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Abstract

:

Utilization of solar and wind energy is increasing worldwide. Photovoltaic and wind energy systems are among the major contributing tec4hnologies to the generation capacity from renewable energy sources; however, the generation often does not temporally match the demand. Micro-compressed air energy storage (micro-CAES) is among the low-cost storage options, and its coupling with the power generated by photovoltaics and wind turbines can provide demand shifting, modeled by efficient algorithms. A model based on criteria that are preset according to the demand is presented. The model decides on the distribution of the generated energy, depending on the state of the energy storage and the preset criteria of each storage technology. The satisfaction of the demand by the energy production and micro-CAES is compared to that of storage batteries. The demand originates in a case study of a household and optimal configurations of photovoltaics and wind turbines, and the storage capacities and costs are compared. An optimal configuration of 30 photovoltaic panels and two wind turbines was found for micro-CAES. The annual stored energy of micro-CAES was 114 kWh higher than that of the system with batteries.
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1. Introduction


Energy production from renewable energy resources is increasing in capacity worldwide [1]. Although this energy transition is very favorable for the reduction of carbon emissions, it is still limited by the intermittency of renewable energy resources, such as solar energy and wind energy. The combined operation of suitable technologies—such as a concentrated solar power (CSP) tower and a parabolic trough [2] or hybrid CSP-photovoltaic plants [3]—is one solution to the intermittency problem. Alternatively, energy storage may be used to compensate for intermittency on multi-hour temporal scales. Energy storage is one of the main ways of circumventing this intermittency limitation for multi-hour temporal scales. Thermal storage is one of the low-cost energy storage technologies, with significant developm4ents in materials and systems [4,5] to reduce the costs even further; however, while this storage option is suitable for the storage of thermal energy, it is not suitable for storing electricity generated by the major renewable energy technologies, i.e., photovoltaic solar cells [6] and wind turbines [7]. Storage in batteries is one option toward this end; however, it suffers from higher costs, due to the limited number of cycles of the current state of the technology, which leads to replacement after 10 years of operation [8].



A low-cost energy storage technology is compressed air energy storage (CAES). Several large-scale CAES projects have been implemented around the world. The first facility was the Huntorf plant near Bremen, Germany, which was built in 1978 with a capacity of 290 MW and a total storage volume of 310,000 m3. The Huntorf plant was built to provide up to 4 h of backup power and operated at 90% availability and 99% starting reliability [9,10]. The second large scale plant was the 110 MW McIntosh plant in Alabama, USA, with a total storage volume of 560,000 m3. It was designed to generate at full power for 26 h and was further modeled to couple energy produced by photovoltaic power plants [11]. The specific setup costs of the Huntorf and McInstosh plants were USD 143/kWh and USD 24/kWh, respectively [10]. Numerous adiabatic CAES plants have been proposed, as well as liquid air energy storage; however, little analysis of their specific costs is available [12].



The main constraint and the most important component related to the development of CAES is the volume for storing the compressed air [13]. Although salt domes or saline caverns have been tested for several years in CAES plants, certain issues require further consideration. One issue is the reaction of salt solutions to the surroundings, with subsequent abrasion of the saline cavern. Another major issue is the mixing of the solutions with the compressed air that can resu4lt in corrosion of the plant components, such as the turbine, the valves, or the pipes. The effects of corrosion can be significantly increased with the presence of moisture, especially in the case of high pressure and high temperature, [14].



Aquifers, with the ability of a constant pressure system utilizing the incompressibility of water [13] and a relatively low cost of development [14], were considered for underground storage. According to an ESPC study, the estimated capital cost of a CAES plant, without salt storage, is higher than the capital cost of a plant utilizing an aquifer energy storage [15].



Large-scale CAES plants are limited to certain locations. This holds true for salt domes or salt beds; however, aquifer systems are located in several areas around the world [16]. Many of these aquifers extend to more than one country, over several hundreds of kilometers.



