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Abstract

:

The unavailability of a constant power supply has been a major problem in remote communities in Africa as it impedes the proper operation of healthcare facilities in these locations. This has deprived inhabitants of free access to good healthcare services, thereby resulting in an increase in maternal and child mortality rates in rural communities in Africa. Therefore, in order to address this problem and render a life-saving intervention for rural dwellers and to also improve their healthcare service delivery, this paper focuses on the optimal configuration of a hybrid energy system for the rural electrification of community healthcare facilities. It presents an analysis of an off-grid hybrid energy system comprised of diesel generators, wind turbines and solar PV with a battery storage system to meet the energy demand of healthcare facilities in a remote community in Nigeria. In this study, hybrid energy systems are considered owing to the high reliability and availability of the intensity of solar radiation and wind speeds in Nigeria. An optimization model was developed which seeks to minimize the operational cost of hybrid energy systems. The proposed model was implemented using four case studies and solved using algebraic modeling language. The results obtained from the sensitivity analysis indicate that the configuration that includes solar PV, wind turbines, a battery storage system and a diesel generator provides the optimum power required for a rural healthcare center with a suitable energy cost and emission reduction from the system of diesel generators.
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1. Introduction


In developing countries, most rural settlements are characterized by insufficient power supplies that hinders the community’s growth in terms of socioeconomic development, the lack of which has affected the standard of living and promotes poverty amongst rural inhabitants. Reliable energy access is essential for healthcare facilities in these remote communities as energy is needed to power medical equipment, for vaccine storage and to perform life-saving operations [1]. Most times, healthcare service delivery at nights is performed using kerosene lamps, candles, rechargeable lamps or torchlights. According to [2], maternal and child mortality rates are rapidly increasing on a daily basis, owing to the lack of good medical care amongst the rural dwellers. The poor working conditions and environment lead to a loss of medical professionals owing to a lack of job satisfaction.



Conventionally, diesel generators are mostly used to supply power to remote healthcare centers where connection to the grid is feasible and infeasible. However, there are problems associated with the use of diesel generators such as fuel costs and carbon emissions, which can have a negative effect on the health of the rural dwellers and healthcare personnel [3]. In order to overcome these challenges, renewable energy sources serve as a better solution to provide reliable and sustainable energy for healthcare facilities in rural communities for an off-grid system and for an unreliable grid-connected network [4]. This would improve the efficiency of healthcare service delivery, reduce operating costs and decrease the emissions effect. However, renewable energy systems are characterized by the problem of intermittency, which can lead to an imbalance in supply and demand [5]. Hybrid energy systems have been considered to mitigate this problem owing to their high reliability and the available intensity of solar radiation and wind speed. The hybrid energy system comprises wind turbines, solar PV and battery storage with diesel generators and will present the opportunity to provide lighting and to power essential medical equipment for effective healthcare delivery for the people.



Several studies have been conducted to evaluate both the single and multiple energy source configurations for an off-grid system. A study on the power scheduling for agricultural applications using hybrid energy systems which combine heat and power, wind turbines, solar PV and a battery storage system was presented in [5]. The system design, sizing and a techno-economic analysis of hybrid energy systems for the electrification of a rural community on a grid connected system are presented in [6]. In [7], a techno-economic and environmental analysis of a solar PV system for powering a water supply system for abattoirs in Nigeria was presented. The system design and an economic assessment of a hybrid microgrid system which comprises wind turbines, solar PV, generators and a battery storage system for a financial institution in a remote community is presented in [8]. Ref. [9] presents a feasibility study on the deployment of local renewable energy resources for an off-grid system for the electrification of a rural community in Brazil. Furthermore, a techno-economic and environmental assessment of the performance of a hybrid renewable system for the sustainable infrastructural development of an urban area in Green Vancouver is presented in [10]. In [11], a system design and techno-economic analysis of an isolated hybrid energy system for a radio transmitting station was presented.



