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Abstract. Hybrid energy systems can provide various benefits to an island diesel power system. This
paper analyses the technical and economic viability of hybrid energy system in the Masirah Island
power system in Oman. The methodology involves the use of Hybrid Optimization Model for Electric
Renewable (HOMER) for the optimization of the proposed hybrid system. The simulation software
package DIgSILENT is used to model and simulate the integration of the proposed hybrid system to
the existing network. Different scenarios are considered in both the hybrid system optimization and
the assessment of the impact of the hybrid energy system integration implemented different
connection scenarios. The obtained results show that the hybrid energy system composed of diesel,
photovoltaic and wind generator units is the most economically feasible option since it provides the
lowest system net present cost, operating cost and cost of energy, while it also improves the voltage
profile at the point of connection.
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1 Introduction

Renewable energy technologies are widely used in powering off-grid systems including island power
systems. Many islands around the world depend on only one source of generation, mainly diesel-based
electricity for supplying local loads. However, this is not the most economical option due to the high
cost of imported diesel fuel. The usage of renewable energy generation in island mini-grid power systems
has been considered as a cost effective option for replacing the high cost of diesel generation [1].

Furthermore, renewable energy has not been considered as a fully reliable source compared to
conventional sources of electricity due to the intermittency issues related to its generation. To overcome
the issue of variability of renewable energy many solutions have been implemented including hybrid
energy systems, which are considered a widely implemented alternative solution [2]. Hybrid energy
systems can be composed of two or more sources of generation from both conventional and renewable
technologies [3]. Different criteria of sizing the different system components of hybrid renewable energy
power plant at the most preferable environmental and economical way have been presented in [4, 5],
while some of the optimization approaches which are used to compare the energy production cost and
performance of different hybrid system configurations using simulation techniques have been presented
in [6].

In order to establish an optimal combination of hybrid energy system components, different
techniques including computer analytical tools have been developed and used. This is to ensure that
hybrid energy systems have the technical capability to provide reliable and secure supply in order to
meet demand at the least possible cost. In addition, integration of hybrid energy systems to the power
networks may cause reliability and stability issues. Therefore, simulations of the analysis are
implemented to assess the possible impact that hybrid energy system may have on system networks [7,
8].
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2 The Masirah Island Case Study

The main objective of this work is to investigate the technical and economic feasibility of a hybrid
energy system integrated to the existing diesel off-grid/isolated power system in the Masirah Island in
the Sultanate of Oman. The Masirah Island is Oman’s largest island with an area of about 649 km? and
a population estimated at 12,825 in 2013. The distance between the island and the main land is about
15 km. The island’s off-grid/isolated power system depends fully on a diesel generating plant, having a
total installed capacity of 20.3 MW in 2014 with net available capacity of 16.7 MW. The local power
company is responsible for the operating of the diesel power station, distribution and low voltage
network as well as of a small water desalination plant [9].

The network peak demand in 2014 was around 13.4 MW with an annual forecasted growth of 7 %.
Masirah Island has a significant potential for solar and wind energy resources [3]. The high forecasted
demand growth for electricity in Masirah Island will impose significant constraints on continuing to use
expensive, high emission producing diesel fuel. Due to the fact that the mainland side opposite to the
island is also supplied by diesel fuel the option of importing electricity through a submarine cable is
omitted. On the other hand, construction of a gas power plant is not an economically viable option due
to the high expected cost of transporting the gas to the island.

Therefore, utilizing the island’s local solar and wind resources should be considered as an alternative
option for reducing the cost of electricity generation, reducing emissions and enhancing security of
supply. Renewable energy sources such as wind and solar energy are widely used in powering island
systems. However, due to the intermit nature of these sources, hybrid renewable energy systems are used
to overcome the issue of solar and wind energy variability. Hybrid energy systems provide continuous
and reliable electricity supply in cases when either solar or wind is not available and are confirmed to
reduce the cost of energy produced. The use of a hybrid energy system minimizes emissions through the
reduction of diesel generation unit operation. On the other hand, implementing a hybrid renewable
energy system requires a detailed assessment of the optimal size of each technology. In addition,
simulation of the hybrid system is also required to confirm power flows and compliance with the
network voltage regulation [10].

