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Abstract

:

Due to fundamental temporal mismatches between renewable energy generation and demand load, a long-duration energy storage system is required to power Prince Edward Island’s (PEI) electricity system exclusively from on-island wind and solar resources. While a very large lithium battery is a technically capable solution, today’s battery technology is not cost effective; even as wind and solar generation costs become increasingly competitive with fossil fuel alternatives. To explore alternative storage technologies this comparative study utilizes the established hybrid optimization model for multiple energy resources (HOMER) techno-economic modeling tool to perform an application-based high-level comparison of an efficient but costly lithium battery technology solution with a much less efficient but lower-cost thermal-storage with steam-turbine concept; both capable of enabling a 100% wind and solar powered electricity supply for the island. Interestingly, the thermal storage turbine concept is shown to be competitive, at least in principle, with projected cost reductions in lithium battery technologies while also offering a number of distinct practical advantages.






Keywords:


renewable energy; wind; solar; seasonal energy storage; low carbon power systems; high temperature thermal storage












1. Introduction


Large-scale electric energy storage is at the crux of energy system decarbonization initiatives around the world, and the wide spectrum of capabilities and costs from different storage technologies cause a high degree of uncertainty about the future possibilities are. The published literature shows a high variance in what cost and application assumptions are made for various large-scale electricity storage options. For example, Budischak et al. [1] considered 99.9% wind and solar enabling electricity storage options that have a per-capacity cost of $318/kWh for lithium batteries and $28/kWh for hydrogen fuel cells in 2008 and then projected to $192/kWh and $18.2/kWh respectively in 2030. Berckmans et al. [2] showed lithium battery costs ranging from $450/kWh in 2015 to $50/kWh in 2030. Lazard’s [3] considered a range of electricity storage options, including thermal and compressed air, but only flow, lead-acid and lithium batteries, at $280/kWh in 2018, are assessed in their cost of storage analysis; the other technologies are deemed to be non-commercially viable in the near future. Darling et al. [4] discussed the US Department of Energy future cost target for widespread adoption of $100/kWh for relatively short duration high power batteries for grid smoothing but not the long durations required for 100% wind and solar power supplies. Uncertainty about installed costs and the relative viability of storage technologies is also compounded by the reality that the actual performance (and cost) depends heavily on the application context and requires temporal modeling based on accurate data sets for assessment.



This comparative study examines how two promising yet fundamentally different long-duration electricity storage technologies might perform to facilitate a decade-in-the-future 100% wind and solar power supply within the contained and well-defined electricity system of Prince Edward Island (PEI). PEI, an island province of 150,000 people on the east coast of Canada, provides an ideal case study because aggregate high-resolution historical wind and load data is available, it has a rare wind power penetration of 70% of peak load, and it is a jurisdiction currently grappling with ways of increasing its use of renewable energy further. A previous work by the authors explored initial perspectives on a 100% renewable energy supply for PEI [5]. In this work, measured 15-min data for PEI’s wind generation and electricity demand was obtained and analyzed in conjunction with synthetic solar photovoltaic (PV) output data in order to model various renewable energy supply and lithium battery based storage scenarios. A custom Python-based techno-economic modeling and optimization environment was then used to determine least-cost combinations of renewable energy generation and storage. Two interesting contributions from the previous work are: (1) wind and solar generation conclusively complement each other and reduce energy storage requirements on PEI; (2) with cost-optimized complementary mixes of wind and solar generation, the resulting cost of energy (COE) in the PEI context, based on the cost assumptions used, was still more than twice current values; even when current battery costs were reduced by an order of magnitude from approximately $500/kWh to $50/kWh.



