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Abstract - A hybrid energy system integrates renewable energy sources like wind, solar, micro-hydro and biomass,
fossil fuel power generators such as diesel generators, and energy storage. Hybrid energy system is an excellent
option for providing electricity for remote and rural locations where access to grid is not feasible or economical.
Reliability and cost-effectiveness are the two most important objectives when designing a hybrid energy system.
One challenge is that the existing methods do not consider the time-varying characteristics of the renewable sources
and the energy demand over a year, while the distributions of a power source or demand are different over the
period, and multiple power sources can often times complement one another. In this paper, a reliability analysis
method is developed to address this challenge, where wind and solar are the two renewable energy sources that are
considered. The cost evaluation of hybrid energy systems is presented. A numerical example is used to demonstrate
the proposed method.

1. Introduction

One of the key strategies to achieve a sustainable environment is the utilization of the renewable energy systems
(or RES for short) and keeps the system more reliable. Recently, the United Nations named 2012 as the year of
renewable energy and put pressure on countries to reduce greenhouse gases with the aim of achieving a sustainable
environment as a long-term goal.

In addition, based on International Energy Agency report (Energy Technology Perspectives 2010), it is estimated
that over 20% (1.4 billion) of global population has lack of access to electricity. So the importance of using
renewable energy systems in remote area is quite significant. A hybrid energy system (HES) integrates renewable
energy sources like wind, solar, micro-hydro and biomass, fossil fuel power generators such as diesel generators,
and energy storage. Hybrid energy system is an excellent option for providing electricity for these remote and rural
locations where access to grid is not feasible or economical (Sreeraj et al. 2010).

But these resources have variable characteristics which depend on their nature. For example, the climate changes
affect wind’s speed, direction and its velocity. Likewise, the mean and variance of speed, direction and velocity of
wind are typically larger in winter and spring, but smaller in summer (Klink 1999; Tuller 2004). In addition, there is
no sun during night, and during the daytime the light intensity is related to several factors such as cloud, air dust and
sand storm in desert location (Sreeraj et al. 2010; Park et al. 2009). Due to such intermittent nature of renewable
power sources, there is large uncertainty in renewable power generations. Thus, it is a key consideration to ensure
that the power generation can reliably meet the demand.

Reliability is generally defined as the probability that the hybrid energy system meets the electricity demand.
The existing methods do not consider the time-varying characteristics of the renewable sources and the energy
demand over a year, while the mean and variance of a power source or demand are different over the period, and
multiple power sources can often times complement one another. That is, for a certain power source or demand, it is
not accurate to use the same mean and variance to describe it at different times in a year. A reliability analysis
method is developed in this paper to address this challenge.
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Fig.1. General Structure of HES

2. System components and the proposed method

Fig.1 shows a general structure of HES, which consists of renewable energy sources such as wind turbine, solar
PV array and micro-hydro, battery, backup generator, system controller and inverter. The system generates
electricity to meet the demand. The HES obeys dispatch strategy during its life time. So, first the power generated
by HES will be used to meet the demand, and in any case that there is power surplus, it will charge the battery and
the remaining power will be sent to dump load. Then, the surplus power which is stored in battery can cover the
extra demand later when the RES power generation is lower than the demand at those points. In addition, a
conventional generator can be used in any case when the RES and battery cannot meet the demand.

In the proposed reliability analysis method for HES, to consider the time-varying characteristics of renewable
power, for a renewable power source (e.g. wind), a random variable is used to represent the power output for each
month. That is, we will have 12 random variables for each renewable power source. The random variable is wind
speed for wind power, and solar irradiation for solar power. In the next section, we will present how to compute the
energy output for HES.

3. Energy output computation
3-1.Wind formula

The wind power output can be calculated using the formula presented in Jin and Tian (2010):
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where P(x) is the generated wind power. V¢ is cut-in speed, Vr is rated wind speed, Vs is cut-off speed, n efficiency
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of turbine, p is the air density, 4 = nr? = n(DT) is the area covered by the wind turbine blades and Pr is rated
power.

3-2. Solar formula
The solar power generation can be calculated based on the general formula presented by Sreeraj et al. (2010):

P=nAGr )
where 1 is efficiency of PV generator, G is global irradiation and A is area of the PV array.

In the formula above, the efficiency of a PV module is actually depending on the irradiance with a nonlinear
relationship. Thus, if it is set based on STC conditions, in a real case, errors will present at the range lower than



1000 % irradiance, which are a considerable proportion within a day. So, considering the nonliner relationship
between efficiency and irradiation, the following formulas can be used:

N= N1, [1- ﬂref (T - Tref) +y log10Gr] (Noton et al. 2005) 3)
N= N1, [1- Breg (Tei - Tref) + v logiol;]  (Evans 1981) & (Cristoferi et al. 1981) 4)

By substituting formula (3) in (2),
P=nr.,, [1-Bref (Tei ~Trep) +7v l0g10Gr ] A Gy (Cristofari et al. 2006) (5)

where 17 (1S the reference PV electrical efficiency, B.r is temperature coefficient, T,; is PV cell temperature, T.qf
is reference temperature, and y is solar radiation coefficient.

