
European Geologist, issue XX 1 of 13 
 

 

Observational Article 1 

Climate change challenges and state fragility in the water, energy, 2 

food/land, raw material nexus and the position of hydrogen and 3 

Carbon Capture Utilisation and Storage for increasing resilience 4 

Pavlos Tyrologou1,*, Nazaré Couto2,  Júlio Ferreira Carneiro3, Amanda Loeffen4, Vitor Correia5, Eleni Gianni6, Fernanda 5 

De Mesquita Lobo Veloso7, Nikolaos Koukouzas8 , Paula Fernández-Canteli Álvarez9 , Roman Berenblyum10 and Glen 6 

Burridge11 7 

1* Corresponding author* & affiliation 1: tyrologou@certh.gr, Centre for Research and Technology Hellas, Greece (https://orcid.org/0000-0003-8 

1424-1019) 9 
2 Affiliation 2: md.couto@fct.unl.pt  - CENSE – Center for Environmental and Sustainability Research & CHANGE - Global Change and 10 

Sustainability Institute, NOVA School of Science and Technology, NOVA University Lisbon, Portugal (https://orcid.org/0000-0002-2911-6432) 11 
3 Affiliation 3: jcarneiro@uevora.pt - University of Evora, Portugal (https://orcid.org/0000-0002-4900-3355) 12 
4 Affiliation 4: a.loeffen@humanright2water.org - Human right 2 Water, Switzerland (https://orcid.org/0000-0002-6886-2382) 13 
5 Affiliation 5: vcorreia@intraw.eu - International Raw Materials Observatory – Belgium (https://orcid.org/0000-0002-5066-4601) 14 
6 Affiliation 6: e.gianni@certh.gr - Centre for Research and Technology Hellas, Greece (https://orcid.org/0000-0001-6008-8014) 15 
7 Affiliation 7: f.veloso@brgm.fr - Bureau de Recherches Géologiques et Minières, France (0000-0001-7664-752X) 16 
8 Affiliation 8: koukouzas@certh.gr - Centre for Research and Technology Hellas, Greece (https://orcid.org/0000-0002-7094-3712) 17 
9 Affiliation 9: paula.canteli@igme.es - Instituto Geológico y Minero de España (https://orcid.org/0000-0001-6703-5636) 18 
10 Affiliation 10: robe@norceresearch.no - NORCE Norwegian Research Center AS, Norway 19 
11 Affiliation 11: glen.burridge@eurogeologists.eu  - European Federation of Geologists, Belgium  20 

 21 

 22 

Abstract: Over the last decade, Europe has experienced a sharp increase in infrastructure expenditure due to the severe and 23 

frequent natural phenomena related to climate change. Local consequences, such as habitat destruction, finite freshwater 24 

availability and food scarcity exert significant pressure on the available ecological space. Therefore, there is a growing 25 

interest in assessing risks and vulnerabilities to climate change, which has already led to a wide range of impacts on 26 

environmental systems and society, including destabilising security. Increased environmental, social, and financial damage 27 

costs are expected in the future. Many of these imminent or ongoing challenges are related to the overexploitation of resources 28 

and the energy transition, requiring a more holistic approach to encouraging new technologies, that involves a whole-of-29 

society approach and stakeholder participation. State-of-the-art CCUS and hydrogen energy technologies, offer sustainable 30 

solutions to mitigate the current situation, allowing a reduction in carbon emissions, a transition towards a low-carbon 31 

economy, and an increased overall resilience of the international community to climate change.  32 

Keywords: water food energy nexus, hydrogen, CCUS, climate change, sustainability, resilience, raw materials, SDGs, CCS, stakeholders 33 

1. Introduction 34 

Climate change is one of the most pressing issues of our time. Its impact on the water, energy, food/land, and raw material 35 

nexus is immense, and the fragility that imposes is of significant concern. Rising temperatures, changing precipitation 36 

patterns, and more frequent and severe weather events can affect the availability and distribution of water, disrupt energy 37 

production and distribution, and negatively impact agriculture and food security. These impacts can exacerbate existing 38 
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vulnerabilities and lead to political and social instability. Developing countries face increased poverty and inequality, a 69 

fragility that makes it even more challenging to develop adaptation and mitigation measures.  70 

The transition from using fossil fuels to renewable energy sources has increased demands for water (hydropower), land 71 

(which requires 50 times more space than coal and 90 - 100 times more space than gas), and critical raw materials 1. Increased 72 

temperatures have resulted in habitat destruction, acidification, and massive runoff of nutrients into the water. Past research 73 

2 has shown that global warming has increased the oligotrophic ocean waters by 6.6 million km². Freshwater systems are 74 

even more vulnerable to climate change due to their isolation and physical fragmentation within the terrestrial landscape but, 75 

more importantly, to unsustainable human exploitation practices. 76 

Changes in climate and precipitation patterns influence natural forests, agriculture, and food security. Droughts, for 77 

instance, increase the vulnerability of forests to wildfires and decrease arable land, which can force conversion of forests into 78 

agricultural land. This process emits substantial amounts of greenhouse gases and further contributes to global warming. 79 

Agriculture, forestry and other land use accounted for 24 % of the total anthropogenic emissions in 2010 2. This increases 80 

competition for natural resources while decreasing livelihood security.  81 

The net result is a synergetic spiral degradation effect with fewer forests, reduced biodiversity and further deterioration 82 

of ecosystems and their services, with the danger of the spiral becoming self-perpetuated until the potential of deterioration 83 

is fully exhausted (Figure 1).  84 

 85 

Figure 1: Water-food-energy synergetic degradation spiral, adapted from Wolfmaier et al. 2019 3. 86 

Adding to the equation of natural hazards (floods/droughts) as a direct consequence of climate change, the average annual 87 

economic losses in Europe are forecasted to be around €23.5 billion by 2050, compared to the €4.6 billion for the period of 88 

