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This paper proposes a hybrid energy system consisting of wind and fossil fuel sources to supply 
continuous power to a certain oil and gas facility plant. This plant is already operating using 
conventional fossil fuel sources. The hybrid system allows a maximum utilization of freely 
available wind energy. A management system is developed to optimally handle the power flows 
in order to satisfy the load requirement during a whole day. Results from three case studies are 
presented to highlight the capability of the management system to deal with different situations. 
In the first case, the plant operates using the conventional fossil fuels. In the second and third 
case studies, the plant is suggested to operate using wind and fossil fuel sources at two sites 
with different wind-speed levels. A complete description of this system is presented along with 
its simulation results, which ascertain the feasibility of the hybrid system. The simulation results 
are presented for the four seasons for a period of 24 hour to prove the effectiveness of the 
optimization process to manage the operation of the plant in an economic manner. 

Keywords: Hybrid Energy Systems; Economic Operation; Optimal Management; Wind Energy.  

 
1. Introduction 
 

The ever-increasing demand for conventional energy sources like coal, natural gas and 
crude oil increases the opportunity for depending on alternative energy sources. Nowadays, 
most electrical energy is generated by burning a huge amount of fossil fuels, which results 
in acid rain, climate change, urban smog regional haze, etc. In addition, Kyoto protocol 
authorized on Feb.16, 2005 forces most industrialized countries to reduce their overall 
emissions of gases at least 5% below 1990 level in the commitment period from 2008 to 
2012 [1]. Hence, renewable energy is a hot issue in competitive market. Wind power 
generation is one of the most mature and cost effective resources among different 
renewable energy technologies. World wind-energy capacity has expanded at an annual rate 
of 25% since the 1990s [2]. Moreover, wind farms are often located in remote areas far 
away from high capacity transmission lines [3] and are generally implemented in countries 
having high wind speeds. However, most rural areas of developing countries have low wind 
speeds [4]. Moreover, low-speed turbines have been developed to reduce their cost, which 
is currently higher than high-speed turbines. Therefore, economic feasibility of wind farms 
with actual low-speed turbines is evaluated and compared with high-speed ones. 

Small, intermediate and large wind turbines are rated respectively below 10kW, between 
10 to 250 kW and above 250kW [5]. Many hybrid systems comprising wind energy with 
other generating units are discussed in [6, 7]. Operation of power system with high 
penetration of wind power is challenging due to stochastic nature of the energy input. The 
produced electricity by wind turbine generators (WTG) at specific site depends upon 
several factors in addition to the wind itself. These factors include different wind speed 
characteristics of WTG such as cut-in and cut-out speeds, rated wind speed and hub height. 
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Researchers have evolved various techniques for accurate assessment of wind power 
potential at site [8-10]. They have concluded that using Weibull probability density 
function to represent the wind speed with cubic mean cube root gives the real estimation of 
wind power potential [11]. 

This paper investigates the possibility of implementing hybrid network of wind turbine 
generator with conventional energy systems depending on fossil fuel to supply certain oil 
and gas facility plants in Egypt. The loads are recorded from the site in Mansoura governor 
in Egypt for 24 hour during the four seasons. This site depends on two gas generating units 
and one diesel unit to generate electricity needed for the operation of the plant. Managing 
the energy flow throughout the proposed system to assure continuous supply of the load 
demand is investigated deeply in this paper. The main objective of the power management 
system is to supply the load with its full demand. At the same time, the cost with and 
without WTG in the isolated plant are compared. 
 
