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Abstract:



Thermal energy storage systems (TES) are a key component of concentrated solar power (CSP) plants that generally use a NaNO3/KNO3 mixture also known as solar salt as a thermal storage material. Improvements in TES materials are important to lower CSP costs, increase energy efficiency and competitiveness with other technologies. A novel alternative examined in this paper is the use of salt mixtures with lithium nitrate that help to reduce the salt’s melting point and improve thermal capacity. This in turn allows the volume of materials required to be reduced. Based on data for commercial plants and the expected evolution of the lithium market, the technical and economic prospects for this alternative are evaluated considering recent developments of Lithium Nitrates and the uncertain future prices of lithium. Through a levelized cost of energy (LCOE) analysis it is concluded that some of the mixtures could allow a reduction in the costs of CSP plants, improving their competitiveness.
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1. Introduction


Economic growth and industrialization have increased energy demand, generating a challenge for new plants that must deal with increasing concerns about anthropogenic climate change, local environmental impacts and dependency of foreign fuels. This in turn pushes for higher costs of traditional technologies or the introduction of relatively expensive non-conventional renewable energies (NCRE). However, there are important technical and economic hurdles that must be overcome before NCREs can become a widespread alternative to traditional technologies. One of the main problems is the intermittent supply of many of these technologies that limits their applicability. Therefore, energy storage mechanisms are a key required element for these.



In the particular case of solar thermal power plants, thermal energy storage (TES) allows them to work when no radiation is available increasing their capacity factor. Without TES, this factor ranges between 20% and 28% [1]. Plants with 6–7.5 h of TES double these numbers reaching from 40% to 50%. For example, a solar thermal power plant in Chile currently under construction, with a capacity of 110 MW, equipped with a TES system of 17.5 h, will reach an estimated capacity factor above 80% [2]. Although capital expenditure increases when storage is added, the cost per energy unit is likely to decrease due to the increased capacity factor and greater utilization of the power block. Moreover, incorporating storage increases the technology’s marketability as utilities can dispatch the electricity to meet non-peak demand.



Due to the importance of TES in energy management of concentrated solar power (CSP) plants, researchers have been looking for alternative materials to enhance performance. One research field focuses on new mixtures to be used as heat storage media, and a specific novel option with important potential is lithium based nitrates. The main aim of this work, based on a review of the most recent literature and an analysis of their technical advantages for CSP plants equipped with TES, is to evaluate the economic feasibility of incorporating different mixtures based on Lithium considering the uncertain prospects of future prices of these materials. Two solar power plants, a solar tower and a parabolic trough collector, were selected for the analysis for which a detailed evaluation using the LCOE index is undertaken. To incorporate uncertainty in prices, this analysis is complemented with a review of the lithium market and its price projections and a sensitivity analysis of the results.



Section 2 presents a review and recent advances of TES systems. In Section 3 the levelized cost of energy is used to compare different salt mixtures in two CSP plants with solar salt. Section 4 analyzes the impact of uncertain prices on the prospects of lithium based salts and Section 5 concludes.




2. Thermal Energy Storage Systems and Materials


In this section the state of the art for TES systems is presented together with important recent advances in the use of lithium nitrates as a thermal energy storage material.



2.1. Classifications of TES Systems


Thermal energy storage is an important complement for CSP facilitating energy management in the plant. It can be classified according to its storage system in sensible heat storage (SHS), latent heat storage (LHS) and thermo-chemical heat storage (TCS) [3].Additionally, according to the location of the storage media and how the heat is transported it can be classified as active storage, passive storage or hybrid storage [3,4,5,6].



Active storage is mainly characterized by forced convection heat transfer into the heat storage medium, as this material itself circulates through a heat exchanger. Active systems are additionally subdivided into direct and indirect systems. In active direct system, the heat transfer fluid serves also as the storage medium, while in an active indirect system a second medium is used to store heat [6]. A well-known design in this category is the “2-tanks indirect system”, where the heat storage material flows between two tanks. In passive storage, the heat storage medium does not circulate through the system and always stays in the same location. A heat transfer fluid (HTF) is responsible of carrying the heat between the energy source and the heat storage medium. This type of system mainly uses solid heat storage medium such as concrete and PCMs. Finally, hybrid storage combines active and passive storages trying to improve the performance characteristics. CSP plants around the world mainly use active systems with sensible heat storage materials [7] and molten salts as heat storage media. While parabolic trough collector CSP plants typically use a 2-tanks indirect system, in solar power tower CSP plants the most widely used storage system is the active direct system.



