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The need for hybrid design to be optimal in terms of operation and component selection serves as a constraint in obtaining reliable electricity at a minimum cost. This work carried out the feasibility of installing a Small Hydropower (SHP) into an existing water supply dam and development of an optimal sizing optimization model for a typical Nigerian village-Itapaji. The Hybrid Power System (HPS) model developed in this work consists of Photovoltaic (PV) system, SHP generator, Battery (BATT) bank and Diesel Generator (DG).  The optimal sizing of the system’s components for optimum configuration was carried out using Genetic Algorithm. This was done for three types of hybrid systems: PV-BATT-DG, SHP-PV-BATT-DG and Pumped hydro-PV-BATT-DG. The hybrid model’s results were compared with Hybrid Optimization Model for Electric Renewable (HOMER) using correlation coefficient (r) and Root Mean Square Error (RMSE) to verify its validity. The stability impacts of the SHP and PV on the existing distribution network were also investigated using DIgSILENT power factory software.The results of the simulation obtained from the developed model showed better correlation coefficient (r) of 0.88 and Root Mean Square Error (RMSE) of 0.001 over that of HOMER.  The results of simulation for the stability analysis showed that the SHP and the PV energy dynamics have no significant negative impact on the dynamic behaviour of the distribution network due to its low penetration level.. This will serve as a guide for power system engineers in feasibility assessment and optimal design of HPS for rural electrification.
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1. INTRODUCTION 

Renewable Energy Sources (RES) are now accepted globally to be the most effective solution in reducing global warming [1, 2]. There is no single energy generating system (composing of RES alone) that is reliable and cost-effective due to its fluctuating nature. A hybrid system of RES optimally combined with other conventional energy resources like Diesel Generator (DG) will serve as a better alternative [3].
Nigeria is naturally blessed with abundant RES which can be used for effective and rapid development of its rural areas. The abundant RES (high solar irradiance, wind speeds, high stream flows of rivers and abundant biomass) in these areas can be harnessed to form a hybrid system for a reliable and sustainable power supply at reduced cost. However, the need for hybrid design to be optimal in terms of operation and component selection serves as a constraint in obtaining reliable electricity at a minimum cost. Most of the available Hybrid Power System (HPS) models are very expensive, complex and not easily adaptable to suit local conditions for rural electrification [4, 5, 6, 7]. 
A study to identify the best solution for a recycled paper mill located in Rio Grande do soul, Southern Brazil for peak hours (19-22 hours) was conducted by [8].  The method considered the cost at peak hours only, the reliability was not considered. A general framework was developed for optimizing a hybrid system consisting of hydro, PV and wind energy sources using linear programming by [9]. Recommendations were also made on integration of RES into the Ghananian energy mix. Somano and Shunki (2017) [10] developed a hybrid model consisting of SHP and PV generators. The different combinations were analyzed for cost-effectiveness. The usage of DG or biomass was not considered as an alternative supply in case of non-availability of RES at a particular time. 
A critical appraisal of the related  works and existing hybrid analytical softwares  showed that most of the works/studies on HPS have been designed to simulate and/or optimize  PV, wind, DG, e.t.c. Very few of the software-based models (except HOGA and HOMER) have provisions for small hydroelectric energy component. Some of the methods discussed were not able to find best compromise between reliability and system cost [11]. 
This work considered the feasibility of integrating Small Hydro Power (SHP) plants into an existing water supply dam and the development of a Small Hydro-PV-DG HPS model for feasibility assessment and optimal sizing of Hybrid renewable energy system in rural areas. The stability impacts of the SHP and PV on the existing distribution network were also investigated using DIgSILENT power factory software [12]. Ele River, Itapaji Ekiti, Nigeria was selected to be to be used as a case study for rural electrification.  
The work is divided into four sections. The work was introduced in section one, followed by the methodology used in achieveing the research objectives. The results were presented and discussed in section three. The work was concluded with recommendations for future research in section four.

2. METHODOLOGY

This session presents each research objective and outlines the key steps taken to achieve them. The details on input data, collection method and steps taken in data analysis including all the assumptions and limitations were discussed in the subsequent sub-sections.

2.1 Data Acquisition and Description of the Study Area

Data for water supply and demand were obtained from Ekiti State Water Corporation, Ado-Ekiti. Reservoir capacity, river head, flows gauge heights, stream flow rate and climate data were obtained from Benin-Owena River Basin Development Authority (BORDA) Benin-city and Akure Airport Meteorological station, Nigeria [13, 14].The information about the lines, loads and transformers were obtained from the utility distribution company, Benin Electricity Distribution Company (BEDC), Ado-Ekiti.The study area selected for this work is Ele river water supply dam, Itapaji-Ekiti, Nigeria. It is on longitude 5o.12 E and latitude 7o.38 N. Total annual rainfall ranges between 1350-1400 mm, while temperature ranges between 32 oC-35 oC (dry season) and 21 oC-22 oC (wet season) [15]. 

