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Abstract
For many years, definition and production of non-renewable resources has been crucial to meeting industrial and societal 
demands for energy and materials. In the evolving energy transition, the priority is to meet not only the world’s increasing 
energy requirements but also societal expectations of net zero by 2050 or sooner. Renewable energy will play a key role in 
achieving this, but this will require key and critical minerals and materials, whether for use in wind turbines or for building 
new energy distribution systems. Fossil fuels will continue to be used for some energy and industrial processes and increas-
ingly for the production of hydrogen. Essential to the energy transition will be ongoing assessment of resources and reserves, 
including of critical minerals, geological sites for  CO2 and  H2, carbon-based and carbon-free fuels. Some of the principles 
underpinning the traditional use of the terms reserves and resources can be usefully applied to provide rigour and uniformity 
to the assessment of renewable energy opportunities. Carbon offsets, negative emissions and recycling will also be used to 
achieve net zero. Whatever the energy transition pathway that countries choose to take, knowledge of and ready access to 
non-renewable resources and reserves will be essential to achieving a clean energy future.
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Introduction

It is an honour and pleasure to have the opportunity to 
acknowledge the outstanding contribution that Professor 
Friedrich-Wilhelm Wellmer, Fred, has made to the earth 
sciences, throughout his long and distinguished career. It is 
a career that has covered the private and the public sectors 
both nationally and internationally. It has embraced manage-
ment and leadership, research and exploration, onshore and 
offshore geology, climate change and environmental geol-
ogy, metallic and industrial and energy resources. This is 
an extra-ordinarily diverse range of interests and impacts 
by any standard.

My knowledge of and friendship with Fred extends 
back 30 years or more, first through our common inter-
est in resources, especially phosphate resources, and then 
through a shared wish to strengthen the role of national 
geological surveys, in my case as Director of the British 

Geological Survey (BGS) and in Fred’s case as President of 
the German Federal Institute for Geosciences and Natural 
Resources (Bundesanstalt für Geowissenschaften und Rohst-
offe (BGR)). Related to this, we both had a common vision 
(along with Martin Kursten and others) of encouraging 
closer collaboration between Europe’s geological surveys, 
through the establishment of EuroGeoSurveys.

The first efforts to formally classify mineral deposits were 
made more than a century ago on the basis of whether or not 
their exploitation was commercially viable. Since that time, 
classification systems have become more comprehensive and 
more complex, moving from the relatively simple question 
“what have we found?” to “can we commercially exploit 
it?” to “how do we minimise the environmental impact of its 
exploitation” and “what scope for recycling?”.

The pioneering work of M King Hubbert (1956) produced 
the bell-shaped Hubbert curve and the concept of “peak 
oil”. But as pointed out by Wellmer in a number of papers 
(Wellmer 2008; Wellmer and Dalheimer 2012; Wellmer 
and Scholz 2015, 2017; Weller and Hagelüken 2015), the 
actual pattern of resource production is found to deviate 
significantly from the ideal Hubbert curve. To illustrate this 
point, it is worth quoting at length from Wellmer and Scholz 
(2017) on their conceptual and empirical historic analysis 
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of applications, misunderstandings and fallacies surround-
ing the Hubbert curve as it applies to phosphate and gold 
resources and reserves, but which includes principles that 
can be applied to other non-renewable resources, including 
energy.

The ultimate recoverable resources (URR) cannot be 
predicted by fitting a symmetric curve to the data of past 
(historic) production for any commodity on a global scale. 
Without knowledge of the URR, it is not possible to deter-
mine the peak production time. For well-confined areas, in 
the case of a supply market, it might be possible today to 
construct a satisfactory Hubbert Curve and to determine 
peak production. For phosphate, the case of Nauru Island 
is a good example, but so far, it is not possible for any com-
modity worldwide. URR comprise past production, pres-
ently known reserves, and future reserves developed from 
resources (known, but uneconomic at present) and parts of 
the geopotential (not yet known, but by geological reasoning 
and technological innovations, reserves can be expected to 
be discovered). The concept of reserves is a dynamic one, 
determined by economic conditions, technological develop-
ments, etc. The reserves of today can be the resources of 
tomorrow and vice versa. These factors also influence pro-
duction curves. Therefore, it is not justified to interpret every 
peak as caused by geological constraints. In most cases so 
far, peak curves are demand driven and not at all influenced 
by geological availability. In only a very few cases (like the 
curve for the lower 48 states of the USA for oil by Hubbert 
in 1956 or gold production in South Africa), they are supply 
driven, i.e., true Hubbert Curves.

These insights led Wellmer and his co-authors to adopt an 
approach to reserves and resources that was more compatible 
with the “McKelvey box” (McKelvey 1972) rather than the 
Hubbert curve. They based their approach on the degree of 
certainty that a deposit exists (which in turn is reflected in 
the distinction between reserves and resources) and the prof-
itability that will arise from the exploitation of the deposit.