As regards TES materials, the systems can be classified based on what is normally used in the storage mechanism categories mentioned above (SHS, LHS and TCS). SHS materials are the most studied, and usually have the lowest cost and lowest storage capacities in comparison to LHS and TCS. Nevertheless, their thermal capacity is highly dependent on their working temperature range. Higher ranges imply higher capacities, that in some cases can be higher than LHS materials.



LHS materials, also known as phase change materials (PCMs), are characterized by their stability (whereas TCS materials are unstable) and have low temperature variation during charging and discharging cycles [8]. The main disadvantage of PCMs is their low range of thermal conductivity, between 0.2 W/(m·K) and 0.6 W/(m·K) [9]. Therefore, improving PCMs’ thermal conductivity would enhance TES system efficiency by enhancing its charging/discharging processes [3]. Some methods have been studied such as inserting a metal matrix into the PCM [10], but further research is required.



TCS materials have the highest storage capacity with energy densities in the order of GJ/m3. However, thermo-chemical heat storage has not been extensively researched and has three important disadvantages: weak long-term durability, weak chemical stability and requires complicated reactors for the specific chemical reactions [7]. Within TCS, thermal energy can be stored by an absorption process or chemical reactions [11].



Currently, most CSP plants equipped with TES use the same storage mechanism and material: an SHS mechanism and the eutectic mixture of 60% NaNO3 and 40% KNO3, also known as solar salt [5]. This binary mixture has a melting point of 220 °C [12]. When the working temperature decreases it starts to crystalize at 238 °C [5], and for this reason inside the system it must be kept in its liquid phase above 238 °C. Salt solidification is a major problem in these systems because it blocks and harms the piping system, and also obstructs the heat flux. Therefore, freezing protection technologies such as heat tracing are required in these plants to avoid this risk.



The advantages of using solar salt at CSP plants are their low corrosion rate when used with common piping materials, their thermal stability in the upper temperature range required by steam Rankine cycles and their very low vapor pressures. They are also widely available and are relatively inexpensive [13].




2.2. Improving TES: The Case for Lithium-Based Nitrates


As discussed, two-tank indirect systems and solar salts are the main mechanism and heat storage material (HSM) used to store energy in solar thermal power plants, but there is significant room to reduce storing costs to increase the competitiveness of CSP technologies, specifically by introducing lithium based materials. New design concepts could help decrease the costs of the heat tracing and the self-consumed energy to avoid solidification of the salts, such as circulating fluidized bed [14], encapsulating PCMs [15], adding new structures to the TES [16] or identifying new materials with lower point of fusion. In this line, researchers have been searching for new storage media mixtures with lower fusion temperatures to reduce freezing risk and self-consumption of energy. Recent studies have proposed salt mixtures with lithium nitrate as a potential alternative [17,18,19,20] that melt at lower temperatures than the solar salt.



Energy density of the HSM should be increased since materials with higher densities and higher heat capacities reduce the required amount of storage material and the size of the tanks. A study performed by Ulloa [21] showed that using lithium nitrate as a PCM instead of solar salt allows higher energy densities. Based on previous research of [22,23,24] a comparison was performed of the internal energy stored by copper foam filled with LiNO3 in different conditions and materials. An ongoing project led by one of the authors has been using computational simulations to compare different PCMs encapsulated in copper spheres. Figure 1 shows preliminary results of the stored thermal energy of different materials during a charging cycle, where it is shown that encapsulated lithium based PCMs store more energy. Additionally, in the particular case of a LiNO3/KNO3/NaNO3 mixture, the charging process is even faster.


Figure 1. Comparison of thermal energy store by different PCMs encapsulated in a copper sphere.