2.  Proposed hybrid system 
 

This paper studies the possibility of introducing a wind turbine in a hybrid system with 
conventional units based on fossil fuel. Three case studies will be presented to evaluate and 
compare the cost of electricity with and without wind turbine. In the first case, the plant 
depends on the gas generating units “GGUs” with a diesel generating unit “DGU” to supply 
the loads. The management system and the daily operating cost are introduced for the actual 
fossil fuel-based conventional system without wind turbine. In the second case, a wind 
turbine will contribute in feeding the load with the conventional system under actual values 
of wind speed recorded in the site. The cost of kWh of wind turbine at the specified site is 
calculated based on the weather data collected from general staff for weather forecasting 
station in Egypt. In the third case, the optimization method is applied considering the wind 
speed in another site in Egypt. This is attributed to show the possibility of implementing 
this system in Egypt with optimal operation. The genetic-algorithm optimization technique 
is used to manage the operation of GGUs, diesel generating unit and wind turbine in order 
to give the optimal daily operating cost for various seasons. 

 
2.1. Wind energy system 
 

Wind speed, air density, turbine dimensions and power coefficient are the main factors 
that affect the energy generation. The total wind power to be extracted is calculated as [12]: 

=WP  3
P AVC 5.0 ρ                         (1) 

where: “ρ” is the air density (1.226kG/ 3m under standard conditions), “A” is the swept area 
of wind turbine, A=π 2R , “R” is the blade radius, “ pC ” is the Power coefficient and “V” is 
the wind speed. The wind turbine is normally characterized by its CP-λ curve, where “λ” the 
tip-speed ratio. 

Changes in hub height and roughness will affect the mean wind speed. If the blades are 
moved further away from ground level, the wind speed increases. On the other hand, the 
wind speed decreases if there are more obstacles in the neighbourhood of the wind turbine, 
e.g. buildings. The wind shear formula was used to estimate the wind speed at the height of 
wind turbine as [13]: 
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where: V(z) is the wind speed at height “z” above ground level, V(zr) is the reference speed, 
i.e. known wind speed at height “zr”, “ 0Z ” is the roughness length in the current wind 
direction, “Z” is the height above ground level for the desired velocity and “ rZ ” is the 
reference height, i.e. the height at which wind speed is known. The roughness length can be 
obtained from Table 1 according to the landscape type [13] 

 
TABLE 1: ROUGHNESS LENGTH CORRESPONDING TO LANDSCAPE TYPE 

Landscape type Roughness 
length(m) 

Water surface completely open 0.0002 
Terrain with smooth surface e.g. concrete runways in airport 0.0024 
Open agricultural areas without fences and hedgerows and building 0.03 
Agricultural land with some houses and 8m tall sheltering hedgerows with a distance ≈ 1250 m 0.05
Agricultural land with many houses and 8m tall sheltering hedgerows with a distance ≈ 500 m 0.1
Agricultural land with houses and plants, or 8m tall sheltering hedgerows with a distance ≈ 250m 0.2
Villages, small towns, agricultural land with many or tall sheltering hedgerows, forest 0.4 
Larger cities with tall building  0.8 
Very large cities with tall buildings and sky scrapers 1.6 

 

If the wind speed is measured at particular site throughout the year, it will be noticed 
that strong gale force winds are rare in most areas, while moderate and fresh winds are 
quite common. The wind variation for a typical site is usually described using the so-called 
Weibull distribution. The weibull probability density function is a two-parameter function, 
where “C” and “K” are the scale and the shape parameters, respectively. The scale 
parameter is used to indicate how windy the site is, on average, while the shape parameter 
indicates how the distribution peaked is, as [12]: 

])C
V(exp[)C

V(C
k)u(f k1k −= −                     (3) 

 
3.  System description 

Mansoura oil and gas facility plant in Egypt produces natural gas and oil, so it depends 
essentially on the natural gas as a source of fuel needed for generating electricity through 
two GGUs. The diesel generator is used independently on the plant production from natural 
gas. Thus, the diesel generator is used to enable starting up the plant in case of shutdown of 
production line, at the first start-up or as a standby unit when the load exceeds the rated 
power of the two GGUs. Generally, the existing system contains two units as follows: 

