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Abstract:



This paper discusses the optimization of hybrid power systems, which consist of solar cells, wind turbines, fuel cells, hydrogen electrolysis, chemical hydrogen generation, and batteries. Because hybrid power systems have multiple energy sources and utilize different types of storage, we first developed a general hybrid power model using the Matlab/SimPowerSystemTM, and then tuned model parameters based on the experimental results. This model was subsequently applied to predict the responses of four different hybrid power systems for three typical loads, without conducting individual experiments. Furthermore, cost and reliability indexes were defined to evaluate system performance and to derive optimal system layouts. Finally, the impacts of hydrogen costs on system optimization was discussed. In the future, the developed method could be applied to design customized hybrid power systems.
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1. Introduction


The development of alternative energy, such as solar, wind, geothermal, hydropower, ocean power, and hydrogen, has attracted much research attention because of the energy crisis and environmental pollution problems. Among these, solar, wind, and hydrogen are promising alternative energies. Solar cells and wind turbines (WTs) convert solar irradiation and wind power, respectively, into electrical power. Hydrogen energy can be converted into electricity via an electrochemical reaction of fuel cells. Each type of energy source has various strengths and weaknesses. For example, solar and wind energy are pollution free and relatively cheap to produce but lack stability because of their dependence on weather conditions. In contrast, hydrogen energy with fuel cells guarantees stable power supplies but is expensive at present. Therefore, hybrid systems that utilize multiple energy sources and storage methods are the best option for reducing system costs and increasing system reliability. Previously, in an Iranian study, Maleki and Askarzadeh [1] designed a hybrid power system containing photovoltaic (PV) arrays, a WT, a diesel generator, and a secondary battery. They showed that systems consisting of a WT, diesel generator, and a secondary battery satisfied the load demand at the lowest cost. Based on an analysis of weather data in Turkey, Devrim and Bilir [2] concluded that wind energy could compensate for solar (PV) energy in winter. Therefore, a hybrid system with a WT can achieve better performance than one without a WT. Martinez-Lucas et al. [3] studied the performance of a system based on WTs and pump storage hydropower on El Hierro Island in the Canary archipelago. This hybrid wind–hydropower plant showed improvements in system performance to different wind speeds and power demands.



The most important issues when designing hybrid power systems are the selection of the system components and the component sizes, according to load demands. Wang and Chen [4] considered a hybrid system consisting of PV arrays, a proton-exchange membrane fuel cell (PEMFC), and an Lithium iron (Li-Fe) battery. They showed that the integration of the PEMFC improved system reliability, and that tuning the PV and battery units greatly reduced the system cost. The present paper extends these ideas and discusses the impacts of WTs and a hydrogen electrolyzer on system performance.



A WT converts wind power into electricity. Many factors, such as wind speed, air density, the rotor swept area, and the power coefficient of the motor, affect the amount of power extracted from WTs. For example, Bonfiglio et al. [5] modeled WTs equipped with direct-drive permanent magnet synchronous generators. They used the model to examine the influences of active power loss on the effectiveness of wind generator control and applied Digsilent Power Factory to verify the results. Pedra et al. [6] built fixed-speed induction generator models using PSpice and PSCAD-EMTDC codes They compared single-cage and double-cage models, and showed that the latter was more suitable for fixed-speed WT simulation. Lee et al. [7] assessed large-scale application of solar and wind power in 143 urban areas. The proposed system was shown to lead to a balance of the building energy consumption. Maouedja et al. [8] constructed a small hybrid system in Adrar, Algeria, and concluded that wind energy can compliment solar energy. Al Ghaithi et al. [9] analyzed a hybrid energy system in Masirah Island in Oman. The simulation results showed that a hybrid system composed of PV, a WT, and an existing diesel power system is the most economically viable, and can significantly improve voltage profiles. Devrim and Bilir [2] also found that a hybrid system with a WT can perform better than one without a WT in Ankara, Turkey. However, Chen and Wang [10] reached the opposite conclusion in their analysis of a green building in Miao-Li county of Taiwan equipped with a hybrid power system consisting of PV arrays, a WT, a PEMFC, a hydrogen electrolyzer, and battery sets. They found that wind and solar energy had similar profiles, and concluded that a WT was unsuitable because it increased the cost of the system but did not significantly compensate the renewable energy of the PV array. Therefore, the inclusion of WTs in a hybrid system should depend on local weather conditions.