Recent studies show that there is scarce literature exploring the application of hybrid energy systems for the electrification of rural healthcare facilities. A technical and economic analysis of hybrid energy systems for an off-grid healthcare center in a remote community in Nigeria is presented in [12]. Ref. [13] presents a techno-economic and environmental feasibility study for hybrid renewable energy resources for hospital loads in Iran. Ref. [14] presents a system design and reliability evaluation of isolated hybrid energy systems for rural health clinics. A review that explores study feasibility, optimal sizing and a technical analysis of hybrid energy systems for the electrification of a healthcare center in the Global South is presented in [1]. Ref. [2] presents a techno-economic evaluation of isolated hybrid renewable energy systems for healthcare clinics in remote locations in Nigeria. In [15], the system design and technical analysis of both grid-connected and off-grid systems for the rural electrification of healthcare clinics in the Philippines is presented. Ref. [3] presents an analysis of a hybrid renewable energy system for an isolated microgrid powering rural healthcare clinics in South Africa.



The aforementioned literatures provide relevant information and also serve as the bedrock for this paper in terms of a techno-economic analysis of the energy design and sizing of the proposed system. However, a critical review of some of the literature as shown in Table 1 reveals that certain studies do not consider wind energy as a source of energy supply, while diesel generators as an alternative source of power supply in off-grid systems, due to the intermittent nature of renewable energy sources, were not considered in other studies. An evaluation of the emissions contribution of diesel generators was also not considered in certain studies, which is an indication that environmental consideration has not been seriously examined in most rural electrification. Therefore, this paper comprehensively analyse the techno-economic and environmental performance of hybrid energy systems, which consist of wind turbines, solar PV, diesel generators and a battery storage system for powering a rural healthcare facility center in Nigeria. Furthermore, this research aimed at minimizing the electricity costs and emissions associated with diesel generators and to also carry out a sensitivity analysis for the optimal configuration of hybrid energy systems in rural communities for healthcare facilities. The optimization model was solved using algebraic modelling and different case studies were investigated to determine the suitable optimal configuration for the hybrid systems.



The remaining section of this article is organized as follows: Section 2 describes the hybrid energy system configuration; Section 3 presents the proposed simulation methodology; Section 4 discussed the simulation results and the paper is concluded in Section 5.




2. Configuration of Hybrid Energy Systems


This section presents the configuration for modelling the off-grid hybrid energy systems which comprise the following four main components: wind turbines, solar PV, diesel generators and a battery storage system. These system components are described in Figure 1.



2.1. Wind Power


The electricity production from wind turbines can be achieve by converting the energy of the wind into electrical energy. The turbine consists of two or more rotating blades that are mechanically joined to a generator, and the turbine converts the kinetic energy in a rotor to electrical energy in the generator [26]. The height of the wind turbine has a great influence on the quantity of energy delivered, therefore, the wind energy conversion system can be computed as follows:


   P m  = 0.5 ρ A  C p   V 3   








where A represents the swept surface area of the turbine in m3,  ρ  stands for the air density in kg/m3, V denotes the wind speed in m/s and    C p    represents the power coefficient of the wind generator.




2.2. Solar PV


Electricity is generated from solar PV by utilizing PV panels and this can be employed to meet essential electrical loads such as residential loads, commercial loads and for healthcare facility loads. The performance of a solar PV system such as the power output and efficiency are determined by solar irradiation, temperature weather conditions and physical features of the study location. The configuration of a PV system can be based on parallel and series connections to meet the required electrical load demand at any time [27]. Therefore, the hourly power output for one solar PV panel can be estimated as [28]:


   P  p v   ( t ) =  A  p v   ∗  I  p v   ∗  η  p v    



(1)







The total power produced by the solar PV system can be expressed as:


   P  p v   t o t a l   ( t ) =  n  p v   ∗  P  p v   ( t )  



(2)




where    A  p v    ,    I  p v     and    η  p v     are the area, solar irradiation and efficiency of the solar PV module, and    n  p v     is the number of solar PV modules.