A. Two Gas generating units: 450 kVA, 360kW, 400V  
B. A 500 kVA, 400kW diesel generating unit 
 

3.1.  Conventional fossil fuel system 
3.1.1. Gas Generating Unit 

The operation of the generators depends on the internal combustion theory. The 
consumption of natural gas at 50%, 75% and 100% loading of generator is 60.5, 86.8 and 
111 N.m 3 /hr, respectively [14]. Hence, the general equation of consumption of each 
generator from natural gas at any load depends on curve-fitting technique as: 
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where: GGC  is the generator consumption of natural gas in standard cubic feet/hour and GP  
is the generator output power 

The operation of the GGUs is limited by some constraints to control the behaviour of 
the generator as in the following sections. 
Maximum and minimum output of gas generator 
PGMIN  < GP  < PGMAX                        (5) 
where: PGMIN  and PGMAX  denote the min. and max. power generation, respectively. 
Efficiency of the generator 

If the generators operate at less than 50% of their ratings, the overall efficiency of the 
generator will be low. Thus, the lifetime of the engine will decrease and the maintenance 
cost will increase. According to maintenance schedule of generator, the top end overhaul 
maintenance is required after 9000 and 16000 hours of operation and the major overhaul 
are between 45000 to 80000 hours. It is assumed that if a generator operates at less than 
50% of its rated power, top end overhaul and major overhaul will require 9000, 45000 
hours, respectively. On the other hand, if the generator operates at more than 50% of its 
rated power, top end overhaul and major overhaul will be done after 16000, 80000 hrs, 
respectively. Where the maintenance cost “M” is given as: 
M= 3.15 $/h, For 1GP  <0.5 RATED1GP      M=1.85 $/h, For 1GP  >0.5 RATED1GP  
M=3.15 $/h, For 2GP < 0.5 RATED2GP      M=1.85 $/h, For 2GP  >0.5 RATED2GP  

 
3.1.2. Diesel Generating Unit 

The DGU operates as a standby generator to supply the load demand in case of losing 
production of natural gas. In addition, if the plant load exceeds the rating of the two GGUs, 
the later will contribute in the load supply. According to the technical data sheet of the 
DGU, the fuel consumption of diesel at 50%, 75% and 100% of the load are 56.4, 78.6 and 
102.9 litre/hr, respectively [15]. The general equation for the consumption of diesel at any 
load demand is obtained as follows: 

Liter/hr   10*85.2P322.0P10*2.5P10*76.5C 14
D

2
D

43
D

7
DG

−−− ++−=      (6) 

where: DGC is the consumption of DGU and DP  is the output of DGU. The total operation 
and maintenance cost for the diesel-generating unit is assumed to be 10% of the fuel cost 
[16]. The constraints of the maximum and minimum output of diesel generating unit, which 
are denoted by PDMIN  and PDMAX respectively, are given as: 

PDMIN  < DP < PDMAX                       (7) 
 

3.2. Wind turbine modelling  
A 600kW wind turbine is selected to demonstrate the economical utilization of wind 

energy at the site. The reason for using that size is to match the base load. The selected 
wind turbine is ENERCON E-40 with 12.5m/s rated wind speed, while the cut-in wind 
speed is 2.5 m/sec and the cut-out speed is from 28 to 34m/sec, while the hub height is 78m 
as in the data sheet as shown in the Appendix. Output power from selected wind turbine at 
any wind speed is given by the following expression obtained using curve fitting technique: 
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kW       5.76V75.80V9.29V13.5V5106.0V0183.0 2345
WP +−+−+−=     (8) 

where: PW is the output power of wind turbine and “V” is the wind speed m/sec 
 
4. Optimal power dispatch model 

To achieve the optimal management of all sources, the daily operating cost “DOC” has 
to be minimized as follows: 
DOC= ∑ =++++++ n

1I IWDGGGKWWndDGngGG STC MMMWPCCCC     (9) 

where: GGC  is the natural-gas consumption of generator in standard cubic feet per hour, 

ngC  is the cost of standard cubic of natural gas ($/SCF), DGC  is the consumption of diesel 

generating unit in litre/ hour, ngC  is the cost of litre of diesel in dollar ($/Litre), WP  is the 
wind energy output power (kWh), W KW  is the kWh cost in dollar ($/kWh), M GG is the 
maintenance cost  of gas unit ($/h), M DG  is the diesel generating unit maintenance cost  
($/h), STCI is the daily start up cost for ith unit and i is the number of units. 