2000 - 2012 2. The conditions have not been ameliorated. The consequences on environmental and social stability are 89 

expected to be vast and long-term. 90 

Past research on how interactions between biophysical effects and climate change impact the water, energy, food/land, 91 

raw material nexus, including the social dimension, is limited due to insufficient relevant quantitative models. Additionally, 92 

the focus on socio-economic assessments linked to climate change in most countries is restricted to national boundaries 93 

without considering transnational issues. Consequently, any available results only address higher-order socio-economic 94 

impacts. International policy frameworks developed by the Paris Agreement, the United Nations Sustainable Development 95 

Goals (SDGs), and the Sendai Framework for Disaster Risk Reduction, highlight the importance of quantitative indicators 96 

and consider the approaches developed by stakeholders, as alternative or complementary measures to assessing vulnerability 97 

to climate change. Stakeholder engagement, through more collaborative and consultative approaches, requires meaningful 98 
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participation of relevant stakeholders throughout the design, development and operational phases of projects. The benefits 136 

of public participation, particularly from communities that are directly and indirectly affected by the project, will strengthen 137 

both the design (by considering extraneous factors that might not be obvious to the technical teams) and the operational 138 

sustainability of the final product, given the community’s ownership, ease of use, and added benefits. 139 

This more participative approach ensures that adaptation actions devised today are robust for future biophysical 140 

determinants acting upon current social determinants. Carbon Capture Utilisation and Storage (CCUS) integration with 141 

hydrogen-related technologies can be part of a defensive solution against the climate change occurred by uncontrolled 142 

greenhouse emissions. Proper design of such methods can lead to social acceptance and financial maintenance while 143 

increasing resilience. A transition energy period of producing blue hydrogen with the use of CCUS can be replaced ultimately 144 

with green hydrogen, where geological hydrogen storage can be facilitated by deploying captured CO2 as a cushion gas 4-6. 145 

In addition, injection of captured CO2 in ophiolites can induce serpentinisation to provide “orange hydrogen” 7. The process 146 

significantly impacts the sustainable use of raw materials, energy and water. It removes volatility and brings energy security 147 

and socio-economic stability while delivering a mitigation/adaptation solution for climate change. Even in the transportation 148 

sector, which is hard to decarbonise, the production of e-fuels from green hydrogen and CO2 captured from biomass energy, 149 

can contribute significantly to the sustainability of that particular sector. It is argued that during the early stages of a hydrogen 150 

economy, hydrogen will need to be mixed with CO2 to produce methane or methanol to facilitate the transportation of vast 151 

amounts of hydrogen through the existing network of natural gas pipelines 8-10.  152 

2. Challenges and impacts of the energy transition in response to climate change 153 

To mitigate the effects of climate change and remain below the 1.5 °C scenario, the challenge 11 is to adapt society and  154 

businesses to ensure economic prosperity and sustainability. Rapid decarbonisation of the global economy is part of the 155 

solution 12. The goal of a net-zero emissions energy system and the economic needs will merge the available technologies 156 

and solutions with new options that should gradually replace the older and (un)sustainable ones in the overarching rationale 157 

of the energy transition. This transition will be disruptive and must consider the inter-competitiveness and interconnections 158 

of the food, water and raw materials industries to ensure the integrity of the ecosystem. In addition, for any ‘disruptive’ 159 

transition to occur with the support of society, the process of introduction needs to be inclusive and transparent (per the 160 

SDGs), so that as many people as possible (including governments) understand why the adoption of these technologies is 161 

needed, and to encourage ownership of new technologies in the local communities. Technology alone will not provide the 162 

solution without widespread systems for encouraging adoption. A brief exploration of the inter-competitiveness is given 163 

below. 164 

Climate change, may cause floods in some areas and droughts in others. The latter can cause an increase in the 165 

consumption of any available surface water and the over-extraction of groundwater for potable and agricultural reasons. 166 

Groundwater extraction is closely coupled with energy consumption, which is required to bring water to the surface. As 167 

shallow aquifers become exhausted, deep aquifers will be exploited, further increasing the energy demand particularly in 168 

places where water and energy supplies are limited. Thus, creating an endless cycle failing to solve the problem of sustainable 169 

resource use. Figure 2 depicts the global freshwater use over the last 113 years 13, with steep increases after 1950. This trend 170 

is closely linked with global population growth 14 and, subsequently, food production.  171 Formatted: Font: Not Bold
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 188 

Figure 2 : a) Global freshwater withdrawals for agriculture, industry and domestic use since 1900, measured in cubic metres (m³) per year 189 
13, sourced: https://ourworldindata.org/water-use-stress, Global International Geosphere-Biosphere Programme (IGB), b) Population 190 

growth from 1910 to 2021 14, CC BY 191 

Food production, an absolute necessity to avoid famine, consumes between 70 - 90% of available water resources 15,16. 192 

Figure 3 provides data on food production against water demands. The production of one kg of cheese requires an astonishing 193 

volume of 5605 litres of freshwater and one kg of tomatoes needs 370 litres of water 14. In both cases, the water must be 194 

transported or withdrawn from underground reservoirs which, in turn, consumes energy. Furthermore, producing 100g of 195 

cheese emits 10 kg CO2eq, whereas, for one kg of tomatoes, the respective emission is estimated at 2 kg CO2eq 15,17. The 196 

drive to lower agricultural costs, is leading to the adoption of super-intensive agriculture of high value products, such as 197 

avocados or cotton, with much higher level of water consumption and soil exhaustion than traditional agriculture practices. 198 

 199 

 200 

Figure 3: Freshwater withdrawals per kilogram of food product, adopted from Poore, J., & Nemecek, T. (2018) 15 and sourced from 201 

https://ourworldindata.org/grapher/water-withdrawals-per-kg-poore, CC BY. 202 
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Importing food to alleviate water shortages transfers the problem elsewhere, as demonstrated by the concept of virtual 244 

water 15, i.e. the hidden flow of water in food or other commodities traded from one place to another 16,18. Food imports can 245 

make things worse for countries whose economies are agricultural-based and dependent on food export. Big economies with 246 

strong currencies can afford to import large quantities of food from poorer countries, thus depriving the latter of essential 247 

food resources and forcing them into energy and water overconsumption. The aforementioned challenge directly makes 248 

developing countries poorer and deprives them of resources available for economic development 18 . This over-exploitation 249 

can have a detrimental effect on local societies where water is scarce, especially in Asia, Africa, and South America. Under 250 

the compound influence of climate change and regional conflicts, affected inhabitants migrate to wealthier nations 19 which 251 

are part of the problem and see these immigrants as a social disturbance 20,21.  252 

