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Abstract

Remote areas are usually fed from generators that run on diesel. Recently, there is an increasing interest on
hybrid renewable energy sources, especially wind and solar energies for their availability and competitive
running cost in the Middle East region. The hybrid renewable energy generation systems usually have two or
more different generation (or storage) sources of different types to secure a continuous supply for the electrical
loads.

The paper presents a case study of a remote health center which operates 24 hours a day, and shows the
importance of relying on renewable energy systems. The system considered consists of Wind Turbine, Batteries,
photovoltaic, and conventional diesel generator to feed a load variable at a rate of 55 kWh/day with 5.9 kW peak
load. The study is based on real data of wind speed and solar radiation obtained from official authorities. The
various available options are compared technically and economically using a HOMER software package. The
optimal reliable system is selected and the capacity of the system components is specified.

Keywords: hybrid system, renewable energy, reliable power system, optimal system design
1. Introduction

Energy has vital role to play in the wheel of evolution and modernization of different communities. It is one of
the most important requirements of economical and social sectors and considered as the most essential
component that elevates the standard of public life. The relationship of energy to various sectors is
complementary threaded and it influences the levels of development in all fields positively when provided with
high specifications and negatively otherwise.

There was a large amount of research and work in the recent decades on the development of renewable energy
sources with emphasis on hybrid systems. Renewable energy sources are promising in providing economical and
sustainable energy systems. Those systems are environmentally friendly due to many reasons including: the
increasing global energy demand and the associated pollution produced, the sharp increase in the prices of
petroleum products and their unstable prices and supply.

Distributed generation (DG) is an emerging approach in the electricity sector, which represents good alternatives
for electricity supply instead of the conventional centralized power generation approach. The DG operating
model has drawn strong interest because of its potential to increase system capacity at lower cost. These DG
systems are capable of combining different types of power sources such as gas or petroleum fuels, renewable
sources in an efficient, reliable, and flexible. Moreover, DG systems have features that help to secure network
solutions for the electrical loads. It is worth mentioning that DG refers to any technology used to generate
electrical power that is integrated within the distribution system and close to the load site. The generators are
connected to the low or medium voltage network and are not planned in central manner (Angelopoulos, 2004).
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Distributed generation systems are generally based on renewable sources. Hence, they can play a major role in
the field of energy security by reducing the dependence on outside country imported fuel (Samantha, 2007).

DG can be used separately to provide electricity for the local consumer and it is possible to connect them with
the public electricity grid to contribute a portion of the electric power demand. It is possible for the distributed
generation systems to operate on renewable energy or fossil fuels or by using the waste heat (Samantha, 2007).

Diesel-powered electrical generators are usually used for supplying of the remote areas. Recently, there is an
increasing interest on securing electric system based on renewable energy sources, especially wind and solar
energy.

The hybrid systems are getting more important for several reasons; the main one is its capability to secure the
continuity of feeding the load with electric power in different operating conditions, and its optimum utilization
for available resources in remote areas. In addition, the economical factor plays an important role where the cost
of some hybrid systems are far below than that of using a single type power generation system.

2. Literature Review

Hybrid power generation is a hot topic in renewable engineering systems. Many people have worked in this filed.
Below is a summary of the most relevant work in the literature.

In (Trazouei, 2013), optimal design of a hybrid solar-wind-diesel power system to electrify rural areas using
imperialist competitive algorithm was designed. Some artificial intelligence optimization techniques were
presented as well. The ultimate goal was to minimize the net cost of the hybrid system for 20 years. The imperialist
competitive algorithm was shown to be the fastest and the most accurate.

In (Oguz, 2012), isolated wind-photovoltaic hybrid power system with battery storage was presented and supposed
to be able to supply electricity to two laboratories with a peak electrical load of 1072 W. Statistical comparisons
were performed to compare between the energy generated and the energy consumed. Monthly data were obtained
and compared, and as a result of the comparison, it was shown that the generated power was above the consumed
power.

In (Godson, 2013), a Solar-Wind hybrid power system was presented. The system was controlled based on micro
controller. This assures optimum resource utilization and efficiency improvement as compared with their
individual mode of generation. It also makes the system more reliable and dependable.

In (Salmani, 2014), several hybrid energy system models were analyzed. HOMER software was used to evaluate
the systems and a remote island was taken into consideration to study the most cost effective configuration.