Wellmer extended this model to take into account the 
potential for recycling; an important addition if we are to 
plot a future course of mineral exploitation that takes the 
principle of sustainability and a circular economy into 
account (Sinding-Larsen and Wellmer 2012). Recycling of 
minerals and mineral products is not always feasible. In the 
case of phosphorus for example, it is not possible to recycle 
this essential commodity to any significant extent. Wellmer 
suggested that despite the abundance of phosphate reserves 
and resources, it nevertheless warrants particular attention 
because of its social significance in meeting the essential 
nutritional needs of society. He elevates phosphate, along 
with energy, to the top of the resource pyramid.

Wellmer, through BGR, also contributed to the UN 
Framework Classification for Resources (UNECE 1997, 
2021a, b) which allows a distinction to be made between 

the environmental, social economic and governance (ESEG) 
contingencies that need to be in place for a project to pro-
ceed. In 2021, the Sustainable Energy Subprogramme of the 
UNECE recognised his contribution to the UN Committee 
on Sustainable Energy.

These contributions by Wellmer and others provide the 
basis for now considering energy-relevant resources and 
reserves in the context of the transition to low carbon energy 
and the pathway to net zero.

Fossil energy

The original Hubbert curve and the peak oil concept was 
based on the oil production of the lower 48 states of the 
USA. Hubbert (1962) assumed that after fossil fuel reserves 
are discovered, production at first increases approximately 
exponentially, as more extraction commences, and more effi-
cient facilities are installed. At some point, a peak output is 
reached, and production begins declining until it approxi-
mates an exponential decline. Notable features were that the 
curve was symmetrical; the peak of production was reached 
when half of the fossil fuel had been produced, and it was a 
single peak. Significantly, the curve indicated a peak in con-
ventional oil production for the USA in 1970–1971, which 
initially proved to be correct, and which gave the Hubbert 
curve great credibility in the eyes of industry and govern-
ment (Inman 2016). The peak oil of 1970 (9.64 million bar-
rels per day) was followed by the Hubbert-predicted slide in 
oil production down to around 5 million barrels per day by 
2006. But then, as a result of the new technological devel-
opment of fracking, oil production rose rapidly to surpass 
the 1970 peak by 2018 (10.96 million barrels per day). The 
IEA (2021b) forecasts that global oil demand will rise by 3.3 
mb/day in 2022, when it returns to pre-pandemic levels at 
99.5 mb/day, but obviously the details of oil production can 
be distorted by economic or political developments such as 
current political uncertainties in Eastern Europe.

Technological developments for one resource can have a 
profound impact on another resource. The development of 
fracking increased US gas reserves and decreased gas costs, 
which in turn led to large-scale substitution of gas for coal 
in electricity generation in the USA. Along with this, there 
was also substitution of renewables for coal-fired genera-
tion. Together, these produced a marked decrease in US  CO2 
emissions associated with power generation, closed many 
US coal mines, reduced economic coal reserves and in the 
period 2010–2020, bankrupt more than 50 coal companies 
in the USA alone. Similar trends took place in a number of 
other OECD countries, with a major transfer of coal reserves 
to uneconomic coal resources. The IEA forecasts a sharp 
truncation of the coal production curve by 2040, and much 
earlier in some countries.
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The history of coal production in Australia over the 
period 1901–2020 (Fig. 1) serves to illustrate some of the 
complexities that can occur at the national level. In 1901, 
Australian black coal production was approximately 10 mil-
lion tonnes and exports were negligible. By 2020, Australia 
was producing more than 450 million tonnes of coal per 
annum, 130 million tonnes for domestic use, the remain-
der (approximately half thermal coal and half metallurgi-
cal coal) for export to Asia. Figure 1 shows a very modest 
decrease in domestic demand for coal in the past few years 
and in that time, a number of black coal-fired power sta-
tion in Australia have closed, but that is largely masked by 
the demand for coal exports. The most significant domestic 
downturn is for brown coal, a less acceptable fuel because it 
produces approximately 30% more  CO2 emissions per mega-
watt of power than black coal. The other trend illustrated 
by Fig. 1 is the impact of technology. In 1901, 20,000 coal 
workers produced approximately 10 million tonnes of coal; 
in 2020 50,000 coal workers (aided by major technological 
advances) produced 450 million tonnes of coal.