Society needs to invest heavily in using renewable energy to cover increasing demands for energy and move into a zero-253 

emissions and later, negative emission era. This requires the exploitation of an unprecedented amount of raw materials that 254 

the world has ever seen 22 to build the necessary infrastructure and equipment 23-27 . For instance, solar panels for photovoltaic 255 

power require up to 40 times more copper than fossil fuel combustion, and wind turbines for harvesting wind power require 256 

up to 14 times more iron 28. More importantly, mining requires fresh water to extract metals and minerals 24. Thus, large-257 

scale mining will require huge amounts of energy and water, which, as mentioned above, will become scarce due to climate 258 

change. The latter will strongly influence and erode the social acceptance of companies involved in mining 29.  259 

In many developed regions, including Europe, mining is not socially acceptable under the “Not in My Back Yard” 260 

perception 24,30,31. Most European needs for critical raw materials for renewable energy infrastructure and batteries are 261 

covered by imports from Africa and Asia 32. Similarly, raw materials follow the same trend as the paradigm presented above 262 

on food imports, critical or not. They are imported from developing countries in exchange for hard currency. However, this 263 

practice leads to loss of opportunity for development, creating regional competition for available energy, food, water, and 264 

raw material resources. Climate change, further enlarges this competition, creating instability, social unrest and violent local 265 

conflicts 19,33. Current research strongly indicates that rising food prices, due to climate change, have acted as catalysts for 266 

protests and political unrest 19. With temperatures rising, the impacts of climate change will further destabilise already 267 

unstable areas 19. Raw materials mining and renewable energy both require large surface areas, competing with the demand 268 

on land for food production or grazing. Additionally, arable land is decreasing, also under the influence of climate change 34. 269 

To make things even more complex, agriculture, forestry, and changes in land use contribute to climate change by emitting 270 

19.9 GtCO2eq, while nitrogen fertiliser production, with the current technology, accounts for a further 0.4 GtCO2eq of 271 

emissions 35. At the same time, it increases the dangerous dependency of developed regions on vital resources produced 272 

elsewhere. This dependency can become an economic weapon used by autocratic regimes, as recently demonstrated during 273 

the eruption of a full-fledged war in Ukraine. 274 

Furthermore, new solutions proposed to meet the energy demands must consider potential conflicts with other economic 275 

sectors, such as agriculture. For instance, it is proposed that ammonia can be used as an alternative fuel as it is easy to 276 

transport and store compared other forms of hydrogen 36. However, so far, the potential of ammonia as a fuel has not been 277 

adequately evaluated against any potential competing needs, such as its use as a fertiliser.  278 

If our society replaces current fossil fuels with ammonia, the amounts required to fulfil our energy needs will be vast. 279 

Without a structured approach, such a transition will directly compete with the demands of the fertiliser industry. With an 280 

increasing human population 14, the need for food increases; thus, the required quantities of fertilizer will rise, as shown in 281 

Figure 4. Furthermore, ammonia is deployed in various industrial activities, such as cotton softening and synthetic fibres 37. 282 

Notably, it is estimated that every kilogram of hydrogen produced from electrolysis requires 9 kg of water 38. This is typically 283 
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fresh water, as it is cheaper to clean and deionise. However, it should also be noted that conventional thermal power plants 285 

account for 41 % of all freshwater withdrawals in the USA 38. 286 

 287 

 288 

Figure 4: Application of nitrogen fertiliser, measured in kilograms of total nutrient per hectare of cropland, source: Food and 289 

Agriculture Organization of the United Nations 39, CC BY. 290 

There is progress from the scientific community in understanding the processes described above and their 291 

interconnections, which affect our society. This is partially driven by the SDGs 40-43 and the Paris Agreement, which aims to 292 

reduce CO2 emissions by 60 % 44. A circular economy, together with capturing emissions technology from existing industrial 293 

and power generation processes combined with developing new clean energy sources can facilitate an emissions reduction 294 

pathway. Thus, one way to increase resilience to climate change and its effects is to increase the use of natural hydrogen, 295 

green hydrogen, and CCUS technologies.  296 

These processes, elaborated further below, can achieve a non-disruptive energy transition while increasing sustainability 297 

and resilience, and minimising conflicts 45.  298 

3. Opportunities, proposed solutions and mitigation measures of CCUS and hydrogen  299 

To sustain the quality of life that has been achieved, a new era of energy consumption based on renewable energy is 300 

needed. To achieve this, an energy transition is required without compromising development. Current practices of energy 301 

conversion can be coupled with carbon capture, which can be (immediately) (re) utilised or stored.  302 

3.1. CCUS - The steps to decarbonisation and net zero emissions 303 

Carbon capture, utilisation, and storage (CCUS) is a technology that involves the capture of carbon dioxide (CO2) 304 

emissions from industrial processes, such as power generation and manufacturing, pipelines for transportation, utilisation 305 

sites, and finally injecting the surplus into secure geological reservoirs. The technology helps reduce emissions by preventing 306 

CO2 from entering the atmosphere, thus reducing the impacts of climate change. Deployment of CCUS allows for the current 307 
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use of fossil fuels for energy conversion with no emissions. It offers the potential for a structured non-disruptive energy 308 

transition to renewable energy using current technologies and fossil fuels. The technologies used for CO2 capture include 309 

chemical looping combustion, pre-combustion capture, and post-combustion capture. After being captured, CO2 can be 310 

transformed into various goods and services, including fuels, chemicals, building materials made from waste or minerals, 311 

and CO2 that increases the productivity of biological processes 46. In addition, geological media can potentially store large 312 

quantities of CO2 in deep saline aquifers, salt caverns, coal seams, abandoned coal mines and depleted hydrocarbon fields. 313 