In this paper the technical and economic feasibility of a hybrid energy system integrated with an off-
grid power system is investigated. This is achieved by collecting all required data and implementing
proper data analysis to obtain input for the optimization and simulation software. HOMER software [11]
was used to run an optimization analysis of the optimal size of the hybrid energy system. Simulation of
the proposed hybrid energy system to assess the integration impact was achieved by using the
capabilities of the DIgSILENT Power Factory software [12].

3 Economic and Technical Feasibility of Hybrid Energy Systems

The economic study of a hybrid renewable energy system is based on a financial evaluation of different
configurations of hybrid systems. The economic feasibility of a hybrid renewable system is analyzed
based on following parameters [13]:

Payback period: It is the time in which initial investment is expected to recover from the cash inflow
generated by the investment in the hybrid renewable energy system.

Internal rate of return: The annualized compounded rate of return that makes the net present value of
the hybrid renewable energy system equal to zero.

Net present cost (NPC): The total net present cost includes initial capital cost of the system, cost of
replacement components and other cost that include fuel and maintenance charges.

Cost of energy (COE): The energy cost of the hybrid renewable system is calculated by using (1):

Per unit energy cost = ALCC (1)

365 - Average Daily Load Demand

where:
ALCC is the annualized life cycle cost.
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4 Methodology

4.1 Methodology Framework

HOMER software is used for optimizing the hybrid energy system and DIgSILENT PowerFactory is
used for analysing the proposed hybrid system. Fig. 1 presents the methodology framework that is
followed in this work.
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Figure 1. Methodology framework.

4.2 Data Collection

The load profile data of the selected site, the Masirah Island, was obtained from the local power
company. Around 50-60 % of the total demand in such system is mainly driven by the residential
customers [10]. The remaining load is consumed by government offices and small businesses. The 2014
load profile of the island is shown in Fig. 2.

The solar energy resources in the Sultanate of Oman are considered among the highest globally [3].
This provides significant potential for developing solar energy projects all around the country, especially
in the desert areas [15]. Fig. 3a presents the monthly average solar radiation in the Masirah Island [16].
The solar energy can provide a significant contribution for meeting the system high demands in summer
and therefore reduce the operation and cost of running diesel generation. The Masirah Island has also
considerable potential for wind energy. The island is one of the windiest places in the country. The
monthly average wind speed at 50 m height is presented in Fig. 3b [16]. Similar to solar resources, the
highest wind speeds in the island are observed during the summer months.
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Figure 2. Masirah Island 2014 load profile.
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Figure 3. Data of renewable energy resources. (a) Average solar radiation data for Masirah Island (in
kWh/km?/day) [16] and (b) Average wind speed (in m/sec) [16].

IJPER Copyright © 2017 Isaac Scientific Publishing



International Journal of Power and Energy Research, Vol. 1, No. 2, July 2017 107

4.3 Hybrid System Modeling

HOMER software provides users with the capability to evaluate different system configurations in a
simplified method. Different systems can be evaluated using HOMER including grid and off-grid rural
power systems and distributed generation. The optimization analysis in HOMER also provides users
with the capability of assessing the technical and economic feasibility of different types of technologies
taking into account parameters such as costs, system load and renewable energy resources. The
sensitivity analysis evaluates the impact on the system costs and optimal size selection as an effect of
input variable uncertainty. The results of the optimal hybrid system are based on the total costs of the
project. This means regardless of the input sizes of each component; the system configuration with the
lowest total system cost is defined as the optimal hybrid system [17].

The optimization analysis, which is based on energy balance, requires several inputs including
resource data, load data, technology components and costs. By comparing the energy produced by
different components and the system load profile on an hourly basis throughout the year, HOMER
determines whether the modeled system would be able to supply the given system demand. Once the
configuration of the hybrid system is identified based on the conditions specified by the user, the
HOMER calculates the NPC, the operating cost and the Levelised Cost of Energy (LCOE) [17].

