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ABSTRACT: Hybrid renewable energy systems is one of the most promising applications of renewable energy technologies in remote areas, where the cost of grid extension is prohibitive and the price of fossil fuels increase drastically with the remoteness of the location. Applications of hybrid systems range from small power supplies for remote households providing electricity for lighting or water pumping and water supply to village electrification for remote communities. Also the problem of energy storage could be addressed by the use of a hydrogen subsystem, which is an alternative to diesel generators as a backup and can help to reduce dramatically the size of the battery banks as well. The strategic objective of the HYRESS project is to remove the knowledge barriers against the installation of Renewable Energy Systems and creation of micro and mini-grids. An efficient tool to apply and fulfill the strategic objective is the development, installation, testing and evaluation (technically and socially) of the performance of low-cost pilot hybrid renewable energy systems and mini-grids in selected remote sites far away from the grid, of Mediterranean Partner Countries. This paper describes the three hybrid systems in general and analyzes the hybrid system installed in Egypt as a case study.
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1
INTRODUCTION 
The strategic objective of the HYRESS project is to remove the knowledge barriers against the installation of Renewable Energy Systems and the creation of mini-grids based on renewable (RES). Research challenges can be found in the field of system management but also best combination of available technologies according to the local prevailing conditions, that is build up hybrid systems to match a varying supply with very different consumption profiles. For reducing expenses it is also very important to minimize the system storage requirements. Next to this excellent system management, the technology design has to carefully adapt to the extreme framework conditions:

· The technologies have to be very robust and designed for the local climatic and social conditions

· The requirements for service and maintenance must be very low

· The technologies should be cost effective and preferably locally manufactured

· Appliances must have low levels of energy consumption, and be able to cope with the power supplied from stand alone systems (e.g. fluctuating power, Direct Current or Alternating Current supply etc.)

· Several system typologies is examined i.e. Direct Current based versus Alternating Current mini grid systems for optimum and continuous power and energy supply.

· The storage systems have to perform well under the high temperature conditions of the MPC. Under these conditions the research that has already taken place for the operation of hydrogen subsystems is minimal and so this project will provide valuable new data. This paper describes the three hybrid mini grids that have been designed and being installed within the HYRESS project. The hybrid minigrid that has been already installed in Egypt is presented as a case study of the design, installation and data monitoring of a hybrid renewable energy system.

2
Description of the hybrid system to be installed in Tunisia
Ksar Guilène can be described as a “renewable village”. There are several solar home systems, stand alone photovoltaic system, solar thermal equipment and a wind turbine. There are 50 families, about 300 people, and most of them work in the tourist area. About 47 houses, each of which has 100 W, solar home system connected in the DC bus. This PV system supports the house electrification and other little consumers. While, the mosque, the primary school and the health centre are covered by a stand alone wind energy system.

Nowadays it is well known that more flexible systems, with consequently modular structure systems, are achieved via coupling all consumers and generators on the AC side. The structure of such supply systems requires, in addition to the power conditioning equipment, a control and supervision unit which is responsible for implementing a specific operation control strategy and for securing the grid and system components. In small and medium power systems (3 - 30 kW) this control unit is often integrated into the key component (bi-directional battery inverter) which simplifies system operation and decreases the investment costs. This distribution also helps to reduce the cost of the entire system, especially the costs for the cabling on the DC side and the subsequent distribution on the AC side, see Fig. 1.
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Figure 1: the Hybrid mini grid in Tunisia 

The hybrid minigrid in Tunisia consists of one small wind turbine of 1 kW nominal power, 6.5 kWp PV modules, 3000 Ah/48 V solar batteries, two Sunny Boy 3000 grid inverters, one Sunny Island 5048 bidirectional battery inverter and one Windy Boy 1100 inverter for the wind generator. This minigrid aims at covering the energy needs of the houses of the village while the other buildings needs will still be covered by the already exists wind turbine. The meteorological data are collected by the SMA SensorBox that collects data such as wind speed, solar irradiation and ambient temperature. The data monitoring is performed by using the SMA WebBox that collects all data from the inverters and send it to a remote PC via GSM modem . The data monitoring plan is shown in Fig. 2
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Figure 2: Data monitoring concept 

3
Description of the hybrid system to be installed in morocco
Energy storage plays an important role in the development and operation of a RE system. The integrated wind and solar energy system, based on long-term seasonal storage as hydrogen, is considered a promising alternative to overcome the intermittence of the RE sources. In comparison to commonly used battery storage, hydrogen is well suited for long term (weeks) storage applications, because of its high mass energy density.

