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Abstract

:

The inherent power fluctuations of wind, photovoltaic (PV) and bioenergy with carbon capture and storage (BECCS) create a temporal mismatch between energy supply and demand. This mismatch could lead to a potential resurgence of fossil fuels, offsetting the effects of decarbonization and affecting the realization of the Paris target by limiting global warming to below 2 °C in the 21st century. While application of energy storage is widely recommended to address this limitation, there is a research gap to quantify the impacts of energy storage limitation on global warming. Here, we analyzed the hourly variation of global wind and PV power during the period 1981–2020 and the monthly capacity of biomass production in 2019, and thus quantified the impact of decreasing the capacity of energy storage on global warming using a state-of-the-art Earth system model. We found that global warming by 2100 in the SSP1-2.6 scenario would increase by about 20% and exceed 2 °C without deploying energy storage facilities. Achieving the 2 °C target requires reducing power losses of wind and PV by at least 30% through energy storage. This requirement delivers to a cumulative storage capacity of 16.46 TWh using batteries during the period 2021–2100, leading to the international trade of cobalt and manganese across countries due to deficits of minerals at a country level. In the context of energy security, we highlight the importance of considering the limitations of energy storage and mineral shortage in the forthcoming policies of decarbonization.
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1. Introduction


Greenhouse gas (GHG) emissions have led to global warming and climate change at an unprecedented rate in recorded history [1]. The Paris Agreement, aimed at coping with climate change, establishes a target of limiting global warming to below 2 °C within the 21st century [2]. GHGs, primarily carbon dioxide (CO2) emitted from the combustion of fossil fuels, contribute to global warming by reducing the amount of outgoing longwave radiation to space [3]. Phasing down fossil fuels at the global scale is essential to reducing CO2 emissions to limit global warming [4]. To achieve this target, numerous countries have accelerated the transition from fossil fuels to renewable energy [5,6,7]. Wind and photovoltaic (PV) technologies are considered to be cost-effective among various renewable energy sources [8,9], while bioenergy with carbon capture and storage (BECCS) is essential to achieve a high probability of limiting global warming to below 2 °C [10]. However, the temporal power fluctuations of wind, PV, and BECCS form significant challenges to achieve the planned target of CO2 emission reduction by threatening energy security [11,12,13]. Wind turbines harness energy from turbulent wind, which varies in both speed and direction [14]. PV panels convert sunlight into electricity, but the power generation depends on solar radiation that can be received by the panels [15]. Power generation of bioenergy relies on the feedstocks of biomass, where the season of harvest varies by crop and region [16]. To address the problem of power fluctuations, facilities of energy storage (e.g., hydro pump or batteries) are always developed to help provide a reliable supply of wind and PV power [17,18], while biomass can be stored by direct stockpiling [19]. Although the limited capacities of energy storage when deploying renewable energy to reduce CO2 emissions have been recognized in the literature [20,21], the limitation on meeting the climate targets due to a shortage of energy storage remains underexplored due to an absence of consideration of the temporal power fluctuations of renewable energy in Earth system models.



To bridge this gap, we predicted the effects of reducing the consumption of fossil fuels on global warming by considering the temporal fluctuations of both the power supply by wind, PV, and bioenergy and the power demand at the end-use sectors in a compact Earth system model OSCAR v3.1 [22,23,24]. This study aims to provide insights on the requirement of energy storage for achieving various climate targets by quantitatively assessing the impact of decreasing the capacity of energy storage on climate change. To perform this, the hourly fluctuations of wind and PV power for 192 countries and regions were estimated based on the geospatially explicit data of wind speed [25] and solar radiation [26] from 1981 to 2020. The monthly fluctuations of biomass feedstocks in 192 countries and regions were estimated based on national data of cropland areas [27] and the harvest seasons for different crops [28]. The analysis accounted for the change in the demand for total energy across three Shared Socioeconomic Pathway (SSP) scenarios [29,30]. We ultimately determined the demand for capacities of energy storage, with a focus on the usage of batteries and the consumption of minerals by considering the impact of the cycle life of batteries and the reserves of mineral resources at a country level. The results reinforce the importance of considering the limitations of energy storage and potential mineral shortage when striving to achieve ambitious climate targets by elucidating the relationship between the capacities of energy storage and the effects of decarbonizing the energy system on global warming.




2. Materials and Methods


2.1. The Compact Earth System Model


We used an open-source Earth system model, OSCAR 3.1, to simulate climate change driven by emissions of greenhouse gas from human activities. OSCAR can be described as a non-linear box model with a large number of boxes, and is a parametric model, which has been calibrated on CMIP5, CMIP6, and other complex models. The formulations and calibration of the model are fully detailed in the literature [22,23,24]. Anthropogenic emissions of various gases are the main drivers of the model, and the carbon cycle in OSCAR is divided into ocean carbon cycle and land carbon cycle. OSCAR has limitations in accurately simulating the comprehensive spatial distribution and seasonal variation of resource systems, as the energy budget of its climate module is only calculated on a global scale and the time step of analysis is a year. Gasser et al. have run a number of simulations covering historical periods to evaluate the performance of OSCAR, and the simulations of carbon dioxide, methane, nitrous oxide, halogenated compounds, ozone, aerosols, radiative forcing, and climate are in good agreement with other studies [31]. To consider uncertainties in the physical parameters of the OSCAR model, we also ran Monte Carlo simulations 1000 times and used the intermediate scenario to carry out this study. The global warming changes from 2020 to 2100 simulated by the model were consistent with IPCC projection [10]. We further considered the effects of deploying wind, PV, and BECCS on reducing CO2 emissions by replacing fossil fuels in energy production. The change in atmospheric CO2 concentration can be predicted based on the balance of carbon sources and sinks:


    α   d   d t   ∆ A =   F   S   −     ε   s       v   s     η   s       ∑  x = 1   4        N   x   +   f   x     M   x       −   F   N   + ∆   F   L U C   +   ∆ F   e p f   + ∆   F   ↓ o c e a n   + ∆   F   ↓ l a n d    



(1)




where α is the atmospheric conversion factor for CO2 [22], t is a year, ΔA is the change of atmospheric CO2 concentration, FS is total CO2 emissions from fossil fuels and cement production, εs is the average emission factor of fossil fuel [32], vs is the average energy content of fossil fuel [33], ηs is the efficiency of power generation in fossil fuel power plants [34], x is a type of low-carbon energy (x = 1–4 for onshore wind, offshore wind, PV, and bioenergy, respectively, in this equation), Nx is the production of low-carbon energy without deploying energy storage, fx is the fraction of energy storage requirement that has been fulfilled, Mx is the production of low-carbon energy that requires energy storage, FN is the amount of CO2 captured in the BECCS power plants, ∆FLUC is CO2 emissions from land use change, ∆Fepf is the permafrost emissions (e.g., CO2 emissions from direct permafrost thaw and oxidation of permafrost-induced CH4) [23], ∆F↓ocean is oceanic carbon sink, and ∆F↓land is terrestrial carbon sink. The impacts of increasing fx from 0 (i.e., without deploying energy storage) to 1 (i.e., fulfilling the demand for energy storage) were examined by deploying energy storage in our study. The annual global total power demand; energy production by geothermal, hydro, and nuclear; CO2 emissions from land use change and radiative forcing for non-CO2 GHGs in 192 countries and regions under the SSP1-1.9, SSP1-2.6, and SSP2-4.5 scenarios were adopted from the International Institute for Applied Systems Analysis (IIASA) datasets [30].




2.2. Hourly Power Supply by Wind and Photovoltaics


The hourly power generation potential of onshore wind, offshore wind, and PV power in 1981–2020 were calculated based on the global geospatial data at a spatial resolution of 0.5° × 0.625°. When building wind and photovoltaic power plants in all suitable lands, we estimated the maximal power supply by wind and photovoltaics (Ex):


      E   x   =   ∑  a      ∑  h      e    x , a , h         



(2)




where x is a type of energy (x = 1–3 for onshore wind, offshore wind, and PV power, respectively, in this equation), a is a pixel suitable for power plants construction in a country or region, h is an hour in the year, and ex,a,h is the historical hourly power generation in a suitable pixel. We estimated ex,a,h for onshore wind, offshore wind, and PV power using a method in the literature [35]. We considered that onshore wind power plants adopted the General Electric wind turbine with a maximum capacity of 2.5 MW, where the height of the hub was 100 meters above the ground, while offshore wind power plants adopted the Vestas wind turbine with a maximum capacity of 8 MW, where the height of the hub was also 100 meters above the sea level. The wind power potential was calculated based on the historical wind speed at the height of wind turbine. The hourly friction velocity of wind speed and the surface roughness was compiled from the MERRA-2 dataset at a spatial resolution of 0.5° × 0.625° [25]. The PV power generation was calculated based on the historical solar radiation, the effective area of photovoltaic panels, and the efficiency of energy conversion [15], where the hourly solar direct (Rdirect), diffuse (Rdiff), and total (Rtotal) radiation were compiled from the NASA’s GEOS-5 FP database with a resolution of 0.25° × 0.31° [26]. The suitability of pixels for installing wind turbines and PV panels was determined based on the geospatial data of land cover at a resolution of 0.005° × 0.005° [36], ground slope at a resolution of 0.001° × 0.001° [37], topography at a resolution of 1 km [38], ground air temperature at a resolution of 0.25° × 0.31° [26], water depth at a resolution of 0.001° × 0.001° [37], masks of nature reserve at a resolution of 0.001° × 0.001° [39], shipping routes [25], and the abundance of wind or solar energy resources. The thresholds adopted to screen the pixels suitable for installing wind turbines and PV panels are listed in Table S1.