A 270 MW CAES plant was planned in the Iowa Stored Energy Park, to make use of underground aquifers. The underground geology of the selected site met the requisite parameters for an efficient and stable CAES system. The aquifer is surrounded by porous sandstone, which in turn is surrounded by impermeable cap rock. The project was designed for the storage of electricity generated from nearby wind farms by 2011 and was estimated to have provided 268 MW of electrical power to the grid for 16 h, but it was terminated due to geological limitations [17].



Micro-CAES


The size of the demonstrated plants brought CAES into maturity as a reliable storage technology. The main constraint is CAES’s dependence on the size and geology of the underground caverns. In places lacking suitable geology, micro-CAES is considered for distributed generation [18].



A number of companies and manufacturers produce micro-CAES systems for industrial or residential use. One of these companies manufactures a complete uninterruptible power supply (UPS) system that is comprised of commercial compressed air tanks, a thermal storage unit, a small turbine/alternator, and a continuously spinning flywheel. The system, called thermal and compressed air storage (TACAS), provides running times of 30 min, which can supply enough backup power for the runtime requirements of 90% of organizations [19]. The lifespan of the system is guaranteed for more than 20 years, which is more than twice the lifespan of a battery storage system [20]. A small-scale compressed air energy storage (SSCAES) system was reported for an industrial facility in Ontario, Canada. The concept is primarily based on the storage of compressed air in high pressure vessels [21]. The system comprises one or more 2 to 10 MW CAES units, depending on the demand of4 the facility.



According to estimations, if the micro-CAES system is combined with wind turbines, it can provide 4 h of power generation by utilizing 8 h of air compression per day [15]. The system can also be integrated with landfill gas (LFG) or biogas [22] facilities by utilizing 12 and 24 h of air and gas compression per day, respectively, to supply another 4 h of power generation per day [15]. A micro-CAES system includes air compressors that share functionality with cryogenic facilities, as well as in combination with renewable technologies for power generation [18]. In this paper, a criteria-based model for storing energy generated by photovoltaics and wind turbines in micro-CAES is presented. The generated energy is demonstrated by a case study in a small residence, covering the energy demand over an entire year.





2. Materials and Methods


2.1. Modeled System


The developed simulation model is depicted in Figure 1 and consists of the following components:




	
Monocrystalline silicon solar panels (solar energy power plus SE-185M24/F) were utilized, with a peak power of 185 W and efficiency of 13%;



	
A 1 kW wind turbine (Foshan OUYAD FD3.0-1000) with cut-in wind speed of 2 m/s;



	
AGM-type batteries (Effekta, BTL 12–200 12 V/200 Ah) with an efficiency of 85%;



	
A charge controller (Phocos CXN 40 A) for both systems;



	
An AC inverter (Cotek 300 W/24 V) with 5.75 kW power and 90% efficiency;



	
A CAES system consisting of air stor14ge operating between 1 and 10 m3 at a compression ratio of 15 with a total charge/discharge time of 5/1 h and mechanical storage efficiency of 48% [20,23].









2.2. Sizing of the System


All the system inputs, along with the solar and wind resource data, were sequentially computed for the time j of the year. Hourly time steps were considered here; however, different intervals could be utilized according to the requirements of the system.



The energy production EPV(j) from the PV system at the time j of the year was calculated as


EPV(j) = S × (ηr [1 − ßp(Tc − Tr)]) × G(j)



(1)




where G(j) is the irradiation at the time j of the year, S is the area of the PV, ηr is the efficiency of the PV at temperature Tr = 25 °C, ßp is the temperature rate performance of the system, and Tc is the temperature of the system. Tc is associated with the environment temperature Ta, according to the Evans equation [9]:


Tc − Ta = (219 + 832K’T) × (NOCT − 20)/800



(2)




where NOCT is the nominal operating cell temperature and K’T is the average monthly cloud index. PVsyst was used to obtain the average monthly cloud index. The irradiance at the optimum angle was estimated from measurements of the horizontal irradiance by applying the following factor:


Cf = 1 − 1.17 × 10−4 (φopt − φ)2



(3)




where φopt = the optimum tilt angle (31°) and φ = the actual angle (0°). Linear degradation losses were considered as 0.7% per year [24]; however, recent analysis [25,26] indicates that the degradation rate is often nonlinear.



