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Over the last decade, Europe has experi-
enced a sharp increase in infrastructure
expenditure due to the severe and fre-
quent natural phenomena related to cli-
mate change. Local consequences, such
as habitat destruction, finite freshwater
availability and food scarcity exert signifi-
cant pressure on the available ecological
space. Therefore, there is a growing inter-
est in assessing risks and vulnerabilities to
climate change, which has already led to a
wide range of impacts on environmental
systems and society, including destabilising
security. Increased environmental, social,
and financial damage costs are expected in
the future. Many of these imminent or ongo-
ing challenges are related to the overexploi-
tation of resources and the energy transi-
tion, requiring a more holistic approach
to encouraging new technologies, that
involves a whole-of-society approach and
stakeholder participation. State-of-the-art
CCUS and hydrogen energy technologies,
offer sustainable solutions to mitigate the
current situation, allowing a reduction in
carbon emissions, a transition towards a
low-carbon economy, and an increased
overall resilience of the international com-
munity to climate change.

1. Introduction

limate change is one of the most
pressing issues of our time. Its
impact on the water, energy, food/
land, and raw material nexus is immense,

Au cours de la derniére décennie, I'Europe
a connu une forte augmentation des
dépenses d'infrastructure en raison des
phénomeénes naturels graves et fréquents
liés au changement climatique. Les con-
séquences locales, telles que la destruction
de I'habitat, la disponibilité limitée d'eau
douce et la pénurie de nourriture exer-
cent une pression importante sur l'espace
écologique disponible. Par conséquent, il
existe un intérét croissant pour l'évaluation
des risques et des vulnérabilités au change-
ment climatique, qui a déja conduit a un
large éventail d'impacts sur les systemes
environnementaux et sur la société, y com-
pris la déstabilisation de la sécurité. Une
augmentation des colts des dommages
environnementaux, sociaux et financiers est
attendue a l'avenir. Bon nombre de ces défis
imminents ou en cours sont liés a la surex-
ploitation des ressources et a la transition
énergétique, nécessitant une approche plus
holistique pour encourager les nouvelles
technologies, qui implique une approche
de I'ensemble de la société et la participa-
tion des parties prenantes. Les technologies
de pointe en matiére de CCUS et d'énergie
basée sur I'hydrogene offrent des solutions
durables pour atténuer la situation actuelle,
permettant une réduction des émissions de
carbone, une transition vers une économie
a faible émission de carbone et une résil-
ience globale accrue de la communauté
internationale au changement climatique.

and the fragility that imposes is of signifi-
cant concern. Rising temperatures, chang-
ing precipitation patterns, and more fre-
quent and severe weather events can affect
the availability and distribution of water,
disrupt energy production and distribu-

En la ultima década, Europa a experimen-
tado un fuerte aumento en el gasto de
infraestructura debido a fenémenos natu-
rales severos y frecuentes, ocasionados por
el cambio climdtico. Efectos locales, tales
como destruccion del hdbitat, disponibili-
dad finita de agua fresca y escasez de ali-
mentos, ocasionan una presion importante
sobre el espacio ecoldgico disponible. Por
lo tanto, hay un interés cada vez mayor en
evaluar los riesgos y vulnerabilidades aso-
ciados con el cambio climdtico, que han
llevado a un amplio rango de impactos
en sistemas ambientales y de la sociedad,
incluyendo la desestabilizacién de la segu-
ridad. En el futuro, se espera un aumento en
los costos por danos ambientales, sociales y
financieros. Muchos de estos desafios inmi-
nentes o actuales, estdn relacionados con la
sobreexplotacion de recursos y la transicion
energética, lo cual requiere un enfoque mas
holistico para promover nuevas tecnologias,
que involucren un enfoque de “toda -la-
sociedad” y la participacion de inversioni-
stas. Tecnologias de ultima generacion en
los campos de CCUS e hidrogeno, ofrecen
soluciones sustentables para mitigar la sit-
uacion actual, permitiendo una reduccion
de las emisiones de carbono, una transicién
hacia una economia de bajo carbono y un
aumento de la resiliencia general de la
comunidad internacional hacia el cambio
climdtico.

tion, and negatively impact agriculture and
food security. These impacts can exacerbate
existing vulnerabilities and lead to political
and social instability. Developing countries
face increased poverty and inequality, a
fragility that makes it even more challeng-
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ing to develop adaptation and mitigation
measures.

