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Abstract: With the rise of renewable energy comes significant challenges and benefits. The current
studies on the incorporation of renewable-energy policies and energy-storage technologies attempt
to address the optimization of hybrid energy systems (HESs). However, there is a gap between the
currents needs of HES in small towns for energy independence and the understanding of integrated
optimization approaches for employing the technology. The purpose of this research is to determine
the technical, systematic and financial requirements needed to allow a city or community to become
independent of the utilization of traditional energy and develop a reliable program for a clean and
environment-friendly energy supply. This paper presents the sensitivity analysis and Bayesian
prediction (SABP) method for the optimized design of a hybrid photo-voltaic wind energy system.
This method uses the actual data to analyze and compare the main, optimized and desired scenarios
of HES designs. The results show that optimized design can minimize the cost of the energy generated
while reliably matching local electricity demand. The SABP system helps to eliminate the dependence
on traditional energy resources, reduce transition costs by purchasing electricity, and decrease the
financial burden of a small city.

Keywords: renewable energy; independent energy resources; solar; wind; energy storage; Bayesian
analysis; prediction

1. Introduction

Many cities or communities are seeking sustainable access to energy. Some implementations
of renewable energy systems utilize omnipresent and environmentally friendly resources [1,2].
Although the energy resources may seem to be promising individually, their stochastic nature hinders
their reliability due to other environmental factors or the inability to sustain required amounts by
themselves [3]. For example, solar power relies on the duration, intensity, and angle of sunlight.
But weather is unpredictable. Therefore, it is common practice to combine two or more renewable
energy resources, sometimes with traditional energy resources, into a hybrid energy system (HES).
Nevertheless, there are challenges with HES implementation. One major challenge is how to optimize
the HES system to allow a city or community to become independent of traditional energy supplies.

1.1. Research Targets

The purpose of this research is to determine the technical and systematic requirements to allow a
community to utilize more renewable energy. The target is to develop a reliable program for clean and
environment-friendly energy supply. This paper aims to review several types of projects developed in
different HESs of real implementation and evaluation studies. Based on critical reviews, the paper
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documents the system analyses and decision-making-processes in a city with a population of less
than 100,000. The research identifies the determinant factors for the success of implementation, which
are community characterization, energy demand, and proposed technical solution. According to
“Sustainable Development Goal 7: Ensure access to affordable, reliable, sustainable and modern
energy for all” among the Sustainable Development Goals SDG2015-2030 [4], to switch to sustainable
energy the world should triple its investment in sustainable energy infrastructure annually until
2030, which requires an increase from approximately $400 billion in 2015 to $1.25 trillion by 2030.
The goal encourages countries and businesses to accelerate the transition to an affordable, reliable,
and sustainable energy system and maintain and protect ecosystems. It suggests businesses pledge to
source 100% of effective electricity requirements from renewable sources [4].

The significance of this work is that the HES design innovatively created an energy utilization
program for a small town and optimized its configuration. The analysis results show the system’s
capability to solve the sustainable-development obstacles faced by small towns and communities.
The practical advantages of this designed configuration include strong reliability and substantial
reduction of the costs for generating energy. The research can broadly impact multiple administrative
and energy supply divisions in the process of sustainable management for renewable energy globally.