Building-integrated wind turbines (WT) are installed at a height UZ that is different from the wind measurements. The wind power law was used to transfer the given wind data at 10 m to the desired hub height [27]:


UZ = UR × [(ln Z/Z0)/(ln ZR/Z0)]



(4)




where Z = hub height, ZR = current height, Z0 = surface roughness, and UR = wind speed at current height at time (j).



The energy production from the wind turbine EWT(j) at the time j of the year was calculated as


EWT(j) = P × N × H



(5)




where P is the power produced by the turbine at the height-corrected wind speed, N is the number of wind turbines, and H is the hour of the day.



The work Wc used by the compressor of the system is calculated as


Wcomp = mair × Δhcomp



(6)




where a mass flow rate of mair of 0.024 kg/s is used by the compressor. The change in enthalpy Δhcomp was calculated as


Δhcomp = cp1–2 × (T2 − T1)/ηc



(7)




where the capacity cp1–2 and temperatures T1 and T2 of the isentropic process are calculated as


cp1–2 = a + b × T1



(8)






T2 = T1 × (P2/P1)k−1/k



(9)







The work Wexp at the expansion phase was calculated as


Wexp = mair × Δhexp



(10)




while the change in enthalpy Δhexp can be calculated as


Δhexp = cp3–4 × (T3 − T4)/ηc



(11)




where the capacity cp3–4 and temperatures T3 and T4 of the isentropic process are calculated as


cp3–4 = a + b × T1



(12)






T4 = T3 × (P3/P4)k−1/k



(13)







An isentropic efficiency ηc of 0.8 was used in the compression and expansion phases.




2.3. System Simulation


The following algorithm has been applied in the prediction of photovoltaic generators with Markov chains [28], and it was adopted to include the generation from the wind turbine and the CAES system. The algorithm follows decision routines as applied to combined concentrating solar power plants [7,29], while ranking according to information of tariff can be introduced with optimum prioritization models [30].



The algorithm that determines the loss of load probability (LOLP) satisfies the following inequality for each hour of the day:



The calculation of the energy load demand Edem(j) initially examines whether the load is met by the produced energy E(j) before being supplied to the user Euser(j), or is not met as EU(j); therefore:


if E(j) ≥ Edem(j)/ηinv then Euser(j) = Edem(j) and EU(j) = 0



(14)







In case the demand is met by the produced energy, the stored energy ES is calculated as


ES(j) = E(j) − (Ed(j)/ηinv)



(15)







For this reason, the state of storage (SOS) at hour j, depending on its efficiency ηbat and its capacity CB between its states Ebmax and Eb, are examined:


if SOS(j) < Ebmax then EB(j + 1) = min(EB(j) + Es(j) × ηbat

and SOS(j + 1) = EB(j + 1) × 100/CB



(16)







In the alternative case, the energy Eunused(j) is not used; that is:


else Eunused(j) = Es(j)



(17)







If the demand is not met, the state of the storage is examined; that is:


if SOS(j) > EBmin then



(18)






if E(j) + [EB(j) − CB × (1 − DOD))] ≥ Edem(j)/ηinv then Euser(j) = Edem(j) => EU(j) = 0



(19)




the demand is met and the storage is discharging; that is:


EB(j + 1) = max[EB(j) + E(j) − Edem(j)/ηinv] and max[CB × (1 − DOD)]



(20)







Otherwise, the demand is not met, which means that the storage is empty; that is:


EU(j) = Edem(j)



(21)







In that case,


if E(j) > 0 then Es(j) = E(j)



(22)




and the storage is charging; that is:


EB(j + 1) = EB(j) + ES(j) × ηbat and SOS(j + 1) × 100/CB



(23)








2.4. Cost Analysis


Capital cost includes the costs of each component, i.e., PV panels, wind turbines, the inverter, the charge controller, mounting, and wiring, as well as labor/installation costs.