2.3. Diesel Generator


The diesel generator is characterized by fossil fuel used to produce power for consumer usage. The diesel generator is a component of the hybrid energy system that is always considered as a standby in a power system with renewable energy sources. Renewable energy sources are characterized by an intermittent power supply thereby affecting power generation. The fuel consumption of the diesel generator, which depends largely on the fuel consumption rate can be modelled as [28]:


  F C =   ∑  D G = 1      a + b  P  D G   + c  P  D G  2       



(3)




a, b and c are the diesel generator cost coefficient and PDG represents the power capacity of the diesel generators.




2.4. Battery Storage System


In this study, a battery is considered as an energy storage system to serve as a backup for the hybrid energy system. A lithium-ion battery is employed for storing the energy from solar PV modules. The efficiency of the battery depends on the previous state of charge of the battery, energy demand from the load point and the energy accessible from the PV. The state of charge of the battery can be expressed as:


  S O C ( t ) = S O C ( 0 ) +  β c    ∑ i    P c B    ( i , t ) −  β d    ∑ j    P d B  ( j , t )    



(4)




where    P c B    and    P d B    are the power capacity for charging and discharging of the battery at time t, and    β c    and    β d    represent the charging and discharging efficiency of the battery, respectively.



The battery capacity must operate within the standard limits and this is a function of the rate of charging and discharging of the battery, the depth of discharge (dod) and the energy accessible from the PV.


  S O  C  min   ( t ) ≤ S O C ( t ) ≤ S O  C  max   ( t )  



(5)






  S O  C  min   ( t ) = ( 1 − d o d ) ∗ S O  C  max   ( t )  



(6)




where dod represents the depth of battery discharge.





3. Simulation Methodology


To obtain optimal system configuration based on the economic and emission impact, various hybrid systems are considered and an optimum scenario was determined by using an optimization software where each system configuration is represented as a mathematical model compelled by various constraints. This paper seeks to minimize the daily operation costs of producing electrical energy for healthcare facilities in remote areas as well as the emission emanating from fossil fuel generators. The hybrid systems are designed in such a way that they meet the peak load demand of the healthcare facility and supply its load based on the availability of PV and wind resources with a backup diesel generator. Therefore, the objective function and the model constraints can be mathematically expressed as follows:


  M i n    α 1    ∑  D G , t     C  D G      P  D G , t     +  α 2    ∑  D G , t     E  D G      P  D G , t            



(7)







Subject to the following constraints:


    ∑  i = 1     α i  = 1    



(8)






    ∑  D G , t     P  D G , t   +  P  W T , t   +  P  P V _ B , t   =  D t     



(9)






   P  P V , t   ≥  P  B , t   +  P  P V _ B , t    



(10)






   P  D G   min   ≤  P  D G , t   ≤  P  D G   max    



(11)






  0 ≤  P  W T , t   ≤  P  W T   max    



(12)






  0 ≤  P  P V , t   ≤  P  P V   max    



(13)






  S O C ( t ) = S O C ( 0 ) +  β c    ∑ i    P c B    ( i , t ) −  β d    ∑ j    P d B  ( j , t )    



(14)




where    C  D G     and    E  D G     are the operation costs of diesel generators and emissions contribution from diesel generators, respectively;   P  D G , t    ,    P  W T , t     and    P  P V , t     represent the optimal power produced by diesel generators DG, wind turbines and solar PV at time t, respectively;    P  B , t     represents the charging and discharging capacity of the battery storage;    P  P V _ B , t     represents the total power flowing in the PV and battery storage system at time t;    D t    is the hourly electrical load of the rural clinic;    P  D G   min     and    P  D G   max     are the minimum and maximum power rating of the diesel generators DG, respectively; and    P  W T   max     and    P  P V   max     represent the maximum power rating of wind turbines and the solar PV system, respectively.