4.4 Hybrid System Components

To utilize the local renewable energy resources, hybrid energy systems are designed to operate with
diesel generator either alternatively or in parallel. There are different types of hybrid systems that are
classified based on the voltage and bus type in which the different generation systems are connected.
These classifications are AC or DC or DC/AC coupled systems [3].

In order to utilize the maximum output of the generating units and to supply the AC system peak
load, inverters and rectifiers are appropriately sized. Considering that the existing power system in the
island is operating as an AC bus system, the AC coupled hybrid system is selected to be used in this
work. The diesel generation is the main source of generation in the proposed hybrid energy system. The
renewable energy technologies are planned to reduce the overall system costs by reducing the operation
of diesel generators and enhance system reliability. Table 1 presents details of the existing diesel units as
obtained from the local power company.

Table 1. Details of the existing diesel units in Masirah Diesel Power Station.

Engine No. Manufacturer Installed Capacity (kW)

1 MBS 265
2 MBS 265
3 MBS 265
4 MBS 265
5 MBS 265
6 KHD 3000
7 KHD 3000
8 Caterpillar 1000
9 Caterpillar 1000
10 CUMMINS 1000
11 KHD 3000
12 KHD 3000
13 MAN 4000

All diesel generators were modeled in HOMER using their installed capacity as given in Table 1.
Furthermore input variables such as capital cost, operation and maintenance cost and diesel fuel price
were used in the modeling. Table 2 illustrates the different costs used for diesel generators and provides
all input variables used in the modeling and optimization of the hybrid energy system in HOMER
software. The optimization analysis was based on the economic minimization of system control and load
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based on a dispatch strategy. In other words the software identifies the optimal hybrid system that has

the minimum cost.
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Table 2. Input variables to HOMER.

Solar PV

Capital cost 3,000 USD per kW
O&M 30 USD per year per kW
Lifetime 25 yr

Sizes considered

0,1000,1500,2000,2500,3000

Diesel generators

Capital cost

Replacement cost

750 USD per kW
750 USD per kW

O&M 0.1 USD/hr
Lifetime 25,000 hrs

Fuel price 0.64 USD/L

Wind Turbine

Type Vergnet GEV MP-R
Capacity 275 kW

Capital cost 400,000 USD
Replacement cost 350,000 USD

O&M 600 USD

Sizes considered 0,2,4,6,8,10

Converter

Capital cost

Replacement cost

Operation and maintenance

Sizes to consider

500 USD per kW

350 USD per kW

5 USD /yr/kW
0,500,1000,1500,2000,2500,3000 kW

Lifetime 15 yr
Inverter efficiency 95%
Economics

Annual discount rate 7.5 %
Project lifetime 25 yr

System fixed capital cost 1,000,000 USD

4.5 Optimization Scenarios in HOMER

Three different scenarios were considered for the optimization of the hybrid energy system:

Base-case scenario — Diesel system: An optimization analysis is performed in the existing diesel system
to obtain the total system costs including capital cost, fuel cost, operating cost and cost of energy of the
diesel generation.

Diesel — Solar PV hybrid system: An optimization analysis is performed in a hybrid energy system
consisting of a diesel and a solar PV.

Diesel — Solar PV — Wind generator hybrid system: An optimization analysis is performed in a hybrid
energy system consisting of a diesel, a solar PV and a wind generator.
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4.6 Simulations in DIgSILENT

In order to access the impact of integrating the proposed hybrid system on the existing network, power
systems software DIgSILENT PowerFactory version 15.2 was used [10]. Distributed generation (DG)
once connected to the distribution network can have significant impact on the power flow and voltage
profile on both system and customers side. The nominal voltage and frequency limits used in the
simulations are the ones used by the local power company [9], i.e., frequency of 50 Hz + 0.05 and
nominal voltages of 33 kV and 11 kV & 6 %.