So, for Australia we see the domestic market reacting to 
greenhouse gas concerns, whilst the export market continues 
to grow. Internationally, the IEA (2021b) projects that there 
will be a major increase in energy demand from emerging 
markets and developing economies, with coal contributing 
36% of global power generation, which in turn will drive 
 CO2 emissions higher. There is clearly a gap between ambi-
tion and action in terms of the speed at which the global 
energy transition can be achieved. The difficulty in fore-
casting those future trends is highlighted by the impact of 
recent political developments in Eastern Europe, leading to 
gas shortages and a marked increase in coal production and 
in the price of thermal coal, though the expectation is that 

this is just a temporary blip in the progressive decrease in 
global coal production.

Coal is not only used in power generation; the iron and 
steel industry accounts for 10–15% of global coal demand 
and produces 5–8% of the world’s carbon dioxide emis-
sions. Future options to decrease or eliminate  CO2 emis-
sions include CCS, electric arc furnace (EIF) technology 
with zero-carbon electricity or direct reduced iron (DRI) 
technology using hydrogen. There is also extensive coal use 
by the chemical, cement and other industries. The age of 
the plants can be a critical part of any decision on technol-
ogy uptake. Ng (2022) reports that the average age of steel 
plants in Europe is 40 years but only 12 years in China. 
Consequently, in China, on cost grounds, it is more likely 
that a CCS retrofit approach will be used to cut steel plants 
emissions, rather than EIF or DRI. So, there could be a long 
tail to the coal production curve, driven by industry demand 
rather than energy demand. Given current trends and the 
important role coal plays not only in power generation but in 
industry more broadly, it is unlikely that world coal produc-
tion and use will have ceased by 2050 and we will need to 
minimise the likely greenhouse gas impact of this. What is 
also clear is that the end of the global coal industry will not 
be from depletion of coal resources and reserves but from 
overriding global concerns regarding  CO2 emissions.

Global identified gas reserves are of the order of 7,000 
trillion cubic feet (Knoema 2021). This is enough to meet 
current world demand for more than 50 years. Gas resources 
are an order of magnitude greater. Consequently, availability 
is not an issue for gas, but associated greenhouse emissions 
are. The energy transition is reshaping some gas demand at 
national levels, but globally there is no evidence that a move 
from gas is happening quickly. The IEA (2021c) forecasts 
natural gas and LNG gas will be the strongest-growing fossil 
fuel and demand will increase by 0.9% per annum from 2020 
to 2035. From 2035 to 2050, the IEA expects gas demand 
to decline, but only by an average of 0.4% per annum. This 
relatively moderate rate of decline is at least in part due 
to hard-to-replace gas use in the chemical and industrial 
sectors. Demand for LNG is expected by the IEA to peak 
around 2040, with the share of LNG in the global gas supply 
increasing from today’s 13 to 23% by 2050. Importantly, 138 
MT per annum of LNG capacity is currently under construc-
tion around the world and realistically, given the longevity of 
a major LNG facility, is likely to still be in production (and 
producing greenhouse gases) in 2040–2050.

Therefore, present trends offer no evidence that fos-
sil energy will cease to be part of the energy mix anytime 
soon. This is not what is demanded by the 2015 Paris Agree-
ment or a net zero target and it is essential we aspire to a 
much faster uptake of renewable energy. But at the same 
time, it would be foolish to predicate zero emission futures 
on the assumption that all fossil fuels will disappear from 

Fig. 1  Production of Australian coal and exports 1901–2020 (in mil-
lion metric tonnes, left axis). Number of coal workers (in thousands, 
right axis) (Bureau of Statistics 1970). Diagram courtesy of Alfonso 
Arranz
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the energy scene by that time or sooner, when there is no 
evidence of this happening. Nor, unfortunately is there any 
evidence of the political will at national and international 
levels to change the current trajectory. Therefore, the logical 
approach at this time has to be to take account of the evi-
dence that the use of fossil fuels will continue in some coun-
tries, especially developing countries, to 2050 and beyond 
and that we must take action to minimise the impact of this, 
by mitigating and if possible totally eliminating the associ-
ated  CO2 emissions.

Cutting emissions

There is abundant evidence (Le Quere et al. 2018; IPCC 
2018, 2022; National Academies Science Engineering Medi-
cine 2021) that if we are to avoid dangerous climate change, 
we must make deep cuts in emissions by 2050 or earlier. 
For some, perhaps many, that equates to ceasing all use of 
all fossil fuels by 2035 if not sooner. But as is evident from 
the previous discussion, the global trends in the production 
and use of fossil fuels are currently not compatible with 
the agreed Paris Agreement objective of keeping the global 
temperature rise to 1.5 °C or below, nor with the target of net 
zero carbon by 2050 or sooner. So, despite the predictions 
of the end of coal or oil or gas, it is likely that they will still 
be part of the global energy mix by 2050 and it would be 
wise to address this in future clean energy options through 
permanent storage of the associated  CO2 emissions, not 
instead of more renewable energy, but in addition to more 
renewable energy.