In (Rashidi, 2012), the focus was on the optimal design of a solar-hydrogen hybrid based standalone system. The
main goal was to achieve a minimum cost during 20 years system life. Two different configurations for fuel cell
and photovoltaic hybrid system were considered. The two configurations were studied and optimized using Fuzzy
Particle Swarm Optimization Algorithm where the main target was the efficiency and the cost.

In (Anayochukwu, 2013), the hybridization of diesel generator source system with renewable energy sources was
explored and demonstrated. Results showed the possibility of renewable energy to substitute diesel as a source of
power. This hybridization idea came to reduce the operation cost and air pollution.

In (Shivrath, 2012), a solar and wind hybrid system was optimally designed for a remotely drip irrigation system.
Cost optimization of the wind-solar hybrid system was taken into consideration to provide functional guidelines
for the manufacturers of small scale wind-solar hybrid systems.

In (Anagreh, 2013), the feasibility analysis of renewable energy supply options electrifying a small hotel was
presented. The paper investigated both technical and economical aspects. The paper showed that on-grid small
wind turbine scheme was the most realistic supply option. The paper also showed that the Net Present Cost (NPC)
of grid-connected wind energy scheme decreases when the carbon tax increases. The paper concluded that the
implementation of the wind and hybrid wind/solar energy resources will increase in the future.

In (Khare, 2013), a methodology for calculating the sizing and optimizing a stand-alone SPV/diesel/battery hybrid
system was developed. The methodology used particle swarm optimization algorithm to minimize the system cost.
The work is applicable in the cases where reliable hybrid SPV/diesel system for small railway station is required.

In (Fahmy, 2012), the goal was to design an optimal economic renewable energy system. The paper presented four
systems namely: Photovoltaic-wind hybrid system, stand-alone photovoltaic system, stand-alone wind system and
Photovoltaic -wind-fuel cell hybrid system. The paper showed that the Photovoltaic-wind hybrid system is more
suitable than the other systems.
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In this paper we present a case study of the economic feasibility of using a hybrid renewable energy system to
supply electric power to loads in remote areas and compare it with a conventional system. We consider a hybrid
system consisting of a photovoltaic panels, batteries, wind turbine and diesel generator to provide richness for
the electrical loads at a rate of 55 kW hours/day with 5.9 kW peak load throughout the day (24 hours). We
adopted real data for the site which is a health center at Umm Jamal / Mafraq - Jordan. We performed a technical
and economical analysis using the HOMER software (Laboratory N, 2014) which is a computer optimization
model developed by the U.S. National Renewable Energy Laboratory (NREL). It is used to assist in the design of
micro-power systems and to facilitate the comparison of power generation technologies across a wide range of
applications. It can model the physical behavior of a power system and its total cost, which is the cost of
installing and operating the system. It should be noted that HOMER allows the modeler to compare many
different design options based on their technical and economic merits. It also assists in understanding and
quantifying the effects of uncertainty or changes in the inputs to secure the power supply to the load, compare
different options, select the optimum design. The capacity of the system components are determined so as to
achieve the best reliability of the system with a flow of electrical energy that is secure, continuous, and low price
(Laboratory N, 2014).

3. Renewable Energy Generation Systems (Hybrid)
3.1 Importance of the Hybrid System

Hybrid power supply systems consist of different energy sources in order to have more secured supply of
electrical loads with increased reliability and durability of the system. The hybrid systems take advantage of the
strengths of the subsystems to overcome the weaknesses of the individual systems. The features of the hybrid
systems are mainly more reliable and less expensive than the conventional systems, because the solar sources are
available during the day while the wind energy is 24 hours a day (Dunlop, 2010). It should be noted that wind
and solar energy sources are practically free after the installation of their infrastructure. An efficient management
or control system can determine the power flow to the loads from various components of the hybrid system
during the period of operation. Note that in a hybrid system, the individual power sources are operating like a
team supporting each other in a highly reliable manner. It is obvious that when the energy is drawn from the
solar subsystem, the other subsystems can be viewed as standby systems.

3.2 Components the Hybrid System

A typical hybrid power generation system consists of various components as shown in Figure 1. The components
can be summarized and described as follows:

-+ PV
# Load's
Wind
Diesel = -+ :
Generator Turbine
4 Converter [**
4 Bartery

Figure 1. Hybrid power generation system

3.2.1 Photovoltaic’s (PV)

Photovoltaic's (PV) is a solar energy technology that uses the unique properties of semiconductors to directly
convert solar radiation into electricity (Dunlop, 2010). Many advantages and benefits add the value to PV
systems beyond the potential economic savings. Photovoltaic's is an environmentally friendly technology that
causes no noise or pollution and can be installed on the site in short period of time. Moreover, PVs are durable
and rarely require maintenance and can be dislocated easily (Dunlop, 2010; Patel, 1999). Currently, the most
significant disadvantage of PV systems is the high initial cost compared to prices for competing
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power-generating technologies. According to the improvements for cell efficiencies and manufacturing methods,
a reduction in PV system cost is experienced, higher costs for conventional electricity-generating technologies
help make PV and other renewable energy sources as a serious competitive alternative system that are more
cost-effective (Dunlop, 2010).