The start-up cost depends on the temperature of the unit and hence on the time 
terminated before start up and is given as: 
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where: α, β are hot and cold start up costs respectively, toff: is the time duration, where the 
unit is off (h) and τ is the unit  cooling time constant (h). 

The minimization of the objective function (9) is restricted by the following operational 
and technical constraints: 
Unit capacity constraint: Pmin ≤ PJ ≤ Pmax              (11) 
Unit ramp rate constraint: U1-tJ,tJ,D PP- PP Δ≤≤Δ−              (12) 
Minimum up/down time limits (continuous running/stop time constraint): 
( ) ( ) 0UUMUTT t1t

on
1t ≥−⋅− −−               (13) 

( ) ( ) 0UUMDTT 1t1
off

1t ≥−⋅− −−               (14) 
In the above equations, Pmin and Pmax are the minimum and maximum limits of the 

generated power, ΔPU and ΔPD are the upper and lower limits of the ramp rate, PJ,t-1 is the 
power generated at interval (t-1), Ton, Toff are the unit on and off times, MUT, MDT are the 
minimum up and down time limits and U is the unit on/off status: U=1 for running mode 
and 0 for stop mode. These constraints are assigned for all units. The daily number of starts 
and stops (nstart-stop) should not exceed a certain maximum number (Nmax). 
nstart-stop ≤ Nmax              (15) 

The proposed model considers also the equation of electrical power balance as follows: 
WLOADDGG PPPPP −=++ 21                      (16)  

where: 1GP  and 2GP  are the output power of GGU 1 and 2 respectively, DP  is the output 
power of diesel generating unit, WP  is the output power of wind energy system and 
PLOAD  is the load demand. 
The genetic algorithm is used to minimize the power generation costs for the three case 
studies and to manage the operation of different units, while also the system constrains are 
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satisfied. The input of the program is the maximum daily load of the plant, which is 
recorded for 24 hours in various seasons with the wind speed updated each hour. The 
results of the program show the best settings of the generating unit for 24 hours for each 
season and the total daily operation cost of the generating unit. 
 
5. Simulation results 
 Case 1: represents the operation of the conventional generating units without the wind 
turbine. The genetic algorithm technique is used to manage the operation of generating 
units in all seasons. The simulation results of this case are illustrated in Figure 1 and Table 
2 tabulates the optimal daily operating cost of each season. In this case, the optimization 
process succeeded to supply the load variation and to minimize the generation cost as an 
objective function. 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
Fig 1-a. Optimal load management in summer, case (1)  Fig 1-b. Optimal load management in autumn, case (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1-c. Optimal load management in winter, case (1)  Fig 1-d. Optimal load management in spring, case (1) 

Fig 1. Total load of the plant and management of operation for 24 hours in each season, case (1) 
 
 
 

200 

300 
400 Output of Gas Generator B (kW) 

0 5 10 15 20 25
0 

200 

400 

 Time (Hour)

Output of Diesel Generator (kW) 

600 
800 

1000 
1200 

200 

300 

400 Output of Gas  Generator A (kW) 

          Load demand
           Total gen. 