Since operation and maintenance (O&M) is an important cost factor in any power generation system, the analysis also includes the replacement cost of the balance of system (BOS) components over the lifetime of the system.



All the components’ costs were calculated after market research. A 5-year period was assumed to be the maximum for battery operation, so four replacements during 20 years were taken into account. The inverter and the charge controller were also considered for replacement after ten years of operation.




2.5. Case Study


An investigation was carried out to identify the average energy consumption of a four-member residence, based on a stand-alone photovoltaic system [28]. The average daily energy consumption of the household was estimated to be 9.71 kWh. An economic energy-consumption profile, in terms of energy-saving appliances, light bulbs, ceiling fans, double-framed walls, and insulation, was assumed. The average monthly solar irradiance in the location (latitude: 35°19 N, longitude: 25°40 E) of the case study, according to the photovoltaic geographical information system [31], is displayed in Figure 2.



Similar systems were compared previously [32] for Mediterranean areas, leading to the conclusion that hybrid photovoltaic/wind systems do not offer high availability due to the low wind potential observed in the examined area. The chosen location was not considered ideal in comparison to other areas because of the low yearly average wind speed of 2 m/s. Figure 3 shows the wind statistics based on the measurements taken for each month of the year from weather stations in Crete. The highest annual probability occurs at 3 m/s, which is in reasonable agreement with the probability density of the location [33].





3. Results


The algorithm presented in Section 2 was computed iteratively for a number of different sizings of the hybrid system. For each iteration, the number of generators—that is, photovoltaic panels and wind turbines—and the stored energy (i.e., the number of batteries and the volume of the micro-CAES) were the independent variables. The generated energy, the stored energy, the energy supplied to the user, and the unsatisfied energy were calculated.



3.1. Scenarios of the Investigated Systems


Optimum combinations of the hybrid system were implemented in order to provide the daily demand, with a criteria of an acceptable LOLP at 2% and minimum costs. Table 1 presents the scenarios that fulfilled the set of criteria for a hybrid system with batteries, while Table 2 presents the respective scenarios with the micro-CAES system. The number of photovoltaic panels was limited to 40, in accordance with space limitations in roof installations at domestic residences and corresponding to approximately 50 m2. The number of wind turbines in the scenarios was limited to three, in accordance with low noise levels for residential areas. The optimal configurations consisted of 30 photovoltaic panels and two wind turbines, exhibiting 1.99% and 1.98% LOLP with battery and micro-CAES systems, respectively.



Table 3 presents the main annual power demand and production statistics.




3.2. Generated Electrical Energy


The monthly energy produced by each system can be seen in Figure 4. The majority of the produced electricity is generated by the photovoltaics, with higher production between May and September, while the electricity production of the wind turbine is higher during December and January.



The monthly produced electricity by the optimal configuration of photovoltaics, wind turbine, and the overall hybrid system, along with the solar irradiance and the wind speed, are tabulated in Table 4. The hourly time series of energy produced by each system is shown in Figure 5.



The distribution of the produced electricity can be seen in detail in the hourly time series displayed in Figure 5. The production of the photovoltaic array follows very closely the distribution of the solar irradiance presented in Section 2. The contribution of the wind turbine during the winter, when the production of the photovoltaic array is lower, is clearly shown.



As shown in the figures, the energy electricity via the hybrid system is not constant, due to the intermittence of the solar and wind resources. The demand is covered by the energy storage during hours of low generation. The energy stored in the micro-CAES or batteries is shown in Figure 6 and Figure 7, respectively, for the month of December. The system operated for 660 h in December, while the average monthly operation was 608 h. It can be seen that energy supplied by the batteries is, for several hours, lower than the energy supplied by the micro-CAES system. This can be explained by the higher depth of discharge of the micro-CAES, compared with that of the batteries. A low depth of discharge is required for a higher number of cycles in the battery. An amount of energy Es was stored, while another Eunused was unused during the year, as calculated by Equation (17). In the optimal scenario, the annual stored energy was 8709 kWh and 8595 kWh for micro-CAES and batteries, respectively.