[image: Sustainability 09 00810 g001]






The benefits of using lithium mixtures have already been observed in different TES systems. For example, low temperature TES PCMs containing lithium have been identified as useful for building applications as described in [17]. In the case of high temperature TES, lithium compounds have been identified as promising candidates to be added to KNO3/NaNO3 mixtures helping to lower the solidification temperature of solar salt [17,18,19,20,25]. As a result, the working temperature range and the thermal stability of the system can be extended. Also a reduction in the use of heat tracing and self-consumed energy for its operation is expected due to lower working temperatures. The latter will allow an increase in available energy for electricity generation and savings in operation and maintenance costs for CSP plants.



These Lithium based mixtures are still under research and development, but there are some mixtures proposed in the literature such as the ones presented in Table 1. Even though the specific composition was not available for all mixtures in the literature, the main TES properties are known as well as costs. Compared to solar salt, these alternative materials provide lower melting temperatures, and in some cases higher heat capacities.



Table 1. Solar salt and lithium-based nitrates, properties and prices [13,28,29].







	
Mixture

	
Melting Point

	
Thermal Stability

	
Heat Capacity

	
Density

	
Price




	
(°C)

	
(°C)

	
(kJ/kg K)

	
(kg/m3)

	
(USD/kg)






	
40% KNO3 + 60% NaNO3

	
222

	
588.5

	
1.50

	
1899

	
0.72




	
25.92% LiNO3 + 20.01% NaNO3 + 54.07% KNO3

	
117

	
435

	
1.63

	
1720

	
1.68




	
KNO3 + NaNO2 + LiNO2 + NaNO3

	
79

	
N/A

	
1.50

	
1780

	
1.93




	
KNO3 + LiNO3 + NaNO3 + MgK

	
101

	
385

	
1.58

	
1710

	
1.54




	
LiNO3 + NaNO2 + NaNO3 + KNO3

	
99

	
425

	
1.56

	
1780

	
1.81




	
LiNO3 + NaNO2 + NaNO3 + KNO2 + KNO3

	
95.7

	
435

	
1.55

	
1780

	
1.80




	
30% LiNO3 + 60% KNO3 + 10% Ca(NO3)2

	
132

	
567.2

	
1.4

	
1773

	
1.83




	
53% KNO3 + 29% LiNO3 + 18% NaNO3

	
120

	
540

	
1.64

	
1780

	
1.79




	
20% LiNO3 + 52% KNO3 + 28% NaNO3

	
130

	
600.5

	
1.09

	
N/A

	
1.47










Apparently, the prices of Lithium mixtures are a problem since they double or more solar salt prices. However, this higher cost could be offset by their technical advantages. Consequently, in the next section an economic feasibility analysis of these new lithium based nitrates is undertaken. Further research is also required regarding corrosion, but according to [19], the addition of calcium or lithium nitrate to solar salt is not expected to worsen the corrosiveness of the mixture. Also, regarding the corrosion studies of steel in presence of molten nitrates performed by [25,26], some steels have excellent performance, and others do not. Corrosion products alter the composition of molten salts and consequently affect the physiochemical properties including the storage capacity [27]. The addition of other components to the nitrate mixtures, such as calcium nitrate, reduce the corrosive effect of salts.





3. Economic Evaluation of the Use of Lithium Nitrates


In this section we compare the costs of using traditional solar salt with the use of lithium based mixtures for two operating CSP plants: a solar power tower and a parabolic trough collector. The components of the investment structure of each plant are reconstructed with available data from different sources, and then their cost, considering lithium based nitrates instead of solar salts, is simulated. Finally, the levelized cost of energy is calculated to compare the economic performance of the plants, using different thermal materials.



3.1. Description of Selected Plants


The Extresol 3 and Gemasolar plants in Spain are two solar plants equipped with solar salt TES systems and with available data. The former is a 50 MWe CSP with parabolic trough technology that has operated since 2012. It has an active indirect TES module of 28,500 tons of molten solar salt, which provides 7.5 h of storage and uses synthetic oils as HTF [30,31]. Gemasolar is a 19.9 MWe solar power tower, the first of its kind to become a commercial plant equipped with solar salt as heat storage material [32,33,34]. It is equipped with an active direct TES system, which provides 15 h of storage, using 7900 tons of molten solar salts as HSM and HTF. More technical details are presented in Table 2.