Load and total generated power in summer (kW)
         Load demand

           Total gen. 
600

800

1000Load and total generated power in autumn (kW) 

200

300

400 Output of Gas Generator A (KW) 

200

300

400
Output of Gas Generator B (KW) 

0 5 10 15 20 25
0

200

400

Time (Hour)

Output of Diesel Generator (kW) 
 

600 

800 
1000 

Load and total generated power in winter (kW)

200 

300 
400 Output of Gas Generator A (kW) 

200 

300 

400 Output of Gas Generator B (kW) 

0 5 10 15 20 25
0 

200 

400 

Time (Hour)

Output of Diesel Generator (kW) 

          Load demand
           Total gen. 

400
Output of Gas Generator B (kW) 

0 5 10 15 20 25
600
800

1000
1200 Load and total generated power in spring (kW )

0 5 10 15 20 25
200

300

400
Output of Gas Generator A (kW) 

          Load demand
Total gen

1
0

15 20 25
200

300

0

200

400
Output of Diesel Generator (kW) 

 

0 5 10 15 20 25

5

Time (Hour)



J. Electrical Systems 9-2 (2013): 191-202 
 

 197

TABLE 2: DAILY LOAD COST AND KWH COST FOR CASE 1 
Season Daily cost        ($/kWh) 
Autumn 757 $ 0.043($/kWh) 
Winter 812 $ 0.046($/kWh)  
Spring 787 $ 0.044($/kWh) 
Summer 853 $ 0.046($/kWh)

 
The optimization process depends on the GGUs feed the base load, while the diesel 

generating units operates to cover any increase over the base load. The cost of kWh reaches 
to its minimum value in autumn and to its maximum value in winter and summer to be 
0.043$ and 0.046$, respectively. The generation cost of kWh is increased due to the 
increasing of the load in winter and summer over the base load. However, the diesel 
generating units are operated to supply the over shoot in load even if the diesel generating 
unit is operating with low efficiency. 

Case 2: represents the operation of conventional generator with the wind turbine. To 
insert the wind energy turbine in the mathematical model, the cost of output energy (kWh) 
from the wind turbine should be calculated firstly. Table 3 shows the total output energy 
from the wind turbine for different seasons. The wind speed range is broken down into bins 
of 1 m/h each (column1). Then, it is converted to m/sec to match the used unit in Equation 
(2), which is used to calculate the wind speed at 78m (column 3).  
 

TABLE 3: TOTAL WIND TURBINE OUTPUT ENERGY 

Wind 
speed 
 m/h 

Speed 
at 10 m 
(m/sec) 

Speed 
at 78 m 
(m/sec) 

Output 
power 
(kW) 

Summer Autumn Spring Winter 

Wind 
prob.%

Output 
energy 
(kWh)

Wind 
prob.%

Output 
energy 
(kWh)

Wind 
prob.%

Output 
energy 
(kWh) 

Wind 
prob.% 

Output 
energy 
(kWh)

1 0.5139 0.6528 0 13.133 0 10.6 0 8.9667 0 7.8667 0 
2 1.0278 1.3055 0 13.133 0 10.6 0 8.9667 0 7.8667 0 
3 1.5416 1.9583 0 13.133 0 10.6 0 8.9667 0 7.8667 0 
4 2.0555 2.611 0 7.8333 0 9.6 0 8.1667 0 10.633 0 
5 2.5694 3.2638 3.6075 7.8333 637.52 9.6 748.05 8.1667 650.51 10.633 828.57. . . 

. . . 
...

. . . 
...

...
...

...
...

. . . 
. . . 

. . . 
26 13.361 16.972 600 0 0 0.0333 432 0.1 1324.8 0.1167 1512
27 13.875 17.624 600 0 0 0.0333 432 0.1 1324.8 0.1167 1512 

Total 68113 85357 152779 127646 
 
 

The output power corresponding to each wind speed is calculated using Equation (8) 
(column 4), the probability of wind speed occurrence is recorded at Mansoura site (column 
5). The output power from the wind turbine is multiplied by the wind speed probability and 
total hours in each season to get the net average turbine output energy contributed by wind 
speeds at that bin (column 6). The summation of these contributions represents the output 
energy of the wind turbine during each season. This is carried out to calculate the annual 
output energy of the turbine. It is found that the turbine is capable to produce annual energy 
of 433,894kWh. 