The single line diagram of the modified network is presented in Fig. 4. The current system in the
island is supplied by 13 diesel generating units. The diesel power plant is connected to the main 11 kV
busbar of the system. Most parts of the network operate at 11 kV apart from two 33 kV feeders used to
transport electricity for long distances. Due to the local weather conditions on the island, the local
power company operates only 33 and 11 kV cables. There are 4 power transformers of 33kV/11kV of 10
MVA rating. Details of the network load and equipment are provided in Table 3 and Table 4.
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Figure 4. Single line diagram of the network.
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Table 3. Details of the network loads.

Load Name Terminal busbar  Active power (MW)  Reactive power (MVar)

F1 Node 1 0.65 0.395
F2 Node 2 0.65 0.39
F3 Node 3 0.65 0.39
F4 Bus 9 0.65 0.4

F5 Node 4 0.76 0.43
F6 Node 5 0.76 0.43
F7 Node 6 0.76 0.43
F8 Bus 10 0.76 0.45
F9 Bus 5 0.05 0.03
F10 Bus 8 0.65 0.38
F11 Bus 7 1.3 0.8

F12 Bus 6 34 2.0

Table 4. Details of the network cables.

Line Name Terminali Terminal j Length (km)

(From) (To)
Line 1 Bus 1 Bus 2 0.46
Line 2 Bus 1 Bus 2 0.46
Line 3 Bus 3 Bus 4 5.0
Line 4 Bus 3 Bus 4 5.0
Line 5 Bus 5 Bus 8 10.13
Line 6 Bus 5 Bus 7 4.0
Line 7 Bus 5 Bus 6 22.8
Line 8 Bus 1 Bus 10 1.33
Line 9 Bus 1 Bus 9 3.22

To assess the impact of integrating the proposed hybrid system that was derived for the optimization
analysis in HOMER, an analysis is conducted on the modified network of the existing system. Different
scenarios of integrating the proposed solar PV and wind generator were implemented as follows:

Scenario 1 (connecting only solar PV without voltage control): The purpose of this scenario is to
assess the impact of integrating only one source, a solar PV. The solar PV system is modeled with a
maximum active power output of 3 MW (reactive power is 0 MVAR) and without voltage control
capability. The point of connection of the solar PV to the network will be decided based on the analysis
results of the existing system network.

Scenario 2 (connecting both solar PV and wind generator without voltage control): In this scenario,
both solar PV and wind generator are modeled with a maximum capacity of 3 MW each. The
connection points of each system are determined based on the previous analysis results.

Scenario 3 (connecting wind generator and solar PV with voltage control): The solar PV system in
this scenario is modeled to provide voltage control by automatically injecting reactive power to improve
the voltage profile at the point of connection and through the entire system.

5 Hybrid System Optimization Results

The simulation, using HOMER software, of the existing diesel system and the different hybrid systems
is presented in this section. The schematic design and the total costs of each system are shown in Fig. 5
and Fig. 6 respectively. Fig. 7 provides the monthly average electricity production of each system as a
result of the optimization simulation and the total hourly load served during the full year.
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Figure 5. Schematic design in HOMER software. (a) Diesel generation system, (b) Diesel-solar PV system and (c)
Diesel-solar PV-wind generator system.
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Figure 6. Total costs for (a) Diesel generation system, (b) Diesel-solar PV hybrid system and (c) Diesel-
solar PV-wind generator hybrid system.
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Figure 7. Monthly average electric production. (a) Diesel generation system, (b) Diesel-solar PV hybrid system
and (c) Diesel-solar PV-wind generator hybrid system.

The economic optimization results of the three modeled systems are presented in Table 5. As shown
in the table the hybrid systems have higher capital cost than the diesel system. This is due to the high
capital cost of the renewable energy technologies compared to the diesel system. By comparing the cost
of each system, it is indicated that the diesel-solar PV-wind generator hybrid system reduces the net
present cost of the total system by 7 % and 5 % compared with the diesel and the diesel-solar PV
systems, respectively. The diesel-solar PV-wind generator hybrid system has the lowest cost of energy
among the other two systems (0.272 USDS/kWh). It also reduces the consumption of diesel fuel.

Table 5. Results of optimization analysis and CO, emission of modelled systems.

