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Due to the rising demand for energy and the imperative to achieve net-zero carbon emissions, there is a growing focus on nuclear energy for its high efficiency as a clean energy source with minimal direct greenhouse gas emissions. The Kingdom of Saudi Arabia has set forth ambitious plans to construct multiple nuclear power plants in the near future. It is worth noting that phosphate rocks and desalination concentrate both contain relevant concentrations of naturally occurring uranium, presenting potential domestic uranium sources for the envisaged nuclear reactor fleet. This study offers a first systematic overview of the potential quantities of uranium that could theoretically be recovered during seawater desalination and phosphoric acid production in Saudi Arabia using best available technologies. It was found that in 2021 approximately 447–596 t natural uranium could have theoretically been recovered during phosphoric acid production in the Kingdom of Saudi Arabia. In addition, there were also 6.5 t uranium associated with seawater that was desalinated in 2021. If recovered the amounts would theoretically be able to provide 12%–16% (uranium from phosphoric acid) and 0.2% (uranium from seawater desalination) of the annual uranium requirements of the projected Saudi nuclear power plant fleet in 2040. As a result, we strongly recommend fostering research on unconventional uranium recovery during phosphoric acid production by promoting public-private partnerships that have the potential to develop industrial scale solutions.
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1 INTRODUCTION
According to the World Bank the Kingdom of Saudi Arabia has one of the highest per capita electricity consumptions (9,444 kWh) in the world and according to the International Energy Agency nearly 34% of this electricity is produced by consuming domestic oil resources. Residential electricity consumption accounts for 49.4%, with a 2% annual growth rate (Damoom et al., 2019). The continued rise in electricity demand may have serious environmental implications because of the large CO2 emissions, and oil used domestically reduces potential revenues from exporting it leading to potential negative economic implications as well. Thus, alternative energy resources should be investigated to address power shortages, revenue generation, and environmental pollution.
Nuclear and renewable energy are both viable low-carbon energy options that can reduce the domestic oil consumption in the Kingdom of Saudi Arabia. Under the Vision 2030 initiative, specifically the Saudi Green Initiative, the Kingdom of Saudi Arabia plans to achieve net zero emission by 2060, reduce carbon emissions by more than 278 million t per year and transform 50% its electricity production to renewable energy sources using non-fossil fuels (KSA Vision, 2030). To meet these initiatives, the construction of 15 nuclear reactors with a total capacity of 17.6 GW has been proposed by K.A.CARE (King Abdullah City for Atomic and Renewable Energy) that is tasked with the energy transition in the Kingdom of Saudi Arabia. Nuclear power plant construction is supported by a majority of citizens (Alruwaished et al., 2023; Alzahrani et al., 2023) and the nuclear power program initiative is planned to be completed by 2040 (WNA, 2023a). The projected 15 large nuclear power reactors will each require approximately 25 t of slightly enriched (approximately 4.5%) uranium or approximately 250 t of natural uranium that is then enriched using modern centrifuge enrichment technology, per year for continuous operation (NuclearPower, 2023). In addition, some 1,000 t of natural uranium equivalent will be needed for every “fresh” or new reactor core.
Uranium is a relatively common element in the earth’s crust, with an average concentration of 2.8 ppm (WNA, 2023b) and can be found in trace amounts in various rocks, such as phosphate ores, referred to here as phosphate rocks, that are mined for their phosphorus (P) content, seawater and different uranium ores. Figure 1 provides an overview of the uranium concentrations in seawater, different phosphate rocks, and different uranium ores. The Kingdom of Saudi Arabia is a major phosphate rock producing country and has the largest fleet of desalination plants in the world. Although uranium recovery from phosphate rocks is presently not economically viable this might change with increasing uranium prices and coextraction of other valuable byproducts such as rare earth elements (Wu et al., 2017; Hakkar et al., 2021). In addition, reduced uranium concentrations in fertilizers as a result of stricter environmental regulations as well as strategic considerations (Al-Sahidi and Haghirian, 2020) might create incentives for domestic production of natural uranium. This work aims to provide a first estimate about the potential of providing natural uranium as a byproduct from phosphate rock processing to phosphoric acid and seawater desalination in the Kingdom of Saudi Arabia.
[image: Figure 1]FIGURE 1 | Uranium concentration in phosphate rocks, seawater and different uranium ores.
2 METHODOLOGY
In this work the amount of natural uranium that is required to sustain the future nuclear reactor fleet of the Kingdom of Saudi Arabia is estimated and it was further analyzed how much of this future uranium requirements could theoretically be supplied domestically from presently considered unconventional uranium resources associated with domestic phosphoric acid production and seawater desalination. All data used for the analysis is openly accessible, has been taken from authoritative sources such as the United States Geological Survey (USGS) or the Saline Water Conversion Corporation (SWCC) and has been referenced appropriately. It was assumed that during phosphate rock processing, the wet-phosphoric acid (WPA) process is used during which roughly 90% of the uranium transfers from the phosphate rock to the WPA from which approximately 95% could then be recovered using best available technologies (BAT) that have already been employed on industrial scale in Belgium, Iraq, Taiwan and the United States of America in the 1980s and 1990s before decreasing uranium prices made this practice uneconomic (Haneklaus, 2017a, b). In case of seawater desalination concentrate or direct uranium recovery from seawater the situation is less straightforward since similar industrially proven BAT technologies do, to the best of our knowledge, not exist yet. It was therefore decided to report the annual amount of uranium that is associated with desalinated seawater in the Kingdom of Saudi Arabia.