In Figure 1 the relationship between combinations of wind and solar generation and the size of storage required to bridge the temporal differences between generation and demand over the course of a full year on PEI is shown. In this example, normalized data sets of wind and solar production are scaled to produce a combined power output that sums to meet the annual island demand of 1.4 TWh with no curtailment of wind or solar generation. The required storage capacity is then determined as the peak-to-peak value of the integrated net power over the year. Similar to the UK [6], the inherent complementary nature of wind and solar generation towards reducing storage requirements on PEI is clearly shown in Figure 1. Figure 2 then details the energy stored and released over the course of the year for the three scenarios of 100% wind, 100% solar and the storage-minimizing combination of 350 MW wind and 313 MW solar. Because the total generation and total demand are equivalent, at 1.4 TWh, the energy storage component ends the year at the same state-of-charge as it started. In this illustrative example the energy storage is considered to be ideal and, therefore, 100% efficient.



Further analysis of the information in Figure 2 is summarized in Table 1 where a number of additional observations are made that form the basis for this current work. A first observation is that when solar is combined with wind, the actual amount of demand energy supplied by the storage can be reduced to about a quarter of the demand load. This low fraction suggests that the efficiency of the energy storage might not be a critical consideration as long as its cost is low, especially as wind and solar generation prices continue to fall. A second and third observation are that the overall storage throughput in all cases is less than 10 full cycles per year and that the maximum charge C-rate (where the 1C rate represents a complete charge or discharge in one hour) is 1/95 or less. These are not typical application details suitable for lithium battery technologies, which inherently offer orders of magnitude faster (>1C) charging, lifetimes of thousands of cycles and associated costs as driven by the automotive market [7]. These observations raised questions about the feasibility of a fundamentally less efficient, slower, more robust, simpler and possibly more cost-effective storage technology based on storing heat energy in commodity rock material and converting to electricity using a traditional steam turbine generator with a low, say, 30% overall round-trip AC-to-AC efficiency.



While numerous examples of concentrating solar thermal technologies using molten salts and latent heat storage combined with steam turbine generators appear in the literature, the concept of sensible heat storage at high temperatures for large-scale grid energy storage is not well addressed. This is especially true for slower responding long-duration (high energy-to-power ratio) storage systems where heat transfer might conveniently take place internally with air as a free convection working fluid. In Laing et al. [8], formable high-temperature concrete was explored as a solid media storage and heat exchanger medium. In Hänchen et al. [9], the simplified concept of high-temperature sensible heat storage in rocks is explored for concentrating solar applications. In Bechattini et al. [10], a number of commonly available rock materials were successfully investigated for use in high-temperature solar storage applications. In Ibrahim et al. [11], a concept of high-temperature sensible heat storage up to 1400 °C in refractory material using high-efficiency resistance heating and steam turbine power generation was also discussed. The overall concept is highlighted as yet-to-be-applied but deserving of development due to its simplicity, low material cost, relatively low self-discharge for larger systems and potential for 60% efficiency using combined cycle turbines. More recently, Siemens announced in 2017 the development of similar high-temperature sensible heat storage concept using low-cost rock materials and with a steam turbine for grid energy storage [12]. The 36 MWh, 1.5 MW Siemens demonstration system is of significantly high energy-to-power ratio and intended for relatively long-duration grid energy storage. High-temperature storage using sensible heat also has a number of inherent advantages over future battery developments including a rapid development process due to the prior understanding of the traditional technologies involved and an ability to capitalize on economies of scale for larger systems in a way that batteries cannot.



An obvious question, and the core contribution of this work, is to explore how a relatively inefficient but potentially low-cost thermal storage system compares against the more efficient lithium battery based approach in the future context of PEI powered by 100% wind and solar energy. At first glance it might be easy to dismiss such a system as far too inefficient to be practical. However, given the relatively small fraction of the load required to be serviced by stored energy, the potential for low storage costs, and steadily reducing prices of wind and solar [13], the concept invites further investigation. This paper provides techno-economic analysis based on historical high-temporal-resolution power system data and presents least-cost energy results for electrification scenarios based on different pricing structures for both 90% efficient batteries and a 30% efficient high-temperature thermal-turbine concept. The intent is to provide insight towards solar and wind generation sizing and the future competitiveness of thermal storage approaches as compared to battery storage in the context of PEI.