Table 4 provides the stepwise procedure adopted to calculate the cost of electricity by 
the wind turbine. In this table, the capital cost of the turbine is considered as 1,000,000$ 
and the following assumptions are used: 
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• Discount rate is 7.55%. 
• Maintenance cost is assumed to be 0.005$/kWh. 

The cost of electricity generated by the wind turbine unit is 0.24388 kWh/$, which is 
relatively high due to the low wind speed in Mansora site. The cost of kWh produced from 
wind turbine is used in the mathematical model of equation (9). The daily operating cost for 
the hybrid system is computed using the genetic algorithm. The hybrid system and the 
operating turbine constraints are also taken into account. The genetic algorithm is used to 
manage the operation of fossil fuel units with the wind turbine as shown in Figure 2. It is 
also used to calculate the optimal daily operating cost in various seasons as in Table 5. In 
this case, the optimization process permits the operation of the wind turbine if the value of 
the wind speed exceeds the cut in speed at any time. The priority of operation is for the 
GGUs after wind turbine and then the diesel generating units are operated. 

 
TABLE 4: WIND TURBINE COST ANALYSIS 

 Items Symbols & formula 
Turbine capital cost 1C =1000000$ 
Life of turbine 2C =20 year 
Discount rate 3C =7.55% 
Capital recovery factor 

1)31(
)31(34

2

2

−+
+=

C

C

C
CCC =0.0985% 

Annualized cost of the turbine 1*45 CCC = =98465$ 
Energy generated by the turbine 6C =433894 kWh 
Loss of energy 5% 6*05.07 CC = =21694 kWh 
Net useful energy 768 CCC −= =412199 kWh 
Capital cost kWh 8/59 CCC = =0.23888 $/ kWh 
O&M cost 10C =0.005 $/kWh 
Total specific cost 10911 CCC += =0.24388$/kWh 

 
TABLE 5: DAILY LOAD COST AND KWH COST FOR CASE 2 

Season Daily cost ($/kWh) 
Autumn 770  $ 0.0437 
Winter 853  $ 0.0486
Spring 848.9$ 0.0475 

Summer 857.3$ 0.0462 

The daily overall cost of operation is more than the overall cost in the previous case as 
a result of the operation of wind turbine. Due to low wind speed in this area, which is 
always close to the value of cut in speed, the cost of the output kWh from wind turbine is 
high. As shown in the Figure 2, the wind speed in winter and spring is relatively higher than 
the wind speed in summer and autumn. So, it permits to operate the wind turbine, which 
increases the overall cost of kWh to reach its maximum value in the winter and spring. 
Thus, the use of wind turbine in this case increases the cost and saving small amounts of 
fossil fuel. 

Case 3: represents the implementation of the case 2 in another area with higher wind 
speed. The energy which has captured by wind turbines is highly dependent on the local 
average wind speed. Regions that normally present the most attractive potential are located 
near coasts, inland areas with open terrain or on the edges of water bodies. Hence, it is 
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proposed to choose another plant in Egypt with high average wind speed like Gulf El Zayt 
or Zafarana, where mean wind speeds are about 10.6 and 9.1m/s, respectively. These areas 
are also rich of fossil fuel, so there is a lot of oil and gas facility plants including onshore 
and offshore. If it is assumed that the hybrid system of wind turbine with conventional 
system can be implemented in Gulf El Zayt keeping the load as in the previous cases, the 
cost of kWh produced by wind turbine is calculated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2-a. Optimal load management in summer, case (2)  Fig 2-b. Optimal load management in winter, case (2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2-c. Optimal load management in autumn, case (2)         Fig 2-d. Optimal load management in spring, case (2) 

Fig 2. Management of operation for 24 hours in each season, case (2) 