The objective function in Equation (7) aimed at minimizing the costs of operation and emissions of the diesel generators. These are two incomparable objectives, hence, a weighting factor constraint such as in Equation (8) states that the sum of all weighting factors equals unity [29]. The power balance equation is given in Equation (9) and it indicates that the sum of the power produced from all the power sources must equal the energy demand by the load at any time t. Constraint (10) states that the total forecasted power by solar PV must be equal or greater than the total power obtainable from the charging and discharging of the battery storage system and the load power. Equations (11)–(13) are the boundary limits for the diesel generators, wind turbines and the solar PV system. Equation (14) is the state of charge constraint and it limits the available capacity of the battery.



3.1. Description of Case Study


In this study, the rural healthcare clinic considered for the assessment is a specialist hospital located in Ilumoba-Ekiti village in Ekiti State, in the southern part of Nigeria. This rural clinic is a government owned hospital that also provides healthcare delivery services to six neighboring communities that share a boundary with the host community. The study aimed at analysing the electrical appliances associated with laboratory equipment, vaccinations, maternity, medical consultations and lighting. The hospital is mostly run on a diesel generator during an emergency or when highly needed due to limited access to electricity in the community and its surroundings. Despite the significance of electricity for medical facilities, staff in this hospital do not have access to sufficient energy to perform their daily functions. This can lead to the poor storage of vaccines and the death of patients when attending unelectrified rural clinics. A hybrid energy system may be proposed for the rural healthcare facilities to improve energy supply to provide adequate service delivery in the rural clinic. The hybrid energy system comprises a wind turbine, solar PV, diesel generators and a battery storage system, which will provide energy for the proper operation of medical equipment. In order to properly design the hybrid energy for the system, an estimation of energy-consuming medical equipment is computed and the load profile for the rural healthcare clinic is presented in Table 2. Table 3 and Figure 2 present the solar parameters and wind speed of the selected site location. In this study, we considered four different configurations of hybrid energy systems for providing a stable power supply for rural clinics and these configurations are as follows:




	
Case 1: Diesel generators only;



	
Case 2: Diesel generator with wind turbine;



	
Case 3: Diesel generator with PV system;



	
Case 4: Diesel generator, PV, wind turbine and battery.









3.2. Modelling and Optimization


In this study, the Advanced Interactive Multidimensional Modelling System (AIMMS) was used for modelling, simulating and optimally sizing the proposed hybrid energy system for different configurations. AIMMS is an optimization software that provides a setup for mathematical modelling and that aids in the solution of large-scale optimization problems in power systems. The solver employed in AIMMS is a CPLEX 12.6 solver.





4. Results and Discussion


This section evaluates the results obtained after the optimization of different hybrid configurations in an attempt to determine the most optimal in terms of minimized cost and emission. It assesses the outcomes to ascertain the impact of renewable energy resources on healthcare facilities in remote areas/off-grid locations and the results from the four case studies are discussed based on economic and environmental impacts.



Case 1: In this case study, the healthcare facility loads are supplied through the diesel generators with a peak capacity of 10 kW per generator, because it is designed such that no other source is available. The behavior of the three generators based on their power output is presented in Table 4. It is observed that the first generator operates at its peak capacity daily, while the second generator only reach its peak capacity when the hospital load is at its peak demand between 09:00 to 16:00 h each day. The third generator serves as a power reserve to support the power generation when both generators cannot meet the peak load demanded by the healthcare facilities at the peak period of the day as shown in Figure 1.



Figure 3 presents the optimal power produced from diesel generators and Figure 4 presents the performance evaluation of the economic and emission parameters of this configuration. Since there is no other alternative source to supplement the diesel generators during operation, a large cost is incurred from the continuous operation of multiple diesel generators. Therefore, the minimized cost of running the three diesel generators is NGN 10,769/kWh. The environmental implication of running the three generators shows that this configuration produces an emission of 2536 lb/h. The high emission value obtained illustrates the environmental impacts the diesel generators have on the rural community.