Hydrogen electrolyzation is a new method of energy storage, where redundant energy is used to produce hydrogen that can then be utilized by PEMFCs to produce electricity when the power supply is insufficient. For example, Chennouf et al. [11] utilized solar energy to produce hydrogen in Algeria. They demonstrated that hydrogen conversion efficiency was best under low voltage and high temperature conditions. Tribioli et al. [12] analyzed an off-grid hybrid power system with two energy storage methods: a lead-acid battery and reversible operation of a PEMFC. They combined the system with a diesel engine and showed that the consumption of fossil fuels can be greatly reduced by integrating a suitable renewable power plant to match the loads. Cozzolino et al. [13] applied the model to analyze a particular case: the TUNeIT (Tunisia and Italy) Project. The simulation demonstrated an almost self-sustaining renewable power plant that consisted of 1 MW WT, 1.1 MW PV, a 72 kWh battery, a 300 kW fuel cell, a 300 kW diesel engine to cope with power demand at a cost of 0.522 €/kWh. Aouali et al. [14] built a PV array and hydrogen electrolyzer model based on dynamic equations. They conducted small-scale experiments and showed that the experimental responses fitted the model responses. Rahimi et al. [15] analyzed the economic benefits of utilizing wind energy in hydrogen electrolysis in Manjil and Binaloud, Iran. They showed that a stand-alone application was more expensive than an on-grid one because the former required larger WTs. Bianchi et al. [16] analyzed a hybrid system that utilized two storage methods: a solar battery system and a solar battery–hydrogen electrolyzer fuel cell system. They found that the conversion efficiency of stored energy was about 90% with the use of battery, and about 20% with the electrolyzer and PEMFC. Bocklisch et al. [17] proposed a multistorage hybrid system that combined short-term storage by batteries and long-term storage by hydrogen. They converted excessive PV energy in summer into hydrogen and hydrogen into electricity and heat in winter. The power exchanged with the public grid was smaller and more predictable compared with that of a conventional PV battery–hybrid system. As weather conditions have a major influence on the performance of hybrid power systems, climate data must be incorporated into the design of any hybrid system. For instance, Ikhsan et al. [18] collected weather data to estimate the energy flow into hybrid systems and to resize the system components. Their results demonstrated an improvement in system costs after size adjustment. Chen and Wang [10] included irradiation and wind data in a hybrid system model to optimize system costs and reliability. The present paper will also utilize historic weather data and load conditions when analyzing the impacts of system configurations.



The paper is arranged as follows: Section 2 introduces a general hybrid power system that consists of solar cells, WTs, a fuel cell, hydrogen electrolysis, chemical hydrogen generation, and batteries. We extend a previous hybrid power model [4] by adding WT and hydrogen electrozation modules. Then, system cost and reliability functions are defined to evaluate system performance. Based on this general hybrid power model, we apply three standard load conditions (laboratory, office, and house) to four specified hybrid power systems to estimate the impact of system configuration on performance. Section 3 discusses the optimization of the four hybrid power models and shows that both system cost and reliability can be improved by tuning the system component sizes. Based on the results, the solar battery system is preferable because of high hydrogen costs at present. We also predict the system costs at which hydrogen energy could become feasible. Last, conclusions are drawn in Section 4.




2. Results


This section builds a general hybrid power model that consists of a PV array, a WT, a PEMFC, hydrogen electrolysis, chemical hydrogen generation, and batteries. We applied a Matlab/SimPowerSystem (r2014a, MathWorks, Inc., Natick, MA, USA) model to predict the performance of four different hybrid power systems under three typical loads. Furthermore, cost and reliability indexes were defined to quantify performance measures of the hybrid systems.



2.1. Hybrid Power Systems


Figure 1a shows a general hybrid power system, which consists of a 3 kW PEMFC, a chemical hydrogen production system with sodium borohydride (NaBH4), a 410 W hydrogen electrolyzer, 1.32 kW PV arrays, a 0.2 kW WT, a 15 Ah Li-Fe battery set, and power electronic devices. The system specifications are illustrated in Table 1 [19,20,21,22,23,24,25]. The system has three energy sources (solar, wind, and a PEMFC) and two energy storage methods (battery and hydrogen electrolysis).