4. Discussion


The modeled energy storage with micro-CAES overcomes the constraints of large scale CAES plants, with their dependence on underground storage, and micro-CAES is suitable for distributed generation, suggesting the possible application of the presented methodology in different locations around the world. Further consideration of the associated costs is subject to energy market pricing. Recent progress in mixed-integer linear programming [34] and virtual power plants [35] has led to promising approaches toward this end.



The installation of small wind turbines in urban residences may cause unwanted disturbance. However, it was shown that the electricity produced by a wind turbine temporally complements the electricity produced by photovoltaics. In addition, there are advantages in the use of small-scale generators in the absence of a suitable morphology for solar power and large-scale wind turbines [36], as well as in distributed generation via energy communities [37]. Consequently, in rural areas outside the urban environment, a combination of small-scale wind and rooftop solar photovoltaics is sensible. A combination of 2/30 wind turbines/photovoltaic panels was found to be the optimal ratio for an LOLP of 2% (see Table 2).



The presented algorithm follows an isentropic compression and expansion [23]. The proposal of [38] of using the basic Ericsson cycle, by removing the high-pressure compressor and expander, offers a simpler structure with fewer components and less maintenance. The residential utility of micro-CAES involves a compact overall structure of the system, featuring stand-alone reliability and the embodiment of distributed generation. If the high-pressure components are removed, the system works at higher temperatures in a low-pressure turbine [14]. The proposed implementation of the basic Ericsson cycle is, nevertheless, closer to an isothermal process, which is more efficient than an adiabatic process following the Brayton cycle. Before expansion in the turbine, the compressed air can be heated to obtain up to three times more power [38]. This is achieved more efficiently in conjunction with a gas turbine, where 50–60% savings in the total consumed energy can be achieved [13]. Moreover, if the cooling effect is used directly for space cooling, the aggregated energy can be used more efficiently. A CAES refrigeration system is more efficient than a vapor compression refrigeration system that is widely used for space cooling [39]. In this way, coverage of space heating and cooling can be achieved, while the integration of micro-CAES units in residential scale, in addition to electricity production, can achieve more effective usage of the technology [39].



At the moment, the use of high-pressure vessels made of steel is an instant solution, but the manufacturing of such tanks is not cost-effective. Research and development for new enhanced materials, such as new composite fibers and thermoplastics [40], support investigation into the lower costs of reinforced vessels [41].



The CAES conservation load-shape objective, along with the six well-known load-shape objectives, is predicted to cover the demand, increase the storage fraction, and keep the power generation of the region at lower levels. Thermal energy storage was also used for demand-side management; however, it is limited to space heating. The energy-storage objective of demand-side management programs has successfully achieved reduced demand in space heating and, as a consequent result, partly reduced electricity consumption. If the direct use of thermal storage for electrical energy storage is not an option, the use of alternative methods of energy storage, such as micro-CAES, can spread widely and assist in power generation.




5. Conclusions


Integrating energy storage in renewable energy technologies enables energy usage later in the day during peak demand hours. In this way, equalizing the intermittency of renewable energy and technology can achieve more efficient usage of renewable resources. In the presented model, a number of criteria-based scenarios were investigated and compared to obtain an LOLP of 2%. An optimal configuration of 30 photovoltaic panels and two wind turbines was found for micro-CAES or battery storage. This resulted in an annual energy production of 11.87 MWh. The annual stored energy of micro-CAES was 114 kWh higher than that of the system with batteries which, in addition to the lower cost and longer lifetime compared to batteries, makes micro-CAES a reasonable energy storage option for demand management.
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Nomenclature




	CSP
	Concentrated solar power



	BOS
	Balance of system



	CAES
	Compressed sir energy storage



	LFG
	Landfill gas



	LOLP
	Loss of load probability



	O&M
	Operation and maintenance



	TACAS
	Thermal and compressed air storage



	SSCAES
	Small subsurface compressed air energy storage



	UPS
	Uninterruptible power supply



	CB
	Battery capacity



	DOD
	Depth of discharge



	Edem(j)
	Energy load demand



	Euser(j)
	Energy supplied to the user



	EU(j)
	Unsatisfied energy



	ES(j)
	Energy for storage



	Eunused(j)
	Unused energy



	SOS(j)
	State of storage at j hour



	ηinv
	Efficiency of inverter



	ηbat
	Efficiency of battery



	ηc
	Efficiency of compression and expansion
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Figure 1. Schematic of modeled system. Power lines are colored blue, while the air compression and expansion cycle are colored red. 
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Figure 2. Average monthly solar irradiance used in the case study. 