2.2    Feasibility study of SHP Integration and RES Evaluation

The feasiblility study was carried out in order to make unbiased technical hydrological decision on the viability of the dam. The approach adopted was to create a suitable head with a combination of a sustainable high flow rates with steep gradients for SHP generation. Since the dam was already being used for water supply, the head and stream flow was adopted. The Flow Duration Curve (FDC)-hydrograph with daily data was compiled for the past thirty years [16].

2.3 Mathematical Models of the HPS Components
. The steps to achieve the modeling of each hybrid component are as outlined in the following sub-sections.
(a)  Small hydropower (SHP) Generator
The electrical power output of the SHP unit is given as in (1) [17]
                                        
	                                                                                  Nomenclature

	

	  
 Power output of the turbine
	

	Battery bank voltage

	
	Effective head
	

	Maximum battery Depth of Discharge

	

	Density of water (1000 kg/m3)
	

	Battery efficiency

	G
	Acceleration due to gravity (9.8 m/s)
	
         
	Battery autonomy or storage days

	Q
	Water discharge expected to pass through the turbine (m3/s)
	
	Temp coefficient of maximum power

	

	Output power from the PV cell
	

	Cell temperature @reference conditions

	

	Rated power at reference conditions
	
	Voltage of the bus when connected

	

	Solar radiation (1000W/m2) at reference conditions (25oC)
	
	Battery capacity at previous  increment

	

	Cell temperature
	
	Total energy of oil

	

	Solar insolation in kW/m2
	
	Fuel cost

	

	Annualized capital cost of each of the component
	
	Fuel price per litre

	

	Annual operation and maintenance cost
	
	Battery capacity

	

	Annual fuel cost
	
	Minimum State Of Charge

	

	Annual value of replacing expenditure of components during the project lifetime
	
	Maximum  State Of Charge

	

	Annual emission cost generated from DG
	
	Number of Hydro turbine


                                             

                                                                                                                                  (1)

(b)  Photovoltaic (PV) model

	The maximum power output from the PV cell can be calculated as in (2) [18, 19, 20].

                                                                                                          (2)
(c) Battery bank model 

Koutroulis et al, (2006) [21] calculated the capacity of the battery at a point in time t, as follows in (3).

                                                                                                                  (3)

                                                      is as in (4)             [21].


                                                                                                                           (4)

                    The value is positive when the battery is charging.

(d) Diesel Generator (DG) model

The diesel generator is an energy conversion system from fuel to electricity with a conversion efficiency of,  so that it can be described by (5) [19].

                                                                                                                                                 (5)
A linear model has been assumed for the fuel consumption rate (F) in litres/hour of operation by the DG [19] given in (6).                  

                                                                               (6)
The fuel cost,  can be calculated using the formula as in (7) 

                                                                                                                                        (7)

2.4 Development and Validation of the HPS model

A small hydro power-based HPS model to determine an optimal configuration with minimum cost and of high reliability was developed in this section. It is assumed that the HPS will work continuously for twenty four hours and that the electrical load and the RES are constant within one-hour time step.

The objective function here is an economic function that is constrained in a technical or reliability function. The problem was modeled according to the Loss of Power Supply Probability (LPSP) and total Annualised Cost System (ACS).  The decision variables for the problems are taken as number of hydro turbines, number of Solar PV panels,  number of battery banks and the capacity of the generator unit because these variables affect the cost and LPSP, which can change  [22].

The ACS is as given in equation (8) [23, 24 ,25] while the LPSP [26, 27,28] is as expressed in equation (9)

                                                                                    (8)

                      [28]                                                          (9)
                       This is subject to an inequality constraint equation (10)


                           [27]                                                                            (10)
   Reliability evaluation are carried out in the worst conditions as given in equation (11)

                                                                                                                        (11)
In order to solve the optimization problem, all the constraints subsequently presented must be satisfied [24, 29]

      