Figure 1. The general hybrid power system.
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Table 1. Specifications of the hybrid system [19,20,21,22,23,24,25].





	Component
	Type
	Specification





	PEMFC Module
	M-FieldTM LPH8020
	See Reference [19]



	Solar Module [20]
	ASEC-220G6S
	Maximum Power: 220 W

Open Circuit Voltage: 33.86 V

Short Circuit Current: 8.61 A



	Wind Turbine [21]
	JPS-200
	Rated Power: 200 W

Voltage Output: DC 12 V

Rotor Diameter: 0.68 m



	LiFePO4 Battery [22]
	NA
	Nominal Voltage: 52.8 V

Nominal Capacity: 23 Ah



	DC/DC Converter [23]
	M-FieldTM S/N:00051
	Input Voltage: DC 44–85 V

Output Voltage: DC 42–57 V

Maximum Power: 3 kW



	DC/AC Inverter [20]
	MWTM TS-3000-148
	Input Voltage: DC 42–60 V

Output Voltage: AC 110 V

Maximum Power: 4.5 kW



	PEM Electrolyzer [24]
	HGL-1000U
	Gas Flow Rate: 1000 mL/min

Power Consumption: <430 W

Input Voltage: AC 100–240 V



	Chemical Hydrogen Generation Module [25]
	NA
	Input Voltage: DC 24V Output: See Reference [25]









Regarding energy sources, solar power is connected directly to a DC bus. Wind power is transferred by a controller and connects to the DC bus. As both solar power and wind power are significantly influenced by the weather, a PEMFC is used to provide reliable energy when necessary. The PEMFC can transform hydrogen energy to electricity and can provide continuous power as long as the hydrogen supply is sufficient. Two hydrogen supply methods are considered: the chemical reaction of NaBH4 and hydrogen electrolysis. The former can provide power with high-energy density using an auto-batching system developed previously [25,26]; the latter can be regarded as energy storage, because redundant renewable energy can be stored in the form of hydrogen [24].



For energy storage, a Li-Fe battery is used for short-term electricity storage [17] because the battery has high efficiency (about 90%), and can absorb power surges when the load changes rapidly. Hydrogen electrolysis is used for long-term storage, considering the self-discharging problems of batteries. A benefit of the electrolysis process is that it does not produce contaminants. However, the energy conversion efficiency is much lower than of the battery [16].



We developed the general hybrid power model using the Matlab/SimPowerSystem, as shown in Figure 1b, and analyzed the impacts of different energy sources and storage methods on the system. In a previous study [4], a SimPowerSystem model was built to include a PEMFC, an Li-Fe battery set, PV arrays, and a chemical hydrogen production system. The model parameters were tuned based on experimental data to enable the simulation model to predict the responses/behavior of the experimental system under various conditions. Currently, PEMFC, PV arrays, chemical hydrogen production, and battery sets are operated as follows [4,17,25,26]:

	
The PEMFC is switched on to provide a default current of 20 A with the highest energy efficiency [20] when the battery state-of-charge (SOC) is 30%. If the SOC continuously decreases to 25%, the PEMFC current output is increased by up to 50 A, according to load, until the SOC is 35%, where the PEMFC is set to provide a default current of 20 A. The PEMFC is switched off when the battery SOC is 40%.



	
The PV array transfers irradiance into electricity as follows [4,20]:


[image: ]








where [image: ] and [image: ] represent solar power and irradiance, respectively.



	
The chemical hydrogen generation is switched on when the pressure of the hydrogen storage tank decreases to 3 bar [25,26]. Currently, hydrogen is generated from a NaBH4 solution by a previously developed auto-batch process, with a maximum generation rate of 93.8 standard liters per min (SLPM) [25]. This can sustain the operation of a 3 kW PEMFC [25].



	
The battery regulates the power supply and load demands as follows: it is charged (discharged) when the supply is greater (lower) than the demand. To avoid overcharging, battery charging is stopped when its SOC reaches 98%.








In this paper, we extend the previously developed model [4] by adding wind power and hydrogen electrolysis modules.




2.2. The Wind Power Model


The WT used in this paper was a commercial product, JPS-200, which is equipped with a permanent magnet synchronous generator that has a rating power of 200 W [21]. A wind power system and a theoretical model are developed to estimate wind power from wind speed based on experimental responses. The experiments were conducted using an industrial fan, which had a maximum wind speed of about 10 m/s. The wind power system structure is shown in Figure 2. We measured the AC current and voltage from a wind turbine and recorded the DC current and voltage from a wind controller.