CO2-mineralisation is an additional option for CO2-storage that involves the chemical reaction of several rock-types (such as 314 

basalts, sandstones and serpentinites) with supercritical CO2. The same utilization and storage principles can be used for CO2 315 

from direct air capture (DAC), however, at the moment of writing, this technology is significantly more expensive. The 316 

process results in CO2 sequestration by the formation of carbonate minerals and, under the right conditions, releases hydrogen 317 

7. This process will be explained further below. The potential uses of CO2 are vast, with the possibility being converted into 318 

e-fuels, chemicals, polymers or applied as aggregates, in new types of cement, or in CO2-cured concrete through a range of 319 

mineralisation techniques. Even direct uses of CO2 has seen a boost in research, be it in the utilisation for greenhouses, algae 320 

growth, or as a heat transfer fluid in enhanced geothermal systems or supercritical power systems 47. 321 

3.2 Reducing the footprint of hydrogen production through CCUS and transitioning to lower emission energy sources 322 

Hydrogen can be burned in turbines or used in fuel cells to generate electricity. It can also be used in fuel cells to power 323 

electric vehicles, as a source of domestic and industrial heat, and as a feedstock for industrial processes 48. Currently, 324 

hydrogen is produced using hydrocarbon reforming methods (primarily SMR) with associated CO2 emissions on the scale of 325 

10-20 tons per ton of H2 produced (often referred to as “grey” hydrogen). The annual hydrogen production is 120Mt, with 326 

only 1% utilising CCUS technologies 48. 327 

CCUS and hydrogen have become increasingly intertwined as a part of the world’s efforts to reduce carbon emissions 328 

and move towards a low-carbon economy. Low footprint hydrogen production may be achieved by producing hydrogen a) 329 

from water electrolysis, b) from natural gas by separating hydrogen from CO2 through Steam Methane Reforming (SMR) or 330 

Auto Thermal Reforming (ATR) and c) from coal gasification. Each method, must always be coupled with CCUS 21,48, which 331 

captures the CO2 instead of emitting it into the atmosphere. The overall reduction of associated emissions could be on a scale 332 

of 5-10 times of the current reforming methods. 333 

The Hydrogen Council estimates that demand for hydrogen could exceed 530 Mtpa by 2050. To meet this demand, an 334 

increase in productivity is a pre-requisite, and hydrogen produced with the aid of CCUS will be essential, at least in the first 335 

years 48, when renewable energy is still penetrating the market on a large scale. Current hydrogen production costs using 336 

SMR and CCS are reported to be around $2/kg 48 benefiting from the advantage of existing infrastructure and assets, making 337 

it less expensive than alternative energy sources in the short term. Thus, these production methods may serve as a transitional 338 

energy source to achieve climate goals at a reasonable cost without compromising energy diversity and the objective of a 339 

low-carbon economy 21, leading to wide-spread usage of renewable energy. 340 

3.3 Hydrogen from renewable energy sources 341 

Hydrogen produced from renewable energy sources such as solar, wind, and hydropower (or “green” hydrogen) offers a 342 

further footprint reduction compared to traditional SMR. Electrolysers convert excess electrical energy into chemical energy 343 

in the form of hydrogen. When there is a strong demand for energy, fuel cells or engine generators convert chemical energy 344 

back into electricity 49. Currently, the cost of hydrogen production by electrolysis ranges around $6/kg 48. Electrolysis is a 345 

key component for grid stability and renewable electricity production due to its ability to store energy for long periods of 346 

time with minimal losses. Large amounts of hydrogen are produced and subsequently stored either alone or in combination 347 
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with other gases in underground formations. Hydrogen storage in geological media involves rock/salt caverns and, 348 

potentially, porous media such as saline aquifers and depleted oil and gas fields. Captured carbon dioxide can be employed 349 

as a cushion gas since it is much denser than hydrogen under typical reservoir conditions; the density segregation in this 350 

situation is relatively strong 49.  351 

In a fully decarbonised energy sector, replaced with hydrogen produced with renewable-sourced electrolysis, the annual 352 

water use would be approximately 28kg per person per day 38. Very often, the regions with a high potential for electrolysis, 353 

due to the availability of solar conditions, also have water scarcity problems, or they will develop due the effects of climate 354 

change. Water for electrolysis will not be transported from a large distance, posing a regional problem resulting from 355 

competition for water between electrolysis, agriculture and human consumption. To alleviate this, wastewater or sea water 356 

direct electrolysis for hydrogen production can be used. The kind of technology is under development and promising 50. 357 

Furthermore, the use of hydrogen produces the same amount of water as was initially electrolysed. Thus, in large facilities 358 

water vapour can be condensed at the point of use and recovered as liquid water 38. The potential use of treated wastewater 359 

for electrolysis may offset local competition for freshwater from other industries. Wastewater facilities offer close proximity 360 

to urban areas with easy access, thus facilitating the development of decentralised hydrogen hubs 38. However, it should be 361 

noted that hydrogen production has consequences for climate change and does not provide an ultimate solution. However, it 362 

is part of the mitigation measures for climate change and a shift towards sustainable energy 51. 363 

3.4 New and emerging technologies for hydrogen - Synergies with CCUS to retrieve energy and raw materials 364 

In contrast to the previously mentioned technologies, which are energy vectors, hydrogen may also be liberated by 365 

inducing serpentinisation or through water coming into contact with geological formations that contain reduced iron, 366 

provided that the right conditions of temperature, fluid composition and pressure exist. This is performed by injecting water 367 

in situ in identified reactive formations and collecting the hydrogen-saturated water from recovery wells 52. The process is 368 

often referred as “orange” and is similar to the production of natural hydrogen 53-55.  369 

This production method has a great potential for synergy with CCUS since the same formations that naturally produce 370 

hydrogen are also the ideal places to store carbon 56. The natural oxidation of iron and carbon mineralization works extremely 371 

well with saltwater or even wastewater. In contrast to electrolysis, which can only be used with high quality water 372 

compositions, this significantly reduces the water cost of producing hydrogen without counting the environmental benefits 373 