                                                                       (12)
       (Battery capacity constraint)                                                       (13)
                  (Non-Negative Constraints)                                                       (14)
                                                                                                                       (15)
                                                                                                                  (16)
The power outputs from the SHP turbine were calculated using power equation (1) taking the average stream flows as input. The power outputs from the PV-arrays were calculated at an hourly basis from the power equation (2) using the hourly solar irradiance values as the input. The RES were added together and compared with the hourly load demand. The battery bank and the DG operate depending on whether the total RES is equal, less or more than the load demand. The flowchart diagram for this simulation is as shown in Figure 2. 
Genetic Algorithm (GA) was utilized in this simulation to determine the optimal configuration The best chromosome in the final generation is considered as the optimum parameters value of the hybrid system. GA based MATLAB m-file code was developed to determine the optimal configuration of Small hydro-Photovoltaic-Diesel hybrid system of the case study [30].
The HPS model was validated by comparing its results with HOMER [31] as a benchmark [15].  The simulation was done in MATLAB/Simulink environment. The data published by Ani and Nzeako (2013) [32] were used as the validating data. Coefficient of correlation (r) and Root Mean Square Error (RMSE) were used to measure the performance of the two models. The new model was then applied to the case study area to evaluate its performance.

2.5 Modeling and Simulations of the Existing Distribution Network with RES Integration




In order to assess the impact of integrating Solar PV-Small Hydro Power on the existing distribution network, DIgSILENT simulation software version 15.2 was used. A frequency limit of 500.05 and nominal voltages of 33 kV and 11 kV 6% were used. The single line diagram of the distribution network is shown in Figure 3. It consists of one (15 MVA), 11/0.415 kV power transformer, two (630 kVA) 0.415/11 kV transformers and three (250 kVA), 11/0.415 distribution transformers.  The total load considered for the network is  kW + j1000 kVar. Modeling and simulation of the existing distribution network along with a comprehensive dynamic stability analysis with RES integration were carried out. The solar PV was integrated into the existing distribution network as a DC source through a Pulse Width Modulation (PWM) inverter and the SHP through a Synchronous Generator (SG) [15]. Dynamic stability analysis was carried out with RES integration.  A three phase short circuit fault was applied at bus 5 (line 4) and cleared in 0.02 seconds by removing the line.  

3. RESULTS AND DISCUSSION 

0. Feasibility study for Small hydropower plant Integration

               It was observed that during the raining season (April-October) there were enough hydro sources to run the turbine. The stream flow reaches its peak of 15,500 L/S in September.  The hydro power potential is to generate 2.70 MW at maximum discharge of 23.24 m3/s., 966 kW at average annual discharge of 8.33 m3/s. and generate 206.5 kW at minimum discharge of 1.78 m3/s during dry season with a reservoir capacity balance of 0.124109 m3/year.    The estimated power demand for the village as at September, 2019 is 621 kW. The demand forecast for year 2028 is 1210 kW. 
The hydro turbines generate 206.5 kW at minimum discharge during dry season. The power deficit is 414.5 (621-206.5) kW.  Consequently, there is need to complement the hydro power source with another renewable energy-Solar PV. Hence, the need for small hydro power plant based hybrid system.

0. HPS Model validation results
 The optimal sizing results for both HOMER and the developed model is shown in Table 1. The simulated results obtained from HOMER showed a good correlation (correlation coefficient (r) is 0.88 while the Root Mean Square Error (RMSE) is 0.001) with those obtained from the developed model.  The little difference in the results is due to the different modeling approaches adopted in the modeling of the generators. However, these do not have significant effect on the overall results. Generally, the modeling of the component generators in MATLAB/Simulink was comparable to those obtained using HOMER. . 
The developed model gives higher priority to the hydro turbine than the solar panel due to the higher cost of solar panel. This is especially more economical when a dam-based SHP is used. The developed model is simple, more reliable and can easily be modified according to the need of a particular project.

Table 1: Validation results

	Description
	HOMER
	Developed model

	SHP (kW )
	10.7
	11

	PV panel (kW)
	10.3
	10

	DG (kW )
	16
	16

	BATT (kWhr)
	6.9
	7

	R.F. (%)
	0.68
	0.70

	COE ($/kWhr )
	0.267
	0.268

	LPSP
	0.0054
	0.0045








         Figure 2: Flowchart of the Hybrid Power System model



Figure 3: Single Line Distribution Network of the Study Area

3.3: Optimal sizing results for the study area-Itapaji Ekiti

The results of the different combinations at peak load demand are as presented in Table 2 while the average monthly electric  power production for the three hybrid combinations were as presented in Figures 4,5 and 6.