Figure 2. Measurement of the wind power.
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The WT was tested under steady wind and varying wind conditions. The time responses are shown in Figure 3a, where the responses change slowly with steady wind, but quickly with varying wind. From the comparison of the wind speed and AC power, as illustrated in Figure 3b, the wind power can be theoretically described using the following equation:


[image: ]



(1)




where [image: ] represent the power and speed, respectively, of the wind. The experimental results show that the wind power can be predicted from the wind speed with maximum root mean square errors of 7.64 W and 17.32 W for steady and varying wind, respectively. The WT reached its maximum theoretical power of 200 W when the wind speed was greater than 12 m/s. We set the battery voltage at 12 V. The energy conversion relationship between AC and DC wind power is shown in Figure 3c, where the charging operation is divided into three zones according to the wind turbine voltage [image: ]: (1) no charging (when [image: ]), where the wind controller does not charge the battery; (2) linear charging (when [image: ]), where the DC charging voltage increases linearly; and (3) stable charging (when [image: ]), where the DC charging voltage is 14.3 V. The conversion of AC and DC power can be described as follows:


[image: ]



(2)




as illustrated in Figure 3c. Therefore, given wind speed data, the wind turbine DC power can be calculated by (1) and (2). Equations (1) and (2) can be applied to build the wind power module in Figure 2 for the simulation and optimization analyses.


Figure 3. Experimental responses of the wind turbine.
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2.3. The Hydrogen Electrolysis Model


The hydrogen electrolyzer transfers redundant energy, i.e., the extra-renewable energy when the battery SOC is near 100%, into hydrogen when the power supply is greater than the load. The stored hydrogen is then converted into electricity by a PEMFC when the load demand exceeds the power supply. Therefore, a theoretical model can be built to estimate hydrogen production based on redundant renewable energy. A hydrogen electrolyzer utilizes this redundant energy to produce hydrogen. The hydrogen electrolyzation system is shown in Figure 4. It consists of a commercial hydrogen electrolyzer, HGL-1000U, with a rating energy consumption of 400 W and hydrogen production of 1 L/min [24]. The electrolyzer has four operation modes: warm up, production, standby, and shut down. We developed a hydrogen electrolysis model using the Matlab/SimPowerSystemTM and applied the following management strategies (see Figure 4b):

	
Warm up: The extra-renewable energy is regarded as redundant energy when the battery SOC is greater than an upper limit of 95%.



	
Production: The electrolyzer is switched on after 10 min, when the integrated redundant renewable energy [image: ] increases. [image: ] represent the power sources from the renewable energy and power consumption of the loads, respectively.



	
Standby: The electrolyzer is switched off when the hydrogen tank is full (reaches the high-pressure limit).



	
Shut down: The hydrogen electrolyzer is switched off when the battery SOC falls to the lower limit of 85%.







Figure 4. The hydrogen electrolyzation system.
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To avoid frequent switching, the electrolyzer is allowed to produce hydrogen when the battery SOC is between 85% and 95%.



A 3 L hydrogen cylinder was used to conduct the electrolyzation experiments. The results are shown in Figure 5, where the initial and final pressures of the cylinder are 8.6 bar and 10 bar, respectively. As a check valve is installed at the hydrogen outlet, hydrogen is produced only when the electrolyzer pressure exceeds the cylinder pressure, with a production rate of about 1.14 SLPM by consuming about 413 W. The hydrogen is purged every 350 s to prevent water flooding that could disturb the electrochemical reactions. The output hydrogen energy can be calculated using the following equation:


[image: ]



(3)






Figure 5. Experimental responses of the hydrogen electrolysis system.
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The total enthalpy change of a reaction at 1 atm, 25 °C, referred to as the standard state, is the low heat value of hydrogen, which is equivalent to [image: ] (or [image: ]). Therefore, the hydrogen production efficiency can be defined as follows:


[image: ]