7.  374 

Geological target formations may also include minerals, such as Li, Ni, and Co, which are of interest to industry. 375 

Following the injection, minerals can dissolve, releasing these elements into the percolating fluids. These can then be 376 

recovered alongside hydrogen through fractional precipitation. Orange hydrogen does not require as many essential raw 377 

materials as electrolysis procedures do. On the contrary, orange hydrogen produces them and therefore differs significantly 378 

from its alternatives 7. 379 

Hydrogen production technologies often referred as “gold hydrogen” have rapidly emerged in the recent years. Most 380 

commonly, and in this paper, the term “gold” refers to low-footprint hydrogen generated and produced from subsurface 381 

reservoirs, although other uses may be found in the literature.  382 

An accumulation of recoverable natural hydrogen has been reported in Mali, with occurrences in other regions of the 383 

world being actively discussed 57,58.  384 

On top of that, several technological companies are working on underground conversion of natural gas to hydrogen, using 385 

biological (Cemvita - www.cemvita.com) or chemical (Hydrogen Source - www.hydrogen-source.com) conversion of 386 
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methane. Proton Technologies (https://proton.energy) is focused on gasification/pyrolysis processes to generate hydrogen 387 

from heavy oil deposits.  388 

It is also important to remember that associated emissions for any type of hydrogen production will increase with the 389 

transportation distance to the end-user. Therefore, localised hydrogen production must be prioritised, with different 390 

production types being more advantageous in some regions than others.  391 

3.5 Environmental trade commodities  392 

Intelligent climate and water policies can be achieved by understanding complex interactions between water, food and 393 

energy production. The concept of virtual water is an important tool for better understanding how climate change can affect 394 

the above-mentioned nexus. Virtual water can also be defined as “the amount of freshwater used for producing goods or 395 

services that are exported from one country to another”. By understanding how virtual water moves between countries, it is 396 

possible to identify where changes in temperature or precipitation may cause disruptions in supply chains. This insight can 397 

be used to inform policy decisions that aim to maximize synergies between managed resource sectors while minimizing their 398 

vulnerability to climate change impacts.     399 

Given that major climate change is expected to alter the hydrological cycle, policymakers and planners will need to make 400 

changes in major practices related to climate change, such as water abstraction regulations, water rights, irrigation systems, 401 

land use planning and infrastructure upgrades. To ensure that resource management needs are met under a changing climate, 402 

cross-sectoral linkages between policy sectors must be established to maximize synergies while minimizing vulnerability. 403 

This paper argues for an integrated framework of policy innovations that considers both sector policies as well as cross-404 

sectoral linkages, which can help decision makers identify how best to address the population’s needs under a changing 405 

climate. This framework should include strategies for monitoring ecosystem processes, in order to identify early warning 406 

signs of resource depletion related to water, food, energy, raw materials and state destabilization. 407 

Cross-sector ecosystem services should be integrated into assessments of policy decisions to ensure that they address 408 

climate change, demand for raw materials, food, energy and water resources. The nexus between agricultural food 409 

production, energy food and energy water resources is complex, requiring comprehensive consideration of the increasing 410 

water diversions and pollution caused by human demand 59. The need for an integrated approach to managing the water, 411 

energy, food/land, raw material nexus is evident; providing water for agriculture while also maintaining wildlife habitats is 412 

a delicate balance that requires careful consideration of all systems involved. Policy makers must assess their decisions from 413 

a holistic perspective in order to consider the implications of their choices for both humans and the environment. Changes in 414 

land use, pollution levels, and resource availability must all be considered when deciding how to best manage these resources. 415 

Climate change mitigation policies should be tailored to the context in which food is produced and how it is traded. 416 

Adaptive policy decisions should include new approaches to adaptive food trade that account for future virtual water flows. 417 

They must assess population changes, climate land use and estimated land use changes to assess the combined effect of 418 

climate change on food security. This would highlight future value of trade decisions and population trends in improving 419 

food security and reducing greenhouse gas emissions 60. 420 

There is a strong need to direct the efforts towards developing methodologies to evaluate the environmental assets of 421 

natural capital resources related to the water, energy, food/land, raw material nexus. This includes the financial value of 422 

adopting nature-based solutions into ecosystem services based on stock and flow models 61-65. Virtual water provides a 423 

conceptual framework for treating water as an internationally traded commodity 16. Businesses and citizens can employ 424 

information and analytical support of natural capital and natural assets for deciding on ecosystem service management in a 425 

rapidly changing climate. Financial analysis of both natural capital and asset balance sheets can be aided by databases and 426 
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maps of the areas of interest. This is achieved by setting an environmental profit-and-loss account to determine: “the cost of 427 

ecoservices provided to a company if nature were a business”, and “how much would it charge to clean up the ‘footprint’ left 428 

behind by the company?” Integrating these efforts into the nexus with security/disaster risk management, used by the finance 429 

sector, will provide the natural resources and ecological services with their insurance value. 430 

To address the competition of resources, water markets are an efficient approach, as they allow for the allocation of 431 

limited water resources in an optimal way. The water demand of each consumption region should be calculated to determine 432 

the economic impact on the basin and its corresponding surpluses. Furthermore, land use change can significantly affect the 433 

availability and quality of water supply, so it should be considered when calculating economic impacts 66,67. 434 

4. Conclusions and future trends 435 

It is recognised that CCUS is the least costly and (in some cases) least disruptive option, but the full social and economic 436 

value of the investment require effective communication. It is essential to realise that CCUS provides multiple services: (1) 437 

To the emitter, especially for hard-to-abate industries like steel, cement and waste incineration - CCUS takes care of 438 

emissions; (2) To the public - CCUS contributes to mitigating climate change by facilitating the decarbonisation of multiple 439 

sectors and distributed emissions sources over the long term, through a balanced and equitable transition. CCUS does not 440 

only ‘deal with waste from industry’ but also deals with the side effects of the products that consumers are using. Utilisation 441 

allows stepping away from waste management to resource management, enabling more efficient use of resources and a more 442 

positive perception of the technology. This is a wider social and sustainability dimension that directly involves consumers. 443 