Modeled Capital NPC LCOE Operating Diesel fuel CO, % (change
system cost (USD) (USD/kWh) cost consumption emissions to base-
(USD) (USD) (1t) (kg/yr) case model)
Diesel 10,800,000 246,961,168 0.291 17,421,185 16,317,324 42,968,888 -
Diesel-solar 20,200,000 241,601,136 0.285 16,331,391 15,088,337 39,732,560 -8 %
PV
Diesel-solar
PV-wind 24,200,000 230,433,728 0.272 15,212,542 13,775,870 36,276,412 -16 %
generator
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The diesel-solar PV-wind generator hybrid system has also the lowest fuel consumption which is 16 %
and 9 % less compared to the diesel and diesel-solar PV systems, respectively. The CO, emissions of
each system are shown in Table 5. Based on the above, the diesel-solar PV-wind generator hybrid
system was the most suitable system compared to the others, therefore it was the one that was
integrated to the existing network and simulations were conducted to assess the impact.

6 DIgSILENT Simulation Results

Different scenarios are simulated in DIgSILENT power systems software to assess the impact of
connecting the proposed solar PV and wind generator to the distribution network of Masirah Island.
6.1 Network Analysis without Renewable Energy Sources

Load flow analysis of the modified network was conducted to obtain real and reactive power, voltage
profile and load of the existing network. The network presented in Fig. 4 was used for this simulation.
The obtained voltage profile at the 11 and 33 kV side of the network is shown in Table 6 and Fig. 8.

Table 6. Voltage profile at 11 & 33 kV busbars — no renewable sources.

Bus Name Nominal Voltage (kV) Voltage Voltage
(V)  (pu)

Bus 1 11 11 1

Bus 2 11 10.98 0.99
Bus 3 33 32.3 0.97
Bus 4 33 32.16 0.97
Bus 5 11 10.51 0.95
Bus 6 11 9.4 0.85
Bus 7 11 10.46 0.95
Bus 8 11 10.45 0.95
Bus 9 11 10.97 0.99
Bus 10 11 10.92 0.99

As shown in Fig. 8, busbars 5, 6, 7 and 8 have the lowest voltage magnitude as they are located at
the receiving end of the long distribution lines. While the voltage at all busbars are within the voltage
range of the voltage limits that the Authority of Electricity Regulation of Oman defines, bus 6 operates
below the voltage limit with almost 1 5% lower voltage than the nominal voltage.

The loads on the distribution network cables are shown in Table 7. The loads on 11 and 33 kV cables
are below 50 % except for line 7, which supplies bus 6 with a load of 61 %.

Table 7. 11 & 33 kV lines loads.

Line Name From To  Length (Km) Load %

Line 1 Bus1 Bus?2 0.46 46
Line 2 Bus1 Bus?2 0.46 46
Line 3 Bus3 Bus4 5 20
Line 4 Bus3 Bus4 5 20
Line 5 Bus5 Bus8 10.13 11
Line 6 Busb5 Bus7 4 21
Line 7 Bus5 Bus6 22.8 61
Line 8 Bus1 Bus 10 1.33 46
Line 9 Bus1 Bus9 3.22 40
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Based on the above, it is clear that the distribution network is weak around busbars 5, 7 and 8§,
requiring support to stabilize the voltage. Therefore, it is decided that the proposed solar PV and wind
generator should be connected to bus 5 and bus 6 of the network.

Three different scenarios of integrating the solar PV and wind generator were considered: a) Solar PV
connected to bus 6 without voltage control (PV scenario), b) Solar PV connected to bus 6 and wind
generator to bus 5 without voltage control (wind and PV scenario) and ¢) Wind generator connected to
bus 5 and solar PV to bus 6 with voltage control capability (wind and PV with voltage control scenario).
The results of load flow analysis of the different scenarios are presented in the following sections.

6.2 Network Analysis with Solar PV

Based on the results of section 6.1, bus 6 operates outside the voltage range therefore a decision has
been made to connect the solar PV to bus 6. The solar PV is modeled with a maximum installed
capacity of 3 MW and without voltage control capability. Table 8 and Fig. 8 present the voltage profile
at 11 and 33 kV busbars following the connection of the 3 MW solar PV to bus 6. The voltage level at
busbars 5, 6, 7 and 8 is improved. However, the voltage profile of bus 6 remains below the acceptable
limit (0.92 p.u.). The load on line 7 decreased significantly as the solar PV supplies 3 MW out of the 3.4
MW of the load connected to the line.