3-3. Battery formula
The following key equations are used to describe battery in a hybrid energy system (Mostofi and Shayeghi 2012):
AP(t) = Ben(t) — Proqa(t) (6)
where B, (t) is the total power generated by renewable generators, and Py, ., (t) is total power consumption.
During charging, A P(t) > 0, and in discharging time, A P(t) <O.

SOC(t +1) = SOC () + TNpar (”f’#t(”) At @)

where state of charge, or SOC (t) for short, is the amount of.power stored in the battery in day t, 1, is the battery
efficiency, V. is the voltage of the bus in the battery, and P}, (t) is the total power stored in the battery in day t.

4. Renewable power output analysis

4-1. Probability distribution of wind speed

Considering the random characteristic of wind speed, it is desirable to describe it with statistical models. Two
types of wind speed models have been reported in the literature. The first type is normal distribution, which was
reported by Haghifam and Omidvar (2006), and Karki et. al (2006), and its probability density function is given as
follows:
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where x is wind speed, u and ¢ are mean and standard deviation of wind speed, respectively. The second type is
Weibull distribution, which was reported by Vallee et. al (2007), Spahic et. al (2008) and Haghifam and Omidvar
(2006). Its probability density function is given as follows:
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where « is the scale parameter, 3 is the shape parameter. The majority of the studies show that Weibull distribution
is more suitable for modeling wind speed. The case study in this paper, to be presented later, also shows that
Weibull distribution is the best type for modeling wind speed data used in this case study. It is suggested that
probability plotting can be done first given the available wind speed data, so as to identify the most suitable
distribution type.
Based on Equation (1), and the wind speed probability distribution, the corresponding wind power output and its
associated uncertainty can be calculated. The wind power output can then be used in reliability evaluation of hybrid
energy systems.

4-2. Probability distribution of solar irradiation
For solar irradiation, some believe that it follows Beta distribution. But in a continued period it can be considered
as normal distribution (Zhang et al., 2011):

fGr) = | = exp - (2] (10)
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where G is solar irradiation, p and ¢ are mean and standard deviation of G, respectively.
The solar power output mean and variance can be evaluated using the following formulas (Zhang et al. 2011):
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where P is the power output by PV array from Eqg. (5), and y is considered zero here (Cristofari et al. 2006; Nottton
etal. 2005). f(B,,) is probability density function of the power output.

5. System reliability and cost assessment

To assess system reliability, different approaches and indices can be used (Phoon, 2006), as shown in Fig.2.
Among these indices, two of the most common indices for measuring power system reliability are Loss of Load
Probability (LOLP) and Loss of Load Expectation (LOLE). LOLE is the number of days per year when daily peak
demand passes available power generating capacity, and LOLP is overall probability that there will be a shortage of
power (Allan and Billinton, 1996). These two indices are used in this paper to measure power system reliability.

LOLP is a key measure of power system reliability, and it is defined as:

LOLP=P(Y = D) (16)
where Y is the total power output considering the power contributions from wind, solar and battery. D is the power
demand level, which is assumed to be a constant in this work. The relationship between these two is given as
follows (Phoon, 2006):

LOLE=LOLP x T (17)
where T = 365 days, if the load model is an annual continuous load curve with day maximum load. In this case, the
LOLE unit is days per year. T can also be equal to 8760 hours, if the load model is an hourly load curve. In this case,
the LOLE unit is hours per year. To calculate LOLE, we need to compare hourly or daily power generation with the
corresponding hourly or daily load demand (Mabel et al. 2011, Kumar et al. 2011).
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Fig. 2. system reliability assessment indices (Phoon, 2006)



In this work, a simulation approach is used for system reliability evaluation. The random variables representing
the wind speed and solar irradiation can be obtained using the methods presented in Section 4. During the simulation
process for system reliability evaluation, wind speed and solar irradiation values are sampled from the random
variables, and the corresponding power generated from these sources can be calculated. The way to consider battery
charging and discharging processes are also presented earlier in Section 3. During a certain short period, the
generated renewable energy plus the battery is compared with the electricity demand, and it can be found if the
system can meet the demand during that interval. The overall system reliability can be evaluated using this
simulation process.

In this work, we also perform cost evaluation for hybrid energy systems. The method presented in Yang et al
(2008) is used for cost evaluation. Three cost factors are considered: initial components costs, operations &
maintenance costs, and interests. Initial component costs include costs of hybrid energy system components, such as
PV array, wind turbines, battery, tower, etc. Operations and maintenance cost is considered to be constant in a year,
and it is dependent on the rated capacities of the renewable energy components. A hybrid energy system is typically
used for a long period of time, and thus interest is considered to account for the time value of money.