25

    500 
1000 
1500 

Load and total generated power in summer (kW)

    
2 

2.5 
3 

 Wind speed (m/sec) 

    
0 
5 

10 

)

Output of Wind Turbine (kW) 

    
320 
350 
380 )Output of Gas Generator A (kW) 

  
320 
350 
380 Output of Gas Generator B (kW) 

0 5 10 15 20
0 

200 
400 Output of Diesel Generator (kW) 

Time (Hour)

  
600

800
1000

Load and total generated power in Winter (kW)

  
2

3

4

 

 Wind speed (m/sec)

  
0

20

40

 

Output of Wind Turbine (kW) 

 
200

300

400

 

Output of Gas Generator A (kW) 

  
200

300

400

 

Output of Gas Generator B (kW) 

0 5 10 15 20 25
0

200

400 Output of Diesel Generator (kW) 

Time (Hour)

    
600 
800 

1000 Load and total generated power in Autumn (kW)

    
2 

2.5 
3  Wind speed (m/sec) 

    
0 

10 
20 Output of Wind Turbine (kW) 

    
300 
350 
400 Output of Gas Generator A (kW) 

    
300 
350 
400 Output of Gas Generator B (kW) 

0 5 10 15 20 25
0 

200 
400 

Output of Diesel Generator (kW) 

Time (Hour)

25

  
500

1000

1500

 

Load and total generated power in Spring (kW)

  2.5

3

3.5

 

 Wind speed (m/sec)

  
0

20

40

 

Output of Wind Turbine (kW) 

  
300

350

400

 

Output of Gas Generator A (kW) 

  
300

350

400

 

Output of Gas Generator B (kW) 

0 5 10 15 20 
0

200

400Output of Diesel Generator (kW) 

Time (Hour)



Ahmed M. Azmy et al: Optimal management and operation of a hybrid energy system...  
 

 200

Table 6 illustrates wind turbine cost analysis, where the cost of the output kWh from 
wind turbine is reduced compared to case 2 to reach 0.0402 $/kWh, due to the average high 
wind speed. The output with the genetic algorithm management is shown in figure 3 and 
table 7. In this case, the optimization process permits also the operation of wind turbine at 
any time if the wind speed is higher than the cut in speed. Due to the higher wind speed in 
this area that is always close to the rated wind speed, the wind turbine operates all the time. 

TABLE 6: WIND TURBINE COAT ANALYSIS 
Items Symbols & formula 
Turbine capital cost 1C =1000000$ 
Life of turbine 2C =20 year 
Discount rate 3C =7.55% 
Turbine Annualized cost  1*45 CCC = =98465$ 
Turbine generated energy 6C =2941402kWh 

Loss of energy 5% 6*05.07 CC = =147070 kWh 
Net useful energy 768 CCC −= =2794332 kWh 
Capital cost kWh 8/59 CCC = =0.0352$/kWh 
O&M cost 10C =0.005$/KWH 
Total specific cost 10911 CCC += =0.0402 $/kWh 
Capital recovery factor 

1)31(
)31(34 2

2

−+
+= C

C

C
CCC =0.0985% 

 
TABLE 7: DAILY LOAD COST AND KWH COST FOR CASE 3 
Season Daily cost  ($/kWh) 

Autumn 720   $ 0.0409 
Winter 785.3 $ 0.0448 
Spring 783.3 $ 0.0438 
Summer 735   $ 0.0396

The diesel-generating unit is operated only in the summer season at the daytime for 6 hours 
per day due to the low wind speed during this period as shown in Figure 3-a. 
 The maximum output of diesel generating unit is about 25% of its rating as shown in 
Figure 3. Hence, the capacity of the diesel generating is reduced to 25 % of its rating 
(400kw). It is noticed that the kWh cost in this case is less than the other costs in the 
previous cases (1, 2) in all seasons. This case is considered as the best economical and 
environmental case compared to the other cases. 
 