Therefore, placing the responsibility of consumers at the core of what CCUS provides, and communicating a business case 444 

and a narrative that explains what CCUS will deliver to the public, consistent with their expectations, is critical 45.   445 

Increasing the use of locally produced natural hydrogen, electrolysis with renewable energy sources and CCUS 446 

technologies can help increase the resilience of countries to climate change and its effects. Hydrogen can be used to reduce 447 

emissions and store energy, while CCUS can be used to capture and store CO2 emissions from industrial processes. By 448 

increasing access to clean water, energy, food/land and raw materials, the application these technologies can reduce poverty 449 

and inequality and increase the ability of countries to adapt to climate change.  450 

Virtual water is an important resource management concept for the water, energy, food/land, raw material nexus in the 451 

context of climate change. It provides a framework to understand the sector-specific opportunities and threats in terms of 452 

adaptation, mitigation and sustainable development. When evaluating the impacts of CCUS on natural resource sectors, one 453 

must consider its role in sustainable climate change mitigation, including food-related ecosystem processes. Reviews of 454 

CCUS pathways have revealed potential opportunities for energy agriculture, energy water, and energy food. These pathways 455 

can be used to reduce emissions from energy sectors while helping to meet targets for mitigating climate change. Hydrogen 456 

has emerged as a crucial component of strategies for adapting to climate change. It provides an affordable alternative to 457 

traditional fuels like coal or oil and has the potential to reduce emissions from energy production and other sectors. 458 

Additionally, hydrogen provides a mechanism for storing renewable energy during periods of peak demand.  459 

Ammonia production using renewable energy sources can provide an alternative fuel or fertilizer that does not rely on 460 

fossil fuels. Moreover, substitution of feedstocks for chemical production can help reduce emissions from methane and other 461 

greenhouse gases. 462 

Inclusion of stakeholders in the process of major transitions to new technologies is not only limited to CCUS. Societal 463 

attitudes to concepts such as virtual water, the use of hydrogen as a replacement fuel, and the connection between 464 

groundwater management and sustainability, need to change.  Policies that introduce new approaches require ownership by 465 
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the communities, and investment in education, communication and visible demonstration sites are critical for getting people 466 

involved.  Governments need to adopt the concepts with a more holistic approach, encouraging societal ownership and 467 

adoption.  468 

The use of the described technologies and concepts can contribute to the mitigation of global climate change, by reducing 469 

carbon emissions and helping to reduce circular economy strategies. It can also facilitate carbon trading and create new 470 

economic opportunities for countries to transition their energy structures, to mitigate climate change. Applying circular 471 

economy strategies to raw materials and hydrogen can improve energy efficiency, transform energy structures and contribute 472 

to mitigating objectives related to climate change. The strategies also enable the transition from fossil fuels to electrification 473 

through the application of digital technologies. Electrification and fuel switching are also crucial components of the plans to 474 

transition away from a high-carbon intensity economy. 475 

Acknowledgments: The authors would like to acknowledge Dr. Christos Karkalis for his support on drawing Figure 1. This work has 476 

received funding from the European Union’s Horizon 2020/ Horizon Europe research and innovation programs under the projects 477 

PilotStrategy (GA No. 101022664), STRATEGY CCUS (GA No 837754), Hystories (GA 101007176) and ISLANDR. FCT/MCTES is 478 

also acknowledged for funding CENSE (UIDB/04085/2020) and N. Couto research (CEECIND/04210/2017). 479 

Conflicts of Interest: “The authors declare no conflict of interest.”  480 

References 481 

1 van Zalk, J. & Behrens, P. The spatial extent of renewable and non-renewable power generation: A review and meta-analysis of power 482 
densities and their application in the U.S. Energy Policy 123, 83-91 (2018). https://doi.org:10.1016/j.enpol.2018.08.023 483 

2 European Environment Agency. Exploring nature-based solutions. The role of green infrastructure in mitigating the impacts of weather- 484 
and climate change-related natural hazards 66 (Luxembourg, 2015). 485 

3 Wolfmaier, S., Vivekananda, J. & Ruttinger, L. Climate change, conflict and humanitarian action. (2019). 486 
4 Oldenburg, C. M. Carbon Dioxide as Cushion Gas for Natural Gas Storage. Energy &amp; Fuels 17, 240-246 (2003). 487 

https://doi.org:10.1021/ef020162b 488 
5 Heinemann, N. et al. Hydrogen storage in saline aquifers: The role of cushion gas for injection and production. International Journal of 489 

Hydrogen Energy 46, 39284-39296 (2021). https://doi.org:10.1016/j.ijhydene.2021.09.174 490 
6 IEA. The Future of Hydrogen. Seizing today’s opportunities. Report prepared by the IEA for the G20.  (2019). 491 
7 Osselin, F. et al. Orange hydrogen is the new green. Nature Geoscience 15, 765-769 (2022). https://doi.org:10.1038/s41561-022-01043-492 

9 493 
8 Erdener, B. C. et al. A review of technical and regulatory limits for hydrogen blending in natural gas pipelines. International Journal of 494 

Hydrogen Energy (2022). https://doi.org:10.1016/j.ijhydene.2022.10.254 495 
9 Eames, I., Austin, M. & Wojcik, A. Injection of gaseous hydrogen into a natural gas pipeline. International Journal of Hydrogen Energy 496 

(2022). https://doi.org:10.1016/j.ijhydene.2022.05.300 497 
10 Melaina, M. W., Antonia, O. & Penev, M. Blending hydrogen into natural gas pipeline networks: a review of key issues. National 498 

Renewable Energy Laboratory (2013).  499 
11 IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the 500 