The transition from using fossil fuels to
renewable energy sources has increased
demands for water (hydropower), land
(which requires 50 times more space than
coal and 90 - 100 times more space than
gas), and critical raw materials '. Increased
temperatures have resulted in habitat
destruction, acidification, and massive
runoff of nutrients into the water. Past
research * has shown that global warm-
ing has increased the oligotrophic ocean
waters by 6.6 million km?. Freshwater sys-
tems are even more vulnerable to climate
change due to their isolation and physical
fragmentation within the terrestrial land-
scape but, more importantly, to unsustain-
able human exploitation practices.

Changes in climate and precipitation
patterns influence natural forests, agri-
culture, and food security. Droughts, for
instance, increase the vulnerability of for-
ests to wildfires and decrease arable land,
which can force conversion of forests into
agricultural land. This process emits sub-
stantial amounts of greenhouse gases and
further contributes to global warming.
Agriculture, forestry and other land use
accounted for 24 % of the total anthropo-
genic emissions in 2010 2 This increases
competition for natural resources while
decreasing livelihood security.

The net result is a synergetic spiral deg-
radation effect with fewer forests, reduced
biodiversity and further deterioration of
ecosystems and their services, with the
danger of the spiral becoming self-perpet-
uated until the potential of deterioration is
fully exhausted (Figure 1).

Adding to the equation of natural haz-

ards (floods/droughts) as a direct con-
sequence of climate change, the average
annual economic losses in Europe are
forecasted to be around €23.5 billion by
2050, compared to the €4.6 billion for the
period of 2000 - 2012 % The conditions
have not been ameliorated. The conse-
quences on environmental and social
stability are expected to be vast and long-
term.

Past research on how interactions
between biophysical effects and climate
change impact the water, energy, food/
land, raw material nexus, including the
social dimension, is limited due to insuf-
ficient relevant quantitative models. Addi-
tionally, the focus on socio-economic
assessments linked to climate change in
most countries is restricted to national
boundaries without considering trans-
national issues. Consequently, any avail-
able results only address higher-order
socio-economic impacts. International
policy frameworks developed by the Paris
Agreement, the United Nations Sustain-
able Development Goals (SDGs), and
the Sendai Framework for Disaster Risk
Reduction, highlight the importance of
quantitative indicators and consider the
approaches developed by stakeholders, as
alternative or complementary measures to
assessing vulnerability to climate change.
Stakeholder engagement, through more
collaborative and consultative approaches,
requires meaningful participation of rele-
vant stakeholders throughout the design,
development and operational phases of
projects. The benefits of public participa-
tion, particularly from communities that
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are directly and indirectly affected by the
project, will strengthen both the design
(by considering extraneous factors that
might not be obvious to the technical
teams) and the operational sustainability
of the final product, given the commu-
nity’s ownership, ease of use, and added
benefits.

This more participative approach
ensures that adaptation actions devised
today are robust for future biophysical
determinants acting upon current social
determinants. Carbon Capture Utilisa-
tion and Storage (CCUS) integration with
hydrogen-related technologies can be part
of a defensive solution against the climate
change occurred by uncontrolled green-
house emissions. Proper design of such
methods can lead to social acceptance
and financial maintenance while increas-
ing resilience. A transition energy period
of producing blue hydrogen with the use
of CCUS can be replaced ultimately with
green hydrogen, where geological hydro-
gen storage can be facilitated by deploying
captured CO, as a cushion gas **°. In addi-
tion, injection of captured CO, in ophiol-
ites can induce serpentinisation to provide
“orange hydrogen” 7. The process signifi-
cantly impacts the sustainable use of raw
materials, energy and water. It removes
volatility and brings energy security and
socio-economic stability while delivering
a mitigation/adaptation solution for cli-
mate change. Even in the transportation
sector, which is hard to decarbonise, the
production of e-fuels from green hydro-
gen and CO, captured from biomass
energy, can contribute significantly to the
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Figure 1: Water-food-energy synergetic degradation spiral, adapted from Wolfmaier et al. 20193.
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Figure 2: a) Global freshwater withdrawals for agriculture, industry and domestic use since 1900, measured in cubic metres (m?) per year 13, sourced: https://