Table 2: Optimal sizing result for the three Hybrid combinations at Peak load demand.
	Component
	Solar PV-BATT-DG System
	SHP-BATT-DG System
	Pumped hydro-Solar PV-BATT-DG System

	Pumped hydro (kW)
	                    -
	             -
	              960

	SHP (kW)
	·                         
	            960
	               -

	Solar PV (kW)
	               640
	           320                          
	              64

	DG (kW)
	               400
	           200
	               0

	BATT (kWhr)
	             1000
	         1000
	               0

	COE ($/kWhr)
	            0.309
	         0.187
	           0.068

	RF (%)
	             0.38
	        0.81
	            0.98

	LPSP
	            0.0004
	        0.0004
	            0.0001

	ACS ($)
	          785,400
	      675,860
	            43,313

	Operating cost ($)
	            44,985
	       24,774
	            12,572




Figure 4: Monthly average electric production for the Solar PV-BATT-DG Hybrid system at peak load demand.
Figure 5: Monthly average electric production for the SHP-Solar PV-BATT-DG Hybrid system at peak load demand.

Figure 6: Monthly average electric production for the Pumped hydro-Solar PV-BATT-DG Hybrid system at peak load demand.


(a) Solar PV-BATT-DG Hybrid combination 

 The PV contributed 1,666,076 kWhr per year while the DG contributed 1,034,304 kWhr per year. The DG consumed $451,687 litres per annum. The COE at peak load and low load demand was 0.309. The solar PV and DG sizing values are very high compared to when the SHP and pumped hydro systems were used. It can be seen from Figure 4 that the hybrid systems made use of both the Solar PV and the DG in the year. The hybrid system made less use of the DG during the dry season (October-March) when there is high Solar irradiation and made much use of the DG during the raining season (April-September) when there is less Solar irradiation.This accounted for a very high operating cost. The COE was higher than any other combinations considered in this work. The cost may be too high for the rural dwellers.

(b) SHP-PV-BATT-DG Hybrid combination 

The hydro turbine contributed 3,023,323 kWhr per year; PV contributed 726,065 kWhr per year contributed while the DG contributed 524,634 kWhr per year. The DG consumed $233,091 litres per annum. The PV and the DG sizing values reduced accordingly. This is because of the high SHP sizing value which has lower annualized cost than other hybrid components. It can be seen from Figure 5 that the hybrid systems made use of DG during the months of November-April (dry season with relatively low stream flow). This accounted for an increase in the cost of production due to high cost of diesel. However, between May and October ((raining season with relatively high stream flow) there were enough hydro sources to turn the turbine.

(c) Pumped hydro-PV-BATT-DG Hybrid combination

 The pumped hydro contributed 5,749,422 kWhr per year and the PV contributed 13,375 kWhr per year. The Pumped hydro- PV-BATT-DG hybrid system showed a better improvement in terms of annualized cost, COE, RF and operating cost. It can be observed from Table 2 that the DG and the BATT made no contribution to the electricity production. This is because the pumped hydro system produced a constant supply throughout the year. This is due to the fact that the pumped water were used and recycled. During low load demand, the water is pumped and stored in the storage system but when there is peak demand, the water is used to meet the demand. Thus, this brings the operating cost to be very low and thus lessens the environmental effects. The cost of generating the hydro is the least when compared with solar PV and DG. The COE for both the peak and low load demand scenarios was 0.068 (with RF of 0.98). This will indeed be more affordable to the rural dwellers. 

3.4: Steady State Simulation Results with RES integration

The steady state simulation results showing the active power (MW), reactive power (Mvar) and voltage (p.u.) were shown in Figures 7-9. It is shown in Figure 7 that that the active powers of all the integrations are the same. This is possible because the penetration level of the renewable energy is low and that the single generator has capacity to supply the small load connected to the grid. 
The reactive power (Figure 8) when there is no integration of the renewable energy (only the generator supplies the load) is very different from the rest of the simulations. This is because the grid is limited in reactive power and the single generator has to supply the reactive power to keep the grid voltage stabilized. However, when renewable energies are connected especially SHP, it supplies reactive power to the grid thereby stabilizing the network the more. The effect of the low reactive power will be more, if the penetration level is high. It indicates that the village will be better supplied if the renewable energy is adequately integrated into the grid resulting into stability of the entire network. 
It can be observed from Figure 9 that the voltage of the system remains constant even with the integration of the RES. It should be noted that the  PV contributed no reactive power into the system because of its relatively low inertia as a results of its stochastic characteristics. 