Case 2: This configuration uses diesel generators and wind turbines to meet the healthcare facility load. Table 5 presents the daily behavioral pattern of the diesel generators and the wind turbine generator. It can be observed that the integration of a wind turbine generator reduced the number of diesel generators in operation as shown in Figure 5. This in turn will reduce the level of degradation of the diesel generators as less stress in their operation reduces wear and tear. The economic and emission performance of the system can be seen in Figure 6. It shows that the operating conditions of the system considerably improved when compared to a system with only diesel generators in operation. The operational cost of running the system drastically reduced to NGN 9994/kWh and the emission sequentially reduced to 2385 lb/h because less generators are utilized and wind turbine generation produces no air pollution.



Case 3: In this case study, a solar PV system is added to the diesel generators to meet the required load demand of the rural clinic. Table 6 presents the power generated by the diesel generators and PV system. The results obtained in Figure 7 show that the power produced by the diesel generators significantly reduced owing to the presence of the PV system. However, there were inconsistencies in the availability of the PV system, which poses a setback to the configuration. The power produced from PV is only available between 08:00–18:00 h daily due to the intermittent nature of solar irradiance. In this case study, two diesel generators operated at minimal capacity. The cost of operation of this configuration is NGN 10,250/kWh and it is slightly lower when compared to a system mainly run by diesel generators. The environmental assessment shows a further reduction in emission production at 2387 lb/h as shown in Figure 8.



Case 4: The configuration of this case study utilized a diesel generator, wind turbine, solar PV and a battery storage system to meet the load demand of the clinic and the power produced by these generating units can be seen in Table 7. There is an indication that the power generated by the diesel generator drastically reduced when compared to other case studies as shown in Figure 9. It is further observed that the integration of the renewable energy sources with a battery storage system into the system enhance the performance of the hybrid energy system in meeting the load demand. This configuration shows an improvement in the economic and emission performance as presented in Figure 10. The result provides the lowest optimized cost of NGN 9312/kWh and emission performance at 2349 lb/h. This is an indication that the diesel generator is only operating at the least possible working capacity.




5. Conclusions


The main aim of this paper was to evaluate the impacts of a hybrid energy system that includes diesel generators, solar PV, wind turbines and a battery storage system utilizing different system configuration to meet the required load demand of rural healthcare facilities. The objective was to minimize the operational cost and emission from the diesel generators. The multi-objective optimization model developed was solved using Algebraic Modeling Language. Four different configurations were used to assess the economic and environmental performance of the proposed model. This research is proposed to assist decision makers in planning a cost-effective sustainable energy system for the proper operation of a healthcare center in a rural community in Nigeria. The results obtained from this paper indicate the impact of the incorporation of renewable energy sources on the optimality of the cost of generation and emission production. The most preferrable system with the optimal amount of power produced was found to be the system with the combination of a diesel generator, wind turbine, solar PV and a battery storage system. However, the other two configurations are preferred to powering the hospital load using only diesel generators. In conclusion, it can be established that healthcare facilities can be effectively put into operation with minimal operation costs by utilizing renewable energy sources.
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Figure 1. Schematic diagram of the proposed hybrid energy system for different configurations. (a) Case 1: Diesel generators only. (b) Case 2: Diesel generator with wind turbine. (c) Case 3: DG with PV system. (d) Case 4: DG, PV, wind turbine and battery. 
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Figure 2. Wind speed of the site location. 
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Figure 3. Case 1: power output variation from diesel generators. 
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Figure 4. Case 1: Performance evaluation of economics and emissions. 
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Figure 5. Case 2: Power output variation from diesel and wind turbine generators. 
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Figure 6. Case 2: Performance evaluation of economics and emissions. 
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Figure 7. Case 3: power output variation from diesel generators and PV generator. 
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Figure 8. Case 3: Performance evaluation of economics and emissions. 
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Figure 9. Case 4: Power output variation from diesel, PV and wind turbine generators. 
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Figure 10. Case 4: Performance evaluation of economics and emissions. 
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Table 1. An overview of recent studies on hybrid energy system.