ourworldindata.org/water-use-stress, Global International Geosphere-Biosphere Programme (IGB), b) Population growth from 1910 to 2021 14, CCBY

sustainability of that particular sector. It
is argued that during the early stages of a
hydrogen economy, hydrogen will need to
be mixed with CO, to produce methane or
methanol to facilitate the transportation
of vast amounts of hydrogen through the

existing network of natural gas pipelines
8-10

2. Challenges and impacts of the energy
transition in response to climate change

To mitigate the effects of climate change
and remain below the 1.5 °C scenario, the
challenge ! is to adapt society and busi-
nesses to ensure economic prosperity and
sustainability. Rapid decarbonisation of
the global economy is part of the solution
12, The goal of a net-zero emissions energy
system and the economic needs will merge
the available technologies and solutions
with new options that should gradually
replace the older and (un)sustainable ones
in the overarching rationale of the energy
transition. This transition will be disrup-
tive and must consider the inter-com-
petitiveness and interconnections of the
food, water and raw materials industries
to ensure the integrity of the ecosystem.
In addition, for any ‘disruptive” transition
to occur with the support of society, the
process of introduction needs to be inclu-
sive and transparent (per the SDGs), so
that as many people as possible (including
governments) understand why the adop-
tion of these technologies is needed, and
to encourage ownership of new technolo-
gies in the local communities. Technology
alone will not provide the solution with-
out widespread systems for encouraging
adoption. A brief exploration of the inter-
competitiveness is given below.

Climate change, may cause floods in
some areas and droughts in others. The

latter can cause an increase in the con-
sumption of any available surface water
and the over-extraction of groundwa-
ter for potable and agricultural reasons.
Groundwater extraction is closely cou-
pled with energy consumption, which is
required to bring water to the surface. As
shallow aquifers become exhausted, deep
aquifers will be exploited, further increas-
ing the energy demand particularly in
places where water and energy supplies
are limited. Thus, creating an endless cycle
failing to solve the problem of sustainable
resource use. Figure 2 depicts the global
freshwater use over the last 113 years ',
with steep increases after 1950. This trend
is closely linked with global population
growth * and, subsequently, food produc-
tion.

Food production, an absolute neces-
sity to avoid famine, consumes between
70 - 90% of available water resources '>'.
Figure 3 provides data on food production
against water demands. The production of
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one kg of cheese requires an astonishing
volume of 5605 litres of freshwater and one
kg of tomatoes needs 370 litres of water .
In both cases, the water must be trans-
ported or withdrawn from underground
reservoirs which, in turn, consumes
energy. Furthermore, producing 100g of
cheese emits 10 kg CO,eq, whereas, for
one kg of tomatoes, the respective emis-
sion is estimated at 2 kg CO,eq *". The
drive to lower agricultural costs, is leading
to the adoption of super-intensive agricul-
ture of high value products, such as avo-
cados or cotton, with much higher level
of water consumption and soil exhaustion
than traditional agriculture practices.
Importing food to alleviate water short-
ages transfers the problem elsewhere, as
demonstrated by the concept of virtual
water ', i.e. the hidden flow of water in
food or other commodities traded from
one place to another '*®. Food imports
can make things worse for countries
whose economies are agricultural-based

5,602
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Freshwater withdrawals in litres per kilogram of food product

Figure 3: Freshwater withdrawals per kilogram of food product, adopted from Poore, J., & Nemecek, T.

(2018) 15 and sourced from https://ourworldindata.org/grapher/water-withdrawals-per-kg-poore, CC BY.
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and dependent on food export. Big
economies with strong currencies can
afford to import large quantities of food
from poorer countries, thus depriving
the latter of essential food resources and
forcing them into energy and water over-
consumption. The aforementioned chal-
lenge directly makes developing countries
poorer and deprives them of resources
available for economic development *
. This over-exploitation can have a det-
rimental effect on local societies where
water is scarce, especially in Asia, Africa,
and South America. Under the compound
influence of climate change and regional
conflicts, affected inhabitants migrate to
wealthier nations ' which are part of the
problem and see these immigrants as a
social disturbance ***'.