3.2.2 Wind Turbines (WT)

Power generation by wind is comprised of one or more units, operating electrically in parallel which consists of
different components such as towers, wind turbines with blades, a yaw mechanism, a mechanical gear, an
electrical generator, and speed sensors and controllers (Patel, 1999).

Because of the large moment of inertia of the rotor, the design challenges include the starting, the speed control
during the power producing operation, and stopping the turbine when required. The eddy current or other type of
brake is used to halt the turbine when needed for emergency or for routine maintenance. In the multiple tower
wind farm, each turbine must have its own control system for operational and safety functions from a remote
location (Patel, 1999).

3.2.3 Batteries

One disadvantage of electricity is that it cannot be easily stored on a large scale. Almost all electrical energy
used today is consumed as it is generated. This poses no hardship in conventional power plants, where the fuel
consumption is varied with the load requirements. The solar radiation and wind, being intermittent sources of
power, cannot meet the load demand all of the time, 24 hours a day (Patel, 1999). The energy storage, therefore,
is a desired feature to incorporate with renewable power units, particularly in stand-alone plants. It can
significantly improve the load availability, the key requirement for any power system. Electrochemical batteries
are the most convenient present and future energy storage technology that is considered for stand-alone
photovoltaic or wind power systems. Batteries are the most widely used devices for energy storage in a variety of
applications (Patel, 1999).

There are two basic types of electrochemical batteries (Patel, 1999):
e  The primary battery, which converts the chemical energy into the electrical energy.
e The secondary battery, which is also known as the rechargeable battery.

The batteries as energy storage systems contribute to the stability of the hybrid system. They are intended to
support the supply output and maintain it fixed and stable despite fluctuating electrical load, and provide energy
to overcome the shortage of the main sources intraday (as sources of sun, wind and hydro) (Patel, 1999; Farret,
2006).

3.2.4 Power Converter and Control Units

An essential component of the hybrid system is the power converted needed to perform AC/DC, as well as
DC/AC power conversion (Patel, 1999). The control units are the brain of the system and its components. Their
objective is to manage and control the components of the hybrid system at the best possible manner. The control
units are sophisticated and operated by computers (Patel, 1999).

3.2.5 Electrical Generators

The inclusion of electrical generators in the hybrid system increases its reliability and availability. Most of the
small electrical generators use a gasoline engine as the mechanical prime mover, methane, propane and diesel
powered engines can also be used. A number of factors will affect the selection process, including initial cost,
power requirements, fuel availability and maintenance requirements (Ventre, 2005).

4. Cost Optimization

The aim of this study is to achieve a stand-alone hybrid generation system, which should be appropriately
designed in terms of economic, reliability, and environmental measurements for physical and operational
constraints/strategies (Salmani, 2014).

The system cost is defined as sum of PV cost (Cpy), WG cost (Cyy), battery cost (Cp,r), electrolyses cost (Cgrzc),
Fixed cost (Cr), convertor cost (Cconr), and hydrogen tank cost (Crynk).

Csystem = Cpy + Cyg + Cpar + Cgree + Cr + Ceony + Crank (1
The cost for each element should be deducted:
Ci = Ni * [CCosti + RCasti * Ki + O&MC()sti] (2)
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i=PV,WQG, Battery, FC, Electrolyses, where N; is the number/size of the system component, Cc,; is the capital
cost, Re,yi 18 the replacement cost, K; is the number of replacement, and O&Mc; is operation and maintenance
cost through the system operation (Salmani, 2014).

5. Case Study of a Hybrid System

To choose the best design suited for the case of operation of the hybrid system, the electrical load need a proper
and detailed study in terms of its nature, amount, pattern, and relationship with time. As one of the important
components of the design, it is necessary to determine the amount of load loss allowed as it is one of the
important components of the design. The available resources in the area (solar or wind sources, etc.) must be
evaluated in order to choose the most appropriate source that secures the load power. To assess the sources and
select the most appropriate one it is necessary to collect the data related to each of the sources be available. Once
the sources are identified, it is important to specify the technological options best suited to these sources. The
capacity of each component of the system and the method of optimal connectivity between components can be
determined after an evaluation study is completed.