CO2 emissions can be captured and permanently stored 
at scale (IPCC 2005), or on a more modest scale, can be 
incorporated into useful “long-lived” product such as cement 
or other building products (Hitch and Dipple 2012; Kliejne 
et al. 2022). Typically, the  CO2 is reacted with rocks such as 
serpentinites, containing calcium or magnesium, to produce 
a carbonate product (Sanna et al. 2014). Ideally the reactive 
rock is a ground-up product of a current mining operation 
(to avoid the cost and the energy penalty involved in rock 
crushing and grinding) and such material could be regarded 
as a “reserve”, in that its quantity, chemistry and reactivity 
is known and it is in a location where it could potentially 
be used. There are also large resources of reactive rock that 
could be mined in the future if it became commercially fea-
sible to do so and where there is a market for the products. 
Use of  CO2 should be encouraged where it is economically 
and logistically feasible, and where the  CO2 sequestration is 
long term. Carbonate mineralisation could make a valuable 
contribution to decreasing  CO2 emissions to the atmosphere, 
be a useful carbon offset or create negative emission. But it 
is unlikely to operate at the scale necessary to have a major 
impact on the global emissions profile.

Carbon capture and geological storage (CCS) is seen 
by many as a major mitigation option (IPCC 2005; Cook 
2012) and its technical feasibility is well established (GCCSI 
2021). But is the available geological storage resource likely 
to be sufficient to meet the mitigation need to cut  CO2 emis-
sions by billions of tonnes of  CO2 per annum? Globally yes, 
according to the IPCC (2005), although this conclusion 
was based primarily on theoretical storage potential, with 
a significant level of uncertainty. Like mineral or energy 
resources, realisation of that potential and upgrade of a stor-
age resource to a storage reserve is dependent on param-
eters such as the level of geological knowledge, commer-
cial viability, environmental impact, social acceptance and 
government approvals. It also depends on distance of the 
storage site from the  CO2 source, for the greater the distance 
to transport the  CO2 (by pipeline, though ship transport is 
possible) the greater the cost of the transport infrastructure. 
It is possible to overcome the “tyranny of distance” through 
economies of scale, and a number of low emission nodes and 
networks are being considered for Europe, North America 
and Australia. But obviously, the starting point has to be 
that the geology is suitable, which generally means porous 
and permeable rocks (such as a sandstone) at the right depth 
(800 m or more), overlain by an impermeable seal (such as a 
mudstone) in a structurally simple location (limited faulting 
and fracturing) that is tectonically stable.

This set of attributes, usually referred to as site charac-
terisation, has been defined by Cook (2006) as “The collec-
tion, analysis and interpretation of subsurface, surface and 
atmospheric data (geoscientific, spatial, engineering, social, 
economic, environmental) and the application of that knowl-
edge to judge, with a degree of confidence, if an identified 
site will geologically store a specific quantity of CO2 for a 
defined period of time and meet all required health, safety, 
environmental and regulatory standards”.

The McKelvey box, with its various modifications (SPE 
2007, 2011, 2018), can be used to represent the  CO2 miti-
gation potential of geological storage capacity (Fig. 2). 
Terms such as operational, contingent and prospective 
capacity have been readily and usefully incorporated into 
the scheme. Together, they offer the opportunity to stand-
ardise the assessment of this resource and future reserves. 
The conceptual McKelvey box (as in Fig. 2) along with a 
probabilistic approach can be usefully applied. Total pore 
volume can be subdivided into discovered and undis-
covered pore volume, which in turn can be classified as 
either commercial or sub-commercial. Operational stor-
age capacity (discovered pore volume that is considered 
commercial) can be separated into proven reserves with 
a 90% probability of commercial use (1P), proven plus 
probable reserves with 50% probability of commercial use 
(2P) and proven plus probable plus possible, with a 10% 
probability of commercial use (3P), following standard 
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petroleum industry nomenclature (SPE 2007, 2011). Other 
more speculative categories include contingent storage 
capacity (discovered pore volume which is expected to be 
commercial in the future) and prospective storage capacity 
(undiscovered pore volume which might become commer-
cial at some future time). The prospect of contingent and 
prospective storage capacities achieving commerciality 
requires a probabilistic approach identifying the high, low 
and best estimates, in much the same way that a probabilis-
tic approach is taken to oil and gas resources and reserves.

Storage capacity (Fig. 3) can also be represented as a 
resource pyramid (CSLF 2007; Kaldi Gibson-Poole 2008) 
with the best-known and highest-quality capacity at the apex 
of the pyramid and the poorly known or poor-quality capac-
ity at its base. Theoretical storage capacity—the physical 
limit of what the geological system can store—is represented 
by the entire pyramid. Effective storage capacity is a subset 
of the theoretical capacity. Practical storage capacity is a 
subset of the effective capacity, which is obtained by con-
sidering other technical, regulatory, infrastructure and other 
constraints. The matched storage capacity involves detailed 
matching of large stationary  CO2 sources with well charac-
terised geological storage sites.