2. Methods


For this work, hybrid optimization model for multiple energy resources (HOMER) energy was selected as a well-established and convenient modeling tool for performing techno-economic analysis of hybridized multi-input electricity systems [14]. The simulation schematic diagram is shown in Figure 3 where the wind, solar and demand load are located on the AC bus and an ideal battery on a DC bus through an AC–DC converter facilitates the stored energy. HOMER automatically generates the normalized hourly solar PV output for a default south-facing generic flat plate solar generator for Charlottetown, PEI’s geographic location based on necessary monthly average values as sourced from NASA’s solar energy database. The HOMER-generated synthetic hourly PV data captures key temporal aspects to due to weather and the seasonally varying angular track of the sun in the sky and is discussed further in [5]. As in the previous work, 15-min wind power and demand load data sets for all of PEI in 2014 were obtained from an archive of web-based electricity system updates and processed to represent a typical year, also as discussed in [5]. The load data is used as is. The wind data is normalized to represent the intermittency of the resource and appears as the Wind 2014 input in Figure 3. Wind 2014 is then scaled within HOMER search space to represent modeled MW capacities of wind generation.



The converter between the AC and DC bus is configured to represent the effective efficiency of the energy storage mechanism. Initially, custom battery types with varying round trip efficiency configurations were explored but this proved too ineffective when modeling the 30% round trip efficiency thermal storage system. This is due to how HOMER automatically allocates the charge and discharge efficiencies within battery models. Implementing an ideal 100% efficient battery model for the storage device and accounting for round trip storage efficiency in the converter component allows for the charge and discharge efficiencies to be conveniently configured separately. In the case of the thermal storage approach, the steam turbine losses can be effectively modeled as a discharge inefficiency and the energy stored within the battery model describes the energy stored as sensible heat with the rock material; this was an important realization in the preliminary analysis. It is worth noting that, for both the lithium battery and the thermal storage, self-discharge losses are not included as they are anticipated to be less than 2% per month in both cases and not critical to the results. The heat loss of the thermal storage system is addressed further in the discussion section of this paper.



Rather than use the built-in HOMER optimizer, a manual search space was specified for the three flexible system component sizes. Capacities of wind and solar generation are considered in 25 MW increments and the storage size is considered in 5 GWh increments for the thermal storage scenarios and 1 GWh increments for the smaller battery scenarios. The only inputs that are predefined between scenarios are the storage efficiency and the storage cost; the rest of the HOMER simulation configuration remains unchanged. HOMER calculates each storage cost scenario by simulating all combinations of the three component sizes over the project lifetime and then sorting results by least COE. Key modeling constraints include load being met at all times and the state-of-charge kept between 0 and 100%. This allows the various scenarios to be compared by their impact on COE, which is the critical point of comparison.



Relative to the prior study [5], costs of wind and solar were reduced from $2000 to $1000 per kW with annual operating and maintenance (O&M) costs of $30/year/kW and $20/year/kW respectively. This results in levelized costs of $0.04/kWh for wind energy and $0.07/kWh for solar, which are in line with current market predictions for utility scale deployments of wind and solar in the near future [8]. Note that the levelized cost of solar PV will generally be lower in parts of the world that have a greater solar resource than PEI’s moderate solar resource of approximately 1200 kWh/m2/year [15].



The lifetime of all system components and project life was configured to 30 years and the discount rate set to 6%. This means the lithium batteries are assumed to last 30 years. Given the relatively low annual throughput utilization of the lithium batteries in this application, we assume that future long duration grid storage battery systems have been engineered for such a long calendar life.