A typical autonomous RE-hydrogen system must include both short-term and long-term energy storage. A battery bank is used for short-term energy storage due to its high charging-discharging efficiency, and also to take care of the effects caused by instantaneous load and electrolyser transients and wind energy peaks. Batteries alone are not appropriate for long-term storage because of their low energy density and self-discharge.

The combination of a battery bank with long-term energy storage in the form of hydrogen can significantly improve the performance of a stand-alone RE systems. In such a RE system, the electrolyser generates hydrogen during times when excess solar and wind energy is available and then the fuel cell utilizes this hydrogen to produce electricity when there is insufficient solar and wind energy. The intent of this part of project is to demonstrate that hydrogen is reliable energy storage medium for RE and that it is safe. Fig. 3, system shows the concept of hydrogen based hybrid system to be installed in Morocco. 
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Figure 3: Concept of hydrogen based hybrid system

4
case study of the hybrid system installed in Egypt
4.1
Description of the site

The site is located in east of El-Gaar Village. It is about 125 Km south of Alexandria and belong to Behera Governorate. The site is a new reclaimed desert land. Currently, the main activities of the people who live in the area are farming. There are seven houses and a mosque. The main agriculture production is Olives, Tomatoes, onion, potatoes and sun flowers. Most of the people live in the area are farm workers with low income.

The electricity production from the hybrid system will serve only the houses that are near to the site (7 houses) and the mosque. About 20 farmers live at these houses. More than 200 people who live some kilometers far from the site, are expected to come also to the site to get desalinated fresh water. The number of people benefits from the drinking water is expected to increase in the near future. Due to the success of the Hyress concept as a show case, the mosque has been built just after the installation of the hybrid system has been completed, which is a good signal of the development of the vilage.
4.2
Available renewable energy potential


Egypt is a country of abundant solar radiation. At the selected site, the average solar radiation reaches the value of 7.5 kWh/m2/d in June. As far as the wind energy concerned, at the site and according to the nearest whether station the annual average wind speed was recorded to be 6 m/s. which leads to the conclusion that exploiting wind energy in this site is visible.
4.3
Preliminary design of the hybrid system


The aim of the preliminary design of the hybrid system was to roughly determine the size of the PV array, the wind turbine and the battery bank required to cover the energy needs of the electrification, water pumping and the desalination unit. HOMER software was used [1] for the preliminary design, simulation of the hybrid system. The model inputs, which describe technology options, component costs, and resource availability, were provided. HOMER uses these inputs to simulate different system configurations, or combinations of components, and generates results that could be viewed as a list of feasible configurations sorted by net present cost. HOMER also displays simulation results in a wide variety of tables and graphs that help the user to compare configurations and evaluate them on their economic and technical merits. Also HOMER performs sensitivity analyses that explore the effect that changes in factors such as resource availability and economic conditions might have on the cost-effectiveness of different system configurations

The input data used in HOMER is as follows: The PV system sizes realized was between 5 – 10 kWp, 5 kW wind turbine, a battery bank size of 0 – 24 items 3000 Ah/2 V and a bidirectional inverter power of 0 – 20 kW. A layout of the system is shown in Fig. 4.
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Figure 4: Layout of the system in HOMER

The electrical load is divided into three types; the first of which is the electrification load which is about 1 kW. The electrification load presents some lamps for street lightening, electrification of the houses which contains some basic electrical equipment such as color TV, radio, refrigerator and in house lightening. The water pumping system which has a power of 1 kW is represented in HOMER as a deferrable load which is an electric demand that must be served within some time period, but the exact timing is not important. The desalination system which has a power of 2.2 kW, is represented in HOMER as a primary load operating as many hours so as to cover the water needs of the populations. The average total daily energy needs were calculated to be 24 kWh/d. The preliminary design and simulation results of HOMER are summarized in Table 1. 
Table 1: HOMER simulation results

	Component 
	Value

	PV system 
	7 (kWp)

	Wind turbine 
	5 (kW)

	Battery bank 2V/3000 Ah 
	2 (Items)

	Power inverter 
	1 (kW)

	Annual energy production 
	19186 kWh/y


4.4
Detailed design of the hybrid system


The main goal of the detailed system design is to specify the technical characteristics of the subsystems, such as the RO unit, the water pumping system, and the electrification and the microgrid subsystem. 