2.3. Capacity of Power Supply and Negative Emissions by BECCS


When equipping carbon capture and storage in biomass-fired power plants, we estimated the annual mean maximum power generation by bioenergy (EB) and the negative emissions from BECCS when capturing 90% of CO2 emissions in power plants (FN):


    E   B   =   ∑  i      e   i     v   i     η   b     =   N   B   +   M   B    



(3)
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where i is a type of crop (i = 1–5 for wheat, rice, maize, soybean and others, respectively), ei is the weight of dry biomass, vi is the heat content of dry biomass [40], ηb is the efficiency of power generation in BECCS power plants [34], NB is the production of bioenergy without deploying energy storage, MB is the production of bioenergy that requires energy storage, ci is the carbon concentration in dry biomass [32], Yi is crop yield, Ai is the area of cropland, μi is the fraction of dry biomass [32], and Ii is the harvest index (i.e., the ratio of the mass of the harvested yield to total above-ground biomass) [32]. The area of cropland (Ai) for five types of crops in each country and region for 2019 was compiled from the Food and Agriculture Organization global agricultural dataset [27]. The crop yield (Yi) was predicted as a function of atmospheric CO2 concentration, average temperature during the growing season, the cropland intensity of nitrogenous fertilization, and the average precipitation in the OSCAR 3.1 model using an empirical function in the literature [32]. The feedback of climate change to crop yields was considered by predicting the average growing-season temperature in cropland of North America, South and Central America, Europe, the Middle East and North Africa, tropical Africa, the former Soviet Union, China, South and Southeast Asia, and the developed Pacific region [41].




2.4. Capacity of Energy Storage for Wind, PV, and BECCS


The hourly power demand by country was compiled from the PLEXOS-World database [42]. We estimated the hourly power demand (D) for wind, PV, and bioenergy in a country or region:


    D   x , h   =   Y   x   ·     R   h       ∑  h      R   h        



(6)




where x is a type of energy (x = 1–4 for onshore wind, offshore wind, PV, and bioenergy, respectively, in this equation), Yx is the total power demand, h is an hour, and Rh is the hourly power demand in the country or region [42]. When the power supply exceeds the demand, the energy storage systems could be used to store surplus energy, where the total energy storage cannot exceed its storage capacity [43]. We considered that energy storage for wind and PV power was achieved through batteries, hydro pump, compressed air energy storage system, and others [44], while the storage of biomass could be realized by stockpiling crops [19].



We estimated the hourly charging capacity (Hx) and the hourly discharging capacity (Ix) of the energy storage system:


      H   x   =   min  ⁡      S   x   −   D   x   ,   Q   x   −   T   x       , i f     S   x   >   D   x     ( c h a r g i n g )  



(7)






      I   x   =   min  ⁡      D   x   −   S   x   ,   T   x       , i f     S   x   ≤   D   x     ( d i s c h a r g i n g )  



(8)




where x is a type of energy (x = 1–3 for onshore wind, offshore wind, and PV, respectively), Sx is the hourly power supply, Dx is the hourly power demand, Qx is the total power capacity of energy storage, and Tx is the energy that has been stored. The annual global total power demand and the power demand for onshore wind, offshore wind, PV, and bioenergy in the SSP1-1.9, SSP1-2.6, and SSP2-4.5 scenarios were compiled from the IIASA dataset [30,45]. The hourly power supply potential by bioenergy in each country and region was calculated by allocating the production of a crop to each month in the harvest season if there was no measure of biomass storage. The real-time energy storage was estimated as the total energy that has been stored minus the energy that has been utilized to meet the hourly power demand. Without deploying energy storage systems, the surplus of power generation by onshore wind, offshore wind, PV, and bioenergy will be discarded, which reduces the effects in CO2 emission reductions by using fossil fuels to meet the power demand.




2.5. Consumption of Minerals in Batteries for Energy Storage


We considered that 10% of the demand for energy storage by wind, PV, and bioenergy would be satisfied by using batteries, while the remaining energy will be stored using hydro pump, compressed air energy storage systems, and others [46]. The consumption of minerals was estimated in the manufacture of lithium-ion batteries (LiNi0.5Co0.2Mn0.3O2), which is widely used in current markets [47]. The production of one Gigawatt hours (GWh) of ternary lithium batteries was estimated to consume 107.65 tons of lithium (Li), 455.76 tons of nickel (Ni), 183.08 tons of cobalt (Co), and 256.01 tons of manganese (Mn) [48,49]. Considering the reduction in the capacity of batteries after multiple runs of charging and discharging, we examined the sensitivity of our results by assuming that the life cycle of batteries is 1000 [50], 2000 [51], and 3000 [52], respectively. The data of mineral reserves for Li, Ni, Co, and Mn by country and region were compiled from USGS [53] to determine the maximal capacity of battery production by consuming Li, Ni, Co, and Mn.





