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Abstract

Sulfur in the form of sulfuric acid is a crucial part of our modern industrial so-
ciety. It is required for the production of phosphorus fertiliser and manufac-
turing lightweight electric motors and high-performance lithium-ion batteries.
Over 246 million tonnes of sulfuric acid are used annually. Rapid growth in the
green economy and intensive agriculture could see demand increase to over 400

million tonnes by 2040. Today over 80% of the global sulfur supply comes from
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desulfurisation of fossil fuels to reduce emissions of sulfur dioxide (SO,) gas.
Decarbonisation of the global economy to deal with climate change will greatly
reduce the production of fossil fuels. This will create a shortfall in the annual
supply of sulfuric acid of between 100 and 320 million tonnes by 2040, depending
on how quickly decarbonisation occurs. Unless action is taken to reduce the need
for sulfuric acid, a massive increase in environmentally damaging mining will be
required to fill this resource demand.
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1 | INTRODUCTION

Sulfur, in the form of sulfuric acid, is a vital ingredient for many industries. The acid is used in producing phosphorus
fertiliser (Cordell et al., 2009), lightweight electric motors, and lithium-ion batteries (Childers et al., 2011; IEA, 2021a;
Ober, 2002). It is vital for extracting metals from ores and manufacturing polymers. Yet a problem looms, which is largely
unnoticed. As green technology booms and agriculture intensifies, global demand for sulfuric acid is set to rise signifi-
cantly by 2040. At the same time, the major present-day source of sulfur for these industries will rapidly diminish with
the decline in production of oil and gas (BP, 2021; IEA, 2021a).

More than 80% of the sulfur used industrially (USGS, 2022) comes from oil and natural gas, which typically contain
1-3 weight percent sulfur (Speight, 2019). The element is removed during refining to enable use of noble metal catalysts
in further refining downstream and, most significantly, to reduce combustion emissions of sulfur dioxide (SO,) gas, a
major cause of air pollution and acid rain (Grennfelt et al., 2020). As the world decarbonises over the next three decades
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(IPCC, 2018, 2022), the supplies of sulfur will drop, just when the material is needed most (IEA, 2021a). Prices of sulfuric
acid will rise, which could increase the cost of food, especially if sulfuric acid-using green tech industries outbid fertiliser
producers. As ever, developing countries will be hit hardest.

The sulfur crisis is not a new one. In the 1950s there were concerns about supplies of industrial sulfur (AC, 1951),
which was ultimately solved as an unintended consequence of the oil refining industry having to remove organosulfur
compounds which make platinum-based catalysts in hydrocarbon cracking reactors ineffective and then later on the reg-
ulation requiring the desulphurisation of fossil fuels. The question is why has not the latest threat to sulfur supplies been
recognised? Partly this is because sulfur seems plentiful, available, and cheap today. There are almost limitless theoretical
reserves of sulfur in geological deposits (USGS, 2022), although these are mainly sulfates whose present-day utility is lim-
ited. Furthermore, sulfur is also seen as a hazardous waste product (or a ‘fatal product’) in the fossil fuel industry, from
whose perspective the sulfur-consuming, sulfuric acid-using industries can be seen as providing a waste disposal service, in
which the sulfur is exchanged for the provision of that service. Thus, sulfur production is in effect highly subsidised, pro-
ducing sulfur that is provided at very low direct monetary cost to the sulfur-using industries, and in volumes that may even
occasionally exceed the world's current needs (Wagenfeld et al., 2019). Prices of sulfur have remained at less than $40 per
tonne (inflation adjusted) for the last 40years (Ober, 2002), except when recessions and/or oil conflicts have caused supply-
demand imbalances and temporary sulfur shortages (Figure 1). In such situations the price can spike to over $200 per tonne,
as in the post-2008 recession, but its average price over that period was still significantly below the inflation-adjusted cost of
alternative methods of sulfur production as a primary product, such as the Frasch process that dominated the world sulfur
supply between the 1920s and 1970s (Figure 1; Ober, 2002). Furthermore, the hydrocarbon desulfurisation process produces
the raw element ‘sulfur’ in powder or chips that can be transported and converted to sulfuric acid at major points of use,
minimising the cost of transport to the user. Low costs are vital for any material used in bulk. It can take 250 tonnes of sulfur
to extract 1 tonne of cobalt metal from lateritic ore (Dunn et al., 2015; Tagliaferri et al., 2016).