To what extent has this been done to date? There are a 
number of sites that have been well characterised, and their 
storage capacity risked and assessed. An excellent example 
of a mature project is provided by the Sleipner Project (Fur-
rea et al. 2017); CarbonNet provides a developing exam-
ple (Barker and Mendes da Costa 2018). The value of the 
accessible (in situ) pore space may need to be discounted 
on the basis of the “source-sink” distance, which impacts 
on transport costs. The injectivity of a reservoir impacts on 
how many injection wells are needed to inject, for example 
a million tonnes of  CO2 per annum. Heterogeneity exerts a 
major influence on capacity and the extent to which a  CO2 
plume will spread (Benson et al. 2018).

The value of a storage resource or reserve can be cal-
culated and risked if there is a market for carbon through, 
for example the EU Emissions Trading System, which over 
the past year has had a carbon price ranging from 40 to 90 
euros per tonne of carbon. In the USA, a tax initiative (45Q) 
encourages geological storage, by offering a tax credit of 
US $55 for each tonne of anthropogenic  CO2 stored in a 
saline aquifer. This provides a different but equally valid 
basis for monetising a storage site. Alternatively, if there is 
no national basis for placing a dollar value on a storage site, 
and no 45Q, then the value of the contingent or prospective 

Fig. 2  CO2 storage volume clas-
sification system after Kaldi and 
Gibson-Poole ( modified from 
SPE 2007)
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storage capacity (Fig. 2) can be based on a carbon price 
arrived at by agreement between the  CO2 producer (steel 
plant, power station etc.) and the  CO2 mitigator (the com-
pany taking on responsibility for geologically storing the 
 CO2).

So, whilst there are new geological parameters to con-
sider, the established principles of reserves and resources 
can be applied to sites or geological formations or struc-
tures suitable for  CO2 storage, a resource that is likely to be 
increasingly in demand. The same principles can be applied 
to underground storage of hydrogen and this is discussed 
later.

Carbon‑free fuels

For some countries, their choice of a carbon-free fuel is ura-
nium. But for many others, hydrogen is seen as an important 
component of the future clean energy mix. Natural hydrogen 
gas does exist as a minor resource in a number of geological 
settings (Zgonnik 2020). In Australia for example, it was first 
reported to occur in South Australia by Price (1933). Many 
would regard these occurrences as no more than a geologi-
cal curiosity! A review of natural hydrogen in Australia by 
Boreham et al. (2021) concludes that “Natural hydrogen is 
carbon-free, but unlike fossil fuels it is continuously being 
generated from the same source over a wider range of depths 
and temperature providing ‘timeless hydrogen’. Given the 
enormous, cumulative amount of H2 that has been gener-
ated since the earth was formed, the likelihood of potentially 
large H2 reservoirs is considered high, awaiting discovery 

using proven exploration guidelines”. Boreham et al. sug-
gest that the Australian continent has a hydrogen inferred 
resource potential between 1.6 and 5.8  MMm3  year−1 down 
to a depth of 1 km. This annual hydrogen flux is small 
compared to current hydrogen demand. Nonetheless, over 
the past year, 18 exploration licences have been granted or 
applied for in South Australia, by six companies searching 
for natural hydrogen, with a view to identifying hydrogen 
resources and ultimately commercially significant hydrogen 
reserves (Peacock 2022). At a recent meeting of the Geologi-
cal Society of London (2022), a number of occurrences of 
natural hydrogen were documented including the Sao Fran-
cisco Basin, Brazil, which is emitting several hundred kg  H2 
per  km2 per day. A question that has important implications 
for natural hydrogen resources or even reserves is whether 
the hydrogen is a seep, or whether there is scope for large-
scale subsurface trapping of hydrogen analogous to a con-
ventional gas trap? It has been suggested (London, 2022) by 
Michael Webber of Engie, France, that “Natural hydrogen 
has the potential to cause the biggest disruption to the global 
energy system in the coming decades”.