Intergovernmental Panel on Climate (Cambridge University Press, 2021). 501 
12 Parra, D., Valverde, L., Pino, F. J. & Patel, M. K. A review on the role, cost and value of hydrogen energy systems for deep 502 

decarbonisation. Renewable and Sustainable Energy Reviews 101, 279-294 (2019). https://doi.org:10.1016/j.rser.2018.11.010 503 
13 Flörke, M. et al. Domestic and industrial water uses of the past 60 years as a mirror of socio-economic development: A global simulation 504 

study. Global Environmental Change 23, 144-156 (2013). https://doi.org:10.1016/j.gloenvcha.2012.10.018 505 
14 United Nations. World Population Prospects 2022, Online Edition.  (2022).  506 
15 Poore, J. & Nemecek, T. Reducing food's environmental impacts through producers and consumers. Science 360, 987-992 (2018). 507 

https://doi.org:doi:10.1126/science.aaq0216 508 
16 Allan, J. A. Virtual Water: A Strategic Resource Global Solutions to Regional Deficits. Ground Water 36, 545-546 (1998). 509 

https://doi.org:10.1111/j.1745-6584.1998.tb02825.x 510 
17 Hanlon, P., Madel, R., Olson-Sawyer, K., Rabin, K. & Rose, J. Food, Water and Energy: Know the Nexus. (GRACE Communications 511 

Foundation, New York, USA, 2013). 512 
18 Yang, H., Reichert, P., Abbaspour, K. C. & Zehnder, A. J. A water resources threshold and its implications for food security. Environ 513 

Sci Technol 37, 3048-3054 (2003). https://doi.org:10.1021/es0263689 514 
19 Adrien Detges, D. K., Christian König, Benjamin Pohl, Lukas Rüttinger, Jacob Schewe, Barbora Sedova, Janani Vivekananda. 10 515 

Insights on climate impacts and peace. A summary of what we know., (adelphi, Berlin, 2020). 516 
20 McCullough, A., Mayhew, L., Opitz-Stapleton, S., Abouka, A. & Botto, D. M. When rising temperatures don't lead to rising tempers. 517 

(2019). 518 



European Geologist, issue XX 12 of 13 
 

 

21 Yu, M., Wang, K. & Vredenburg, H. Insights into low-carbon hydrogen production methods: Green, blue and aqua hydrogen. 519 
International Journal of Hydrogen Energy 46, 21261-21273 (2021). https://doi.org:10.1016/j.ijhydene.2021.04.016 520 

22 Kirsten Hund, Daniele La Porta, Thao P. Fabregas, Tim Laing & Drexhage, J. Minerals for Climate Action: The Mineral Intensity of the 521 
Clean Energy Transition. (Climate-smart mining facility, Washington, 2020). 522 

23 Eilu, P., Bjerkgård, T., Franzson, H., Gautneb, H., Häkkinen, T., Jonsson, E., Keiding, J.K., Pokki, J., Raaness, A., Reginiussen, H.,  523 
Róbertsdóttir, B.G., Rosa, D., Sadeghi, M., Sandstad, J.S., Stendal, H., Þórhallsson, E.R.,Törmänen T. The Nordic Supply Potential of 524 
Critical Metals and Minerals for a Green Energy Transition. Nordic Innovation Report.,  (2021). 525 

24 Lebre, E. et al. The social and environmental complexities of extracting energy transition metals. Nat Commun 11, 4823 (2020). 526 
https://doi.org:10.1038/s41467-020-18661-9 527 

25 Simandl, L., Simandl, G. J. & Paradis, S. Economic Geology Models 5. Specialty, Critical, Battery, Magnet and Photovoltaic Materials: 528 
Market Facts, Projections and Implications for Exploration and Development. Geoscience Canada 48 (2021). 529 
https://doi.org:10.12789/geocanj.2021.48.174 530 

26 Exter, P. v., Bosch, S., Schipper, B., Sprecher, B. & Kleijn, R. in Springtij Forum    (2018). 531 
27 Mills, M. P. Mines, minerals, and "green" energy: a reality check. (Manhatan Institute, 2020). 532 
28 Hertwich, E. G. et al. Integrated life-cycle assessment of electricity-supply scenarios confirms global environmental benefit of low-533 

carbon technologies. Proc Natl Acad Sci U S A 112, 6277-6282 (2015). https://doi.org:10.1073/pnas.1312753111 534 
29 Haworth, A., Hamaker-Taylor, R. & Connel, R. Adapting to a changing climate. Building resilience in the mining and metals industry. 535 

(Acclimatise, London, United Kingdom, 2019). 536 
30 Lesser, P., Poelzer, G., Gugerell, K., Tost, M. & Franks, D. Exploring scale in social licence to operate: European perspectives. Journal 537 

of Cleaner Production 384 (2023). https://doi.org:10.1016/j.jclepro.2022.135552 538 
31 Albrecht, G. et al. Solastalgia: the distress caused by environmental change. Australas Psychiatry 15 Suppl 1, S95-98 (2007). 539 

https://doi.org:10.1080/10398560701701288 540 
32 World Integrated Trade Solution.    (ed United Nations Conference on Trade and Development The World Bank, International Trade 541 

Center, United Nations Statistical Division (UNSD) and the World Trade Organization) (The World Bank, 2023). 542 
33 Vivekananda, J., Wall, M., Nagarajan, C., Sylvestre, F. & Brown, O. Shoring Up Stability. Addressing Climate and Fragility Risks in 543 

the Lake Chad Region. (Berlin, Germany, 2019). 544 
34 Adams, K., Benzie, M., Croft, S. & Sadowski, S. Climate Change, Trade, and Global Food  545 
Security: A Global Assessment of Transboundary Climate Risks in Agricultural Commodity Flows. SEI Report. (Stockholm Environment Institute, 546 

Stockholm, 2021). 547 
35 Ahmed, J. et al. Agriculture and climate change. Reducing emissions through improved farming practices. ( McKinsey & Company, 548 

2020). 549 
36 Kojima, Y. & Yamaguchi, M. Ammonia as a hydrogen energy carrier. International Journal of Hydrogen Energy 47, 22832-22839 550 