1.2. Literature Review

Recently, researchers have paid increased attention to alternative and renewable power-generation
methods that are effective, such as wind, hydropower, solar, geothermal, and bio energy [5–10].
Renewable energy is often used to displace conventional fuels in four areas: electricity generation,
hot water/space heating, transportation, and rural (off-grid) energy services [11,12]. Even though
renewable energy sources have multiple benefits for the environment, economy, and health,
there is considerable debate criticizing the deployment of renewable technology. The emerging
technology includes: (1) enhanced geothermal systems (EGS); (2) cellulosic ethanol; (3) marine energy
(or ocean energy); (4) wind power; and (5) solar energy. The EGSs are independent of natural
convective hydrothermal resources and obtain geothermal energy in dry and non-porous rock [13].
These geothermal reservoirs have limited availabilities in only certain areas, which usually are adjacent
to tectonic zones with active or semi-active volcanos. The EGS overcomes the restriction and has
potential for wide implementation [14]. EGS technology is able to produce power continuously
and is feasible for most areas in the world. However, the technology depends on the economic
limits of drill depth [13,14]. Cellulosic ethanol technology processes biomass, which is turned into
ethanol in refineries. Its commercialization process relies on enzymes and might offer opportunities
for farmers and biotechnology firms [9,15]. Ocean waves, tides, salinity, and the difference in
ocean temperature can create marine energy satisfying a substantial amount of needs around the
world [16]. Marine energy conversion (MEC) technology is at a blossoming stage of development [17].
Derived by wind turbines, wind energy is one of the fastest-growing energy sources and offers many
advantages, including effective cost, job creation, industrial growth, increased viability, clean fuel
resources, a domestic source of energy, sustainable systems, and easy installation for rural areas [18].
The organization of wind turbines focuses on prearranged operations and maintenance strategies
to ensure safety, profitability and cost-effectiveness [2]. To avoid price volatility and reduce the
difference between supply and demand, the day-ahead energy market allows market participants
to commit towards buying or selling wholesale electricity one day before the operation, which is an
important step toward the financial stability of wind power production [19,20]. Researchers noticed
that the fickle nature of forecast errors frequently compromised a wind farm operator from holding a
well-founded production commitment [20,21]. The development of solar energy technologies displays
diversity [22]. The electricity generation of concentrated photovoltaic (CPV) systems converts a
temperature difference between dissimilar materials into an electric current using thermoelectric
(or thermo-voltaic) devices [23]. After the establishment of the first commercial CPV plant in the
1980s, the number of grid-connected CPV systems has grown to the millions [24–26]. The capacity
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of utility-scale solar power stations can reach the level of hundreds of megawatts, which contributes
to the decrease of the cost of solar electricity [26–29]. Solar thermal technologies have the benefits of
low-carbon emissions and inexpensive operation costs [25,26]. Other solar technologies include floating
solar arrays and assisted heat pumps, artificial photosynthesis, solar updraft towers, space-based solar
power, etc. [30–32]

HES design needs to consider multiple factors. For example, in a technical and economic analysis
of a HES with coal, wind, and nuclear energy, the system engages a co-electrolysis unit using CO2 as a
feedstock for the production of synthetic gas and subsequent fuels and chemicals [33]. The operational
units of this HES are the coal/biomass-fed pressurized circulating fluidized bed (PCFB), Benfield
process unit, Westinghouse small modular reactor (SMR), high-temperature steam electrolysis (HTSE)
unit, etc. The total process hybridization starts after each operational unit is individually completed
and converged to achieve different simulation options and overall simplicity. The process of this
coal–wind–nuclear HES consists of the following steps: (1) feed coal and air into the PCFB combustor
to produce electricity and an effluent stream; (2) send the stream into the Benfield air scrubber to
generate a pure CO2 stream; (3) modify the temperature and pressure of the CO2 stream to prepare it
for the HTSE unit; (4) recycle the produced oxygen back for air enrichment into the PCFB combustor.
Then, the rest of the product synthesis gas is ready for other forms of utilization. The results reflect the
hybridization of the enriched air stream, with increased robustness in terms of efficiency and accuracy.
This system produces multiple products from a HES. However, the research analysis of Buchheit et
al. [33] does not include data or discussion to explain how sound is the economic performance of
this system. Meanwhile, Yousefi and Ghodusinejad discussed a technical feasibility study of a HES
(renewable and non-renewable resources and energy storage system) for a Disaster Management
Basement located in Tehran, Iran [34]. The simulation of the research was concentrated on potential
power blackouts caused by disasters. Due to the unforeseeable occurrences of disasters, the research
simulation of the system only lasted for a year. They also used a sensitivity analysis to calculate system
reliability. They found that with diesel prices up to 0.5–0.6 $/L, the only optimal power system was
a diesel generator. If the diesel price was more expensive, wind and solar power sources should
be added. The limitations of the paper include the fact that it is only for an exclusively small-sized
building and only the diesel price is considered.

