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Abstract: During the last decade, there has been an increased interest to develop renewable energy

technologies that could contribute to ever-increasing energy needs. This paper proposes a new PV

array-wind-diesel generator hybrid system model to determine the optimal configuration of power

systems relevant to different regions in Yemen, Sana’a and Aden. Various renewable and non-

renewable energy sources, energy storage and their applicability in terms of cost and performance are

discussed. The collected data for the wind, solar radiation and diesel price were obtained from Civil

Aviation & Meteorology Authority in Yemen. The Sensitivity analysis was carried out using Homer

program. The results show that wind-diesel-battery model is the most suitable solution for both regions

in term of the economic performance.
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INTRODUCTION

Renewable energy technology is becoming, as technically and economically viable and environmentally

friendly. To meet the ever-increasing energy demand, the world is focusing on and very keen to search for

the alternative energy resources. This concern is due to the rising price of conventional energy sources and

their limited supply Dutton et al., (2000). However, the model of small-scale stand–alone power sources for

use remotely or off-grid locations is yet to reach a commercial stage. All renewable forms of energy including

sun, wind and biomass would be an increasingly important source of future energy. Photovoltaic (PV)

technology provided a reliable and in many cases a cost efficient way of harvesting this solar energy. While

a number of developing countries were reaping industrial and social benefits from the development of PV

technology, many countries were still not gaining significant benefit from the extensive solar energy resources

available. In order to exploit these resources, it was essential to increase research, development,

commercialization capacity, market awareness and undertake appropriate capital investments to foster national

capacity and to master all range of renewable energy and PV applications (Baring-Gould et al., 2001; Lew et

al., 1997).

A hybrid energy system generally consisted of a primary renewable source working in parallel with a

standby secondary non-renewable module and storage units. Village hybrid energy systems employing

renewable energy offer an attractive and practical approach to meet electrical power need in rural communities

around the globe (Khan and Iqbal, 2004). Technology advances over the past decade had made renewable

energy success more viable than ever in displacing diesel power to meet isolated grid-power needs. The key

to long-term successes for any village hybrid system was to install a well designed and well thought out power

system, while keeping in mind the institutional framework and structure needed to provide long-term operation

and maintenance for the system (Yang et al., 2007). The advantage of a hybrid system is that, when one power

source is at low levels the other source is usually at higher levels. On a cloudy, windy day when solar panels

are producing lower levels of energy a wind generator may be producing a lot of energy. Similarly, to use a

wind generator effectively requires a location, which has a certain amount of wind on a regular basis.

In rural Yemen, areas not connected to the national grid are powered by stand-alone power systems. These

small power systems are solely powered by diesel generators. With the current increase in oil prices and the

decreasing subsidy of the government to diesel, pressure is mounting on rural people who rely heavily in their

power requirements on diesel. To help release this burden and improve the quality of lives of rural people,

stand-alone power systems based on hybrid energy system backed up by diesel generator need to be

proliferated. Renewable energy sources offer a viable alternative to the provision of power in rural areas. The
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distance from the centralized electric network increases the costs of the energy dramatically that most of the

remote users are disconnected from the main grid. Many factors should encourage the using of renewable

energy sources in Yemen because of the high potentials solar radiation and wind power. The availability of

solar energy at winter time is very high so, daily average of sunshine hours during coldest months (October

to February) is more than 8 hours per day, which perfectly matched the demand for hot water. As for the wind

power, in the coastal areas, high-speed wind continues for more than six months (September to March) which

is available to produce electrical energy (Al-Ashwal, 2002).

This paper presents a comparison study to determine the optimal configuration of power sources relevant

to different regions in Yemen. In addition, the model determines and states the economic evaluation and the

high potential of renewable energy sources in Sanaa and Aden. These regions are different in the locations and

climatic conditions including solar irradiance, wind speed, temperature, and so forth, which are always

changing. Since the performance of a hybrid system is highly dependant on the environmental conditions, a

site–specific analysis is considered to investigate the associated cost, and component size. The study has

defined the diesel fuel price, the wind speed and solar radiation as a sensitivity variable to determine the effect

of these variables on the cost of the system and the optimal system configuration.