6.3 Network Analysis with Solar PV and Wind Generator

In this scenario the proposed solar PV and wind generator are both connected to the network. As the
solar PV remains connected to bus 6, the wind generator is connected to bus 5 with an objective to
improve the voltage profile further at this weak part of the system. Both solar PV and wind generator
are modeled with a maximum capacity of 3 MW each. The voltage profile on each busbar is presented
in Table 8 and Fig. 8. In comparison to the results of the previous scenario, the integration of wind
generator at bus 5 has improved the voltage profile at the point of connection but remained constant at
busbars 6, 7, and 8 with bus 6 to still operate below the minimum limit.

Table 8. Voltage profile at 11 & 33 kV busbars for three different scenarios of solar PV and wind generator

integration.
Bus Nominal 3 MW solar PV 3 MW solar PV at bus 6 | 3 MW solar PV at bus 6
Name Voltage connected at bus 6 and 3 MW wind at bus 5 | and 3 MW wind at bus 5
(kV) without voltage control with voltage control
Voltage Voltage Voltage Voltage Voltage Voltage
(kV) (pu) (kV) (pu.) (kV) (pu)
Bus 1 11 11 1 11 1 11 1
Bus 2 11 10.98 0.99 10.99 0.99 10.99 1
Bus 3 33 32.42 0.98 32.44 0.98 32.81 0.99
Bus 4 33 32.34 0.97 32.41 0.98 32.81 0.99
Bus 5 11 10.6 0.96 10.62 0.97 10.89 0.99
Bus 6 11 10.09 0.92 10.12 0.92 10.82 0.98
Bus 7 11 10.55 0.96 10.57 0.96 10.97 0.98
Bus 8 11 10.54 0.96 10.56 0.96 10.98 0.99
Bus 9 11 10.97 0.99 10.97 0.99 10.97 1
Bus 10 11 10.92 0.99 10.99 0.99 10.92 0.99

6.4 Network Analysis with Wind Generator and Solar PV Voltage Control

The solar PV and wind generator are modeled with the maximum capacity of 3 MW each. The solar PV
is modeled with voltage control capability to inject reactive power to the system with an objective to
improve the voltage profile on bus 6. The voltage profiles at 11 and 33 kV busbars are presented in
Table 8 and Fig. 8. Allowing the solar PV to automatically inject reactive power to the system, the
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voltage level is improved and all busbars operate within the acceptable voltage limit as shown in Fig. 8.
Fig. 8 presents a comparison of voltage profile on all busbars in all modelled scenarios. Based on this
comparison, it is evident that the integration of the proposed hybrid renewable energy system to the
existing network on the island results many benefits such as voltage profile improvements and line load
reduction.
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Figure 8. Comparison of voltage profile at 11 & 33 kV busbars for different scenarios.

7 Conclusion

Off-grid power systems mostly depend on a single source of generation. This approach has raised
concerns and challenges on security and reliability of supply, especially in off-grid islands. In this work,
the technical and economic feasibility of renewable energy integration with an existing diesel power
system was studied. The island off-grid power system in Masirah, Oman was considered as the site of
the study. An analysis of the load demand profile of the existing system and an assessment of the
renewable energy resources on the island were conducted. HOMER optimization tool was used to find
out the optimal size of the hybrid energy system. The optimization results indicated that the diesel,
solar PV and wind generator hybrid system presented the most economic viable hybrid system.
Although this hybrid system has the highest capital cost among other considered scenarios, it has the
lowest net present cost, energy cost and operating cost. Then the selected hybrid energy system was
modelled and simulated using the DIgSILENT Power Factory to assess the impact of renewable energy
technologies integration into the existing network. The obtained results have indicated that the
connection of the proposed hybrid system to the existing network of Masirah Island improves
significantly the voltage profiles.
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