Table 2. Extresol 3 and Gemasolar Technical parameters.







	
Parameter

	
Extresol 3

	
Gemasolar






	
Capacity (MWe)

	
50 [30,32]

	
19.9 [32,33,35]




	
TES concept

	
Active indirect [32]

	
Active direct [34,35]




	
TES capacity (Hours)

	
7.5 [30,31]

	
15 [32,33,35]




	
Type of HSM

	
Solar salt [31]

	
Solar salt [30,35]




	
Amount of HSM (tons)

	
28,500 [31]

	
7900 [34]




	
Diameter of TES tanks (m)

	
38 [31]

	
23 [34]




	
Height of TES tanks (m)

	
14 [31]

	
10.5 [34]




	
Annual Generation (MWhe)

	
158,000 [32]

	
110,000 [32,33,34,35]




	
Type of HTF

	
Diphenyl/Biphenyl oxide [32]

	
Solar salt [32,34]




	
Min. working temperature (°C)

	
293 [32]

	
290 [32]




	
Max. working temperature (°C)

	
393 [32]

	
565 [32,35]










Based on this data, total investment costs for both plants and assumptions on other relevant costs it is possible to build the cost items presented in Table 3 for each plant. It is important to note that these results are based on the prices presented in Table 1 and the amount of HSM from Table 2.



Table 3. Extresol 3 and Gemasolar economic parameters.







	
Parameter

	
Extresol 3

	
Gemasolar






	
Total investment (MM USD)

	
390 [30,32]

	
299 [30,32]




	
Solar salts cost (MM USD) 1

	
20.8

	
5.7




	
Tanks cost (MM USD)

	
7.1

	
1.8




	
Annual O&M (MM USD)

	
2.4 [36,37]

	
1.3 [36,38]








1 This parameter was obtained for both plants by multiplying the cost of the salt registered in Table 1 and the amount of HSM available in Table 2.









3.2. Levelized Cost of Energy (LCOE)


The levelized cost of energy is the net present value of the marginal cost (unit-cost) of energy over an assumed lifetime of a generating plant [39]. The economic interpretation of the LCOE index is the energy price ($ per unit of energy output) for which the net present value of the investment is zero. In other words, the LCOE can be considered as a proxy for the average price (average revenue per unit of energy output) that the energy project must receive in a market to break even over its lifetime. This economic analysis is an assessment of the cost competitiveness of an energy-generating system that incorporates all costs over its lifetime: initial investment, operations and maintenance, cost of inputs and cost of capital. This type of analysis is critical to make an informed decision of whether to proceed with the development of an energy project (public or private) and is flexible enough to allow the comparison of different energy generation technologies (e.g., solar, natural gas, wind) of unequal life spans, project size, different capital cost, risk, return, capacities and so on.



In particular, in the context of this work the authors used the LCOE to measure cost changes produced by the lithium based nitrates. LCOE indicates the price per produced energy unit, on the basis of weighted average costs [40]. The formula behind de LCOE is the following [41,42,43]:
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(1)




where I0 is the initial investment, Cn is the annual total costs for the year n, Qn is the energy output for the year n, d is the discount rate and N is the analysis period [40]. In this work I0 as the sum of two costs: (1) the cost of the tanks and the salts; (2) the total investment of the plant without the cost of the tanks and salts. The first cost will vary with the type of salt used, therefore initial investment depends critically on the mixture selected.



To compare the LCOE produced by different mixtures, a base LCOE was calculated for both selected CSP plants considering their original characteristics and costs with solar salts. Then, the LCOE was recalculated after taking into account a lithium-based mixture instead of the KNO3/NaNO3 salts. The following considerations were taken for each new LCOE:

	
It was assumed that the original TES system of the plants is able to work with the lithium based mixtures and that it can be stored in similar tank technology.



	
The required amount of lithium based mixtures will be able to store the same quantity of thermal energy than solar salts. Then, for each new LCOE the tons and volume of lithium based mixture that were necessary to replace solar salt were estimated. These quantities were calculated using the thermal properties of each mixture mentioned in Table 1 and the following equation:
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(2)




where Q is heat, m is the mass of the selected heat storage medium and Cp is the specific heat of the material. Ti and Tf are the initial and final temperature of the heat storage medium respectively.