In the case study, the site is a health center that works all days and 24 hours a day in Umm Jamal, Mafraq
Governorate area, Jordan. The region and the site exhibit availability of wind sources, bright sun throughout the
day and for more than 90% of the year. The site is located at altitude 682 m above sea level, on Coordinates
32"17'N and 36"21'E (Anagreh, 2011).

Our study is to secure power supply to electrical loads rated 55 kWh/day with 5.9 kW peak load using a hybrid
system (wind - photovoltaic - batteries - diesel generator). The HOMER software provides us with a number of
possible solutions. A comparison is conducted between the various possible solutions and the conventional
method to select the solution with minimum cost.

5.1 Wind Speed Data

We considered an official real data for wind speed taken from Meteorological Department of station Monitoring
for a wind station in Mafraq Governorate near to the site to be studied. The data is as indicated in Figure 2 below
which shows the average monthly wind speed plotted versus time for the period 2010-2013.

Wind Resource
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Figure 2. Average monthly wind speed during the period (2010-2013)
5.2 Solar Radiation Data

We considered an official real data for solar radiation intensity taken from the neighboring monitoring station in
Mafraq Governorate which is a part of the Energy Research Center in Jordan. The data is as indicated in Figure 3
below which shows the daily radiation power density in kW/m?day plotted versus time for the period 2004-2008
(Anagreh, 2011).
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Figure 3. Average monthly solar radiation density during the period (2004-2008)
5.3 Electrical Load

The data for electrical loads at the site is taken from Irbid District Electricity Company (IDECO). The average
daily profile of electrical load (AC) at the study site is as depicted in Figure 4 which shows the average load in
kW plotted versus time in hours.
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Figure 4. Daily profile of electrical load

The average daily profile of AC electrical load at the study site as varies from month to month is as depicted in
Figure 5 which shows the average load in kW plotted versus time in hours for specific months.
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Figure 5. Average load in kW plotted versus time in hours for all months
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The average monthly energy consumption of AC electrical load at the study site as it varies from month to month
is as depicted in Figure 6 which shows the average load in kWh plotted versus months for the period 2010-2013.
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Figure 6. Average energy consumption versus months during the period (2010-2013)

5.4 Implementation of the Hybrid System

The implementation and optimal parameters of the hybrid energy generation system are determined using
HOMER software. The proposed system comprises primary renewable sources (wind/PV) which are supported
by standby secondary conventional sources (diesel generator/batteries). Power converter is included in the
system to connect between AC and DC links and the controller unit. HOMER software is also used for
pre-feasibility study of the system as well as the sensitivity analysis.

In Figure 7 shown the proposed hybrid system components modeled using HOMER program are as specified

below:

a)

b)

<)

d)

e)

Wind turbine model SW whisper 500 is used in this system, it has rated capacity of 3 kW and provides
DC. The initial capital, replacement, and operation-maintenance estimated cost of one unit are 9500
U.S.D, 9000 U.S.D and 250 U.S.D/year, respectively. The lifetime of a wind turbine is considered to be
15 years. The power curve of the wind turbine generator is shown in Figure 8 and the details of the
wind resource are as shown earlier in Figure 2.

The solar PV modules are flexible and can be connected in series, parallel, or both. When the sun rays
strike the solar PV panels, it produces electricity. Each module produces 10 kW of DC power. The solar
energy panels are of the fixed type that does not follow the sun direction. The initial capital,
replacement, and operation-maintenance costs are 8680 U.S.D, 8000 U.S.D, and 120 U.S.D/year
respectively. The lifetime of a PV is taken to be 20 years and the details of the solar radiation resource
are shown in Figure 3.

The Diesel generator is of the conventional type with capacity 10 kW and loading rate youngest 30%.
The limit fuel consumption is 5 m® per year and the price of liter is 0.95 U.S.D. The initial capital,
replacement, and operation-maintenance cost are 2300 U.S.D, 2000 U.S.D and 2 U.S.D/hr respectively.
The expected lifetime of a diesel generator is 15000 hour.

The batteries are Hoppecke 12 Opzs 1500 which has a nominal space 2 V, 1500 A, and 3 kWh. The
lifetime of these batteries is 4 years minimum. The single battery initial capital, replacement, and
maintenance-operation cost are 508 U.S.D, 475 U.S.D, and 18 U.S.D/year respectively.