The current reality is that steam reforming of natural gas 
presently produces 95% of the world’s hydrogen—and large 
quantities of carbon dioxide. Consequently, if natural gas 
or coal is to be used for blue hydrogen production and if a 
target of net zero emissions is to be met by 2050 or earlier, 
then carbon capture and geological storage (CCS) would 
need to be deployed at large scale. There are a number of 
national hydrogen strategies now in place or under develop-
ment. The Australian hydrogen strategy and roadmap (Finkel 
2018; COAG 2019; CSIRO 2020) includes production of 

Fig. 3  Integrated scales of site 
assessment and storage capacity 
pyramid for geological storage 
of  CO2 after CSLF (2007 and 
Kaldi, Gibson-Poole 2008
modified by  )
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blue hydrogen from brown or black coal or natural gas, and 
green hydrogen from electrolysis. In the proposed Hydrogen 
Energy Supply Chain (HESC) project located in Victoria for 
example, hydrogen will be produced through brown coal 
gasification and gas-refining, then liquefied and shipped to 
Japan. The carbon dioxide would be captured and geologi-
cally stored in the offshore Gippsland Basin (Barker and 
Mendes da Costa 2018). This is just one of a number of 
hydrogen projects being developed around the world.

Blue hydrogen produced from natural gas with carbon 
capture and storage (CCS) is seen by the IEA and other 
international bodies, as an important option, with lower cost-
low carbon blue hydrogen the preferred hydrogen pathway 
for many countries, at least initially building on the existing 
gas industry and related infrastructure. Using Australia as an 
example, LNG has been an increasingly important export for 
Australia. In 2003–2004, exports were 7.1 million tonnes. 
In 2022, export volumes will be approximately 80 mil-
lion tonnes and worth more than US$ 40 billion. Concerns 
regarding scope 3  CO2 emissions arising from the use of gas 
and LNG in countries such as Japan and Korea could drasti-
cally cut this market. An option to address this is by moving 
to hydrogen. For Australia and a number of other countries, 
a zero-emission hydrogen industry could potentially be built 
on the technical, commercial and financial competencies of 
the existing gas industry.

Like natural gas, hydrogen can be stored for delivery, 
shipping and use. It can be liquefied via compression or cry-
ogenic cooling and converted into an energy carrier such as 
methanol, a liquid organic hydrogen carrier (LOHC) such as 
methylcyclohexane, or ammonia. So, rather than gas produc-
tion tailing-off, we might see a bimodal production curve for 
gas, as blue hydrogen gains acceptance, not instead of green 
hydrogen, but as part of the clean energy mix. As discussed 
earlier, global gas reserves and resources are massive and 
have the capacity to meet the future demand for hydrogen 
for decades to come. This potential will be dependent on 
CCS being applied at scale, to deal with the related  CO2 
emissions.

Hydrogen can of course be produced by electrolysis of 
water using renewable energy and this is often labelled 
“green hydrogen”, which is seen by many as more sustain-
able and therefore more acceptable than blue hydrogen, 
but renewable energy is still in limited supply. Perhaps for 
some, the label of “green” carries with it the connotation 
that is a fully sustainable and essentially unlimited supply 
of energy. But as pointed out later, wind turbines, electrodes 
and increased electricity requirements all require significant 
and sometimes large quantities of non-renewable minerals 
and materials. From that perspective, there is no such thing 
as “absolutely” green hydrogen! In many ways, the labelling 
of hydrogen as blue or green is not helpful to the develop-
ment of any energy transition that includes hydrogen as we 

will need both of them. As Alan Finkel, Australia’s Chief 
Scientist, stated in his 2019 presentation to the IEA, “We 
need an internationally agreed threshold for the amount 
of carbon dioxide that can be emitted during production 
and still qualify to be called ‘carbon-free’ hydrogen”. Put 
another way, it really should not matter whether hydrogen 
is generated from natural gas, or by electrolysis, or more 
speculatively natural (geological) hydrogen or indeed (in 
countries that have nuclear power as an energy option) via 
electrolysis using nuclear power. What matters is how much 
 CO2 is emitted in total in the production of the hydrogen.

Renewable energy

This paper and many others have drawn attention to the fact 
that that current global aspirations for a low carbon future, as 
exemplified by the Paris Agreement, are not in accord with 
the present and increasing use of fossil fuels and the slow 
uptake of carbon-free energy. We must take this into account 
in planning the future energy mix and the technologies that 
will be essential to that future, but there can be no doubt that 
the development and deployment of renewable energy on a 
massive scale is a critical part of the future energy mix if 
we are to have a low carbon world. So, in a world dominated 
by renewable energy, will “resources” and “reserves” have 
any relevance?

More efficient wind turbines or solar panels will increase 
the future energy output, but such future developments 
frequently also require increased use of critical minerals, 
often ones with limited reserves such as cobalt, graphite, 
lithium, rare earths and tungsten. A recent (2022) report 
by the Geological Society estimates that each wind turbine 
requires “at least five tonnes of copper wiring, three tonnes 
of aluminium, 1200 tonnes of concrete and two tonnes of 
rare earth elements”. Batteries, an increasingly important 
part of any renewable energy system also require critical 
minerals. But it is not just critical minerals that are required 
for a low carbon future. Copper is a key mineral if we are 
to develop new energy distribution systems for example. 
There is a need to secure the supply of these minerals as an 
integral part of the clean energy pathway. Increased recy-
cling will become ever more important, but this alone will 
not provide all the necessary minerals. Do we have enough 
critical mineral resources and reserves to meet the projected 
massive increase in renewable energy necessary for a low-
carbon economy? No! Therefore, ongoing exploration for 
critical and key minerals accompanied by evaluation of any 
resources and reserves found, including those in existing 
mine waste, must be part of any renewable energy strategy.