3. Results and Discussion


3.1. Impacts of Deploying Energy Storage on Global Warming


We analyzed the impacts of deploying energy storage on global warming in the scenarios of SSP1-1.9, SSP1-2.6, and SSP2-4.5 [29] (Figure 1). These scenarios represent a diverse range of assumptions on economic growth, technological improvements, land use changes, and energy production (Figure S1). SSP1 stands for the green path of sustainable development, with central features of increasing social environmental awareness and a shift toward less resource-intensive lifestyles, while SSP2 represents the intermediate path, which is consistent with typical patterns observed in the past century [54]. SSP1-1.9 and SSP1-2.6 correspond to scenarios that limit radiative forcing to 1.9 and 2.6 watts per square meter by the end of the century, respectively, with a high probability of achieving the 2 °C target [10]. By conducting Monte Carlo simulations 1,000 times using the OSCAR model to account for uncertainties in physical parameters, we projected a reduction in global warming when transitioning the scenario from SSP2-4.5 to SSP1-1.9 by decreasing CO2 emissions from fossil fuels and land use change (Figure S2). We introduced the fraction of energy storage requirement that had been met (fx) to assess the impact of deploying energy storage. In a baseline case fulfilling the demand for energy storage by holding fx = 1, global warming in 2100 would fall from 2.78 °C to 1.74 °C when shifting the scenario from SSP2-4.5 to SSP1-2.6 to align with the Paris target [2]. Global warming would peak at 1.46 °C in 2044 in the SSP1-1.9 scenario and 1.79 °C in 2077 in the SSP1-2.6 scenario, and then would decline as the CO2 emissions from fossil fuels are offset by negative emissions from carbon capture and storage following the deployment of BECCS (Figure S3). In contrast, global warming continued to rise in the SSP2-4.5 scenario due to CO2 emissions from fossil fuels exceeding the negative emissions even with BECCS deployment. The amount of CO2 captured by BECCS in 2100 was predicted to be 0.82 petagrams of carbon (Pg C) and 0.42 Pg C in the scenarios of SSP1-1.9 and SSP1-2.6, respectively, surpassing the amount of CO2 captured by BECCS (0.12 Pg C) in the SSP2-4.5 scenario (Figure S3). The difference in the capacity of BECCS reflects the combined effects of the lower utilization of biomass in the SSP2-4.5 scenario than SSP1-1.9 and SSP1-2.6 [29] and the negative feedback of global warming to crop yields [32], which are both considered in our model.



We next compared the projected global warming and the global total renewable energy consumption in the baseline case with a sensitivity case (Case 1), where only bioenergy was stored through direct biomass stockpiling (Figure 1). Without deploying energy storage facilities to enhance the fraction of PV and wind energy production available for consumption, more fossil fuels would be consumed to meet the power demand, thereby increasing CO2 emissions in the energy sectors. For example, global warming in Case 1 for 2100 would increase to 1.65 °C, 2.10 °C, and 2.92 °C in the scenarios of SSP1-1.9, SSP1-2.6, and SSP2-4.5, respectively, which is equivalent to an increase in global warming by 29%, 21%, and 4.9% relative to the baseline case, respectively. In this case, the Paris target would no longer be met in the scenarios of SSP1-2.6 and SSP2-4.5, where global warming would surpass 2 °C by 2083 and 2053, respectively. Because of the mismatch between production and consumption of renewable energy, the final consumption of global wind and PV power would decrease by 21% and 55% in the scenarios of SSP1-2.6 and SSP2-4.5, respectively. For instance, in the SSP2-4.5 scenario, the final consumption of wind power would decline from 29 PWh yr−1 to 23 PWh yr−1 for 2100, resulting in an increase in global CO2 emissions by 1.41 Pg C yr−1 when using fossil fuels to satisfy the power demand. Similarly, in the SSP1-2.6 scenario, there was a decline of PV power from 36 PWh yr−1 to 16 PWh yr−1 for 2100, leading to additional global CO2 emissions by 4.59 Pg C yr−1. Lastly, in contrast to Case 1, we further considered a sensitivity case by excluding the usage of direct biomass stockpiling to eliminate energy storage facilities for wind, PV, and bioenergy (Case 2). Consequently, global warming in 2100 would reach 1.75 °C, 2.16 °C, and 2.93 °C, representing an increase of 5.8%, 2.8%, and 0.3% relative to Case 1 in the scenarios of SSP1-1.9, SSP1-2.6, and SSP2-4.5, respectively, by reducing the effectiveness of BECCS in abating CO2 emissions [29]. For example, global total CO2 emissions abated by BECCS for 2100 would decrease from 1.79, 0.90, and 0.25 Pg C yr−1 in Case 1 to 0.57, 0.28, and 0.08 Pg C yr−1 in Case 2 if we removed the direct stockpiling of biomass in the scenarios of SSP1-1.9, SSP1-2.6, and SSP2-4.5, respectively.




3.2. Dependence of the Effects of Mitigation on Energy Storage


We next explored the dependence of the effects of mitigation by deploying renewable energy on the capacity of energy storage (Figure 2). To do this, we systematically decreased the fraction of the energy storage requirement that had been satisfied (fx) for wind and PV power from 1 to 0, while we simultaneously increased the contribution of wind, PV, and bioenergy to the total power generation by transitioning from SSP2-4.5 to SSP1-2.6 and SSP1-1.9 using a linear interpolation between adjacent scenarios (Figure S4). We estimated global warming in 2100 in the baseline case by holding fx = 1 (ΔTbaseline) without considering the limitation by the capacity of energy storage [1]. We subsequently estimated the deviation of global warming in 2100 to ΔTbaseline when fx decreased from 1 to 0 for wind and PV power to denote the effects of reducing energy storage. Without adequate capacities of energy storage for both wind and PV power, there is a considerable impact to offset the effects of phasing out fossil fuels on global warming, thereby intensifying the demand for renewable energy to meet ambitious climate targets (Figure 2a,b). For example, in order to meet the 2 °C target without direct biomass stockpiling, we observed that deploying facilities of energy storage to increase fx from 0, 20%, 40%, 60%, and 80% to 100% for wind and PV power would produce the effects to reduce the global warming for 2100 by 0.37, 0.28, 0.21, 0.15, and 0.10 °C, respectively.