Prior to the dominance of sulfur production by desulfurisation of fossil fuels, sulfur was also produced by direct min-
ing of elemental sulfur or as a byproduct from mining of copper and other sulfide minerals, which by contrast is dirty
and expensive. Many sulfide minerals also contain heavy metals like mercury, arsenic, and thallium, which are toxic.
Furthermore, roasting sulfide minerals produces sulfur dioxide gas that has to be converted immediately to concentrated
sulfuric acid, which is more expensive and dangerous to store and transport than elemental sulfur. Elemental sulfur oc-
curring around salt domes can be extracted in the Frasch process by injecting superheated steam to melt the sulfur and
propel it to the surface, but this demands thermal energy that is most easily (and cheaply, prior to the 1970s) supplied
by burning fossil fuels and generates large volumes of wastewater contaminated with sulfur and hydrogen sulfide. Thus,
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FIGURE 1 Comparison of past global supply of sulfur and the cost per tonne of sulfur corrected to 1998 US$ (data compiled from the
following reports: U.S. Bureau of Mines (1927-34) Mineral resources of the United States 1924-31; U.S. Bureau of Mines (1933-96), minerals
yearbook 1932-94; U.S. Geological Survey (1901-27) mineral resources of the United States 1900-23; U.S. Geological Survey (1995-present),
minerals yearbook (http://minerals.usgs.gov/minerals)
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wide use of the Frasch process has energy and environmental costs that were acceptable prior to the 1980s, but should
be unacceptable now.

2 | GROWING SUPPLY-DEMAND GAP

To forecast sulfuric acid demand, three scenarios were modelled for 2021 to 2040 based on three different sources (shown
in Figure 2). The scenarios are based on historic and forecast sulfuric acid demand. Scenario 1 is based on an annual
growth rate of 1.8%, calculated from the 2011-18 sulfuric acid demand which has been extended forward to 2040 (Essential
Chemical Industry, 2016). Scenario 2 uses a larger published average annual growth rate of 2.3% annually, calculated
from the 2015 to 2021 sulfuric acid demand (Statista, 2020). Scenario 3 uses a slightly higher estimated growth rate of
2.4% (Shah, 2019), based on 2018 sulfuric acid demand and predictions to 2027. Other more extreme scenarios based on
very rapid expansion of electric vehicles and rare metal batteries (IEA, 2021a, 2021b; McKinsey and Company, 2018)
were discounted until there is more evidence of this increase. However, this additional factor of potential increase in
demand for sulfuric acid from these new industries suggests that our demand curves are conservative estimates and that
future demand could be much higher.

Sulfuric acid supply projections, also shown in Figure 2, are based on sulfur recovery from oil use projections
(IEA, 2021b; BP, 2019, 2022). The global USGS (2022) sulfur supply data for 2021 were used as a baseline for the calcula-
tions (~81 million tonnes equivalent to ~246 million tonnes of sulfuric acid). Sulfur recovered from natural gas and other
sources was assumed to be constant because there is considerable uncertainty over future production, particularly over
the next decade. First, this is because the pandemic caused the demand for natural gas to drop by 4% in 2020 (BP, 2020;
Shiryaevskaya & Dezem, 2020), but this is predicted to rise by 1.5% by 2025, after which it could vary by +25% of the
2021 level by 2040 (BP, 2022). Second, the Russian invasion of Ukraine has accelerated EU plans to transition away from
natural gas, with new plans to triple the planned renewable energy infrastructure by 2030 (Hockenos, 2022). Third, the
IEA (2021b) suggests a 75% drop in natural gas is required by 2040 to be consistent with the 1.5°C climate pathway - but
there is currently no evidence that this will occur.
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FIGURE 2 Estimated future supply (Essential Chemical Industry, 2016; Shah, 2019; Statista, 2020) and demand for sulfuric acid
(IEA, 2021b, BP, 2019, 2022; USGS, 2022)
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Six future oil demand scenarios were chosen to illustrate the huge range of possibilities in the next few decades. Three
BP (2019) scenarios were chosen to illustrate possible changing supply: more fossil fuel energy demand and less global-
isation demand. Three BP (2022) scenarios trying to model the energy transition away from fossil fuels, including: new
momentum, accelerated, and the net zero pathway. These are compared to the IEA (2021b) 1.5°C decarbonisation path-
way. Depending on how rapidly the world decarbonises and the amount of negative carbon emissions used to offset fossil
fuel use, there could be a shortfall in sulfuric acid of between 100 and 320 million tonnes. That is a shortfall of between
40% and 130% of current production by 2040. Hence, rapid reductions in demand and/or massive increases mining are
needed in the coming decades.