Some renewable-energy programs in small towns, cities and municipalities attempt to address
the optimization of HES [35,36]. However, there is a gap between the current needs of HES in
small towns for energy independence and the understanding of integrated optimization approaches
for HES uses [36–38]. In this feasibility study on a Canada resort, the owners wanted to decide
if renewable energy resources were the best option [38]. The study analyzed the costs of varied
renewable-energy resources that could be used. Using HOMER Pro® software [39] to evaluate the
benefits of each potential system, the study concluded that the best system to implement for the resort
was a grid-connected system without renewable-energy resources. This was because the initial costs of
the system would never be paid back if using only renewable energy.

1.3. Intellectual Contribution

This paper presents a sensitivity analysis and Bayesian prediction (SABP) method for an optimized
design of the hybrid photovoltaic-wind energy system. The novelty of this paper lies in exploring the
feasibility study of renewable energy by using SABP method to analyze both calculated and real-world
data, from which a practical conclusion is drawn. The main objectives are to determine the reliability
and predictive capability of survey results and develop a strategy for formulating and selecting
optimally preferred HES configuration. The SABP can be used for estimating costs and risks associated
with system selection. The method can help in risk-based decision-making where cost–risk trade-off
analysis can be brought about efficiently and effectively for policy and regulatory purposes [40,41].
An expert opinion is predictive if based on the results along, there is a reasonable degree of confidence
on the feasibility of the tested HES system. The expert opinion is p% predictive if there is a p%
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chance that each prediction given by the test is correct. Appendix A has the details of the equation
definitions for the ability of the expert surveys to predict feasibility, which can be characterized by
analyzing the test results as to sensitivity, specificity, and accuracy. The expert surveys are able
to provide data to characterize the HESs and predict their feasibilities. Equations in Appendix A
define and analyze the feasibility of the test results [40]. This paper innovatively implemented the
Bayes formula, the sensitivity and specificity of a test, and the probability to justify if a tested HES
is feasible. By contrast with the study of Buchheit et al. [33], this paper discusses in detail how
economic conditions and considerations affected the HES selection. This method uses the actual
hourly data of wind speeds, solar radiation, temperature, and electricity demand in a town in Illinois,
U.S. The SABP method varies from the simulation and sensitivity analysis suggested by Yousefi and
Ghodusinejad [34]. The SABP method is able to perform multi-objective analysis for medium to large
scales of implementation, whereas the latter only worked on one small building. The SABP method
is able to obtain the minimum cost of the energy generated while reliably matching local electricity
demand. The tests of the method consider a real case study with actual situations. To estimate how
substantial the cost saving is compared to the actual situation costs, this research calculates electricity
demand from the utility grid using the market prices of electricity. The results show that the selected
HES configuration is an optimized solution for the target location. The results also indicate that the
proposed method is effective at responding to the expected changes in the system parameters and
variables while providing a reliable sizing solution. The SABP method is appropriate for assessing the
effectiveness of a HES arrangement.

2. Materials and Methods

2.1. Method Design

To predict the feasibilities (FE for feasible and NF for not feasible) of potential HES designs, this
research develops the SABP method for a specific situation. Consider a series of tests A1, A2, . . . , An

whose sensitivities α+1 , α+2 , . . . , α+n and specificities α−1 , α−2 , . . . , α−n are known. For HES configuration,
the series of tests will help to identify an optimized solution [35]. Using θ+i = Pr(FE

∣∣A1, A2, . . . , Ai)

and θ−i−1 = Pr(NF) when Ai shows a positive result, Equations (1)–(8) define the SABP method. Equation
(8) has the condition when Ai shows a negative result.

θ
+|+
1 = Pr(FE

∣∣∣A1 = +) = Pr(FE)Pr(A1=+|FE)
Pr(FE)PrPr(A1=+|FE)+Pr(NF)Pr(Ai=+|NF) =

θ+0 a+1
θ+0 a+1 +(1−θ+0 )(1−a−1 )

=
θ+0 a+1

(1−a−1 )+(a+1 +a−1 −1)θ+0
(1)

θ
+|−
1 = Pr(FE

∣∣∣A1 = −) = Pr(FE)Pr(−|FE)
Pr(FE)PrPr(A1=−|FE)+Pr(NF)Pr(Ai=−|NF) =

θ+0 (1−a+1 )

θ+0 (1−a+1 )+(1−θ+0 )a−1
=

θ+0 (1−a+1 )

(a−1 )−(a+1 +a−1 −1)θ+0
(2)

Repeat the application of Bayes’ theorem, which yields a general recursive formula
for predictability.