Hybrid Energy System Model: 

The considered systems are presented in figure 1 & 2. In this design a PV array is used to charge a

battery bank during the daytime. The deep cycle battery bank is used for electricity storage (charging) at

daytime and supply DC current to inverter (discharging) at nighttime. The lead acid sealed type deep cycle

batteries are suitable for renewable energy power system because the charging and discharging processes can

be performed continuously for several hours. Inverter (Converter) is used for the purpose of rectifying AC to

DC and inverting DC to AC. The diesel generator is used for supplying power to the load when the storage

capacity of the battery bank is insufficient. The generated excess electricity of generator will be useful to

charge the battery bank. In this paper two models are provided for Sana’a and Aden. The first model refereed

to as system 1 for Sana’a, while the second system 2 for Aden. The operating reserve was required to be 10

% of the hourly load, thus the two systems consider satisfying the existing load and use 25% and 50% of the

required power from the PV array and wind turbine respectively assuming that the project would operate for

25 years. In this study, simulations were carried out on the two systems using the Homer program Lambert,

(2003). Table 1 provides a summary of system configurations and the procedures of simulations are shown in

the flow chart Figure 3. The selection of components for the simulation of systems 1 & 2 will be discussed

briefly in section 3.

Table 1: Summary of system configuration at two regions

Components Sana’a (System1) Aden (System2)

Diesel Generator 1 Unit 8 kW 1 unit 6 kW

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

W ind turbine 5 units BW C XL,1kW 3 units BW C XL. 1kW

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Battery 12 units Surrette6CS25P 24 units TrojanL16P

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Converter 8 kW  power 4 kW  power

Fig. 1: Hybrid Energy model for System 1 Fig. 2: Hybrid Energy model for System 2
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Fig. 3: Simulations procedures using Homer software

Sizing Methodology of the two Systems:

The captured load profile for system 1 & 2 are shown in Figures 4 & 5. The load profile was captured

at the three-phase output of the diesel generator between 08 am and 06 pm. From Figures 4 & 5 it is shown

that the average power consumption throughout the operation period is almost fixed and averages about 3.7kW

for system 1 & 2.9kW for system 2 and the average daily power consumption is 61 kWh, the maximum

consumed power between 08 am and 06 pm. From this, the average daily power consumption is 7.7kWh and

the Cost of Electricity (COE) is 3.46 RM/ kWh, which is at least 10 times the cost of power from the grid.

Fig. 4: Load Profile for System 1 Fig. 5: Load Profile for System 2

Availability of energy from the wind turbine depends greatly on wind variations. Therefore, wind turbine

rating was generally much higher compared to the average electrical load. The same model of Bergey Wind

Power's BWC EXL1 was applied for system 1 & 2. The Cost of one unit was $ 2000 while replacement and

maintenance costs were $ 1800 and $ 75 per year respectively. To optimize the model of hybrid system, a

number of units have been used with the same capital, replacement, and operational costs for system 1 & 2.

The PV power production is computed as the product of the PV efficiency, the hourly P(t) irradiation and the

PV module area. The installation cost of PV arrays may vary from $ I(t) 6.00 to $ 10.00/W. The $ 7.5/W for

the PV and 1 kW solar energy system's installation had been chosen. The considered capital costs and

replacement are $ 7500 and $ 7000 respectively. Eight different sizes of PV arrays were simulated for system

1 and System 2. The PV module used in the simulation was fixed at direction to the south, and the slop of

the panel was assumed to be 15.13° for System 1. On contrast, it had been used the same capital, replacement

and operational costs for System 2, whereas the difference was the slop of the panel which was assumed to

be 12.5° for system 2.

The battery bank plays an important role in any off-grid power system. It’s a major cost factor as well

as the insurance for uninterrupted supply throughout shortages of irradiation. The sizing of the battery bank

considers two important criteria, first, the number of days of autonomy and the state of battery’s charge, both

determine the life of the battery bank. Commercially available different types of batteries such as Battery

Engineering's Surrette6CS25P (6 V, 1156 Ah, 7,029 kW h) which had been considered for system 1, as for

system 2, Trojan L16P models (6V 360Ah, 6,095kWh).
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The cost of a commercially available diesel generator may vary from $ 250 to $ 500/ kW. For larger units,

the cost per kW  was lower than the cost of smaller units. Since the peak power demand in Sana’a was less

than 6.75 kW , the diesel generator with a rated capacity of 8 kW was preferred for system 1. The peak power

demand was around 5.4 kW in Aden, thus, a diesel generator with a rated capacity of 6 kW had been selected

for system 2.