(4)




where [image: ] and [image: ] represent the ratio of input electric energy and the output hydrogen energy, respectively, and [image: ] is the produced hydrogen. For example, in one experiment, the input electric energy was [image: ] = 0.0372 kWh, and the output hydrogen volume was [image: ] = 6.233 L. The standard molecular weight and density of hydrogen was 2.0158 g/mole and 0.08228 g/L, respectively. Therefore, the output hydrogen energy can be calculated as follows:


[image: ]











Hence, the hydrogen production efficiency was:


[image: ]











The hydrogen production efficiencies in all the experiments were about 45%. Based on the experimental results, the hydrogen production rate was set as follows to convert renewable energy to hydrogen storage:


[image: ]











As the electrolyzer consumes an average power of 410 W during the production period, the hydrogen electrolyzer module was set to produce hydrogen at a rate of 1.14 L/min by consuming redundant renewable energy at a constant power of 410 W.




2.4. Performance Indexes Hybrid Power Models


The hybrid power model of Figure 1 was applied to predict the system responses under different operation conditions based on the following management strategies (see Figure 6):

	
To avoid wasting renewable energy, the wind and solar power subsystems are operated as follows: when the battery SOC is greater than 98% and the input renewable power, including solar and wind power, is greater than the load, redundant renewable energy is dumped. Solar energy is reduced first because it is much more abundant than wind energy. When the battery SOC is less than 95%, all renewable energy is supplied to the system.



	
The PEMFC system is switched on when the battery SOC reaches a low bound of 30%. The PEMFC is then switched off when the battery SOC rises to a high limit of 40%. The PEMFC is controlled to provide a default current load of 20 A with the highest energy efficiency, and it is set to provide a load up to 50 A when the battery SOC continuously drops to 25% [20].



	
The chemical hydrogen generator system is switched on if the storage hydrogen level is lower than a safety limit [25,26]. We designed a batch procedure with suitable production rates to satisfy the system requirements. Each batch consumes 60 g of NaBH4 and produces about 150 L of hydrogen [25]. Thus, the PEMFC can be continuously operated.







Figure 6. Flow charts of the power management.
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Hydrogen fuel can be obtained from two sources for PEMFC operation: chemical production and electrolysis. As the costs of different energy sources and storage are not the same, we utilized standard load profiles, irradiance, and wind data, as shown in Figure 7, for the simulation and optimization analyses.


Figure 7. Daily average data.
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The system responses can be applied to evaluate the system cost and reliability under different conditions.



The system cost [image: ] was defined as follows [4]:


[image: ]



(5)




where [image: ] and [image: ] were the initial and operation costs, respectively, of the hybrid power system. In Equation (5), b, s, and w represent the numbers of the battery, PV array, and WT in units of 30 Ah, 660 W, and 200 W, respectively. For example, (b, s, w) = (1, 2, 3) means that the system was equipped with one 30 Ah battery set, two 660 W PV arrays, and three 200 W WTs.



The initial cost [image: ] consists of several system components, as follows:


[image: ]



(6)




where k = PEMFC, DC, solar, WT, HE, CHG, and batt for the PEMFC, power electric devices, PV arrays, wind turbine, hydrogen electrolyzer, chemical hydrogen generator, and battery set, respectively. Similarly, the operation cost [image: ] includes two parts:


[image: ]



(7)




where l = NaBH4, WT, and solar for chemical hydrogen, WT maintenance, and PV maintenance, respectively.



The costs [image: ] and [image: ] can be calculated by the following equations:


[image: ]



(8)






[image: ]



(9)




in which [image: ] is the component price per unit, and [image: ] is the component units. CRF represents the capital recovery factor and is defined as follows [10]:


[image: ]



(10)




where [image: ] is the inflation rate, and [image: ] is the component life. The component life and cost are listed in Table 2. The inflation rate was set as 1.26% by referring to the average annual change of consumer price index of Taiwan [4].


Table 2. Simulation parameters.





	Component
	Lifetime
	Price ($NT)





	Hybrid system
	15 (year)
	NA



	Fuel cell (3 kW)
	8000 (h)
	180,000



	Power electronic devices (3 kW)
	15 (year)
	50,000



	PV array (0.66 kW)
	15 (year)
	45,840



	Wind turbine (0.2 kW)
	15 (year)
	19,333



	Hydrogen electrolyzer (410 W)
	8000 (h)
	320,000



	Chemical hydrogen generator
	10 (year)
	320,000



	NaBH4 (60 g/Batch, 150 L [image: ])
	NA
	28









The system reliability is defined as the loss of power supply probability (LPSP), as follows [4]:


[image: ]



(11)




in which the numerator is the total loss of power supply during time interval T, and the denominator represents the required load demand during time interval T. The system is more reliable with a smaller LPSP.