In order to size and simulate the RO unit operation, the ROSA (Reverse Osmosis System Analysis) software was used. This software is provided by Dow Chemicals [2], the Filmtc membrane manufacturing company, it provides detailed information about the organization of membranes in the pressure vessels, the effect of variable parameters such as feed water salinity and temperature, in the quality and quantity of the product water. Some of the input data for ROSA are shown in Table 2.
Table 2: Input data for ROSA software

	Description
	Value

	Feed water salinity 
	2500 ppm

	Potable water needs
	30 m3/d

	Feed water intake 
	Brackish water 120m depth

	Design feed water temperature 
	25 oC

	PH
	7.6

	Type of membranes 
	BW30-4040

	Fouling factor 
	85%



After several runs of the software, a brackish water desalination unit of the following specifications was designed as shown in Table 3.
Table 3: Specification of the desalination unit

	Feed Flow 
	2.50 m³/h

	Feed salinity 
	2500 ppm

	Number of elements
	6

	Number of pressure vessels
	1

	Water recovery
	50%

	Permeate flow
	1.25 m³/h

	Permeate salinity
	50 ppm

	Energy consumption
	0.9 kWh/m3



The aim of realizing a water pumping system is to provide feed water for the desalination system and if possible, the excess water will be directed to irrigation. 

The WinCAPS software [3] was used to design the pumping system which contains of the submersible multistage centrifugal pump, electric motor, cables, pipes and water tank,. For a 100 m pumping depth and a flow of 24 m3/d. The selected pump was found to be the Grundfos SQ-1-110, see Fig. 5
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Figure 5: Results from WinCAPS software

The renewable energy production system consists of one wind turbine with the associated inverter, PV modules in string configuration and string inverters, solar battery bank and battery inverter. The PV system and the string inverters were designed using the Sunny Design software v1.41 from SMA [4]. The inputs and outputs of this design tool is as follows:
· The PV data base of the software was edited by Thin film PV modules, the site was selected, and inclination angle was set to 20o north facing and first estimation of the peak power to be installed to 6 kWp.
· The second step was to select the suitable type and size of inverter after several runs of the software till no warning massages of the software appear. By this, two inverters SB3300 were needed as well as 72 PV modules in two strings each contain 36 modules. 

· Finally, the final results are reported. The results for the PV systems and string inverters are summarized in Table 4. 
Table 4: Summary of the PV system design

	Parameter
	Value

	PV peak power
	7.62 kWp

	Total number of modules
	72

	Number of inverters
	2

	Annual energy production
	11.115 kWh/y

	Type of inverters 
	SB3300

	Type of PV modules
	Sharp NA-901(WQ)

	Number of strings
	2



No specific software was used to size the battery bank. The size of the battery was calculated based on the following basic battery capacity calculation equation:
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When Cnom is the battery capacity in Ah, E is the energy storage needs in Wh, α is the battery efficiency, β is the battery depth of discharge and V is the battery bank voltage. These calculations resulted in a battery capacity of approximately 1500 Ah. The selected battery bank and its characteristics are shown below in table 5. 

Table ‎5: The battery bank characteristics
	Type of battery bank
	Vented stationary lead acid batteries, from Hoppecke, 12 OPzS 1500

	Nominal capacity at 10 hr rate @ 20oC
	1500 Ah

	Nominal voltage
	2 V

	Internal resistance 
	0.21 mΩ



The size of the wind turbine was predetermined to be 5 kW. This installed power will allow about 50 to 60% of wind energy penetration in the hybrid system as this has been calculated from HOMER. A bio diesel generator 5 kVA is also included in the hybrid system as a backup system in order to increase system reliability and sustainability. Finally the electricity was delivered to the houses nearby the installation covering basic energy needs such as lightening, refrigeration and TV.   
4.5
Total system simulation


In order to simulate and design such complex system, see Fig. 6., the TRNSYS software was used [5]. TRNSYS is a transient systems simulation program with a modular structure. It recognizes a system description language in which the user specifies the components that constitute the system and the manner in which they are connected. The TRNSYS library includes many of the components commonly found in thermal and electrical energy systems, as well as component routines to handle input of weather data or other time-dependent forcing functions and output of simulation results. The modular nature of TRNSYS gives the program tremendous flexibility, and facilitates the addition to the program of mathematical models not included in the standard TRNSYS library. TRNSYS is well suited to detailed analyses of any system whose behavior is dependent on the passage of time.
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Figure 6: Layout of the hybrid system in Egypt
4.6
Monitoring and master control system


The data monitoring system (see Figure 7) was designed to support all sub system components. Hence, it has also modular configuration and is divided into sub systems as follows.

· Energy system data monitoring: The energy system consists of the wind turbine, PV system, solar batteries, inverters and bio diesel generator. All corresponding parameters of the energy system is managed by the Sunny Boy control Plus that provides system monitoring, remote diagnostics, data storage and visualization. It continuously gathers all data from the inverters and thereby allows for constant information of the power system status. 

· Meteorological station data monitoring: besides the Sunny Boy Control Plus, the Sunny SensorBox is also used for connecting the wind speed, ambient temperature and the wind direction sensors. The solar irradiance sensor is already included in the Sunny SensorBox.