The lithium battery was modeled as having a 90% round trip efficiency by implementing 95% efficiency in both the charge and discharge directions within the converter component. The battery component model itself is ideal. The thermal storage system was modeled to have a 30% round trip efficiency by implementing 100% efficiency in the charge direction and 30% efficiency in the discharge direction. This allows the ideal 100% efficient ‘battery’ component model’s state-of-charge to reflect the sensible heat contained within the thermal storage medium. The modeled efficiencies are summarized in Table 2. The power converter component is modeled with zero cost and the actual converter costs are incorporated and accounted for in the modeled battery cost. This means the inverters required to convert between the DC lithium battery and the AC grid are included in the battery storage cost. Similarly, the costs of the steam turbine infrastructure are also included in the specified per kWh battery storage costs specified within the model. Further discussion of the storage cost rational is included in the discussion section of this paper.




3. Results


3.1. 90% Efficient Lithium Battery Cost Scenarios


Initially three cost scenarios for future lithium battery systems were simulated and the results are summarized in Table 3. Similar to the previous work [5] the resulting least-cost energy system configurations involve significant oversizing and subsequent curtailment of wind and solar generation. The results for the $50/kWh lithium battery scenario with the new lower cost wind and solar expectedly change from 537 MW wind, 246 MW solar and 17 GWh of storage in the previous study to a larger 575 MW wind, 300 MWh solar configuration and a smaller battery requirement of 15 GWh. There is also an expected reduction in the COE from $0.15/kWh down to $0.10/kWh due to the lower modeled cost of wind and solar.



For the purpose of this comparative analysis, the battery storage cost has also been considered at two other points, namely $100/kWh and $25/kWh. The COE is shown to fall significantly, but not proportionally, with the cost of storage. $100/kWh is selected as battery costs are forecast to achieve at least this cost by 2030 [2]. It is unknown whether the lessor costs will be achieved—especially as demand for lithium battery technologies will increase as the automobile industry transitions to electric vehicles. At storage capital costs of $25/kWh, the COE is $0.08/kWh and approaching current wholesale electricity rates in PEI with a scalable power supply that is essentially free of ongoing CO2 emissions.



Figure 4 details the stored energy result from the $50/kWh lithium battery scenario. When the battery is fully charged and the available wind plus solar power is greater than the load the surplus power is curtailed and not used. This is shown to happen frequently and is the result of increments of generation being more economic than increments of storage while still providing the least overall COE.



Another interesting observation is that the required capacity of the wind and solar generation is not strongly dependent on the storage cost. This could mean that from a planning perspective wind and solar projects can be implemented with a reduced concern with respect to the unknowns’ storage prices that might present.



Also, there are distinct points where the storage system might be best first charged from a zero-energy state, thereby saving in pre-charging energy. In this case, however, there is significant surplus (curtailed) renewable energy combined with a relatively small amount of energy storage, which serves to mitigate this consideration.




3.2. 30% Efficient High-Temperature Thermal-Turbine Storage Cost Scenarios


The high-temperature thermal-turbine approach was also modeled with various cost scenarios for the storage technology. Resulting renewable energy capacities and energy storage requirements to provide minimum cost energy for the three cost scenarios are summarized in Table 3. These results are purposely centered by factors of two around storage costs of $10/kWh in order to provide similar COE results to the previous battery cost scenarios. A challenge with rationalizing the thermal-turbine storage cost at this point is the required energy-to-power storage ratio for the application is unknown until the simulation is performed. The storage cost for batteries is almost exclusively a function of cell cost (energy) and not power conversion capacity (power). The thermal-turbine concept is quite different. The steam turbine converter itself is a significant cost relative to the almost-free energy storage medium—the rocks; this is discussed in more detail in the discussion section of this paper. The techno-economic modeling strategy at this point was to use HOMER to define the costs and energy storage capacities required to similarly compete with cost-reduced future batteries and then to determine later if the required costs are reasonable or simply non-competitive. It is shown later in the discussion that both the cost and the physical details of the energy storage required for the thermal-turbine to compete with future battery projections appear feasible in principle and warrant further research.



The results in Table 4 also show that the COE is a strong function of the storage energy cost. Interestingly, the required renewable energy and energy storage capacity is relatively unaffected by the storage cost. In fact, for the two significantly different storage efficiency scenarios the required installed capacity of wind and solar and remains near 300 MW and 600 MW respectively in all six modeled scenarios. This is an observation that suggests, again, that the deployments of wind and solar required for a 100% renewable energy power infrastructure may not be dependent on future storage technologies and, therefore, can be planned significantly ahead of time.