3.5: Dynamic stability simulation results with RES Integration

The Dynamic stability simulation results with RES Integration showing the active power (MW), reactive power (Mvar) and voltage (p.u.) were shown in Figures 10-12


[image: ]

      Figure 7:  Active power (MW) for the existing distribution network with and without RES integration 
[image: ]
Figure 8:  Reactive power (Mvar) for the existing distribution network with and without RES integration 
[image: ]

Figure 9: Voltage (p.u.) for the existing distribution network with and without RES integration 


[image: ]

Figure 10: Active power (MW) for the existing distribution network with and without RES integration 
[image: ]
Figure 11: Reactive power (Mvar) for the existing distribution network with and without RES integration
[image: ]
Figure 12: Voltage (p.u.) for the existing distribution network with and without RES integration 

The active power (MW) with renewable and without renewable are almost the same because of the low penetration level. In case of higher penetration, especially PV, it will introduce more instability into the system. The reactive power reaches its maximum swing of 0.135 and stabilizes very quickly with lower generation of reactive power. The result showed that RES can be used to produce reactive power especially; the SHP. 

4. CONCLUSION AND RECOMMENDATIONS
	
This work considered the feasibility of integrating SHP plants into an existing water supply dam and the development of a SHP-PV-DG HPS model for feasibility assessment and optimal sizing of Hybrid renewable energy system in rural areas.  The hybrid model’s results were compared with those obtained from HOMER to verify its validity. The developed model simulation results were favourably comparable and very close to those obtained using HOMER. Optimal sizing of the system’s components for optimum configuration was done using Genetic Algorithm. The results showed that the Pumped hydro-Solar PV-BATT-DG hybrid system was the best of all the hybrid combinations considered in this work in terms of COE and RF. The objective of the work is to achieve an efficient and cost-effective system configuration so that the HPS could improve the quality of life of the rural dwellers.  
The work also analyzed the impacts of integration of some renewable energy generators (Small hydropower and Solar PV) on a typical Nigerian distribution network in the study area. Static and dynamic models of the distribution network with /without RES integration were developed using DigSILENT standard library models. The results obtained showed that the steady state voltage magnitude is maintained within acceptable range and that the system’s components are not heavily loaded. The Nigerian government should as a matter of urgency integrate the available RES into current energy mix to improve power generation in the country.
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Appendix 1: Detailed parameters of the components [1, 14] 

	Solar PV Specifications
	SHP Parameters

	Module Type
	RNG 160P
	Nominal Power (kW)
	96

	

	160 
	Available Head
	21.6

	

	22.8 
	Design flow rate
	4.33 m3/s

	

	9.47
	Turbine efficiency
	75%

	Module efficiency
	14.05%
	Life time
	25 years

	Dimension


	

	DG Parameters

	NOCT
	46OC
	Size
	200 kW

	

	18.6
	Quantity
	2

	

	8.6
	Lifetime
	20,000 hrs

	Life time
	25 years
	Price
	0.884 $/litre

	Battery Specifications
	Converter details

	Minimum lifetime
	4 years
	

	Initial State of Charge (SOC)
	100%
	Size
	791 kW

	Depth of Discharge (DOD)
	80%
	Life time
	15 years

	Voltage
	12 V
	Inverter efficiency
	90%

	Efficiency
	80%
	Rectifier efficieny
	85%




APPENDIX 2 - Detailed Cost parameters of the components (Initial, Replacement and Maintenance costs)

	Component
	Initial cost
	Replacement cost
	Operation & Maintenance cost

	Solar PV modules
			2500 $/Kw
	2500 $/kW
	 $5

	Hydro Turbine
	 $430,247
	$430,247
	$10,308

	 Diesel Generator
	  503.08 $/kW 
	503.08 $/kW 
	15 $/hr

	Battery
	1710 $/kAh
	1710 $/kAh 
	76  $/kAh 

	Converter
	 $8043
	$8043
	$0


                                                          
                         Appendix 3:  Line data of the Existing distribution system
	         Transformers’ types and ratings
	                               Load lines and cable lengths

	Transformer
	Ratings
	Line
	Lengths(m0
	Line parameters

	 T1
	30 MVA,33/11 kV,0.0485+j0.0545
	L1
	500
	0.266+j0.942

	T2
	250 kVA,11/0.415,0.00385+0.0087
	L2
	300
	0.266+j0.941

	T3
	250 kVA,11/0.415,0.00385+0.0087
	L3
	500
	0.266+j0.941

	T4
	250 kVA,11/0.415,0.00385+0.0087
	L4
	600
	0.266+j0.941

	
	
	L5
	600
	0.266+j0.942

		                                  Technical characteristics of 11/0.415 kV cables


	Cable type
	

	


	11 Kv
	0.545
	0.414

	0.415 Kv
	0.568
	0.075
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