2.5. Optimization of Four Hybrid Power Models


Based on the general hybrid power model, as shown in Figure 1, we considered the following four hybrid power systems with different combinations of energy sources and storage:

	
Solar_Wind (SW) system: The system contains two energy sources (a solar panel and WT) and one energy storage method (Li-Fe battery).



	
Solar_Wind_PEM_HE (SWPH) system: The system contains three energy sources (a solar panel, WT, and PEMFC) and two energy storage methods (a Li-Fe battery and a hydrogen electrolyzer).



	
Solar_Wind_PEM_CHG (SWPC) system: The system contains three energy sources (a solar panel, WT, and PEMFC) with a chemical hydrogen generator and one energy storage methods (an Li-Fe battery).



	
Solar_Wind_PEM_HE_CHG (SWPHC) system: The system contains three energy sources (a solar panel, WT, and PEMFC) with a chemical hydrogen generator and two energy storage methods (an Li-Fe battery and a hydrogen electrolyzer).








The corresponding SimPowerSystem models are illustrated in Figure 8.


Figure 8. The four hybrid power models.
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Three standard load conditions, as shown in Figure 7a, were applied to the four hybrid power models to predict systems responses. Then, we used Equations (5)–(11) to evaluate system cost and reliability using different component sizes. The resulting reference plots are shown in Figure 9, where the number of WTs was set to zero, because using a WT tended to increase the system costs. The optimal system costs of the four hybrid power systems are illustrated in Table 3.


Figure 9. Reference plots of four hybrid power models.
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Table 3. Optimal system costs.





	
Daily Energy Consumption (kWh)

	
Lab

	
Office

	
House




	
30.318

	
21.885

	
19.933






	
System Cost Per Day

	
-

	
-

	
-




	
SW

	
1399

	
865

	
1064




	
SWPH

	
1591

	
1148

	
1246




	
SWPC

	
1529

	
963

	
1194




	
SWPHC

	
1685

	
1241

	
1340




	
System Cost Per kWh

	
-

	
-

	
-




	
SW

	
46.144

	
39.525

	
53.379




	
SWPH

	
52.477

	
52.456

	
62.509




	
SWPC

	
50.432

	
44.003

	
59.901




	
SWPHC

	
55.578

	
56.706

	
67.225












3. Discussion


The analyses of the four hybrid power systems showed that system cost and reliability can be greatly improved by optimizing system sizes. For example, Figure 10 shows the reference plot of applying the SWPHC model to the laboratory load. If we use 10 units of battery (300 Ah), 10 units of solar (6.6 kW), and no WT, the system cost is estimated as NT$3208/day (or NT$106.17/kWh) with a possible power cut (LPSP = 0.33%). Based on Figure 10, the optimal system setting should be 61 units of battery (1830 Ah), 18 units of solar (11.88 kW), and no WT. Using these settings, the system cost is reduced to NT$1,685/day (or NT$55.6/kWh), and system reliability is improved to 100% (LPSP = 0).


Figure 10. The reference plot of applying SWPHC to lab load.
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The comparison of the four different hybrid power configurations shows that currently the SW system can achieve the cheapest system cost. For example, the daily cost for the office load is NT$865 using the SW system, but NT$963, 1,148, and 1,241 using the SWPC, SWPH, and SWPCH systems, respectively. However, the reliability (LPSP = 0) of the three systems is greater than the SW system (see Figure 9) (i.e., the reliability of the systems improved because the PEMFC can provide reliable energy when necessary). Under current conditions, the cost ranking is SW > SWPC > SWPH > SWPCH for all loads for the following reasons: (1) The cost of hydrogen is high at present; (2) energy storage efficiency by hydrogen electrolyzation is much lower than by Li-Fe batteries; (3) the extra hardware, such as the PEMFC and hydrogen electrolyzer, significantly increase systems costs.