Figure 5 illustrates the energy storage profile required by the 30% efficient storage system. While the wind and solar capacity are similar to the previous 90% efficient battery scenarios, the thermal energy storage is full and curtailing wind and solar power much less often and operates more in a partial state of charge regime. In this situation quantities of energy previously curtailed at the generation source are now being stored thermally and then predominately wasted as heat in the stream turbine’s re-condensation process. In both storage cases the effective overall non-utilized renewable energy is similar even though they have dramatically different storage efficiencies. In the case of the batteries, excess generation is avoided by curtailing the renewable energy farms. In the case of the thermal storage excess generation is lost, mostly, in the steam turbine’s heat-to-mechanical-work conversion process. This means that the surplus curtailed renewable energy in the battery example is potentially available as high-quality electricity for, say, opportunity charging of electric vehicles whereas in the thermal storage scenario this energy exists only as waste heat.



As with the previous example there is also a distinct time of year, at the end of August, where the storage system might be commissioned with minimal pre-heating energy required. In the case of the thermal-turbine concept this is of larger impact because there is significantly less surplus renewable energy available for charging and a much larger energy store to charge. The results indicate a low stage of charge in the summer and a fall season of surplus energy, which suggests that there could be some economy associated with commissioning a system around this time of year. It should also be noted that the thermal-turbine approach requires a significant operating temperature even when at zero state of charge. The preheating energy required is further discussed in the discussion section of this paper.





4. Discussion


The results generated in Table 3 and Table 4 allow for further rationalization of the energy storage costs. The summary in Table 5 can be explained as follows: the cost of the energy storage is considered in terms of power (W) and energy storage (kWh). In the case of a 15 GWh lithium battery the dominant cost is that of the scalable battery pack material that stores the energy. The power electronic-based power converter costs are relatively small where utility scale inverter costs are shown in [16] as less than $100/kW. Furthermore, as shown in Table 4 the total per-kWh cost is insensitive to the power converter cost in context of the 250 MW converter required for supplying the load of PEI.



The required 80 GWh thermal-turbine concept is different due to the sizable cost associated with the steam turbine generator. In Table 5, $1000/kW is used and is based on steam turbine-based thermal power plant cost information [17]. The cost of the rock storage infrastructure remains unknown but is considered in Table 5 to be an order of magnitude higher than the local commodity price of rock at $10 per ton [18]. This accounts for the associated mechanical infrastructure and relatively small amount of insulation required. With these high-level cost numbers, it is shown that a resulting ~$10/kWh storage cost is competitive with yet-to-appear lithium batteries at ~$50/kWh and that the inefficient thermal storage approach, perhaps surprisingly, warrants further investigation. Also, since the ultimate COEs are strong functions of storage price, thermal storage is shown to be similarly competitive with battery storage if they are each of proportionally higher or lower cost; at least over the cost ranges considered. The intent of this study is not so much to predict future costs but rather to give a sense of how the technologies compete against each other as renewable energy integration solutions in terms of future cost scenarios and what the overall COEs might be.



In order to further assess the high-level feasibility of the thermal-turbine, Table 6 summarizes key technical details of the 80 GWh thermal storage concept sized for PEI. Given the specific heat of basalt rock, a working temperature range of 600 °C and a 50% reduced density of 1500 kg/m3 to allow for large convective air heat exchange within the material, a 400,000 m3 volume is required. This corresponds to a cube with side dimension of 74 m and surface area of 32,500 m2. Interestingly, this volume easily fits in the area that will be left by PEI’s soon-to-be-decommissioned fuel-oil thermal generation plant pictured in Figure 6. It should also be noted that the thermal storage system requires pre-heating in a way batteries do not. While the operating temperature range is shown in Table 6 to be 600 °C, the rocks need to be preheated by a few hundred degrees to achieve the lower operating range. This would require tens of GWh in the context of the PEI application, while PEI’s annual demand is around 1.4 TWh.