Table 1. An overview of recent studies on hybrid energy system.





	
References

	
Architecture

	
Method Utilized

	
Technical Parameters




	
Components

	
Remarks




	
WTG

	
PV

	
ESS

	
DG

	
CONV

	
BG






	
Ref. [2]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
✓

	
X

	
X

	
Rural community




	
Ref. [3]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
X

	
✓

	
X

	
Health clinic




	
Ref. [5]

	
Off-grid

	
AML

	
✓

	
✓

	
✓

	
✓

	
X

	
X

	
Farming applications




	
Ref. [6]

	
Grid-tied

	
HOMER

	
X

	
✓

	
✓

	
✓

	
✓

	
X

	
Remote community




	
Ref. [8]

	
Off-grid

	
HOMER

	
X

	
✓

	
✓

	
✓

	
X

	
X

	
Rural community




	
Ref. [10]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
✓

	
✓

	
✓

	
Urban infrastructural loads




	
Ref. [11]

	
Off-grid

	
MFO & WCA

	
X

	
✓

	
✓

	
X

	
X

	
✓

	
Transmitting station loads




	
Ref. [12]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
✓

	
X

	
X

	
Rural clinic




	
Ref. [14]

	
Off-grid

	
HOMER

	
X

	
✓

	
✓

	
✓

	
X

	
X

	
Healthcare center




	
Ref. [15]

	
Off-grid & Grid-tied

	
HOMER

	
X

	
✓

	
✓

	
✓

	
X

	
X

	
Rural health units




	
Ref. [16]

	
Off-grid

	
HOMER

	
X

	
✓

	
✓

	
✓

	
X

	
X

	
Rural village




	
Ref. [17]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
✓

	
X

	
X

	
Rural community




	
Ref. [18]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
✓

	
X

	
X

	
Residential loads




	
Ref. [19]

	
Grid-tied

	
HOMER

	
X

	
✓

	
✓

	
✓

	
X

	
X

	
Residential loads




	
Ref. [20]

	
Grid-tied

	
HOMER

	
X

	
✓

	
✓

	
X

	
✓

	
X

	
Official building loads




	
Ref. [21]

	
Grid-tied

	
HOMER

	
✓

	
✓

	
X

	
X

	
X

	
X

	
Residential loads




	
Ref. [22]

	
Off-grid

	
HOMER

	
✓

	
✓

	
✓

	
X

	
✓

	
X

	
Residential loads




	
Ref. [23]

	
Grid-tied

	
HOMER

	
✓

	
✓

	
X

	
✓

	
X

	
X

	
Residential loads




	
Ref. [24]

	
Grid-tied

	
HOMER

	
✓

	
✓

	
X

	
X

	
X

	
✓

	
Local community




	
Ref. [25]

	
Grid-tied

	
MPC

	
X

	
✓

	
✓

	
X

	
✓

	
X

	
Local community
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Table 2. Load profile of rural healthcare facilities.
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	Equipment
	Quantity
	Power Rating (W/h)
	Hrs in Operation (h)
	Energy per Day (Wh/Day)