The impact of deploying energy storage on global warming exhibits higher sensitivity to fx under a lower ΔTbaseline as the demand for energy storage will increase when meeting a more stringent climate target (Figure 2c,d). For example, when rising fx from 20% to 80% for wind and PV power without storing biomass, the fraction of increase in global warming due to insufficient energy storage would decrease from 7% to 3% for ΔTbaseline = 2.4 °C, compared to a reduction from 20% to 10% for ΔTbaseline = 1.5 °C. The storage of biomass through direct stockpiling reduces the requirement on energy storage for wind and PV power. For instance, in order to control the fraction of increase in global warming within 10% when meeting the 2 °C target, it would be necessary to satisfy 42% of the demand for energy storage without bioenergy storage, compared to 26% if the surplus of biomass in the harvest season can be stored for usage during the non-harvest season. Our results confirm that the development of energy storage facilities at a large scale will be imperative to meet ambitious climate targets by enhancing the efficiency of using renewable energy, especially if the deployment of renewable energy cannot be accelerated to reach the exceedingly high levels due to physical and technological constraints [55]. It is indicated that countries around the world need to make trade-offs between energy development pathways and the construction of storage facilities to meet the 2 °C target, which can provide valuable insights for policymakers when deciding on the optimal allocation of energy sources and storage systems in the context of global warming. However, large costs and potential environmental impacts due to installation, operation, and maintenance of energy storage facilities deserve attention [35].




3.3. Spatial Distribution of Wind, PV, and Bioenergy Production


Based on the hourly fluctuations of the power supply of wind, PV, and bioenergy, as well as the power demand in the SSP1-2.6 scenario [29], we compared the useful power generation for wind, PV, and bioenergy in 2100 in a baseline case fulfilling the requirement on energy storage (fx = 1) with that in a case without deploying energy storage facilities (fx = 0) (Figure 3). The spatial distribution of power capacity for wind and PV was predicted based on the global distribution of wind speed and solar radiation (Figure S5). While global warming would exceed 2 °C by 2100 in the SSP1-2.6 scenario without energy storage, we considered a 2 °C case to align with the Paris target with direct stockpiling of biomass for storage by satisfying 28% of the requirement on energy storage facilities for wind and PV power. In the baseline case, the maximal wind power is primarily concentrated in Russia, Australia, the United States, Canada, and China, which contributes to 12% (868 TWh yr−1), 11% (850 TWh yr−1), 8.8% (660 TWh yr−1), 6.8% (512 TWh yr−1), and 4.9% (360 TWh yr−1) of the global total wind power generation, respectively. The PV power generation is mainly concentrated in Australia, Brazil, Algeria, China, and Saudi Arabia, contributing to 12% (4481 TWh yr−1), 6.3% (2276 TWh yr−1), 5.4% (1962 TWh yr−1), 4.0% (1454 TWh yr−1), and 4.0% (1448 TWh yr−1) of the global total PV power generation, respectively. Bioenergy is primarily distributed in China, Brazil, the United States, India, and Indonesia due the abundance of agricultural residues from crop production [56]. After deploying energy storage, wind, PV, and bioenergy power will be generated to meet the power demand, which is generally lower in both early morning and midnight than the daytime [57]. In the absence of energy storage, wind power generation in the baseline case is projected to decrease by 25%, 28%, 12%, 16%, 23%, and 19% in Asia, Africa, Europe, North America, South America, and Oceania, respectively, compared to a reduction of 56%, 55%, 59%, 55%, 56%, and 55% for PV power generation due to a greater variability of PV compared to wind power [58]. In contrast, if the harvested biomass is not stored for usage during the non-harvest seasons, BECCS power plants would only be used for power generation in the harvest seasons, reducing the power capacity of bioenergy in Asia, Africa, Europe, North America, South America, and Oceania by 62%, 67%, 61%, 67%, 56%, and 66%, respectively. The efficiency of batteries in reducing power loss of wind and PV displays seasonal variations. Specifically, in the Asian region, the seasonal average fx of wind energy storage is projected to be 30%, 33%, 27%, and 21% in JFM, AMJ, JAS, and OND, respectively, while maintaining an annual average of 28%. The availability of wind and PV to provide surplus energy for storage systems is subject to continuous fluctuations, resulting in varying levels of stored energy at different time intervals, and ultimately impacting the ability of storage systems to release energy when required, thereby influencing the performance of energy storage systems in different time periods. Corresponding to specific fx under a specific scenario, the total storage capacity requirements for wind and PV generation of each country and region can be obtained, which helps policymakers to make informed decisions regarding the scale and type of energy storage technologies to deploy [59,60] and optimize their investment strategy [35].