The following steps were followed to calculate the LCOE of the lithium based mixtures:

	
The maximum stored sensible heat of solar salt of each CSP plant, Q in Equation (2), was obtained taking into account the corresponding working temperature range.



	
The tons of lithium based mixtures, m in Equation (2), required to store the same quantity of thermal heat (Q) than with solar salt were calculated. The working temperature range was modified depending on the nitrate salt, considering that lower melting points will allow a lower limit.



	
The costs of tanks to store the required lithium based mixtures calculated in step 2 were estimated. The costs were obtained by reducing the original cost of the tank in the same proportion as the required volume of storage material was reduced in comparison with solar salt. It was assumed that the lithium based nitrates might be kept in the same type of tanks used for solar salts.



	
The I0 of each plant was replaced by the sum of the original total investment of the plant without the cost of the tanks and salts, and the new cost of tanks and salts.



	
In each of the lithium based nitrates scenarios an increase of 2% in generated electricity was assumed as an effect of lowering the energy use of heat trace due to lower melting point as estimated in [44].



	
In every scenario an analysis period of 30 years and a discount rate of 10% and 7% were considered.









3.3. Cost Comparison: Solar Salt vs. Lithium Mixture


The total TES module costs for each materials scenario and its LCOE results of Extresol 3 and Gemasolar are presented in Table 4 and Table 5. A first conclusion is that the mixture LiNO3 + NaNO2 + NaNO3 + KNO2 + KNO3 provides the highest savings of volume for Extresol 3, a reduction of 54%. Meanwhile, for Gemasolar only the ternary mixture 53% KNO3 + 29% LiNO3 + 18% NaNO3 could allow a volume reduction of 23%. Regarding the LCOE, a reduction was obtained in both plant. In the case of Extresol 3 the quaternary mixture KNO3 + LiNO3 + NaNO3 + MgK provided the highest reduction of 3.2%. Meanwhile at Gemasolar the highest LCOE reduction was 0.7% obtained with the ternary 53% KNO3 + 29% LiNO3 + 18% NaNO3.



Table 4. Extresol 3 LCOE per scenario [28].







	

	

	
40% KNO3 + 60% NaNO3 (Solar Salt)

	
25.92% LiNO3 + 20.01% NaNO3 + 54.07% KNO3

	
KNO3 + LiNO3 + NaNO3 + MgK

	
LiNO3 + NaNO2 + NaNO3 + KNO2 + KNO3

	
53% KNO3 + 29% LiNO3 + 18% NaNO3






	
Salts volume

	
m3

	
15,271

	
7543

	
7266

	
6964

	
7352




	
Total TES Module cost

	
MM USD

	
27.86

	
25.35

	
22.46

	
25.50

	
26.78




	
LCOE (d = 10%)

	
USD/kWh

	
0.2768

	
0.2698

	
0.2679

	
0.2699

	
0.2707




	
LCOE variation (d = 10%) 1

	
%

	
-

	
↓ 2.6%

	
↓ 3.2%

	
↓ 2.5%

	
↓ 2.2%




	
LCOE (d = 7%)

	
USD/kWh

	
0.2139

	
0.2085

	
0.2070

	
0.2085

	
0.2092




	
LCOE variation (d = 7%) 1

	
%

	
-

	
↓ 2.5%

	
↓ 3.2%

	
↓ 2.5%

	
↓ 2.2%








1 This percentage is calculated by dividing the LCOE of lithium based salts with the LCOE of solar salt, both for the same discount rate. Arrows pointing down are a reduction in the LCOE corresponding to number next to the arrow.








Table 5. Gemasolar LCOE per scenario [28].