The term “resource” is widely used in the renewa-
bles sector, for example a windy or a sunny area is 
often described as having a good wind resource or solar 
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resource. However, the term “reserve” is used not to indi-
cate a level of commerciality (as in minerals or petroleum 
or geological storage), but to indicate a specific area set 
aside because of particular characteristics such as special 
flora or fauna or somewhere of unique cultural attributes. 
In other words, the term “reserve” does not readily fit 
into the lexicon of renewable energy. But the resource 
classification system of the SPE (2018) has as its stated 
aim the need to bring to the resource assessment process, 
consistency, transparency and reliability, all of which are 
attributes required for any energy production proposal or 
project, whether non-renewable or renewable.

The need to formalise the approach to “wind 
resources” for example is increasingly recognised as 
issues such as visual, environmental, commercial, social 
and other issues impact on the opportunity to exploit wind 
resources and other renewable resources. A crucial fac-
tor in the development, siting and operation of a wind 
plant is the ability to assess and characterise available 
wind resources. With this in mind, the US Department 
of Energy (2022) through the Wind Energy Technologies 
Office (WETO) “is leading a portfolio of wind resource 
assessment and characterization projects that will help 
the industry understand how to reliably integrate large 
quantities of wind energy into system operations, as well 
as develop capabilities that will enable these new wind 
installations to actively improve the quality of electric 
grid”. To facilitate this process, WETO has developed 
a schema to formalise the stages of a wind develop-
ment within a framework which echoes that used for 
non-renewable resources and reserves. At the far end of 
the assessment process is total wind resource potential 
(which includes gross recoverable and unrecoverable 
wind resources); then gross resource potential; technical 
resource potential; economic potential and finally deploy-
ment. The last two of these terms are comparable to a 
mineral reserve in that they reflect something that it is 
quantifiable and commercially viable, although they do 
not formalise underlying principles such as probability, 
nor use precisely the same terminology. Nonetheless, the 
same underlying principles are evident, and it is desirable, 
and likely that major wind and solar development will 
move to a more uniform style of characterisation of the 
scope and scale of wind and solar resources.

As discussed earlier, the future growth of renewable 
energy must take into account the availability of non-
renewable resources and reserves. Land suitable for 
industrial scale wind or solar farms can also be seen as 
a finite resource. Community opposition places a major 
constraint on land availability and access, just as it does 
on land availability for gas or minerals exploration and 
production.

Negative emissions

As pointed out previously, if the current emissions trajec-
tory is maintained it will be impossible to meet the Paris 
targets and we will need negative emissions through direct 
removal of  CO2 from the atmosphere (Fuss et al. 2018; Minx 
et al. 2019; National Academy of Sciences 2019; Realmonte 
et al. 2019). There are a range of negative emission technolo-
gies available or under development that will require con-
sideration of non-renewable resources and reserves (Cook 
and Arranz 2020). The potential for removing  CO2 from 
the atmosphere through technologies such as direct air cap-
ture of  CO2 (DACCS) could become an essential part of the 
 CO2 mitigation portfolio. Access to low-cost clean energy, 
probably wind power or solar, will also be vital for viable 
low-carbon DACCS projects. But in parts of the world where 
land is a limited resource, communities may find it unac-
ceptable to have hundreds of capture units, each the size of 
a shipping container or larger, together with wind turbines, 
distributed over large areas of the countryside. As previously 
discussed, whilst the captured  CO2 could in some instances 
be made or incorporated into useful products such as build-
ing materials, the quantity of  CO2 that will need to be cap-
tured if our present trajectory of emissions continues, makes 
it inevitable that geological storage of  CO2 will be required 
as part of DACCS. As discussed earlier, whilst subsurface 
pore space resources are large, they are not infinite, nor are 
they necessarily where they are needed. One of the positive 
features of DACCS is that the units can be selectively placed 
where there are good subsurface storage resources, where 
there are no community concerns and where there is no need 
for expensive pipelines.

Conclusions

The reserve-resource concepts developed over the past 
century have served us well, though the symmetrical bell-
shaped Hubbert curve and the embedded concept of peak oil 
is largely redundant. Fossil fuel resources and reserves are 
very large and the use of fossil fuels, whether coal or gas, 
will end not because of resource or reserve constraints, but 
because of societal concerns regarding the concentration of 
 CO2 and other greenhouse gases in the atmosphere. With 
the aim of renewable energy meeting all our energy needs 
in the future, is there still a need to be concerned about non-
renewable resources? The short answer is yes, and many of 
the resource-reserve principles established by McKelvey, 
Wellmer and others are as relevant now as they ever were.