3.4. Global Demand for the Capacity of Energy Storage Using Batteries


We next considered that lithium-ion batteries would contribute to 10% of total capacity of energy storage, while hydro pumps, compressed air energy storage systems, and other technologies could be adopted to fulfill the remaining demand for energy storage [46]. We assumed that NCM523 (LiNi0.5Co0.2Mn0.3O2) would be used to store energy for wind and PV power, which has a high energy density [47]. As the consumption of batteries largely depends on the cycle life, we performed three sensitivity experiments by adopting a cycle life of 1000 cycles [50], 2000 cycles [51], and 3000 cycles [52] for NCM523, respectively. To demonstrate the impact of deploying energy storage, we increased the fraction of the energy storage requirement that had been satisfied (fx) from 0 to 100%, which expanded the demand for the capacity of energy storage using batteries during the period 2021–2100 (Figure 4a–c). When the battery cycle life was 1000 cycles, the cumulative capacity of energy storage by lithium-ion batteries consumed in 2021–2100 would reach 21, 52, 106, 199, and 429 TWh to increase fx from 0 to 20%, 40%, 60%, 80%, and 100% in the SSP1-2.6 scenario, respectively. For comparison, the total capacity of lithium-ion batteries would decrease to 11, 34, 85, 172, and 424 TWh if the cycle life was 2000 cycles, or 8.2, 29, 79, 163, and 424 TWh if the cycle life further increased to 3000 cycles.



The total annual capacity of lithium-ion batteries produced by all countries and regions is projected to increase from 1.57 TWh for 2022 to 6.79 TWh for 2030 [61]. Therefore, we predicted that the production of lithium-ion batteries would keep growing to meet the escalating demand for energy storage when deploying wind and PV power to meet the 2 °C target in the SSP1-2.6 scenario (Figure 4d–f). When the cycle life of batteries was 1000 cycles, 2000 cycles, and 3000 cycles, the total capacities of lithium-ion batteries consumed during the period 2021–2100 to limit global warming to below 2 °C in the SSP1-2.6 scenario would reach 29, 16, and 12 TWh, respectively. When the cycle life of batteries was 2000 cycles, the top ten consumers of lithium-ion batteries were Australia, the United States, Brazil, Algeria, China, Russia, India, Saudi Arabia, Canada, and Libya, where the total capacities of lithium-ion batteries consumed in 2021–2100 were estimated to be 1.7, 1.0, 0.91, 0.71, 0.71, 0.70, 0.59, 0.56, 0.55, and 0.45 TWh, respectively. As the largest producers of lithium-ion batteries, the total capacities of production in China, the United States, Hungary, Poland, and South Korea were approximately 0.56, 0.044, 0.028, 0.022, and 0.018 TWh in 2021, respectively [62]. There is a disparity between lithium-ion battery production and consumption across countries. Market dynamics, including supply chain constraints, manufacturing capabilities, and investment priorities, can significantly affect battery production [63]. Therefore, it is crucial to consider strategic planning, investment, and international cooperation to ensure a secure supply of batteries and meet the growing demand for energy storage. By engaging in international trade of lithium-ion batteries, countries can optimize the resource allocation to bridge this gap [64].




3.5. Limitation to Energy Storage by Mineral Reserves


Under the assumption of significant battery consumption in the forecast, the demand for minerals is projected to skyrocket. We next explored how much the demand for minerals, including lithium, nickel, cobalt, and manganese in 2021–2100, in the manufacture of NCM523 batteries could be met by the reserves of minerals across countries, when energy storage batteries satisfy 10% of the demand for energy storage of wind and PV. It is worth noting that the distribution of the reserves of these minerals is uneven worldwide [65]. For example, the reserves of manganese are primarily concentrated in South Africa, China, Australia, and Brazil, accounting for 38%, 16%, 16%, and 16% of global manganese reserves, respectively, while Australia, Indonesia, and Brazil contribute to 21%, 21%, and 16% of global total reserves of nickel [53]. We estimated the ratio of the total demand for minerals in the manufacture of NCM523 batteries to the reserve in each country and region for a 2 °C case in the SSP1-2.6 scenario when the cycle life of batteries was2000 cycles (Figure 5). In this case, the global manufacture of NCM523 batteries in 2021–2100 would consume 1.77 Mt of lithium, 7.50 Mt of nickel, 3.01 Mt of cobalt, and 4.21 Mt of manganese, which would be 6.8%, 7.3%, 36%, and 0.24% of global reserves, respectively. Meanwhile, the domestic reserves of lithium and nickel could meet the demand in the majority of countries and regions, but the demand for cobalt and manganese in more than 50% of countries would require import from other countries. While 14 and 11 of 192 countries and regions require import of lithium and nickel from other countries, there are 135 and 140 countries and regions requiring import of cobalt and manganese in the manufacture of NCM523 batteries. The predicted consumption of cobalt in 2021–2100 would be 187, 167, 131, 108, and 65 kt in the United States, Brazil, Algeria, India, and Argentina, while only 69, 70, 19, 26, and 23 kt of cobalt could be produced in these five countries, respectively. The analysis of mineral resource consumption caused by manufacturing energy storage batteries provides practical insights into the sustainability and resource implications of adopting battery storage systems and may support strategic resource management. To align with the 2 °C target in the SSP1-2.6 scenario, either the international trade of minerals or the global supply chain of batteries is needed to satisfy the requirement of energy storage [65]. In addition, by further considering the extraction, processing, and transportation of raw materials, it can contribute to the broader evaluation of the environmental footprint associated with battery manufacturing [66].