3 | DIRTY MINING

The rapid expansion of green technologies is predicted to significantly increase the need to mine minerals and
metals (Herrington, 2021). Cobalt demand could increase by 460%, nickel by 99%, and neodymium by 37% by 2050
(Herrington, 2021), all of which currently use large amounts of sulfuric acid in their extraction. The USGS (2022) estimates
there is almost limitless supply of elemental sulfur and sulfate minerals in evaporites, volcanic deposits, gypsum, and
anhydrite, but new industries will be required to reduce sulfates to sulfur in order to exploit most of these resources.
China already subsidises carbothermal reduction of gypsum to produce sulfuric acid directly in integrated industrial eco-
parks with co-located acid-using industries (Zhang et al., 2015), but at the environmental cost of large CO, emissions.

More immediately, the sulfur shortfall could be offset by expanding mining of sulfides and elemental sulfur, but at
large environmental costs. This could include both conventional mining of sulfur deposits and the Frasch mining pro-
cess that extracts elemental sulfur from salt domes or bedded evaporite deposits by injecting super-heated water into the
deposits (Ober, 2002). This will create environmental problems, such as air, soil, and water pollution, and human rights
issues associated with intensive mining (Martin & Iles, 2020). Sulfide mining operations also have their own issues. Of
particular concern is mining wastes containing sulfide minerals (Chopard et al., 2019) that can acidify local surface and
ground waters and increase the levels of numerous toxic elements (As, Bi, Co, Hg, Ni, TL, Sb, Se, etc.). At the same time, in
South China, direct generation of sulfuric acid continues not only by roasting of copper and other sulfide ores to produce
valuable metals with sulfuric acid as a byproduct (Han et al., 2016) but also by roasting pyrite to produce sulfur dioxide
and hence sulfuric acid as the primary product, at the cost of substantial heavy metal and especially thallium pollution
of the region (Liu et al., 2016).

Research is urgently needed to develop low-cost, low environmental impact methods of extracting large quantities of
elemental sulfur from the very abundant deposits of sulfate minerals such as gypsum and anhydrite. The international
community needs to consider supporting and regulating sulfur mining to minimise the impacts and also to avoid cheap
unethical production from distorting the market. A particular problem is the need to manage the decline of sulfur pro-
duction from fossil fuel desulfurisation, so that temporary increases in supplies of waste sulfur from this source do not
collapse the market price of sulfur and so undermine the longer-term development of sulfur production from new low
environmental impact sources.

4 | INCREASE RECYCLING

Alternatively, the demand for sulfur could be reduced, both from the presently dominant fertiliser industry and from
new users consuming increasing amounts of sulfuric acid as part of the transition to post-fossil fuel economies. In terms
of phosphorus fertilisers, recycling sewage and other waste (Cordell et al., 2011) is a viable alternative to sulfuric acid
processing of phosphate rock (Withers et al., 2015). In sewage treatment works, phosphate can be precipitated out as
struvite (Mg[NH,]PO,), a good combined N and P fertiliser, although the Mg can be problematic for some soils and
crops. Research is required as struvite-saturated solutions can cause damaging deposits in pumps, machinery, and pipes.
Recycling of phosphate from sewage would, in the longer term, also help to address the ‘peak phosphorus’ problem due
to the predicted future scarcity of phosphate rock (McGill, 2012). It may also ameliorate the issue of phosphorus eutroph-
ication (Chislock et al., 2013) in many freshwater and coastal areas and make a major contribution to the Sustainability
Development Goal 6.3.

Demand for sulfuric acid from new industries could be reduced somewhat by increasing the recycling of lithium batteries
(Harper et al., 2019; but it should be noted that recycling will have little impact in the period to 2040 and beyond in which
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the production of new batteries will greatly increase from a low initial base), or by using lower energy capacity/weight ratio
batteries such as the Li-FePO, battery (Durmus et al., 2020). These require less sulfur for their production compared to the
highest capacity Li-ion batteries that at present use Ni-Co cathode chemistries. The next research step is to invent new more
powerful batteries and motors that are less reliant on Ni, Co, and rare earth elements. This would boost energy storage and
efficiency, accelerating decarbonisation and reducing the need for sulfuric acid. Another increment of reduction in sulfur
demand might also come from alternatives to vulcanised rubber in vehicle tires, to offset the greater demand for this material
resulting from the increased weights of battery electric as compared to internal combustion engine vehicles.