Society needs to invest heavily in
using renewable energy to cover increas-
ing demands for energy and move into a
zero-emissions and later, negative emis-
sion era. This requires the exploitation of
an unprecedented amount of raw materi-
als that the world has ever seen ? to build
the necessary infrastructure and equip-
ment % . For instance, solar panels for
photovoltaic power require up to 40 times
more copper than fossil fuel combustion,
and wind turbines for harvesting wind
power require up to 14 times more iron .
More importantly, mining requires fresh
water to extract metals and minerals *.
Thus, large-scale mining will require huge
amounts of energy and water, which, as
mentioned above, will become scarce due
to climate change. The latter will strongly
influence and erode the social acceptance
of companies involved in mining ».

In many developed regions, including
Europe, mining is not socially acceptable
under the “Not in My Back Yard” percep-
tion 2331, Most European needs for criti-
cal raw materials for renewable energy
infrastructure and batteries are covered
by imports from Africa and Asia *. Simi-
larly, raw materials follow the same trend
as the paradigm presented above on food
imports, critical or not. They are imported
from developing countries in exchange
for hard currency. However, this practice
leads to loss of opportunity for develop-
ment, creating regional competition for
available energy, food, water, and raw
material resources. Climate change, fur-
ther enlarges this competition, creating
instability, social unrest and violent local
conflicts . Current research strongly
indicates that rising food prices, due
to climate change, have acted as cata-
lysts for protests and political unrest *.
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Figure 4: Application of nitrogen fertiliser, measured in kilograms of total nutrient per hectare of cropland,

source: Food and Agriculture Organization of the United Nations 39, CC BY.

With temperatures rising, the impacts
of climate change will further destabilise
already unstable areas '°. Raw materi-
als mining and renewable energy both
require large surface areas, competing
with the demand on land for food pro-
duction or grazing. Additionally, arable
land is decreasing, also under the influ-
ence of climate change *. To make things
even more complex, agriculture, forestry,
and changes in land use contribute to cli-
mate change by emitting 19.9 GtCO,eq,
while nitrogen fertiliser production, with
the current technology, accounts for a
further 0.4 GtCO,eq of emissions . At
the same time, it increases the danger-
ous dependency of developed regions on
vital resources produced elsewhere. This
dependency can become an economic
weapon used by autocratic regimes, as
recently demonstrated during the erup-
tion of a full-fledged war in Ukraine.

Furthermore, new solutions proposed
to meet the energy demands must con-
sider potential conflicts with other eco-
nomic sectors, such as agriculture. For
instance, it is proposed that ammonia can
be used as an alternative fuel as it is easy to
transport and store compared other forms
of hydrogen *. However, so far, the poten-
tial of ammonia as a fuel has not been
adequately evaluated against any potential
competing needs, such as its use as a fer-
tiliser.

If our society replaces current fossil
fuels with ammonia, the amounts
required to fulfil our energy needs will
be vast. Without a structured approach,
such a transition will directly compete
with the demands of the fertiliser indus-
try. With an increasing human popula-

tion ', the need for food increases; thus,
the required quantities of fertilizer will
rise, as shown in Figure 4. Furthermore,
ammonia is deployed in various industrial
activities, such as cotton softening and
synthetic fibres ¥. Notably, it is estimated
that every kilogram of hydrogen produced
from electrolysis requires 9 kg of water *.
This is typically fresh water, as it is cheaper
to clean and deionise. However, it should
also be noted that conventional thermal
power plants account for 41 % of all fresh-
water withdrawals in the USA .

There is progress from the scientific
community in understanding the pro-
cesses described above and their intercon-
nections, which affect our society. This is
partially driven by the SDGs “** and the
Paris Agreement, which aims to reduce
CO, emissions by 60 % *. A circular
economy, together with capturing emis-
sions technology from existing industrial
and power generation processes com-
bined with developing new clean energy
sources can facilitate an emissions reduc-
tion pathway. Thus, one way to increase
resilience to climate change and its effects
is to increase the use of natural hydrogen,
green hydrogen, and CCUS technologies.