	

	

	
40% KNO3 + 60% NaNO3 (Solar Salt)

	
30% LiNO3 + 60% KNO3 + 10% Ca(NO3)2

	
53% KNO3 + 29% LiNO3 + 18% NaNO3






	
Salts volume

	
m3

	
4160

	
3593

	
3188




	
Total TES Module cost

	
MM USD

	
7.77

	
13.47

	
11.75




	
LCOE (d = 10%)

	
USD/kWh

	
0.3001

	
0.2996

	
0.2980




	
LCOE variation (d = 10%) 1

	
%

	
-

	
↓ 0.16%

	
↓ 0.71 %




	
LCOE (d = 7%)

	
USD/kWh

	
0.2308

	
0.2304

	
0.2291




	
LCOE variation (d = 7%)1

	
%

	
-

	
↓ 0.19%

	
↓ 0.72%








1 This percentage is calculated by dividing the LCOE of lithium based salts with the LCOE of solar salt. Arrows pointing down are a reduction in the LCOE corresponding to number next to the arrow.








These results suggest that lithium based nitrates are a promising alternative to reduce the costs of parabolic trough CSP plants and improve their operation characteristics. In the case of the solar tower case, the cost reduction is almost negligible. It is interesting to note that the LCOE values could be even more promising in regions with higher solar radiation as in Chile [45]. For example, in the case of Gemasolar, one of the authors [35] had estimated an increase of 22.7% in energy generation (from 110 GWh to 135 GWh per year) if the plant is placed in the north of Chile.





4. The Impact of Uncertainty and Future Market Prospects


An important concern with the previous analysis that suggests that lithium mixtures can be an important thermal material for CSP plants, relates to the uncertainty associated with key parameters. In this section we explore the impact on results of a more detailed analysis of the lithium market and a sensitivity analysis of the prices of the main nitrates.



4.1. Sensitivity Analysis


When analyzing the LCOE index, a major driver of change is the price of the different mixtures of salts used in the TES. This is because depending on the nitrates mixture, tanks will vary their volume and depending on the price of the mixtures of salts, LCOE will be impacted positively or negatively. Consequently, to adequately incorporate this uncertainty into the evaluation, a sensitivity analysis of the prices of the different components of the mixtures was performed for both plants. Given that the LCOE index will vary depending on the price of the different nitrates used in the mixture, changes in the prices of Lithium nitrate, NaNO3 and KNO3 have been explored. The impact of both reduced values of this material and significant increases are considered, values based both on history and expert assessment. This variation in prices will affect the costs of each mixture differently. In the case of Extresol 3 the mixture 25.92% LiNO3 + 20.01% NaNO3 + 54.07% KNO3 was used for the analysis since the information on weight composition was available, allowing estimating the contribution of each component to the cost of the whole mixture. For Gemasolar the 53% KNO3 + 29% LiNO3 + 18% NaNO3 mixture has been used since it is the only one that provided a lower LCOE. The investment devoted to plant construction was considered the same whatever mixture is used. The same happens with the O&M costs, no variation was considered in the operating or maintenance costs associated with the type of nitrates used in the TES.



Figure 2 presents the sensitivity analysis for lithium nitrate prices. The results obtained above hold for a wide range of variation in the future prices for both plants, however it is more robust for Extresol 3. For this latter plant, the result that lithium based mixture is more convenient holds for a price increase of up to 85%. Only at this value is LCOEsolar salt equal to LCOElithium (see Figure 2a). In the case of the Gemasolar plant, using the lithium based mixture is not as robust since a 30% increase would equate both LCOE’s (see Figure 2b). The reason for this difference is that in Gemasolar the cost of tanks and salts is a lower percentage of the total cost of the plant, and consequently using the lithium mixture reduced only slightly the LCOE, so it is more susceptible to cost variation of lithium nitrate.


Figure 2. Variation of LCOE with changes in lithium nitrate costs: (a) This figure registers the case of Extresol 3; (b) This figure registers the case of Gemasolar.
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Changes in the price of the other components do not affect the main result that nitrate mixtures may be of lower cost than solar salts. As can be observed in Figure 3a–d, increases in the price of NaNO3 or KNO3 actually make a plant using lithium salts even more convenient, increasing the difference in LCOE costs. Both for Extresol 3 and Gemasolar plant, the LCOElithium is lower than LCOEsolar salt. This result is because as both components increase in price, so does the price of the alternative solar salt, that contains both. Alternatively, the impact on the mixture price as the price of both components fall, even if NaNO3 or KNO3 prices decrease by more than 50%, does not significantly affect the cost advantage of the lithium mixture. This is due to the fact that the major cost component is the lithium nitrate, not these other materials.