6. An example

To find wind speed and solar irradiation, the raw data was retrieved from Renewable Energy Organization of
Iran, for a location that called Eshtehard. And we investigate the reliability corresponding to different demand levels
for individual houses.

The following parameters are used for HES. In this example, we only consider wind, solar, battery and inverter
for reliability analysis. Other factors will be considered in future research. The battery capacity is assumed to be
1000 Ah, and the inverter efficiency is 0.92. Other data is presented in Table 1, based on (Nottton et al. 2005).

Table 1- Amount of different parameters

parameters amount
Ve 3m/s
° v 14 m/s
£
o)
E K 25 m/s
n 30%
p 12%
'g m
= b 10m
T 5m
nTref 0.13
> A 60 m?
a Bre 0.0044 °C~* for pc-si
8 Ty 38°C
& ° Toef 25°C
Yy 0.12 (usually consider 0)

Based on the data available in this case study, first we need to verify the type of distribution that the wind speed
follows. Applying probability plotting to the wind speed data in all the 12 months, it is found that Weibull
distribution is the suitable type to model the wind speed data in this case study, while normal distribution can not fit
the data well. A sample probability plot for the wind speed data in January is given in Fig. 3. Subsequently, Weibull
parameters are estimated for each month, and wind speed distribution is obtained for each month. The Weibull
distribution probability density function for January, as an example, is presented in Fig. 4. As described in Section 4,
wind power output can be calculated based on wind speed. The wind power output monthly average is presented in
Fig. 5. We can clearly see the variations in the wind power output in different months.

Similarly, based on the methods presented in Section 4, solar power can be calculated based on the solar
irradiation data. The calculated solar power output monthly average is plotted in Fig. 6. We can see the solar power



output differences among different month. It can also be observed that there is higher solar power output in the
summer, which is expected.

0.999
0.99
0.96
0.90
0.75

0.50

0.10

0.05 5
b

0.02 §

0.01

m
'l

m

RS

Probability

0.003

0.001

o 1
10 10 10

Data
Fig. 3. Wind speed data probability plot (January)

: : r :
o 5 10 15 20 25 30
Wind speed (m/s)

Fig. 4. Weibull distribution probability density function for January

Wind Power [K\W)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Fig. 5. Wind power output monthly average



2.5

15

Solar Power (KW)

0.5

JAN  FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Fig. 6. Solar power output monthly average

In this paper, we assume the demand is constant. We investigate the reliability of the HES corresponding to
different demand levels. The results are shown as follows:
e Demand level #1. 30 KWh/day

-LOLP =0 (or LOLE =0 days/year)
e Demand level #2: 60 KWh/day

- LOLP =0.0045 (or LOLE =1.67 days/year)
e Demand level #3. 80 KWh/day

- LOLP =0.025 (or LOLE =9.22 days/year)
e Demand level #4: 100 KWh/day

- LOLP =0.058 (or LOLE =21.0 days/year)

As can be seen from the results, the HES in this example has no problem in meeting demand at 30 KWh/day or
lower. When the demand is high, HES with higher wind and solar power generating capacities will be needed to
meet the customer demand in a reliable way.

When evaluating the cost of the hybrid energy system, we use the same data presented by Yang et al (2008). For
the convenience of readers, the data used in this paper is summarized in Table 2. For the hybrid energy system
considered in this example, the total initial cost is calculated to be 566,310 US$, and the Net Present Value (NPV)
over 15 years is 686,130 US$.

Table 2: component costs (Yang et al 2008)

Component Initial component cost Operations and maintenance
cost
PV array 6,500 US$/KW 65 US$/KW
Wind turbine 3,500 US$/KW 95 US$/KW
Battery 1,500 US$/KAh 50 US$/KAh
Tower 250 US$/m 6.5 US$/m
Other components 8,000 US$ 80 US$

7. Conclusions

It is important that power system provide sufficient and reliable power to the customers. Hybrid energy system is
an excellent option for providing electricity for these remote and rural locations where access to grid is not feasible
or economical. Reliability and cost-effectiveness are the two most important objectives when designing a hybrid
energy system. One challenge is that the existing methods do not consider the time-varying characteristics of the
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renewable sources and the energy demand over a year, while the mean and variance of a power source of demand
are different over the period, and multiple power sources can often times complement one another. A reliability
analysis method is developed in this paper to address this challenge, and a numerical example is used to demonstrate
the proposed method, as well as cost evaluation of hybrid energy systems. In future research, we will consider other
power sources and varying demand, as well as the optimal design of hybrid energy systems.
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