A global economy with zero use of fossil fuels by 
2050 is unlikely. This is not a view based on a lack of 
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enthusiasm for renewable energy, but on the evidence of 
current trends and informed forecasts for fossil fuels, plus 
what has and has not been achieved in recent years. What 
can be achieved by 2050 is net zero emissions of  CO2.This 
will require a massive increase in the adoption of renew-
able energy, smarter and more comprehensive energy net-
works, greater energy efficiency and lifestyle changes. But 
it will also require deep cuts in  CO2 emissions arising from 
decreased but ongoing use of fossil fuels in energy produc-
tion and chemical and manufacturing processes and from 
increased hydrogen production.

In the early stages of its development, the main appli-
cation of CCS was expected to be mitigate  CO2 emissions 
from coal-fired power stations. In most OECD countries, 
this now seems unlikely because of the large-scale uptake 
of renewables. But in Asia in particular, there are many new 
coal-fired power plants and more under construction, which 
will be producing  CO2 for decades to come and where CCS 
is currently their only option for decreasing emissions.

CCS serves to illustrate how the concepts of non-renew-
able resources and reserves can be meaningfully applied to 
some mitigation options. The McKelvey box, with its vari-
ous modifications, can be used to represent storage reserves 
and resources and the  CO2 mitigation potential of geological 
storage capacity. Terms such as operational, contingent and 
prospective capacity can be readily and usefully incorpo-
rated into the scheme. Together they offer the opportunity 
to standardise the assessment and potential of  CO2 storage 
resources and reserves and its contribution to achieving net 
zero. Much the same approach could be taken to under-
ground storage of hydrogen.

Hydrogen will be important to a clean energy future. 
Natural hydrogen resources exist in various geological set-
tings, but there are few if any fully assessed reserves. It has 
been suggested that natural hydrogen has the potential to 
be a major disruption to the future global energy system. 
Initially, hydrogen derived from steam reforming of natural 
gas (or gasification of coal) with CCS as an essential adjunct 
will provide the starting point for a large-scale hydrogen 
economy, given the abundance of gas reserves and the reach 
and know-how of the gas and LNG industry. Longer term, 
electrolysis using abundant low-cost renewable energy will 
become the dominant source of hydrogen. Are there likely 
to be resource and reserve constraints on this progression? 
Underground geological storage of hydrogen will become 
increasingly important.

Access to critical minerals in quantities sufficient to meet 
the massive increase in renewable energy required between 
now and 2050 is essential. Minerals such as copper are also 
a vital component not only of wind turbines but also of the 
new energy networks that will be required. Recycling and 
the development of a circular economy approach will meet 
some of that need, but a major effort is required to recycle 

and especially to find new critical and key mineral resources 
and define adequate critical mineral reserves, including 
those that might be found in existing mine waste.

Development and deployment of renewable energy on 
a massive scale will be essential to the future energy mix. 
This transition requires consideration of resource-reserve 
issues including critical minerals such as rare earths and 
platinum used in wind turbines and key minerals such as 
copper in order to enhance the energy networks. A range 
of issues such as social licence and environmental issues 
impact on the availability of land for large-scale wind tur-
bine deployment. In the USA, the Wind Energy Technolo-
gies Office (WETO) has usefully formalised the stages of 
developing wind project within a framework which echoes 
that used for non-renewable resources and reserves.

Keeping the future rise of the global temperature to 
1.5 °C or less will require not only deep cuts in emis-
sions but also removal of  CO2 from the atmosphere using 
a range of technologies. Direct air capture (DACCS) is 
an important option, but will require access to abundant 
low-cost renewable energy, land availability,  CO2 storage 
resources and increased need for critical and key minerals.

Discovering, assessing and extracting non-renewable 
resources and reserves will be an essential part of the clean 
energy transition. Fossil fuels, uranium, storage space for 
CO2 and H2 (natural, blue or green), critical minerals for 
solar panels or wind turbines, key mineral such as copper 
for new electricity distribution, the land area for large-scale 
wind or solar farms will all be needed to achieve net zero.

Mineral and energy resource discovery and ensuring 
reserve availability is a long-term progression. It has pro-
vided the basis for sensible and considered decisions by 
industry, governments and communities. Similarly it is 
vital to ensure the ready availability of the critical and key 
minerals required for renewable energy, increased access 
to low carbon fuels, notably hydrogen, and to geological 
storage resources for hydrogen and captured  CO2 if we are 
to achieve net zero by 2050, and preferably sooner.
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