Figure 3. Variation of LCOE with changes in NaNO3 or KNO3 Prices. (a) This figure registers the variation of Extresol 3 LCOE when the price of NaNO3 changes. (b) This figure registers the variation of Extresol 3 LCOE when the price of KNO3 changes. (c) This figure registers the variation of Gemasolar LCOE when the price of NaNO3 changes. (d) This figure registers the variation of Gemasolar LCOE when the price of KNO3 changes.
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4.2. Lithium Market and Projections


The market for lithium has experienced enormous growth in recent years. For this reason, it is necessary to examine whether changes of the magnitude discussed in the previous section (30–85%) can be expected. Increasing applications, market structure, supply costs and demand will determine the result. The increasing demand for this material has come from its use in different applications [46]. Recently, demand has been fueled mainly by the production of rechargeable batteries, which account for 35% of the global demand of this material for end-use markets. In particular, rechargeable batteries are used for portable electronic devices, electric vehicles, electric tools and grid storage applications. Other important specific uses are: ceramics and glass, 32%; lubricating greases, 9%; air treatment and continuous casting mold flux powders, 5% each; polymer production, 4%; primary aluminum production, 1%; and other uses, 9% [47].



The lithium market’s economic structure is basically that of an oligopoly, in which two countries currently account for almost 80% of world mine production: Australia and Chile [48]. In 2015 Australia produced about 13,400 metric tons, 41.28% of the world total production, while Chile produced 11,700 metric tons, 36.04% of total production. In third place came Argentina with a production of 3800 metric tons, 11.71% of world production, see Figure 4a. It is interesting to note that despite the dominance of Australia and Chile in the lithium market, when comparing the percentage change of country production for the period 2014–2015 Argentina grew 19%, while Australia only 1% and Chile 2%. As a result, Argentina increased its market share in the lithium global market from 10.1% to 11.7%, while Australia’s market share was reduced from 42.0% to 41.3% and Chile´s from 36.3% to 36.0%.


Figure 4. Lithium Global Market [47,49,50]. (a) Lithium Mine Production (Metric Tons) (b) Lithium World Reserves (Thousands of Metric Tons) (c) World Lithium Carbonates Imports (Tons 000) (d) Lithium Carbonate Price (USD/Ton).
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According to [46], identified lithium resources in the world add up to 40 million metric tons, being Bolivia with 9.1 million metric tons, the country with the greatest reserves of this material accounting for more than the 22.7% of the world’s total. Chile comes next with 7.6 million metric tons, 18.9% of total reserves and Argentina with 6.6 million metric tons, accounts for 16.4% of total reserves, see Figure 4, panel (b). In these three countries is located what is known as the “lithium triangle”, an area of high-altitude lakes across Chile, Argentina and Bolivia which accounts for over half of the world’s known reserves of lithium.



Bolivia has the world’ s largest identified reserves of lithium in the Salar de Uyuni, the largest salt flat in the world, however Chile is better suited to lithium production, with lower costs mainly due to its dry-desert climate. At present, there are development projects under construction in Bolivia, US, Canada, Finland, Serbia and Mexico [49].



Although imports of lithium carbonates from the US have experienced rapid growth, more than 40% growth from 2014 to 2015, Asian countries are by far the main importers of this material, in particular South Korea, China and Japan, see Figure 4c. In fact for the period 2009–2015, lithium carbonates imports from South Korea has increased 220%, 267% from China and 43% from Japan. These three countries lithium carbonate consumption stems from their large electronic manufacturing production, especially from the automobile, electronics and battery industries. From Figure 4c, it can be seen that imports of lithium carbonates from Japan have decreased over time, in fact for the period 2014–2015 Japan´s consumption has diminished by a significant 9.1%. This reduction is attributed to the move of battery manufacturing plants from Japan to China and Indonesia, see [46,49]. Tesla, the car manufacturer, has built the largest battery plant in the world in Nevada, capable of producing up to 500,000 lithium-ion vehicle batteries per year. The plant is expected to produce finished battery packs from raw material by 2020 [49]. Tesla’s new battery gigafactory will need about 15,000 tons of lithium carbonate a year in order to start its operation. Considering the powerwall sector, this number could quadruple to $6 billion by 2020, implying that overall lithium demand could increase to more than double that from 2012 to 2017 [50].