These processes, elaborated further
below, can achieve a non-disruptive energy
transition while increasing sustainability
and resilience, and minimising conflicts .

3. Opportunities, proposed solutions
and mitigation measures of CCUS and
hydrogen

To sustain the quality of life that has
been achieved, a new era of energy con-
sumption based on renewable energy is
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needed. To achieve this, an energy tran-
sition is required without compromising
development. Current practices of energy
conversion can be coupled with carbon
capture, which can be (immediately) (re)
utilised or stored.

3.1. CCUS - The steps to decarbonisation
and net zero emissions

Carbon capture, utilisation, and storage
(CCUS) is a technology that involves the
capture of carbon dioxide (CO,) emis-
sions from industrial processes, such as
power generation and manufacturing,
pipelines for transportation, utilisation
sites, and finally injecting the surplus into
secure geological reservoirs. The technol-
ogy helps reduce emissions by preventing
CO, from entering the atmosphere, thus
reducing the impacts of climate change.
Deployment of CCUS allows for the cur-
rent use of fossil fuels for energy con-
version with no emissions. It offers the
potential for a structured non-disruptive
energy transition to renewable energy
using current technologies and fossil
fuels. The technologies used for CO,
capture include chemical looping com-
bustion, pre-combustion capture, and
post-combustion capture. After being cap-
tured, CO, can be transformed into vari-
ous goods and services, including fuels,
chemicals, building materials made from
waste or minerals, and CO, that increases
the productivity of biological processes .
In addition, geological media can poten-
tially store large quantities of CO, in deep
saline aquifers, salt caverns, coal seams,
abandoned coal mines and depleted
hydrocarbon fields. CO,-mineralisation
is an additional option for CO,-storage
that involves the chemical reaction of
several rock-types (such as basalts, sand-
stones and serpentinites) with supercriti-
cal CO,. The same utilization and storage
principles can be used for CO, from
direct air capture (DAC), however, at the
moment of writing, this technology is
significantly more expensive. The process
results in CO, sequestration by the for-
mation of carbonate minerals and, under
the right conditions, releases hydrogen
7. This process will be explained further
below. The potential uses of CO, are vast,
with the possibility being converted into
e-fuels, chemicals, polymers or applied
as aggregates, in new types of cement, or
in CO,-cured concrete through a range
of mineralisation techniques. Even direct
uses of CO, has seen a boost in research,
be it in the utilisation for greenhouses,

algae growth, or as a heat transfer fluid in
enhanced geothermal systems or super-
critical power systems *.

3.2 Reducing the footprint of hydrogen
production through CCUS and transi-
tioning to lower emission energy sources

Hydrogen can be burned in turbines or
used in fuel cells to generate electricity.
It can also be used in fuel cells to power
electric vehicles, as a source of domestic
and industrial heat, and as a feedstock
for industrial processes *. Currently,
hydrogen is produced using hydrocarbon
reforming methods (primarily SMR) with
associated CO, emissions on the scale of
10-20 tons per ton of H, produced (often
referred to as “grey” hydrogen). The
annual hydrogen production is 120Mt,
with only 1% utilising CCUS technolo-
gies *.

CCUS and hydrogen have become
increasingly intertwined as a part of the
world’s efforts to reduce carbon emissions
and move towards a low-carbon econ-
omy. Low footprint hydrogen production
may be achieved by producing hydro-
gen a) from water electrolysis, b) from
natural gas by separating hydrogen from
CO, through Steam Methane Reform-
ing (SMR) or Auto Thermal Reform-
ing (ATR) and ¢) from coal gasification.
Each method, must always be coupled
with CCUS 2%, which captures the CO,
instead of emitting it into the atmosphere.
The overall reduction of associated emis-
sions could be on a scale of 5-10 times of
the current reforming methods.

The Hydrogen Council estimates that
demand for hydrogen could exceed 530
Mtpa by 2050. To meet this demand, an
increase in productivity is a pre-requisite,
and hydrogen produced with the aid of
CCUS will be essential, at least in the first
years “%, when renewable energy is still
penetrating the market on a large scale.
Current hydrogen production costs using
SMR and CCS are reported to be around
$2/kg * benefiting from the advantage of
existing infrastructure and assets, making
it less expensive than alternative energy
sources in the short term. Thus, these
production methods may serve as a tran-
sitional energy source to achieve climate
goals at a reasonable cost without com-
promising energy diversity and the objec-
tive of a low-carbon economy %, leading
to wide-spread usage of renewable energy.