Another obvious technical consideration is the insulation required for such a high-temperature device. Conveniently, the same temperature-tolerant rock material can be used for insulation and is commonly found in the form of rock wool. One meter thick of rock wool insulation has a thermal resistance R-value of 120 (imperial) and a corresponding RSI (metric) value of 21 m2K/W [19]. Assuming an average internal temperature of 600 °C and an average external temperature of zero degrees, the heat loss per square meter is 600/21 = 29 W/m2 and is equivalent to a loss of only 8.3 GWh per year. Thus, a relatively small amount of insulation provides a reasonable rate of self-discharge of less than 2% per month and comparable to lithium batteries and explains why modeling self-discharge was not considered within this study. It should be noted that a cube-square relationship applies with respect to the volume of the energy storage relative to its heat dissipating surface area and one larger block is less dissipative than multiple smaller blocks. Also, for the purpose of this analysis the bottom is also assumed to have the same R120 insulation and operating conditions.



The techno-economic results and initial feasibility assessment suggest the thermal-turbine electricity storage approach warrants further investigation. However, it should be noted that there are further fundamental differences between batteries and the thermal-turbine concept. Batteries are scalable and can be distributed geographically with little consequence. This is not the case of with the thermal-turbine concept. Also, as mentioned previously, batteries can leave curtailed renewable energy available for later opportunity use. This energy is not available with the thermal-turbine because most of the surplus renewable energy from the similarly sized wind and solar capacity is rejected as heat in the Rankine cycle process. This could have impacts upon future grid systems where electric vehicles, for example, may serve has flexible sinks for low-cost ‘surplus’ renewable energy



The methods used within this study can be used to model any constrained grid system powered by 100% wind and solar for which historical wind energy data is available. The results of this particular study are a function of the complimentary nature of wind and solar on PEI which serve to minimize the energy storage requirement. Region-specific variables such as capacity factor could also affect the results from other locations.



This study focused on comparing two very different storage technologies that serve as limit cases on the trade-off between performance and affordability. The methodology could also be used to explore other storage options such as flow batteries, compressed air and hydrogen-based storage. Such analysis would help to position them as contenders within the context of location being studied. Further studies can also enhance the initial comparison by adding considerations for self-discharge, temperature-based charge efficiency, maintenance charging (e.g., any required battery cell balancing routines), and storage interruptions due to scheduled servicing etc. Future work can also look at rationalizing the storage costs in more detail.




5. Conclusions


In the paper the concept of a low (30%) round-trip efficiency thermal-turbine grid energy storage system has been considered and compared to future projected cost reductions of 90% efficient lithium battery technologies in the application context of PEI’s electricity grid. HOMER Energy modeling software was configured to perform the techno-economic analysis and determine least-cost energy configurations for a 100% wind and solar powered PEI using system data for wind, solar and demand load. While substantial future cost reductions in lithium batteries show promise for facilitating a cost-effective 100% wind and solar power grid on PEI, the thermal-turbine storage approach is also shown to be surprisingly effective if cost targets can be achieved. Given the challenges required to supply grid-scale quantities of low-cost lithium batteries and the inherent maturity of steam-turbine technology, the low-cost availability of rock material and the physical space required, it is shown that the thermal storage approach may, in fact, be more realizable than future low-cost battery technology.



Results show the overall cost of energies of near $0.10 for both batteries at $50/kWh and thermal-turbine storage at $10/kWh, thus establishing a benchmark at which each solution starts to become interesting for powering PEI’s electricity system with 100% wind and solar energy.



In all modeled scenarios the least COE results required similar wind and solar capacities of near 600 MW and 300 MW respectively. This suggests the dimensioning of wind and solar resources is not critically dependent on the energy storage technology and pricing and can perhaps be planned in advance of commitments to the deployment of storage technology



The thermal storage system requires significant pre-charging and is shown to benefit from being commissioned in August when its state of charge would normally be at a minimum. Future analysis with multi-year data is expected to bolster this observation.