· The desalination and the water pumping system have their own sensors such as flow, pressure energy and temperature sensors that are collected and storage in the Sunny Data Control by using the analogue and digital kit of SMA. 
· Electrification monitoring: is done by using electronic energy meter for all the electrification line houses.
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Figure 7: The monitoring system of the hybrid system in Egypt 
4.3
Control of the system

The controller is realized through a Siemens Logo! PLC using also 3 relays from the installed SMA Sunny Island 5048 inverters. The control cycle is set at 15 minutes. This period was chosen since this is the minimum time for optimal desalination unit operation and since the rest of the devices could be turned ON and OFF in smaller time periods. Three control schemes run in parallel:

1
Double hysteresis control scheme


This is one of the most used schemes in PV/Wind – Hybrid systems control [6,7]. The hysteresis is used to prevent the devices to be turned ON or OFF continuously. In the system hysteresis is used for the diesel generator and the 2 consumptions (pumping and desalination unit). When the SOC of the battery is as low as 40% then there is an ON command to the diesel generator. When the battery is charged and the SOC reaches 70% then there is an OFF command to the diesel generator. This is actualized directly by the first relay contact present on the Sunny Island 5048. When the SOC of the battery is higher than 90% then both of the consumptions can be turned ON (that is decided in cooperation with the following two control schemes). When the SOC of the battery is between 80% and 90% only one of the consumptions can be turned ON (which one is decided in cooperation with the following two control schemes). When the battery is discharged and the SOC falls bellow 80% then both consumptions are turned off. The SMA Sunny Island 5048 features two relay contacts which can be programmed to turn ON and OFF in relation with the SOC. Since there are 2 inverters a total of 4 relay contacts exist. As it was mentioned above the first is controlling directly the diesel generator. Two more are programmed to give an ON/OFF command according to the SOC limits mentioned above.
2
Safety scheme


The control algorithm always checks if there is enough water in the brackish water tank and enough space in the potable water tank before turning ON or retaining the ON status of the desalination unit. The control algorithm always checks if there is enough space in the brakish water tank before turning or remaining ON the pump. This means even if the SOC is higher than 90% not always both or even one of the devices are turned ON. If the SOC is between 80% and 90% then the safety scheme in cooperation with the third scheme decide if the devices are going to be turned ON/OFF. If both tanks are full both devices are turned or remain OFF.
3
Hierarchy of the consumptions


Desalinated Water is considered to be more important than pumped brackish water. This is the reason why the controller gives priority to the desalination unit in comparison to the pump. This means that if the SOC is between 80% and 90% and the second schemes gives a green light to both consumptions then the desalination unit is going to be turned or remain ON. If the second scheme gives a red light to the desalination unit then the pump is going to be turned or remain ON depending on the status in the previous control cycle.

This simple yet effective control algorithm was realized with robust and relatively low cost hardware and makes possible the automatic and optimized operation of the system
5
Some real data from the operation of the system

The hybrid system has been installed successfully in February 2009. Since the installation continues fine tuning is performed to the several parts of the system. Also new sensors have been added, to the desalination system and the Sunny Boy Control Plus data logger. Fig.8 shows the available meteorological data in the site in 23/7/2009. The data represent the solar irradiance, the ambient temperature, the module temperature and the wind speed.
[image: image9.png](s/ur) [paads puryy
(D.) eMyeIequUs) JULIqUIE puL A[NPOTN

o
o o o o o o o o o o
— [e)] o0 ~ =) wn < m o~ - o
T T N S N
-
= =
< = —=|
g 2 ==
E 2 - =
Wlf S D =
= o b=
2 =
S T ) 7]
S = =
& =2 =]
g 3 =
- = =
<
= 1
) L
A
— T
o o o o o o o o o o o
o o o o o o o o o o
w [e)] o0 ~ O N < on o —
(/) eoueIpRLI JR[OS

12:00 16:48 21:36 2:24
Local time

7:12

2:24





Figure 8: Available meteorological data at the site
Fig. 9. presents the Ac bus power produced from the PV array and the bus frequency. The produced power was recorded to be 5.2 kW. This power is used mainly to cover the loads and to charge the batteries. The frequency control strategy of the Sunny Island is also presented in Fig.9, which shows that when the stat of charge of the battery reach 90% (Fig. 10) and there are no electrical consumption, the Sunny Island inverter increases the frequency of the AC bus (Fig. 9) to reach the value of 52 Hz. This frequency prevents the Sunny Boy inverters (PV inverters) from producing more power to the AC bus. 
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Figure 9: AC power production

The stat of charge and the battery voltage are shown in Fig.10 which presents the charging and discharging procedure of the battery. 
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Figure 10: Charging and discharging of the battery bank
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