	Suction/aspiratr
	1
	24
	10
	240



	Pulse oximetry
	1
	24
	2
	48



	X-ray machine
	1
	1000
	1
	1000



	Incubator
	1
	400
	24
	9600



	Ventilators
	1
	200
	8
	1600



	Ultrasound scanner
	1
	75
	4
	300



	Nebulizer
	1
	180
	3
	540



	Vaccine refrigerator
	1
	60
	24
	1440



	Electro Cardiogram (ECG)
	1
	60
	1
	60



	Centrifuge
	1
	600
	1.5
	900



	Microscopes
	1
	30
	4
	120



	Lights (fluorescents)
	20
	11
	6
	1320



	Sterilizer
	1
	800
	2
	1600



	Dialysis machine
	1
	750
	2
	1500



	Computers
	3
	20
	6
	360



	Water pump
	1
	100
	6
	600



	Fans/ACs
	5
	100
	5
	500



	Socket outlets in wards
	10
	6
	8
	480



	Total Wattage
	
	
	
	22,208
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Table 3. Solar parameters of the site location.






Table 3. Solar parameters of the site location.





	Month
	Solar Radiation (kWh/m2/Day)
	Clearness Index
	Temperature °C





	January
	8.153
	0.643
	24.56



	February
	9.302
	0.725
	27.81



	March
	9.452
	0.712
	29.05



	April
	9.215
	0.655
	30.65



	May
	8.485
	0.623
	30.04



	June
	6.135
	0.564
	26.8



	July
	5.703
	0.564
	26.08



	August
	6.816
	0.584
	26.14



	September
	4.964
	0.615
	26.38



	October
	4.825
	0.524
	25.03



	November
	4.708
	0.568
	24.75



	December
	4.593
	0.573
	24.04










[image: Table] 





Table 4. Optimal power output for Case 1.






Table 4. Optimal power output for Case 1.





	Time (h)
	Load Demand (kWh)
	Generator 1 (kWh)
	Generator 2 (kWh)
	Generator 3 (kWh)





	01:00
	12.58
	10.00
	2.58
	-



	02:00
	12.34
	10.00
	2.34
	-



	03:00
	11.17
	10.00
	1.17
	-



	04:00
	11.00
	10.00
	1.00
	-



	05:00
	11.17
	10.00
	1.17
	-



	06:00
	12.20
	10.00
	2.2
	-



	07:00
	18.97
	10.00
	8.97
	-



	08:00
	19.25
	10.00
	9.25
	-



	09:00
	20.02
	10.00
	10.00
	0.02



	10:00
	20.10
	10.00
	10.00
	0.10



	11:00
	22.04
	10.00
	10.00
	2.04



	12:00
	22.50
	10.00
	10.00
	2.50



	13:00
	21.38
	10.00
	10.00
	1.38



	14:00
	22.01
	10.00
	10.00
	2.01



	15:00
	20.86
	10.00
	10.00
	0.86



	16:00
	20.75
	10.00
	10.00
	0.75



	17:00
	19.45
	10.00
	9.45
	-



	18:00
	18.03
	10.00
	8.03
	-



	19:00
	17.08
	10.00
	7.08
	-



	20:00
	15.85
	10.00
	5.85
	-



	21:00
	15.35
	10.00
	5.35
	-



	22:00
	14.20
	10.00
	4.20
	-



	23:00
	14.05
	10.00
	4.05
	-



	24:00
	12.38
	10.00
	2.38
	-
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Table 5. Optimal power output for Case 2.
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	Time (h)
	Load Demand (kWh)
	Generator 1 (kWh)
	Generator 2 (kWh)
	WTG (kWh)