We compared the demand for energy storage batteries and minerals under specific warming targets in the SSP1-1.9 and SSP1-2.6 scenarios with biomass storage. To meet a more stringent target on global warming, the demand for both energy storage batteries and minerals rises significantly, which increases the fraction of minerals that need to be traded across countries (Table 1). To align with the 2 °C target, we predicted that 0.7%, 1.7%, 51.3%, and 49.6% of lithium, nickel, cobalt, and manganese consumed in the manufacture of NCM523 batteries in 2021–2100 need to be imported from other countries and regions in the SSP1-2.6 scenario. Regarding cobalt and manganese, we identified the ten largest flow routes from countries with the highest spare reserves to countries with the largest consumption minus reserves (Figure S6). For example, the United States, Algeria, Saudi Arabia, Libya, Sudan, Mauritania, Niger, Iran, Mali, and Argentina are ten countries with the largest manganese deficit, which are projected to deplete their reserves by the middle of this century and subsequently require import of manganese from South Africa. Mineral shortages could have a significant impact on the energy security, domestic industry, and economic stability in many countries [67]. Deficit countries should be aware of the importance of diversifying their sources of mineral imports to mitigate the potential risks associated with the heavy dependence on a single supplier, such as price volatility, supply disruptions, and vulnerabilities to geopolitical factors [68]. Ensuring a safe and sustainable supply of mineral resources will involve strategic planning, international cooperation, and forming trade partnerships. In addition, our results also reinforce the necessity of improving global mineral recycling if a large fraction of minerals were consumed to meet the demand for energy storage when meeting the Paris target [65].



The environmental impacts of mining cannot be ignored when obtaining mineral resources, such as water contamination, soil destruction, air pollution, greenhouse gas emissions, and biodiversity loss [69,70,71]. The reclamation of mining areas could destroy the structure of soil, leading to deforestation and exacerbation of ecosystem functioning [71]. As a consequence, this could result in habitat loss and species migration [70]. In addition, the environment of working conditions in mining should be improved by reducing the exposure of harmful chemicals and the risk of fires, cave-ins, and explosions [72]. Further, the effectiveness of renewable power generation could be improved through environmental education [73], energy efficiency improvements [74], and the optimization of industrial production processes. Energy transition towards renewable power by adopting appropriate energy storage technologies are crucial steps to slowing down the rate of global warming, where environmental, social, and geopolitical issues should be considered in actions.