The Batteries operated on DC power and the other part of the hybrid system is operated on AC power,

therefore, the AC/DC converter is used for battery bank. Three different sizes of converters were implemented

for both systems. For a 1kW converter the installation and replacement costs assumed to be $ 800 and $ 750

respectively.

Simulations and Results:

The two models are simulated using “Homer”, a simulation tool from the National Renewable Energy

Laboratory (2003). The purpose of the simulations is to evaluate and compare the use of wind and solar in

terms of efficiency and capital cost. The optimization results of the two systems are summarized as shown in

Table 2 & 3. The cost of the numbers of units which is used during operating hours was specified. The

Economic inputs allow entering the interest rate, project lifetime, and other inputs that affected the system as

a whole, rather than a single component of the system. System costs include the net present cost (life-cycle

cost) and cost of energy is based on the assumption that the project would operate for 25 years. The annual

real interest rate was 6%. For a small size system, the fixed capital cost was less and it assumed to be $ 0.

For system1, the annual average of global solar isolation was 5.89 kWh/ m  / day and the annual average2

wind speed was 7.84 m /s. According to the simulation results, the suitable model for system 1 was a hybrid

system with a wind / generator. It is recommended that 5 BWC XL.1 wind turbines, 8 kW diesel generator,

12 Surrette6CS25P batteries and an 8 kW power converter to be purchased as a suitable system and the capital

cost is $ 32,960 over the lifetime of the system. The total net present cost was $59,195 and the cost was $

0.208 /kWh. Typically, 84 % of the total energy production and the generator would be running approximately

1,035 hour per year. The annual fuel usage would be $1,847L as shows in Table 2.

In contrast, 3 BWC XL.1 wind turbines, 6 kW diesel generators, 24 TrojanL16P batteries bank and a 4

kW power converter are the suitable model for system 2. Since the capital cost of this configuration was $

15,836 and the lowest was $ 46,452. This system produced 43 % of its production from renewable sources

and the generator would typically be running 2,076 hours per year and fuel usage is 3,583 liter as shows in

Table 4. Consequently, this system could supply power at the lowest life cycle.

Referring to Table 2 & 3, it is noted that the wind/ generator of system 1 produces 41 % renewable

resources more than wind/ generator of system 2 (48 % less than the generator of system 2 which used 3,583

liters of fuel). In addition, the wind/ generator of system 1 would be running 1,035 hours and used 1847 liters

of fuel (1040 hours less than the generator of system2). Moreover, the cost of energy for system 1 is 12.6%

lower than the cost of system 2, although the net present cost of system1 is 21.5% which is more expensive

than the net present cost of system 2. It can be concluded that the electricity supply could be generated most

economically by installing wind turbine/ generators. For both systems it was found that economically and

ecologically to use a wind turbine/generator which is the most appropriate system than the solar energy and

due to the fact that, Sana’a has the most favorable meteorological conditions for wind energy usage.

Table 2: Optimization results of system 1
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Table 3: Optimization results of system 2

Conclusion:

In this work, the use of the Homer has been presented to evaluate the economic value of the proposed

technique. The present results show that, the electricity supply could be generated most economically and

ecologically by installing a stand-alone wind–diesel hybrid system for both regions. It would be feasible when

the present cost of diesel was $ 0. 14/L also if the cost of the diesel price in the future increased to $ 0.25/L.

finally the PV-wind–diesel generator to the energy system in Sana’a would not contribute much and it was

not economical in this study. In addition, the use of wind-diesel hybrid system was economically suitable in

Aden compared to diesel generator system as well. So, it was found that, for Yemen the use of wind resource

is economics than solar energy. Further research could be done in many ways to optimize the efficiency of

the wind turbine system. Additional study for wind availability and daily wind speed was required to precisely

evaluated wind generation economics.
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