3 RESULTS AND DISCUSSION
3.1 Uranium from phosphate rocks
Phosphate rock, that is used to produce mineral fertilizers, is among the fifth most mined materials on earth making phosphate rocks one of the most relevant unconventional uranium resource. The recovery of uranium during fertilizer production has the added advantage that the radiotoxic heavy metal will largely be removed from the final fertilizer product and not be dissipated on agricultural soils from where it might leach into waterbodies (Bigalke et al., 2017; Hill et al., 2024; Mwalongo et al., 2024). Worldwide it is estimated that uranium recovered from the more than 400 fertilizer plants operating around the world could theoretically substitute some 8%–15% of global uranium mining (Gabriel et al., 2013; Ulrich et al., 2014; Haneklaus, 2021) with Morocco, one of the largest phosphate rock producing countries in the world, being (theoretically) able to shoulder 1.5% of this singlehandedly (Qamouche et al., 2021).
The global potential for uranium recovery from phosphate rocks can be estimated using production data and phosphate rock reserve data as it is for instance reported annually by the USGS (USGS, 2023) as well as average concentrations of uranium in the considered phosphate rocks. Table 1 provides estimated amounts of uranium associated with phosphate rocks globally using 2021 production data of the USGS. The average uranium concentrations in phosphate rock by country were estimated using the dataset provided by Van Kauwenbergh (1997).
TABLE 1 | Estimated amount of uranium associated with global phosphate rock production and reserves in 2021.
[image: Table 1]The quantitative assessment featured in Table 1 is a straightforward and simple analysis that provides insights concerning the amount of uranium linked to phosphate rock production and reserves globally. According to this simple assessment nearly 14,000 t of uranium are mined with phosphate rocks every year worldwide. Out of these 14,000 t, approximately 9,000 t have been observed as being connected to phosphate rocks with more elevated uranium concentrations of at least 90 ppm. Such phosphate rocks, or a cut-off grade of 90 ppm has been introduced in earlier analysis (Haneklaus, 2021) and it was proclaimed that such phosphate rocks might allow for commercial uranium recovery, while the rocks with lower uranium concentrations might not. The estimate in Table 1 provides a brief overview about the potential that uranium recovery from phosphate rocks could have on a global scale. In this context it is noteworthy that the uranium production in 2021 was approximately 47,500 t (NEA/IAEA, 2022; WNA, 2023c).
If uranium is recovered during phosphate rock development to mineral fertilizer using the historically proven solvent extraction process, approximately 95% of the uranium present in the WPA can be recovered and it can be estimated that 90% of this uranium transfers to the WPA. The amount of uranium that could theoretically be recovered from phosphate rock production in 2021 would thus be approximately 7,691 t or roughly 16% of the uranium production that year considering phosphate rocks with a uranium content of at least 90 ppm and Equations 1–3 that are provided below.
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Where Ci (ppm) is the country specific uranium concentration in phosphate rock and Pi (t) is the corresponding quantity of imported phosphate rock. UWPA is the concentration of uranium in the WPA and Urecoverable is the quantity of uranium that can be recovered from the WPA using best available technology (BAT), such as industrially proven solvent extraction.
It is noteworthy that it is extremely unlikely that there will be large scale recovery of uranium at the more than 400 mineral phosphate fertilizer plants operational worldwide at the moment. The very brief calculation provided here does, however, indicate the relevant potential that uranium recovery from phosphoric acid has as an additional raw material source.
Detailed country-specific assessments of annual uranium recovery potentials are accessible for Argentina (19 t uranium in 2017) (Lopez et al., 2019), China (648 t uranium in 2016) (Shang et al., 2021), the EU (334 t uranium from phosphate rock imports in 2017) (Tulsidas et al., 2019), the Philippines (14–26 t uranium annually from phosphate rock imports in 2020–2022) (Diwa et al., 2023), the United Republic of Tanzania (30–40 t uranium annually as byproduct from local Minjingu phosphate rock mining and processing) (Haneklaus et al., 2024) and the United States of America (2,116 t uranium in 2014) (Kim et al., 2016; Steiner etal., 2020).