(2022). https://doi.org:10.1016/j.ijhydene.2022.05.096 551 
37 ΙΕΑ. Ammonia Technology Roadmap. 552 
Towards more sustainable nitrogen fertiliser production.  (2021).  553 
38 Marcus Newborough & Cooley, G. Green hydrogen: water use implications and opportunities. Fuel Cells Bulletin (2021). 554 

https://doi.org:10.1016/S1464-2859(21)00658-1 555 
39 Ritchie, H., Roser, M. & Rosado, P.     (2022). 556 
40 Sustainable Development Goals Delivery Working Group of the Expert Group on Resource Classification.     (United Nations Economic 557 

and Social Council Geneva, 2018). 558 
41 Lagesse, R. H. et al. The role of engineering geology in delivering the United Nations Sustainable Development Goals. Quarterly Journal 559 

of Engineering Geology and Hydrogeology, qjegh2021-2127 (2022). https://doi.org:10.1144/qjegh2021-127 560 
42 UNICEF. The measurement and monitoring of water supply, sanitation and hygiene (WASH) affordability: a missing element of 561 

monitoring of Sustainable Development Goal (SDG) Targets 6.1 and 6.2.  (United Nations Children’s Fund (UNICEF) and the World 562 
Health Organization, 2021). 563 

43 United Nations. Managing Infrastructure Assets for Sustainable Development. A Handbook for Local and National Governments.  564 
(2021). 565 

44 United Nations. in United Nations Framework Convention on Climate Change. 566 
45 Goldthorpe, A. & Avignon, L. H21 Leeds and North of England risk matrix, business case template and risk reduction strategies. (2020). 567 
46 Koukouzas, N. et al. Carbon Capture, Utilisation and Storage as a Defense Tool against Climate Change: Current Developments in West 568 

Macedonia (Greece). Energies 14, 3321 (2021). https://doi.org:10.3390/en14113321 569 
47 International Energy Agency. Putting CO2 to use. Creating value from emissions. (2019). 570 
48 Global CCS Institute. Blue Hydrogen.  (2021).  571 
49 Feldmann, F., Hagemann, B., Ganzer, L. & Panfilov, M. Numerical simulation of hydrodynamic and gas mixing processes in 572 

underground hydrogen storages. Environmental Earth Sciences 75 (2016). https://doi.org:10.1007/s12665-016-5948-z 573 
50 Guo, J. et al. Direct seawater electrolysis by adjusting the local reaction environment of a catalyst. Nature Energy (2023). 574 

https://doi.org:10.1038/s41560-023-01195-x 575 
51 Derwent, R. et al. Global environmental impacts of the hydrogen economy. International Journal of Nuclear Hydrogen Production and 576 

Applications 1, 57-67 (2006). https://doi.org:10.1504/ijnhpa.2006.009869 577 
52 Larin, V. N. Method of using the earth mantle substance for hydrogen production USA patent (2008). 578 
53 Qian-ning Tian, Shu-qing Yao, Ming-juan Shao, Wei Zhang & Hai-hua Wang. Origin, discovery, exploration and development status 579 

and prospect of global natural hydrogen under the background of "carbon neutrality". China Geology, 722 - 733 (2022). 580 
https://doi.org:10.31035/cg2022046 581 

54 Ball, P. J. & Czado, K. Natural hydrogen: the new frontier. Geoscientist - Online (2022).  582 
55 Truche, L. & Bazarkina, E. F. Natural hydrogen the fuel of the 21st century. E3S Web Conf. 98, 03006 (2019).  583 
56 Kelemen, P. B. et al. In situ carbon mineralization in ultramafic rocks: Natural processes and possible engineered methods. Energy 584 

Procedia 146, 92-102 (2018). https://doi.org:10.1016/j.egypro.2018.07.013 585 



European Geologist, issue XX 13 of 13 
 

 

57 Hand, E. Hidden hydrogen. Science 379, 630 - 636 (2023). https://doi.org:https://doi.org/10.1126/science.adh1477 586 
58 Prinzhofer, A., Tahara Cissé, C. S. & Diallo, A. B. Discovery of a large accumulation of natural hydrogen in Bourakebougou (Mali). 587 

International Journal of Hydrogen Energy 43, 19315-19326 (2018). https://doi.org:10.1016/j.ijhydene.2018.08.193 588 
59 Aldaya, M. M., Sesma-Martín, D. & Schyns, J. F. Advances and Challenges in the Water Footprint Assessment Research Field: Towards 589 

a More Integrated Understanding of the Water–Energy–Food–Land Nexus in a Changing Climate. Water 14 (2022). 590 
https://doi.org:10.3390/w14091488 591 

60 D’Odorico, P. et al. Global virtual water trade and the hydrological cycle: patterns, drivers, and socio-environmental impacts. 592 
Environmental Research Letters 14 (2019). https://doi.org:10.1088/1748-9326/ab05f4 593 

61 European Environment Agency. Water-retention potential of Europe's forests. (European Environment Agency, Copenhagen, 2015). 594 
62 National ENergy Technology Laboratory. Terrestrial Sequestration of Carbon Dioxide. (National ENergy Technology Laboratory,, 595 

2010). 596 
63 WHO Regional Office for Europe. Nature, Biodiversity and Health: An overview of interconnections.  (WHO Regional Office for 597 

Europe,, 2021). 598 
64 Wang, J., Zhao, F., Yang, J. & Li, X. Mining Site Reclamation Planning Based on Land Suitability Analysis and Ecosystem Services 599 

Evaluation: A Case Study in Liaoning Province, China. Sustainability 9, 890 (2017). https://doi.org:10.3390/su9060890 600 
65 Swallow, B. et al. Compensation and Rewards for Environmental Services in the Developing World: Framing Pan-Tropical Analysis 601 

and Comparison (Nairobi, Kenya 2007). 602 
66 Yawson, D. O. et al. Virtual water flows under projected climate, land use and population change: the case of UK feed barley and meat. 603 

Heliyon 6, e03127 (2020). https://doi.org:10.1016/j.heliyon.2019.e03127 604 
67 Cazcarro, I. & Dilekli, N. Developing the Food, Water, and Energy Nexus for Food and Energy Scenarios with the World Trade Model. 605 

Water 13 (2021). https://doi.org:10.3390/w13172354 606 
 607 