3.3 Hydrogen from renewable energy
sources

Hydrogen produced from renewable
energy sources such as solar, wind, and
hydropower (or “green” hydrogen) offers
a further footprint reduction compared
to traditional SMR. Electrolysers convert
excess electrical energy into chemical
energy in the form of hydrogen. When
there is a strong demand for energy, fuel
cells or engine generators convert chemi-
cal energy back into electricity ¥. Cur-
rently, the cost of hydrogen production
by electrolysis ranges around $6/kg *.
Electrolysis is a key component for grid
stability and renewable electricity produc-
tion due to its ability to store energy for
long periods of time with minimal losses.
Large amounts of hydrogen are produced
and subsequently stored either alone or in
combination with other gases in under-
ground formations. Hydrogen storage in
geological media involves rock/salt cav-
erns and, potentially, porous media such
as saline aquifers and depleted oil and gas
fields. Captured carbon dioxide can be
employed as a cushion gas since it is much
denser than hydrogen under typical reser-
voir conditions; the density segregation in
this situation is relatively strong *.

In a fully decarbonised energy sector,
replaced with hydrogen produced with
renewable-sourced electrolysis, the
annual water use would be approximately
28kg per person per day *. Very often, the
regions with a high potential for electroly-
sis, due to the availability of solar condi-
tions, also have water scarcity problems,
or they will develop due the effects of
climate change. Water for electrolysis will
not be transported from a large distance,
posing a regional problem resulting from
competition for water between electroly-
sis, agriculture and human consumption.
To alleviate this, wastewater or sea water
direct electrolysis for hydrogen produc-
tion can be used. The kind of technology
is under development and promising *°.
Furthermore, the use of hydrogen pro-
duces the same amount of water as was
initially electrolysed. Thus, in large facili-
ties water vapour can be condensed at the
point of use and recovered as liquid water
. The potential use of treated wastewater
for electrolysis may offset local competi-
tion for freshwater from other industries.
Wastewater facilities offer close proximity
to urban areas with easy access, thus facil-
itating the development of decentralised
hydrogen hubs *. However, it should be
noted that hydrogen production has con-
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sequences for climate change and does not
provide an ultimate solution. However, it
is part of the mitigation measures for cli-
mate change and a shift towards sustain-
able energy *'.

3.4 New and emerging technologies
for hydrogen - Synergies with CCUS to
retrieve energy and raw materials

In contrast to the previously men-
tioned technologies, which are energy
vectors, hydrogen may also be liberated
by inducing serpentinisation or through
water coming into contact with geologi-
cal formations that contain reduced iron,
provided that the right conditions of tem-
perature, fluid composition and pressure
exist. This is performed by injecting water
in situ in identified reactive formations
and collecting the hydrogen-saturated
water from recovery wells *2. The process
is often referred as “orange” and is similar
to the production of natural hydrogen .

This production method has a great
potential for synergy with CCUS since
the same formations that naturally pro-
duce hydrogen are also the ideal places
to store carbon . The natural oxidation
of iron and carbon mineralization works
extremely well with saltwater or even
wastewater. In contrast to electrolysis,
which can only be used with high qual-
ity water compositions, this significantly
reduces the water cost of producing
hydrogen without counting the environ-
mental benefits 7.

Geological target formations may also
include minerals, such as Li, Ni, and Co,
which are of interest to industry. Follow-
ing the injection, minerals can dissolve,
releasing these elements into the perco-
lating fluids. These can then be recovered
alongside hydrogen through fractional
precipitation. Orange hydrogen does not
require as many essential raw materials as
electrolysis procedures do. On the con-
trary, orange hydrogen produces them
and therefore differs significantly from its
alternatives ’.

Hydrogen production technologies
often referred as “gold hydrogen” have
rapidly emerged in the recent years. Most
commonly, and in this paper, the term
“gold” refers to low-footprint hydrogen
generated and produced from subsurface
reservoirs, although other uses may be
found in the literature.