θ
+|+
i =

θ+i−1a+i(
1− a−i

)
+
(
a+i + a−i − 1

)
θ+i−1

(3)

If Ai shows a positive result, i = 1, 2, . . . , n,

θ
+|−
i =

θ+i−1(1− a+i )(
a−i
)
−
(
a+i + a−i − 1

)
θ+i−1

. (4)

If Ai shows a negative result, i = 1, 2, . . . , n,

θ+i =

{
θ
+|+
i i f Ai = +, i = 1, 2, . . . , n

θ
+|−
i i f Ai = −, i = 1, 2, . . . , n

(5)
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If Ai shows a positive result at the ith stage, i = 1, 2, . . . , n,

θ
−|+
i = Pr(NF

∣∣∣Ai = +) =
Pr(NF)Pr(Ai = +|NF)

Pr(NF)Pr(Ai = +|NF) + (1− Pr(NF))Pr(Ai=+|FE)
(6)

θ
−|+
i =

θ−i−1(1− a−i )(
a+i
)
−
(
a+i + a−i − 1

)
θ−i−1

, (7)

θ
−|−
i = Pr(NF

∣∣∣Ai = −) =
Pr(NF)Pr(Ai=−|NF)

Pr(NF)Pr(Ai=−|NF)+(1−Pr(NF))Pr(Ai=−|FE) =

θ−i−1a−i
θ−i−1a−i +(1−θ−i−1)(1−a+i )

=
θ−i−1a−i

(1−a+i )+(a+i +a−i −1)θ−i−1
,

(8)

Before the research was conducted, the authors interviewed subject matter experts (SMEs) for
the study. Using the results of a literature review and empirical studies of real-world cases, as well as
the input of two external advisers on the project, the authors designed the survey questions [42–44].
The authors participated the creation of the survey questions and sent the email and mail surveys out
to the participants. The survey was anonymous. Then, the data was calculated in a multistep process
of the SABP system.

2.2. Materials

2.2.1. Participants and Context

The study took place within the U.S. Since the survey was delivered in email, mail and phone call
formats, the participants completed the study in whichever environments they preferred. The study
incorporated two different research designs, which were exploratory and descriptive. The exploratory
design was chosen because of the study explores new ways of evaluating and analyzing multiple HES
configurations. In addition, the descriptive design is because the study describes characteristics of the
optimized HES.

2.2.2. Software

Hybrid Optimization Model for Multiple Energy Resources (HOMER) software not only evaluates
the costs and benefits of particular solar systems but also runs analytics that determine if utility grade
systems are feasible in certain locations [39]. For the selected city in this study, to overcome its resource
challenges using an optimization tool such as HOMER Pro® allows the SABP system to evaluate the
most economic and technologically feasible option for the city to incorporate in the future. The SABP
system uses HOMER Pro® micro grid software which is the global standard for optimizing micro
grid design in all sectors, from village power and island utilities to grid-connected campuses and
military bases [39]. Originally, HOMER was developed at the National Renewable Energy Laboratory,
and enhanced and distributed by HOMER Energy.

2.2.3. Site Survey

The authors interviewed the city’s Director of Electrical Operations for data acquisition and the
electricity utility portfolio. As a result, Table 1 shows the power content mix of the city and its current
means of electricity production, which include: two wind turbines (1.5 MW Vensys model 77) [45],
1.2 MW solar array, eight diesel generators (with 10% extra capacity at any given point in time in case
of grid failures), and 3.69 MW operation ownership of the Louisa Coal plant in Muscatine, IA [46].
The city currently owns 0.5% of the plant’s ownership, whose nameplate capacity is 738 MW [47].
Hence, 0.5% × 738 MW = 3.69 MW is the ownership for the city. The city obtains its remaining power
requirement from the electrical grid operated by the Midcontinent Independent System Operator Inc.
(MISO). For the electricity that the city cannot produce on site, they purchase from the MISO on the
day-ahead market [48]. The day-ahead market is the main arena for trading power where sellers
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and buyers make contracts for the delivery of power the following day. The SABP system uses wind
and solar resource data imported from the HOMER Pro® software database. It acquires emission
data in the same manner. The system calculates and compares the current and optimized potential
contents to propose renewable hybrid systems. The simulation program and the developed data sets
provide the following information to decision makers: electricity generation, financial parameters,
and environmental impacts.

