer Comparative Toxic Unit for humans (CTUh) CTUh

Human toxicity, non-cancer Comparative Toxic Unit for humans (CTUh) CTUh

Particulate matter

Human health effects associated with exposure
to PM2.5.

Disease incidences

lonising radiation, human health Human exposure efficiency relative to U?%° kBq U?3°

Photochemical ozone formation, human health Tropospheric ozone concentration increase kg NMVOC,,

Acidification Accumulated Exceedance (AE) mol H*,,

Eutrophication, terrestrial Accumulated Exceedance (AE) Mol Ngg

Eutrophication, freshwater Fraction of nutrients reaching freshwater end Kg Peq
compartment (P)

Eutrophication, marine Fraction of nutrients reaching marine end kg Neg
compartment (N)

Ecotoxicity, freshwater* Comparative Toxic Unit for ecosystems (CTUe) CTUe

Land use

Soil quality index

Dimensionless (pt)

Water use

User deprivation potential (deprivation-weighted
water consumption)

m3 world eq. deprived water

Resource use, minerals and metals Abiotic resource depletion (ADP ultimate kg Sbegq
reserves)
Resource use, fossil Abiotic resource depletion — fossil fuels (ADP- M)

fossil)




European Sustainability and Circularity Panel
Indicators | Criticality Dimension

* Content of critical materials (%, g/kg H,)
* Content of strategic materials (%, g/kg H,)

Assessing the sustainability of raw material sourcing for hydrogen production can ensure
minimal environmental impact and adherence to ethical standards. It is also vital to ensure

transparency and traceability in the hydrogen supply chain to minimize the risk of
environmental harm or unethical practices.



European Sustainability and Circularity Panel

Indicators | Social Dimension

* Forced labour

e Child labour

* Women in the sectoral labour force
 Gender wage gap

* Health expenditure

Social-LCA methodology is at its beginning stages and need to be more developed. This
can be its main drawback to be overcome since little information is available, despite the

commercial databases already available.

Today, the methodologies and factors for their quantification are provided in
Commercial Social LCA databases (e.g., PSILCA, SHDB) which can be imported in LCA
software to facilitate their calculation



European Sustainability and Circularity Panel

Indicators | Circularity Dimension

* Recyclable materials content (%).

* Recycled materials content (%).

 Renewable materials content (%).

* Byproduct utilization - Percentage of byproducts or co-
products generated during hydrogen production that are
reused, recycled, or valorized.

Since the European hydrogen economy is now starting out, the end-of-life of hydrogen
systems has not yet been addressed at industrial level with specific processes for
hydrogen systems recycling



Examples of Sustainability Aspects on
European Hydrogen Projects
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HYFLEXPOWER Project
Scope and Objectives @
HYFLEXPOWER

World-first demonstration of a power-to-H,-to-power path
for CO,-free power generation pilot including an advanced H,
gas turbine

* Decarbonizing papermill by modernizing combined heat and
power plant in Saillat-sur-Vienne, France.

* Siemens Energy led consortium with project volume of
15.2 M€

* Project Start: May 1st, 2020 -Duration: 4 years

* Partners include: Engie Solutions, Centrax Ltd., Siemens
Energy, Arttic, German Aerospace Center. Universities:
Duisburg-Essen, Lund-Sweden, University College
London, National Technical University of Athens.

Customer, academia and OEM formed strong consortium demonstrating CO,-free power generation

https://www.hyflexpower.eu/



HYFLEXPOWER Project

Advanced Plant Concept and Key Milestones
HYFLEXPOWER

Smurfit Kappa plant in Saillat-sur-Vienne, France:
Pilot Cogeneration SGT-400 Plant

Engie: Develop advanced plant concept with H, storage
and supply

Siemens Energy: Development H, SGT-400; Electrolyser
Centrax: H, gas turbine package upgrade

Academia: DLR, Universities UCL, Duisburg-Essen and
Lund to support H, GT technology development

NTUA: Economic, environmental social assessments
Arttic: Support in PM and communication activities

Milestones

@- Installation of the H,

) * Initial demonstration of *  Pilot up to 100% H, for carbon-free energy
\/ productlopf stor'age & \/ advanced plant concept \/ production from stored excess renewable
supply facility at site with NG/H, mixtures energy (CO, saving 65,000t/yr.)

https://www.hyflexpower.eu/



HYFLEXPOWER Project
Existing Cogeneration Plant Upgrade w
HYFLEXPOWER

* Development, construction,
DeOxo-Dryer integration of plant with
hydrogen generation, storage,
supply and gas turbine re-

electrification technologies:
- 0 Electrolyzer
:G'I 2 0 Hydrogen compressor
2 \ 0 Hydrogen storage
0 H,/NG fuel mixing skid
O GT Package
*  Obtained all necessary

authorization to operate the
demonstrator plant with H,.