An accumulation of recoverable natural
hydrogen has been reported in Mali, with
occurrences in other regions of the world
being actively discussed *"*.

On top of that, several technological
companies are working on underground
conversion of natural gas to hydrogen,
using biological (Cemvita - www.cem-
vita.com) or chemical (Hydrogen Source
- www.hydrogen-source.com) conversion
of methane. Proton Technologies (https://
proton.energy) is focused on gasification/
pyrolysis processes to generate hydrogen
from heavy oil deposits.

It is also important to remember that
associated emissions for any type of
hydrogen production will increase with
the transportation distance to the end-
user. Therefore, localised hydrogen pro-
duction must be prioritised, with different
production types being more advanta-
geous in some regions than others.

3.5 Environmental trade commodities

Intelligent climate and water policies
can be achieved by understanding com-
plex interactions between water, food and
energy production. The concept of vir-
tual water is an important tool for better
understanding how climate change can
affect the above-mentioned nexus. Virtual
water can also be defined as “the amount
of freshwater used for producing goods or
services that are exported from one coun-
try to another” By understanding how
virtual water moves between countries,
it is possible to identify where changes in
temperature or precipitation may cause
disruptions in supply chains. This insight
can be used to inform policy decisions
that aim to maximize synergies between
managed resource sectors while minimiz-
ing their vulnerability to climate change
impacts.

Given that major climate change is
expected to alter the hydrological cycle,
policymakers and planners will need to
make changes in major practices related
to climate change, such as water abstrac-
tion regulations, water rights, irrigation
systems, land use planning and infrastruc-
ture upgrades. To ensure that resource
management needs are met under a
changing climate, cross-sectoral linkages
between policy sectors must be estab-
lished to maximize synergies while mini-
mizing vulnerability. This paper argues
for an integrated framework of policy
innovations that considers both sector
policies as well as cross-sectoral linkages,
which can help decision makers identify
how best to address the population’s needs
under a changing climate. This framework
should include strategies for monitoring
ecosystem processes, in order to identify

Topic - Hydrogen &-

early warning signs of resource depletion
related to water, food, energy, raw materi-
als and state destabilization.

Cross-sector ecosystem services should
be integrated into assessments of policy
decisions to ensure that they address cli-
mate change, demand for raw materials,
food, energy and water resources. The
nexus between agricultural food pro-
duction, energy food and energy water
resources is complex, requiring compre-
hensive consideration of the increasing
water diversions and pollution caused by
human demand . The need for an inte-
grated approach to managing the water,
energy, food/land, raw material nexus is
evident; providing water for agriculture
while also maintaining wildlife habitats
is a delicate balance that requires care-
ful consideration of all systems involved.
Policy makers must assess their decisions
from a holistic perspective in order to
consider the implications of their choices
for both humans and the environment.
Changes in land use, pollution levels, and
resource availability must all be consid-
ered when deciding how to best manage
these resources.

Climate change mitigation policies
should be tailored to the context in which
food is produced and how it is traded.
Adaptive policy decisions should include
new approaches to adaptive food trade
that account for future virtual water flows.
They must assess population changes,
climate land use and estimated land use
changes to assess the combined effect
of climate change on food security. This
would highlight future value of trade deci-
sions and population trends in improving
food security and reducing greenhouse
gas emissions .

There is a strong need to direct the
efforts towards developing methodolo-
gies to evaluate the environmental assets
of natural capital resources related to the
water, energy, food/land, raw material
nexus. This includes the financial value
of adopting nature-based solutions into
ecosystem services based on stock and
flow models %, Virtual water provides a
conceptual framework for treating water
as an internationally traded commodity *.
Businesses and citizens can employ infor-
mation and analytical support of natural
capital and natural assets for deciding on
ecosystem service management in a rap-
idly changing climate. Financial analysis
of both natural capital and asset balance
sheets can be aided by databases and maps
of the areas of interest. This is achieved
by setting an environmental profit-and-
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loss account to determine: “the cost of
ecoservices provided to a company if
nature were a business’, and “how much
would it charge to clean up the footprint’
left behind by the company?” Integrating
these efforts into the nexus with security/
disaster risk management, used by the
finance sector, will provide the natural
resources and ecological services with
their insurance value.