This increasing demand is already putting pressure on prices allowing the incorporation of higher cost producers. Figure 4d, presents lithium carbonate prices since 2000, the price indicator usually used for Lithium derivatives. Market conditions have steadily improved and the price has an upward trend. For instance, battery grade lithium prices in China have risen from about US$7000/tonne in mid 2015 to over US$20,000/tonne at the beginning of 2016, i.e., a 286% increase. However, the price paid by companies for long-term contracts has presented a less dramatic rise than the spot Chinese lithium price. Lithium carbonate contract prices are 50% higher than in 2014 [50]. This was before Tesla’s announcements, and before it was clear that the grid, the powerwall and electric vehicles would be a success in the market place. For the first nine months of 2015 lithium carbonate averaged $5700/ton [49,50].



Looking at the current and future demand for lithium and the current supply and prospects of new projects for lithium production, it seems clear that existing operations are not enough. If supply is to keep up with the coming demand, new capacity from new players needs to emerge in the next few years [51] and Argentina, Bolivia and in part Chile are preparing for this. Future increases in lithium prices can be expected, but not as dramatic as those observed in Figure 4d. For 2017, some analysts are forecasting that lithium prices will rise about 20% driven mainly by the demand for electric cars [52]. In the longer run, different sources forecast price increases of lithium carbonate below 30% between 2015 and 2025 [53,54]. This expected increase is substantially lower than the one required for lithium nitrates to lose competitiveness against solar salt at parabolic trough plants (85%), though it is at the limit for solar tower power plants.





5. Conclusions


Based on recent technical results it has been shown that lithium nitrate-based mixtures, in particular the quaternary KNO3 + LiNO3 + NaNO3 + MgK and the ternary 53% KNO3 + 29% LiNO3 + 18% NaNO3, have both important technical properties and economic performance that should allow them to become a very important option for the increasing solar market based on CSP with thermal energy storage systems.



Due to their lower solidification point, the working temperature range of TES systems could be increased, the solidification risk of the molten salts reduced, and self-consumed energy decreased. Additionally, heat storage material volume savings could be obtained due to higher energy storage densities, up to 54% and 23% for Extresol 3 and Gemasolar respectively. This would also help reduce the environmental impact of these plants as less material could be required. Another identified advantage specifically for PTC plants is the possibility to use these melted materials as HTF and change from an active indirect system to an active direct system, potentially eliminating a heat exchanger, reducing investment and maintenance costs. In the case of Gemasolar, greater savings could be obtained if the considered salts could achieve higher thermal stabilities, or higher specific heats as in the case of 53% KNO3 + 29% LiNO3 + 18% NaNO3.



These technical properties allow important reductions in salt volumes and storage tank costs, as well as other relevant costs, such as self-energy consumption. For future CSP plants these improvements could reduce the LCOE, if applied to plants similar to the two analyzed cases: 3.2% for Extresol and 0.7% for Gemasolar.



These results are robust when future expected price increases are considered for different relevant nitrates, specifically lithium nitrate prices. According to the market analysis undertaken, for 2017, forecasts of lithium prices predict an increase of 20%, led mainly by the demand for electric cars. In the longer run, forecasts point to price increases of lithium carbonate below 30% for the period 2015–2025. Given these projections, these expected increases are substantially lower than the ones required for lithium nitrates to lose competitiveness against solar salt at parabolic trough plants. Both plants evaluated actually have lower LCOE’s with increases in prices of lithium nitrates lower than 30%. Another interesting result obtained is that the result is more robust in the case of plants like Extresol, as the cost of tanks and salt represent a higher percentage of the total cost of the plant. The results also hold if NaNO3 or KNO3 prices change by significant amounts, for example an increase or decrease of 50%.



Consequently, it can be expected that using lithium as a TES material will be an option for current solar salt technologies, and that this will be another boost—added to current demand for battery production—for lithium providers, whose demand can be expected to increase.
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