Power Converter is included in order to maintain the flow of energy between the AC and the DC bus.
The input efficiency of the DC/AC inverter is 90% while the input efficiency of the AC/DC rectifier is
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85%. The size of the convertor that is used in this system is 10 kW. The initial capital, replacement, and
operation-maintenance costs are 3000 U.S.D, 2800 U.S.D and 60 U.S.D/year respectively. The lifetime
of the converter is taken to be 15 years.
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Figure 7. Hybrid system elements and electrical load connection
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Figure 8. Power curve of the wind generator

6. Results and Discussion

Data of wind speed, solar radiation, and the specification of system components are supplied to HOMER
Software. Several Simulations were performed to obtain the optimal hybrid system and to determine the proper
supply of the electrical power that meets the required load demand at the lowest possible price. Table 1 shows a
summary of each variety of the system, including the capacity value of Photovoltaic, wind turbine generator,
conventional diesel generator, and batteries, as well as the value of Initial Capital (IC) and Net Present Cost
(NPC). The calculated average cost of energy (COE) per kWh for each combination of the system expressed in
U.S. dollars is presented in Table 1. Figure 9 shows the monthly average electric production of the PV and the
generator of case 2 mentioned in Table 1. Figure 10 shows the histogram of the cost detail for the same case.

Table 1. HOMER summary of optimization results

WT Battery  pyjial Operating Total
pv  W500 GEN HI500 capital cost NPC COE
Case# Components (kW) (kW) (kW) (kWh) (U.S.D) (US.D/yr) (U.S.D) (U.S.D/kWh)

1 PV 21 - - 162 48660 1018 61673 0.240
2 PV- GEN 20 - 10 108 40948 1622 61677 0.240
3 PV-WT-GEN 15 3 10 126 49156 1713 71054 0.277
4 PV-WT 21 3 - 144 55112 1457 73736 0.288
5 WT-GEN - 12 10 72 55492 7552 152036 0.592
6 GEN - - 10 54 14444 15677 214850 0.837
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Monthly Average Electric Production
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Figure 9. Monthly average electric production (PV & generator for Case 2)
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Figure 10. Histogram of cost details (Case 2)

The dialy power profiles of the diesel generatorl, PV array, battery charge, and total renewable power daily
profile are shown in Figures 11-14, resspectively.
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Generator 1 Electrical Output Daily Profile
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Figure 11. Diesel generator] output daily profile

PV Array Power Qutput Daily Profile
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Figure 13. The battery charge power daily profile

Total Renewable Power Qutput Daily Profile
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Figure 14. The total renewable power daily profile

A direct comparison of the economic feasibility results of the system configurations described in Table 1 shows
that:

The hybrid systems labeled as cases 1, 2, 3, and 4 in Table 1 are the best options available to secure the
power supply.
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= The hybrid systems labeled cases 1 and 2 are chosen as optimal hybrid system design for feeding the
electrical loads. It is worth mentioning that case 1 consists of photovoltaic system of capacity 21 kW,
batteries of 162 kW, while case 2 consists of photovoltaic system of capacity 20 kW, batteries of 108
kW, and a 10 kW conventional diesel generator.

= Comparing the hybrid systems in cases 1, 2 in terms of feeding preference and continuity of electrical
power supply, we have chosen case 2 since that net present cost (NPC), and average cost of energy
(COE) per kWh for case 1, 2 are almost equal. The inclusion of conventional diesel generator in the
system guarantees its work in very cloudy situations. Moreover, the low capacity and cost of batteries
for case 2 (108 KW) compared to that of case 1 (162 KW), and initial capital (IC) from 48,660 U.S.D
for case 1 to 40,948 U.S.D for case 2.

= [t should be noted that the average cost value of power per kWh for the hybrid systems described in
cases 1, 2 is equal to 0.240 U.S.D/kWh while the cost of traditional diesel generation system described
in case 6 is equal to 0.837 U.S.D/kWh.

7. Conclusion and Recommendation

The comparative technical and economical simulation results shows the importance of hybrid systems adopting
renewable energy sources for securing power supply to electrical loads in remote areas. Based on the
comparative simulation carried using HOMER software, the hybrid system labeled cases 2 is chosen as optimal
system design. The hybrid system in cases 2 is more reliable in terms of feeding preferences and continuity of
electrical power supply as discussed earlier.

The study showed the importance of the addition of a conventional diesel generator to the components of hybrid
system, not as an option but to ensure the continuous feeding of the electrical loads in some rare but critical
condition especially for remote areas far from electrical grid.
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