5. Conclusion 

 The possibility of using wind power in fields of oil production through three case 
studies has been studied. The management system can be adjusted to regulate the 
performance of any number of energy sources with different types. It is proven that wind 
turbines can support the conventional generating unit in isolated generating plant with 
lower overall cost. The suitable choice of wind-turbine location is a key point in 
minimizing the kWh cost. The operation of wind turbines is very effective in Egypt even in 
fields of oil production, where there is no more cost for fossil fuel transportation. The cost 
of wind turbine is less than 3% of installation cost of fossil fuel facility plant. Thus, the cost 
of wind turbines will not represent a significant problem in the installation. The results will 
encourage this trend to be implemented in many facility plants in Egypt. This is motivated 
by the fact that most of facility plants are located in gulf Suez and red sea, where the wind 
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speed is very high. In this way, the government can save the fossil fuel and reduce pollution 
with an economic manner. 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3-a. Optimal load management in summer, case (3)   Fig 3-b. Optimal load management in Spring, case (3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig 3-c. Optimal load management in Autumn, case (3)  Fig 3-d. Optimal load management in Winter, case (3) 

Fig 3. Total load of the plant and management for operation of 24 hours for every season, case (3) 
 
Appendix  
Parameters of ENERCON E-40 wind unit 
Rated capacity: 600 kW 
Height: 78m 
Converter concept: gearless,  
Variable speed, variable blade pitch, Rotor with pitch control, upwind rotor with active 

     
500 
1000 
1500 Load and total generated power in Summer (kW)

     
6 
8
10  Wind speed (m/sec) 

     
0 

500 Output of Wind Turbine (kW) 

     
0

200 
400 Output of Gas Generator A (kW) 

     
0

200 
400 Output of Gas Generator B (kW) 

0  5 10 15  20 250
100 
200 Output of Diesel Generator (kW) 

Time (Hour) 

Time (Hour)

     
600 
800 
1000 Load and total generated power in Autumn (kW)

     
6 
8 

10 
 Wind speed (m/sec ) 

     
200 
400 
600 

Output of Wind Turbine (kW) 

     0

200 
400 

Output of Gas Generator A (kW) 

     
0 

200 
400 

Output of Gas Generator B (kW) 

-1
0

1
Output of Diesel Generator (kW) 

0  5 10 15  20 25

      
Time(Hour ) 

  200

400
600

 

Output of Wind Turbine (Kw) 

  
0

200

400

 

Output of Gas Generator A (kW) 

  
0

200

400

 

Output of Gas Generator B (kW) 

-1

0

1
Output of Diesel Generator (kW) 

  
600
800

1000
Load and total generated power in Winter (kW) 

  
5

10

15  Wind speed (m/sec)

0  5 10 15  20 25
Time (Hour)

  
500
1000
1500

 

Load and total generated power in Spring ( kW )  

  
8
10
12

 

 Wind speed (m/sec )

  
400
500
600

 

Output of Wind Turbine (kW) 

  
0

200
400

 

  
0

200
400

 

Output of Gas Generator B (kW) 

0  5 10 15  20  25
-1
0
1

Output of Diesel Generator (kW) 

Output of Gas Generator A (kW) 

Time(Hour)



Ahmed M. Azmy et al: Optimal management and operation of a hybrid energy system...  
 

 202

pitch control, 
Direction of rotation: clockwise, 
Number of blades: 3, 
Swept area: 1,276/1,521m2, 
Blade material: fibre glass (reinforced epoxy) with, integral lightning protection, 
Rotor speed: variable, 18 – 38/18 – 34 rpm, 
Tip speed: 38 – 80/41 – 78 m/s, 
Pitch control: 3 synchronized blade pitch systems with emergency supply 
Main bearings: double-row tapered roller bearings 
Cut-in wind speed: 2,5 m/s 
Rated wind speed: 12,5 m/s 
Cut-out wind speed: 28 – 34m/s 
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