For the Kingdom of Saudi Arabia such an assessment has to the best of our knowledge not been performed yet. In this context, the International Atomic Energy Agency (IAEA) estimated that some 187,100 t uranium are associated with phosphate rocks in Saudi Arabia (NEA/IAEA, 2022) (a slightly higher estimate than the one in Table 1) and Al-Eshaikh et al. (2016) recommended the consideration of phosphate rocks and desalination concentrate as potential domestic sources of uranium in the Kingdom of Saudi Arabia. Since 2011, Saudi Arabia is a major phosphate rock producer (see Figure 2) and the USGS estimated that the country produced 9.2 million t phosphate rocks in 2021 and 8.0 million t in 2020 respectively (USGS, 2023). The average concentration of uranium in phosphate rocks in Saudi Arabia is probably in the order of 60–80 ppm with maximum local concentrations of 100–150 ppm (Khater et al., 2016; Mehboob et al., 2021), so that in 2021 some 447–596 t uranium could have theoretically been recovered during phosphate rock processing in Saudi Arabia if 90% of the uranium in the phosphate rock transfers to the WPA from where recovery usually takes place, and this recovery happens at an overall efficiency of 95%. It is noteworthy that previous studies (Haneklaus, 2021) have set the cut-off grade for (potentially economic) uranium recovery from phosphate rock at 90 ppm so that it needs to be investigated if uranium recovery from phosphates might at all make sense in Saudi Arabia. The set cut-off grade is obviously an oversimplification that does not consider specific rock types ore processing methods. There is a good chance that the artificially introduced cut-off grade can be revised if more innovative processing methods are used for uranium recovery, other impurities are better understood that could increase uranium recovery efficiencies or the throughput of the fertilizer plants are increased, resulting in advantages economics of scale. The historic potential uranium recovery from phosphate rocks for the Kingdom of Saudi Arabia is depicted in Figure 2 using USGS phosphate rock production data.
[image: Figure 2]FIGURE 2 | Historic uranium recovery potential from phosphate mining in the Kingdom of Saudi Arabia.
3.2 Uranium from water desalination
Uranium is also naturally present in seawater in concentrations as low as 3.3 parts per billion or 0.0033 ppm. As a result of the very large potential quantities of uranium in seawater that are estimated to be in the order of 4.5 billion metric t or 500 times of all identified terrestrial reserves, uranium recovery from seawater is actively researched. The uranium concentration in desalination concentrates or brine from desalination plants, basically concentrated seawater, can be approximately two times higher than the uranium concentration in regular seawater and can show far fewer impurities than the seawater itself (Loganathan et al., 2017; Zhang et al., 2021; Altay et al., 2022). There have been several different approaches for uranium recovery from seawater and/or desalination concentrate. The used approaches are usually based on adsorption, ion-exchange, coagulation and coprecipitation, solvent extraction, membrane filtration, biological separation, and foam separation. Among these methods, adsorption is often considered to be the most convenient, efficient, and low-cost technique (Sodaye et al., 2009; Loganathan et al., 2017). The Kingdom of Saudi Arabia has depended on desalinated water since the 1950s and has since then come to be the major desalinated water producer in the world. As of 2023, sixty percent of the country’s water comes from desalination, with groundwater accounting for less than 40 percent. As of 2023, the Kingdom of Saudi Arabia had a total of 33 desalination plants in seventeen locations run by the SWCC, responsible for approximately 69 percent of desalination in the Kingdom and 20 percent of the worldwide desalination capacity (ArabNews, 2023). Data on the water desalination per year in Saudi Arabia was sourced from the SWCC. In 2021 a total of 2,154 t of seawater was desalinated in the Kingdom of Saudi Arabia. Approximately 6.46 t uranium were associated with this seawater and could have (theoretically) been recovered. Figure 3 provides an overview of the uranium quantities associated with seawater used for desalination in the Kingdom of Saudi Arabia.
[image: Figure 3]FIGURE 3 | Uranium associated with seawater used for desalination in the Kingdom of Saudi Arabia.
4 CONCLUSION AND RECOMMENDATIONS
The analysis presented here estimates that the Kingdom of Saudi Arabia will after the erection of 15 large commercial nuclear power plants in 2040 have annual natural uranium requirements of approximately 3,750 t per year. In addition, another 1,000 t per newly installed reactor unit will be required for every fresh nuclear reactor core. This uranium is often provided by the vendor or developer of the nuclear power plant. The brief calculation presented here shows that unconventional uranium from phosphate rock production in the Kingdom of Saudi Arabia could have provided between 447–596 t uranium (12%–16% of the projected future natural uranium requirements of the Kingdom of Saudi Arabia) in 2021. An additional 6.46 t uranium (0.2% of future natural uranium requirements) was associated with seawater used for desalination in Saudi Arabia in 2021. Domestic phosphate rock processing and water desalination are both expected to increase so that the amount of unconventional uranium that can theoretically be recovered with technologies being available today will also increase. Recovering uranium from phosphate rocks and desalination concentrate reduces the environmental risks associated with potential dissipation of this radiotoxic heavy metal and the raw material could simply be stored after extraction for future use. It is therefore suggested to seriously consider uranium recovery in the Saudi phosphate and desalination industry.
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