The cost and energy distribution of applying the optimal SWPCH system to the laboratory load are shown in Table 4. First, due to system optimization, the PEMFC and Sodium borohydride tends not to be used, because the fuel cost is high (NT$28 per batch to produce 150 L of H2, see Table 2). Therefore, the corresponding equipment (hydrogen electrolyzer, PEMFC, and chemical hydrogen production) can be saved to reduce the system cost by 13.39%. Second, the battery cost accounts for nearly 73% of the total system costs, whereas the PV panels to store the solar power constitute only 11.21% of the system cost. Thus, system optimization tends to use solar energy, although the system is equipped with three energy sources. Third, the system stores 4.62% energy as hydrogen; this was not used to produce electricity during the 61-day analyses because batteries are better for short-term storage. We further compare the cost and energy distribution of the twelve cases (four systems for three load conditions). For all four systems, the office load reaches the highest solar cost but the lowest battery cost, because the working hours are similar to the irradiation curve (see Figure 7). Contrarily, the lab load reaches the highest battery cost for the same reason (the working hours are different from the irradiation curve), so more batteries needs to be used for energy storage.


Table 4. The distribution of cost, energy sources, and loads.





	
SWPCH System to the Lab Load with (b, s, w) = (61, 18, 0)






	
1. Cost Distribution (%)




	
 Li-Fe Battery

	
72.98% ($1229)




	
 power electric devices

	
2.39% ($40)




	
 WT

	
0% ($0)




	
 Solar panels

	
9.87% ($166)




	
 WT maintenance

	
0% ($0)




	
 Solar maintenance

	
1.34% ($22)




	
 Hydrogen electrolyzer

	
5.68% ($95)




	
 PEMFC

	
2.15% ($36)




	
 Chemical hydrogen production

	
5.56% ($93)




	
 Sodium borohydride (NaBH4)

	
0% ($0)




	
2. Energy Supply Distribution (%)




	
 Wind

	
0%




	
 PEMFC

	
0%




	
 Solar

	
99.32%




	
 battery

	
0.679%




	
3. Load Distribution (%)




	
 Lab load

	
95.38%




	
 Hydrogen electrolyzer

	
4.62%










The optimization of the hybrid systems demonstrates a preference for using the solar battery system because of the high cost of hydrogen production. Therefore, we investigated the impacts of hydrogen prices on the total system costs. Figure 11 shows the results of applying the SWPCH system to the laboratory load. First, the system costs begin to decrease when the hydrogen cost falls to about NT$10 per batch (60 g of NaBH4 to produce about 150 L of hydrogen). When the cost of hydrogen declines from NT$28 to NT$9 (NT$1) per batch, the system cost drops from NT$1685 to NT$1662 (NT$1088) per day. Second, the energy supply ratio by the PEMFC increases to 19.6% (59.5%) when the hydrogen price is NT$9 or NT$1 per batch. Under this scenario, the system tends to use more hydrogen energy, as the cost is competitive with that of other renewable energies. Last, the stack price has little influence on the system cost because it is considered in the initial cost (from 10 k to 180 k). For example, when the hydrogen price is greater than NT$11/batch and the PEMFC stack cost drops from NT$180 k to NT$90 k, the system cost drops from NT$1685 to NT$1667 per day. When the hydrogen cost is NT$9 (NT$1) per batch and the PEMFC stack price drops from NT$180 k to NT$90 k, the system cost drops from NT$1662 (NT$1088) to NT$1615 (NT$999) per day.


Figure 11. The influence of hydrogen prices on system costs.
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4. Conclusions


This paper demonstrated the optimization of hybrid power systems. We developed a general hybrid power model that consisted of solar cells, a WT, a fuel cell, hydrogen electrolysis, chemical hydrogen generation, and batteries. The model parameters are tuned based on experimental data, so that system responses under different operation conditions can be predicted without conducting individual experiments. Then, the performance of four hybrid systems under three typical loads was evaluated by calculating system costs and reliability. The results showed that the costs and reliability of all the systems were effectively improved by optimizing the system sizes. The hybrid system with the solar panels and battery sets achieved the lowest costs, as wind and hydrogen energy are relatively expensive at present. Last, the impacts of stack and hydrogen prices on system costs was analyzed. The results indicated that hydrogen prices had a more substantial influence than the stack price on system costs, and that hydrogen energy would be competitive when its price fell to about one-third of the current price. In future research, the impact of cost of other components, such as the PV and WT, can be analyzed in a similar way.
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