To address the competition of resources,
water markets are an efficient approach,
as they allow for the allocation of lim-
ited water resources in an optimal way.
The water demand of each consumption
region should be calculated to determine
the economic impact on the basin and its
corresponding surpluses. Furthermore,
land use change can significantly affect the
availability and quality of water supply, so
it should be considered when calculating
economic impacts .

4. Conclusions and future trends

It is recognised that CCUS is the least
costly and (in some cases) least disruptive
option, but the full social and economic
value of the investment require effective
communication. It is essential to realise
that CCUS provides multiple services:
(1) To the emitter, especially for hard-
to-abate industries like steel, cement and
waste incineration - CCUS takes care of
emissions; (2) To the public - CCUS con-
tributes to mitigating climate change by
facilitating the decarbonisation of multiple
sectors and distributed emissions sources
over the long term, through a balanced
and equitable transition. CCUS does not
only ‘deal with waste from industry” but
also deals with the side effects of the prod-
ucts that consumers are using. Utilisation
allows stepping away from waste manage-
ment to resource management, enabling
more efficient use of resources and a more
positive perception of the technology. This
is a wider social and sustainability dimen-
sion that directly involves consumers.
Therefore, placing the responsibility of
consumers at the core of what CCUS pro-
vides, and communicating a business case

and a narrative that explains what CCUS
will deliver to the public, consistent with
their expectations, is critical *.

Increasing the use of locally produced
natural hydrogen, electrolysis with renew-
able energy sources and CCUS technolo-
gies can help increase the resilience of
countries to climate change and its effects.
Hydrogen can be used to reduce emissions
and store energy, while CCUS can be used
to capture and store CO, emissions from
industrial processes. By increasing access
to clean water, energy, food/land and raw
materials, the application these technolo-
gies can reduce poverty and inequality
and increase the ability of countries to
adapt to climate change.

Virtual water is an important resource
management concept for the water,
energy, food/land, raw material nexus in
the context of climate change. It provides
a framework to understand the sector-
specific opportunities and threats in terms
of adaptation, mitigation and sustain-
able development. When evaluating the
impacts of CCUS on natural resource sec-
tors, one must consider its role in sustain-
able climate change mitigation, including
food-related ~ ecosystem  processes.
Reviews of CCUS pathways have revealed
potential opportunities for energy agricul-
ture, energy water, and energy food. These
pathways can be used to reduce emissions
from energy sectors while helping to meet
targets for mitigating climate change.
Hydrogen has emerged as a crucial com-
ponent of strategies for adapting to cli-
mate change. It provides an affordable
alternative to traditional fuels like coal or
oil and has the potential to reduce emis-
sions from energy production and other
sectors. Additionally, hydrogen provides a
mechanism for storing renewable energy
during periods of peak demand.

Ammonia production using renewable
energy sources can provide an alternative
fuel or fertilizer that does not rely on fossil
fuels. Moreover, substitution of feedstocks
for chemical production can help reduce
emissions from methane and other green-
house gases.

Inclusion of stakeholders in the process

of major transitions to new technologies
is not only limited to CCUS. Societal atti-
tudes to concepts such as virtual water,
the use of hydrogen as a replacement fuel,
and the connection between groundwa-
ter management and sustainability, need
to change. Policies that introduce new
approaches require ownership by the
communities, and investment in educa-
tion, communication and visible demon-
stration sites are critical for getting people
involved. Governments need to adopt the
concepts with a more holistic approach,
encouraging societal ownership and
adoption.

The use of the described technologies
and concepts can contribute to the mitiga-
tion of global climate change, by reducing
carbon emissions and helping to reduce
circular economy strategies. It can also
facilitate carbon trading and create new
economic opportunities for countries
to transition their energy structures, to
mitigate climate change. Applying circular
economy strategies to raw materials and
hydrogen can improve energy efficiency,
transform energy structures and con-
tribute to mitigating objectives related to
climate change. The strategies also enable
the transition from fossil fuels to electri-
fication through the application of digi-
tal technologies. Electrification and fuel
switching are also crucial components of
the plans to transition away from a high-
carbon intensity economy.
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