More speculative alternatives to sulfur production from fossil fuels could include developing techniques to recycle
sulfur from the sulfate salts produced in sulfuric acid using processes, through its different oxidation states using sulfur-
cycle bacteria. Bacteria are already used at small scale in some of the steps involved, for example in the Shell-Paques pro-
cess for converting hydrogen sulfide in natural gas to sulfur, but industrial-scale bacterial reduction of sulfates to produce
hydrogen sulfide gas has not yet been implemented (Cline et al., 2003; De Crisci et al., 2019; Muyzer & Stams, 2008) — in
part due to the extremely hazardous nature of the product. It may also be possible to replace sulfuric acid with different
acids, such as nitric acid, in those industrial processes where this can be done without creating toxic, environmentally
damaging, and/or radioactive problems (Schnug & Lottermoser, 2013). For example, nitric acid is a potential substitute
for processing Ni-Co laterites, but not for processing phosphate rock because it creates waste water containing radioac-
tive and highly soluble uranyl nitrate (Ma et al., 2015). However, the production of nitric acid is itself expensive, presently
depends on supplies of ammonia derived from natural gas, and would require expensive changes to industrial processes
presently using sulfuric acid.

5 | CONCLUSIONS: THE NEXT STEPS

Decarbonising the global economy is essential if the impacts of climate change are to be restricted (IPCC, 2018, 2022). But
it can have unintended consequences, which need to be acknowledged and solved - such as the potential sulfuric acid
crisis. What makes the sulfur issue so difficult to deal with is that there is currently an extremely cheap plentiful supply.

Box: The many uses of sulfuric acid through time

Sulfur as an element has been used since ancient times in China, Egypt, Greece, and India (Kutney, 2013).
Referred to as ‘brimstone’, it was used for medicine, fabric bleaching, and later as a key component of
Chinese black powder or gun powder (Kutney, 2013), which changed the course of world history (Lewis and
Maslin, 2018). The development of mining and refinement of sulfur led to more uses of the element, includ-
ing furniture inlays, buildings, concrete, and fertiliser production (Thomson, 1995). Later in the 19th century,
its consumption by the Great Powers (UK, USA, France, Germany) became a key index of industrial and
military strength because sulfuric acid was used to produce nitric acid from nitrate minerals, to create nitrate
organic compounds for advanced explosives and ammunition propellants. The connection between sulfur and
economic and military strength became still stronger in the first half of the 20th century as mechanisation of
road transport and mobile warfare were enabled by sulfur vulcanisation of rubber to produce durable vehi-
cle tyres. Sulfur today is used as raw material for the production of paper, soaps, detergents, and industrial
organic chemicals (Ober, 2002). However, its greatest significance today lies not in applications in where it
is part of the final product, but in technologies where sulfuric acid is a key process or industrial chemical,
used to decompose and dissolve a very wide range of different materials (Ober, 2002). Sulfuric acid is used to
produce cellulosic fibres such as rayon or nylon, synthetic rubbers, drugs, nitrogenous and phosphorus fer-
tilisers, pesticides, explosives, storage batteries, and acids in particular hydrofluoric acid, which is critical to
the aluminium production, nuclear fuel processing, and semiconductor industries (Cheremisina et al., 2019;
Yara, 2020). Sulfuric acid is also essential in the extraction, processing, and refining of a range of ferrous and
nonferrous metals, that are used extensively in the tech-industry (Cheremisina et al., 2019). Over the last
100years the method of production of sulfur has changed, as has the unit cost. See Figure 3 for annotated
explanations of these changes.
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FIGURE 3 Comparison of past global supply of sulfur and cost per tonne corrected to 1998 US$ with annotations explaining the
different phases of production and overall cost of sulfur. A fatal product is a hazardous waste material from a chemical process that has
significant cost to the safe management and disposal (see Figure 1 for data sources)

Critics could argue that it does not make economic sense to invest in alternative production or reduce the need until that
supply decreases, particularly as we currently cannot accurately predict how quickly the subsidised supply of sulfur will
decrease because decarbonisation of the global economy is only just starting. But our concern is that the dwindling sup-
ply could lead to a transition period when green tech outbids the fertiliser industry for the limited more expensive sulfur
supply, creating an issue with food production, particularly in developing countries. By recognising the sulfur crisis now,
we can develop national and international policies to manage future sulfur demand, increase resource recycling, and
develop alternative cheap supplies which have minimal environmental and social impact.
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