https://www.hyflexpower.eu/



HYFLEXPOWER Project

Existing Cogeneration Plant Upgrade
HYFLEXPOWER

HYFLEXPOWER received the ‘Project of the Year’ award at Connecting Green Hydrogen MENA 2024!

https://www.hyflexpower.eu/



HYFLEXPOWER Project

Environmental Impact | Life Cycle Assessment (LCA)

Impact assessment of life-cycle stages of HYFLEXPOWER| 100% H, substitution ratio

v' Electrolyser manufacturing and hydrogen production life stages are identified as the hotspots of the whole
Power-to-H,-to-Power system analysed.

v’ Piping manufacturing and gas turbine modifications impact is negligible in all categories compared to the other

rocess stages
P g https://www.hyflexpower.eu/



HYFLEXPOWER Project

Environmental Impact | Life Cycle Assessment (LCA)

v' Integrating Green Hydrogen
(HYFLEXPOWER concept) significantly
reduces environmental impacts

Impact assessment of 1MJ of electricity produced by the pilot scale HYFLEXPOWER
installation compared to 100% NG operation| 100% H, substitution ratio

compared to conventional operations
using 100% natural gas (global
warming potential, stratospheric
ozone depletion, ionizing radiation,
human health, land use, and fossil
resource scarcity).

v' However, the HYFLEXPOWER concept
may negatively impact categories such
as freshwater ecotoxicity, water
consumption, and mineral resource
scarcity compared to conventional
operations using 100% natural gas.

v' The HYFLEXPOWER concept
demonstrated a significant reduction
in GHG emissions, decreasing by 95%
(kg CO2-eq per MJ of produced
electricity) compared to conventional
natural gas operations.

https://www.hyflexpower.eu/



HYFLEXPOWER Project

Environmental Impact| Sensitivity Analysis Electricity Supply Source

PEM Electrolyser
annual operation

Improved PEM
electrolyser

capacity

hours technology
Number of PEM
electrolyser stacks Electricity Supply
and H, storage Source

v'The local grid supply mix resulted in the
highest GWP, followed by the PV, while wind
and hydropower were the most beneficial in

terms of GWP.

v'PV, despite being a RES, showed negative
environmental impact in key categories such
as mineral resource scarcity and land use
compared to other RES.

v'Hydropower however resulted in significant
terrestrial acidification (TA) impact, as well as

mineral resource scarcity (MRS).

https://www.hyflexpower.eu/



HyCoFlex Project

Hydrogen for Cogeneration in Flexible operation

Project Duration: 1%t February 2024 - 31
October 2026

HyCoFlex is aiming at the development of a
retrofittable decarbonisation package for
cogeneration of power and industrial heat
with 100%-fired gas turbines. The solution
will be integrated and fully demonstrated at
an industrial site in Saillat-sur-Vienne in
France.

HyCoFlex will leverage on and further advance
the infrastructure of a power-to-hydrogen-to-
power industrial scale plant which was
developed and demonstrated within the
HYFLEXPOWER project

A detailed Life Cycle Assessment of HyCoFlex
technology will be conducted by NTUA to
ensure the sustainability of the proposed
technology.

https://cordis.europa.eu/project/id/884229



TRIERES Project

Towards the development of a hydRogen valley demonstrating
applications in an intEgRated EcoSystem in Greece

TIERES System Boundary Conditions LCA
k. TRIERES

https://trieres-h2.eu/

Mobility Application- FCEV
FCEV

/ Alkaline \ (" Tube Trailers Filling Manufacturing
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FCEV Operation
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Hydrogen manufacturing
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Operation
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TRIERES is Greece's first Hydrogen Valley bringing together business, knowledge and regional interests. With its strategic
location within Motor Oil's refinery at Ag. Theodoroi, Corinth, Greece, the project capitalizes on existing infrastructure while
facilitating the production of renewable hydrogen on a considerable scale.

ik

Electrolyser
Operation

IR
il

Project Duration: 15t July 2023 — 30" April 2028

The annual hydrogen consumption within the TRIERES project would be equal to 2410 tons of H, holding promise for
various end-use applications, spanning from road and maritime transport and industrial processes to the energy sector.

A holistic Life Cycle Assessment of TRIERES value chain (including production, storage, distribution and end-use applications)
will be conducted by NTUA to ensure the sustainability of hydrogen produced and consumed within the Valley.
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Conclusions

* Policies should focus on sustainability and circularity aspects in hydrogen by defining a
concrete methodology for calculating GHG emissions and environmental impact of H,
within the whole value chain (cradle-to-grave approach) and not only during
production.

* Hydrogen certification and standards for sustainability and circularity aspects are
unclear, complex, or under development posing challenges for production and
consumption project developers

* Recycling and Circularity still unmature in hydrogen sector

* Lessons learned from completed EU-funded projects will serve as a strategic roadmap
for integrating sustainability and circularity aspects in future calls for funding.

* Proposal of indicators for monitoring the Clean Hydrogen Partnership programme and
the funded projects in each dimension of sustainability, criticality and circularity.



Thank you very much for your attention!
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