	01:00
	12.58
	6.53
	-
	6.05



	02:00
	12.4
	6.4
	-
	6



	03:00
	11.17
	4.57
	-
	6.6



	04:00
	11
	4.22
	-
	6.78



	05:00
	11.17
	4.39
	-
	6.78



	06:00
	12.2
	4.66
	-
	7.54



	07:00
	18.97
	10
	1.11
	7.86



	08:00
	19.25
	10
	0.97
	8.28



	09:00
	20.02
	10
	1.32
	8.7



	10:00
	20.1
	10
	1.29
	8.81



	11:00
	22.04
	10
	3.29
	8.75



	12:00
	22.5
	10
	3.96
	8.54



	13:00
	21.38
	10
	3.04
	8.34



	14:00
	22.01
	10
	3.89
	8.12



	15:00
	20.86
	10
	3.12
	7.74



	16:00
	20.75
	10
	3.57
	7.18



	17:00
	19.45
	10
	2.75
	6.7



	18:00
	18.03
	10
	1.94
	6.09



	19:00
	17.08
	10
	1.72
	5.36



	20:00
	15.85
	10
	1.27
	4.58



	21:00
	15.35
	9.58
	-
	5.77



	22:00
	14.2
	8
	-
	6.2



	23:00
	14.05
	7.75
	-
	6.3



	24:00
	12.38
	6.23
	-
	6.15
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Table 6. Optimal power output for Case 3.
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	Time (h)
	Load demand (kWh)
	Generator 1 (kWh)
	Generator 2 (kWh)
	PV Generator (kWh)





	01:00
	12.58
	10
	2.58
	-



	02:00
	12.34
	10
	2.4
	-



	03:00
	11.17
	10
	1.17
	-



	04:00
	11
	10
	1
	-



	05:00
	11.17
	10
	1.17
	-



	06:00
	12.20
	10
	2.2
	-



	07:00
	18.97
	10
	8.97
	-



	08:00
	19.25
	10
	2.86
	6.39



	09:00
	20.02
	10
	1.57
	8.45



	10:00
	20.10
	10
	-
	10.89



	11:00
	22.04
	10
	-
	12.04



	12:00
	22.50
	10
	-
	12.50



	13:00
	21.38
	10
	-
	11.82



	14:00
	22.01
	10
	0.34
	11.67



	15:00
	20.86
	10
	0.01
	10.85



	16:00
	20.75
	10
	1.29
	9.46



	17:00
	19.45
	10
	1.31
	8.14



	18:00
	18.03
	10
	1.9
	6.13



	19:00
	17.08
	10
	7.08
	-



	20:00
	15.85
	10
	5.85
	-



	21:00
	15.35
	10
	5.35
	-



	22:00
	14.20
	10
	4.2
	-



	23:00
	14.05
	10
	4.05
	-



	24:00
	12.38
	10
	2.38
	-
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Table 7. Optimal power output for Case 4.
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	Time (h)
	Load Demand (kWh)
	Generator 1 (kWh)
	PV Generator (kWh)
	WTG (kWh)





	01:00
	12.58
	2.58
	3.95
	6.05



	02:00
	12.34
	2.58
	3.82
	6



	03:00
	11.17
	2.58
	1.99
	6.6



	04:00
	11
	2.58
	1.64
	6.78



	05:00
	11.17
	2.58
	1.81
	6.78



	06:00
	12.20
	2.58
	2.08
	7.54



	07:00
	18.97
	2.58
	8.53
	7.86



	08:00
	19.25
	2.58
	8.39
	8.28



	09:00
	20.02
	2.58
	8.74
	8.7



	10:00
	20.10
	2.58
	8.71
	8.81



	11:00
	22.04
	2.58
	10.71
	8.75



	12:00
	22.50
	2.58
	11.38
	8.54



	13:00
	21.38
	2.58
	10.46
	8.34



	14:00
	22.01
	2.58
	11.31
	8.12



	15:00
	20.86
	2.58
	10.54
	7.74



	16:00
	20.75
	2.58
	10.99
	7.18



	17:00
	19.45
	2.58
	10.17
	6.7



	18:00
	18.03
	2.58
	9.36
	6.09



	19:00
	17.08
	2.58
	9.14
	5.36



	20:00
	15.85
	2.58
	8.69
	4.58



	21:00
	15.35
	2.58
	7
	5.77



	22:00
	14.2
	2.58
	5.42
	6.2



	23:00
	14.05
	2.58
	5.17
	6.3



	24:00
	12.38
	2.58
	3.65
	6.15
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