4. Conclusions


We evaluate the impact of temporal fluctuations in the power supply of wind, PV, and bioenergy on global warming, which elucidates the emerging demand for energy storage when meeting the Paris target to limit global warming below 2 °C at the end of this century. In the absence of energy storage, the global power generation of wind, PV, and BECCS would be reduced by approximately 20%, 55%, and 60%, respectively, resulting in an increase of more than 20% in global warming by 2100 in the SSP1-2.6 scenario and a failure to achieve the 2 °C target. Development of large-scale energy storage systems is crucial to enhance the stability and security of energy systems when using renewable energy to phase-down fossil fuels. By considering the demand for energy storage in the Earth system model, we clarify the relationship between the capacity of energy storage and the effects of deploying renewable energy in reducing global warming. We demonstrate the demand for the capacity of energy storage using batteries, as well as the consumption of minerals (i.e., lithium, nickel, cobalt, and manganese) in the manufacture of NCM523 batteries, which both depend on the cycle life of batteries. Achieving the 2 °C target almost requires satisfying 30% of the demand for energy storage for wind and PV power in the SSP1-2.6 scenario, which delivers a total battery storage capacity of 16.46 TWh during the period 2021–2100, corresponding to the consumption of 1.77 Mt of lithium, 7.50 Mt of nickel, 3.01 Mt of cobalt, and 4.21 Mt of manganese in the battery manufacturing process. We consequently identify the gap between demand and reserves of cobalt and manganese for a large number of countries, highlighting the necessity of developing the international trade of minerals or establishing a global supply chain of batteries to meet the demand for energy storage when fossil fuels have been largely phased down. We provide practical insights into the sustainability and resource implications of adopting battery storage systems [75] and may help estimate the economic opportunities associated with battery manufacturing and maintenance [76]. The 28th United Nations Climate Change Conference (COP28) aims at shifting the first global stocktake to the increased ambition of climate change mitigation by accelerating inclusive and just actions [77]. Therefore, the potential shortage of energy storage facilities should be fully taken into account when designing polices to meet ambitious climate targets, which could motivate investments in developing efficient technologies for energy storage.
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Figure 1. Impacts of deploying energy storage on global warming and renewable energy in 2020–2100. (a) The projected global warming in the scenarios of SSP1-1.9, SSP1-2.6, and SSP2-4.5 with or without deploying energy storage. (b–d) Consumption of wind, PV, and bioenergy in the scenarios of SSP2-4.5 (b), SSP1-2.6 (c), and SSP1-1.9 (d) with or without deploying energy storage. 
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Figure 2. Requirement on the deployment of energy storage to achieve the Paris target of global warming. (a,b) Reduction in global warming projected for 2100 when decreasing the fraction of energy storage requirement that has been satisfied without (a) or with (b) storing bioenergy by direct stockpiling of biomass. (c,d) Prediction of the fraction of increase in global warming in 2100 when decreasing the fraction of energy storage requirement that has been satisfied for wind and PV power without (c) or with (d) storing bioenergy by direct stockpiling of biomass. The dotted line denotes the Paris target by limiting global warming just below 2 °C. 
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Figure 3. Projection of the spatial distributions of wind (a), PV (b), and bioenergy (c) power generation for 192 countries and regions by 2100 in a baseline case of the SSP1-2.6 scenario by fulfilling the energy storage requirement (fx = 100%). Inserts compare the hourly power capacity of wind, PV, and bioenergy in January to March (JFM), April to June (AMJ), July to September (JAS), and October to December (OND) in the baseline case (dotted black line) with the projection in a case without energy storage by holding fx = 0 (red line). In addition, we consider a 2 °C case in the SSP1-2.6 scenario by holding fx = 28% (blue line). 
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Figure 4. (a–c) Projection of global demand for the capacity of lithium-ion batteries in 2021–2100 to meet the requirement on energy storage for wind and PV power in the 2 °C case under the SSP1-2.6 scenario, when each battery can be used for 1000 cycles (a), 2000 cycles (b), and 3000 cycles (c). (d–f) Cumulative capacity of lithium-ion batteries needed since 2020 to meet the requirement on energy storage for wind and PV power in the 2 °C case under the SSP1-2.6 scenario, when each battery is used for 1000 cycles (d), 2000 cycles (e), and 3000 cycles (f). 
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Figure 5. The ratio of the predicted total consumption of lithium (a), nickel (b), cobalt (c), and manganese (d) in 2021–2100 in the manufacture of NCM523 (LiNi0.5Co0.2Mn0.3O2) batteries to the national reserve of each mineral in the 2 °C case under the SSP1-2.6 scenario. 






Figure 5. The ratio of the predicted total consumption of lithium (a), nickel (b), cobalt (c), and manganese (d) in 2021–2100 in the manufacture of NCM523 (LiNi0.5Co0.2Mn0.3O2) batteries to the national reserve of each mineral in the 2 °C case under the SSP1-2.6 scenario.



[image: Sustainability 16 03753 g005]







 





Table 1. Consumption of batteries and minerals to meet the demand for energy storage under specific warming targets. The demand for energy storage by batteries during 2021–2100 is calculated when the cycle life of batteries is 2000 cycles under different warming targets in the SSP1-1.9 and SSP1-2.6 scenarios with direct stockpiling of biomass. The total consumption of lithium, nickel, cobalt, and manganese in the manufacture of batteries in 2021–2100 is calculated when meeting the demand for energy storage. The fraction of lithium, nickel, cobalt, and manganese consumed in all countries and regions that needed to be imported from other countries and regions due to the mineral shortage in each country or region is given in parentheses.
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Global Warming

	
Energy Storage by Batteries in 2021–2020 (TWh)

	
Power Generation in

2021–2100 (PWh yr−1)

	
Consumption of Minerals in

2021–2100 (Million Tons)




	
Wind

	
PV

	
Bioenergy

	
Fossil Fuel

	
Lithium

	
Nickel

	
Cobalt

	
Manganese






	
SSP

1-2.6

	
2.0 °C

	
16.46

	
5.40

	
11.06

	
1.92

	
21.31

	
1.77

(0.7%)

	
7.50

(1.7%)

	
3.01

(51.3%)

	
4.21

(49.6%)




	
1.9 °C

	
73.38

	
5.78

	
13.92

	
1.93

	
18.05

	
7.90

(39.0%)

	
33.44

(23.2%)

	
13.43

(82.5%)

	
18.79

(79.3%)




	
1.8 °C

	
199.21

	
6.16

	
16.79

	
1.94

	
14.80

	
21.45

(61.9%)

	
90.79

(57.8%)

	
36.47

(90.5%)

	
51.00

(80.4%)




	
SSP

1-1.9

	
1.6 °C

	
7.89

	
5.25

	
9.14

	
2.91

	
16.16

	
0.85

(0.3%)

	
3.60

(0.3%)

	
1.44

(31.4%)

	
2.02

(34.3%)




	
1.5 °C

	
37.20

	
5.63

	
11.82

	
2.91

	
13.08

	
4.01

(14.1%)

	
16.96

(3.1%)

	
6.81

(70.4%)

	
9.52

(69.2%)




	
1.4 °C

	
105.39

	
5.99

	
14.42

	
2.92

	
10.11

	
11.35

(50.8%)

	
48.03

(35.9%)

	
19.29

(85.9%)

	
26.98

(80.9%)
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