Although both storage technologies result in similar amounts of unutilized renewable energy, the battery technology results in more electrical curtailment at the source which may be of benefit in the future context of flexible opportunity charging of electric vehicles.



This initial work can be further enhanced by considering the impacts of future grid scenarios which incorporate large electric vehicle-charging demands, real-time energy pricing and responsive customer loads—including behind-the-meter batteries and thermal storage for space and domestic hot water heating.
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Figure 1. Idealized storage capacity required as function of non-curtailing mixes of wind and solar generation on Prince Edward Island (PEI) (2014 wind and demand data). Installed capacities are non-symmetrical due to different capacity factors for wind and solar. 
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Figure 2. Stored energy charge for the scenarios of 450 MW wind-only, 1150 MW solar-only and the storage minimizing mix of 350 MW wind and 313 MW solar configuration (2014 wind and demand data). 
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Figure 3. Hybrid optimization model for multiple energy resources (HOMER) simulation schematic diagram. 
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Figure 4. HOMER results with 90% efficient $50/kWh lithium battery system: (a) an arbitrary but illustrative three weeks; and (b) the full year. 
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Figure 5. Example HOMER results with 30% efficient $10/kWh thermal-turbine storage concept: (a) an arbitrary but illustrative three weeks; and (b) the full year. 
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Figure 6. Charlottetown PEI’s soon-to-be-decommissioned thermal power plant that is more than 50 years old (Natalia Goodwin/CBC). 
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Table 1. Storage summary for Figure 2.
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	Solar (MW)
	Wind (MW)
	Demand from Storage
	Storage Required (GWh)
	Equivalent Cycles per Year
	Max Discharge (MW)
	Max Charge (MW)
	Max Charge (C-Rate)





	313
	350
	28%
	41
	9.6
	245
	433
	1/95



	0
	450
	35%
	132
	3.7
	247
	317
	1/416



	1150
	0
	60%
	235
	3.5
	257
	1000
	1/235
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Table 2. Storage efficiencies modeled within the “converter” element.
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	Storage Option
	Charge Efficiency
	Discharge Efficiency





	Lithium battery
	95%
	95%



	Thermal-turbine
	100%
	30%
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Table 3. Least-cost scenarios and cost of energy (COE) as a function of defined storage cost for the 90% efficient lithium battery cost scenarios.
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	Storage Cost ($/kWh)
	Solar (MW)
	Wind (MW)
	Storage (GWh)
	COE ($/kWh)





	100
	350
	575
	14
	0.14



	50
	300
	575
	15
	0.10



	25
	275
	525
	18
	0.08
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Table 4. Least-cost scenarios and COEs as a function of storage cost for a 30% efficient thermal-turbine storage concept.
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	Storage Cost ($/kWh)
	Solar (MW)
	Wind (MW)
	Storage (GWh)
	COE ($/kWh)





	20
	375
	600
	75
	0.15



	10
	325
	600
	80
	0.11



	5
	325
	600
	80
	0.09
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Table 5. Cost rationalization for future battery and thermal-turbine storage options based on 250 MW power rating.
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	250 MW Storage Options
	Power ($/kW)
	Energy ($/kWh)
	Power ($)
	Energy ($)
	Total ($/kWh)





	Lithium battery (15 GWh)
	100
	50
	25 M
	750 M
	52



	Thermal-turbine (80 GWh)
	1000
	4
	250 M
	320 M
	11
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Table 6. High-level design details of the thermal-turbine storage option.
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	Storage (GWh)
	Cp (Basalt) (J/kgK)
	ΔT (°C)
	Density (kg/m3)
	Mass (kg)
	Volume (m3)
	Cube (m)
	Surface Area (m2)
	Heat Loss (W/m2)
	Heat Loss (GWh/year)





	80
	800
	600
	1500
	6 × 108
	400,000
	74
	32,500
	29
	8.3











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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