Figure 2. Average monthly solar irradiance used in the case study.



[image: Mathematics 11 00391 g002]







[image: Mathematics 11 00391 g003 550] 





Figure 3. (a) Histogram of wind speed (m/s) vs. days of year and (b) average monthly wind speed (m/s) used in the case study. 
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Figure 4. Monthly energy production of the photovoltaics, wind, and hybrid systems for scenarios (a) C-2, (b) C-3, and (c) C-5. 
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Figure 5. Time series of the energy produced by the optimal configuration from (a) photovoltaics and (b) wind turbines. 
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Figure 6. Energy produced by the system with micro-CAES during December. 
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Figure 7. Energy produced by the system with batteries during December. 
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Table 1. Scenarios of hybrid system with batteries satisfying the preset criteria.
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	Scenario
	PV
	WT
	Battery
	LOLP (%)
	Eunused (kWh)





	B-1
	40
	1
	23
	1.95%
	172.39



	B-2
	30
	1
	27
	1.97%
	189.54



	B-3
	30
	2
	11
	1.99%
	168.46



	B-4
	20
	2
	17
	1.90%
	160.75



	B-5
	15
	3
	10
	1.97%
	157.76
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Table 2. Scenarios of hybrid system with micro-CAES satisfying the preset criteria.






Table 2. Scenarios of hybrid system with micro-CAES satisfying the preset criteria.





	Scenario
	PV
	WT
	μ-CAES (Wh)
	LOLP (%)
	Eunused (kWh)





	C-1
	40
	1
	9840
	1.84%
	406.84



	C-2
	30
	1
	10,320
	1.90%
	444.81



	C-3
	30
	2
	7920
	1.98%
	328.35



	C-4
	20
	2
	8640
	1.86%
	345.02



	C-5
	15
	3
	7440
	1.94%
	289.62
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Table 3. Essential annual power demand and production statistics of the hybrid system.
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Annual Demand Statistics




	
Annual peak power demand (kW)

	
2.63




	
Annual minimum power demand (KW)

	
0.20




	
Annual electricity consumption (MWh)

	
4.77




	
Average daily consumption (kWh)

	
9.71




	
Annual Production Statistics




	
Annual wind turbine production (MWh)

	
3.78




	
Annual photovoltaics production (MWh)

	
8.08




	
Annual unsatisfied energy (MWh)

	
0.32




	
Annual energy supplied to the user (MWh)

	
2.14




	
Annual unused energy (MWh)

	
6.88




	
Total production (MWh)

	
11.87
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Table 4. Average monthly solar and wind resource for energy production of the optimal system 1.
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	Month
	Gh (W/m2)
	Ws (m/s)
	PV (Wh)
	WT (Wh)
	Hybrid (Wh)





	Jan
	84.0
	2.87
	418
	516
	934



	Feb
	107.0
	2.47
	533
	412
	945



	Mar
	175.7
	2.70
	860
	439
	1299



	Apr
	204.8
	2.71
	991
	439
	1428



	May
	253.7
	1.85
	1193
	239
	1432



	Jun
	338.1
	2.53
	1562
	391
	1953



	Jul
	314.4
	3.38
	1428
	603
	2031



	Aug
	275.9
	3.38
	1257
	354
	1611



	Sep
	235.1
	2.33
	1081
	492
	1574



	Oct
	161.5
	2.94
	763
	297
	1060



	Nov
	116.4
	2.13
	563
	357
	921



	Dec
	77.8
	3.35
	388
	619
	1007







1 The system consists of 30 photovoltaic solar panels and two wind turbines.
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