Table 1. Power content of selected city.

Item Power Content Mix for the Selected City Power Content Mix from HOMER

Source City’s Power Content [49] Software Simulation
1 64% Electricity Purchase. Power MW 65.86% Electricity Purchase. Power MW
2 23% Louisa Generation (Coal) 23.36% Louisa Generation (Coal)
3 1% Plant Generation 0% Plant Generation
4 10% Wind Turbine Generation 8.2% Wind Turbine Generation
5 2% Solar Generation 2.57% Solar generation

3. Results

3.1. Energy Sources and Systems

3.1.1. Wind

Currently, the city uses 65,000 to 68,000 MW on an annual basis. Since the city already made
the capital investment for the wind turbines, which are functional, this study makes the capital cost
equal to zero with a replacement cost equal to $750,000. The replacement cost is lower than the actual
investment made on the turbines ($1,700,000) due to the fact that it is possible to salvage the existing
transmission lines and used parts. The HOMER Pro® model assumes the life expectancy of the turbines
to be 30 years. It has been roughly 8 years since the installation of the turbines. Hence their lifetime in
the simulation model is 22 years. The operating and maintenance (O&M) costs are equal to $30,000
annually per turbine based on recommendations from the Director of Electrical Operations of the city
and the current O&M costs. The chosen hub height for the wind turbines is 80 m based on the wind
data extrapolated for that region from the software database. The actual height of the Vensys wind
turbine model 77 can be 62.5 m, 85 m or 100 m [45]. This height selection assumes a mean value of
the 3 models. Figure 1 shows the power curve representing a generic 1.5 MW turbine. The city has
relatively low turbine losses (>1%). Therefore, this research excludes turbine losses in the simulation
model. The simulation of SABP system excludes maintenance because there has been relatively low
maintenance over the past 8 years from the start of operation.
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3.1.2. Solar

In 2015, the city installed a solar system with 1.232 MW DC power. The system uses a Universal
Solar (WXS290P-US) module of 290 W each. The system includes 4248 Modules at a fixed tilt angle of
30◦. The solar system layout has 18 modules in each string and 6 strings per inverter (with 108 modules
per inverter). The inverter is a SMA TRIPOWER 20,000 TL & 24,000 TL. The city uses the solar system
with a quantity of four 20 kW or 20,000 TL and thirty-six 24 kW or 24,000 TL.

To model this solar system, the SABP system uses the following data inputs. The panel is a generic
flat plate panel rated at a capacity of 1200 kW. The capital costs are zero because the city has already
purchased the array. The replacement cost is $1000 per kW because transmission, racks, and mounts
for the system could be reused in the future. The calculation of the O&M costs uses the information
obtained through interviews. The O&M costs per year per kW are $5.00. The average lifetime is
25 years for the whole system. The lifetime expectancy of the system is 23 years because the solar
system was installed roughly 2 years ago. The SABP system uses the defaults of the de-rating factor
from HOMER Pro® database, which is at 80% and relatively conservative. There is no tracker for the
maximum power point due to the unknown certainty of the information given. The simulation result
of the ground reflectance is 20%. The optimization tool does not need to track information of the solar
system because the panels are fixed mounted.

3.1.3. Generators and Grids

There are eight diesel engines with a total horsepower of 41,615 in the generating plant of the
city [49]. The city rarely has to run the generators and obtains less than 1% of the energy needs from
the plant. Hence, this SABP system excludes them in order to simplify the results. The city is unable
to generate all of its electricity on site from its renewables, diesel generators and coal plant. The city
acquires the remaining electricity from the day-ahead market. It uses locational and marginal pricing
hourly to figure out how much the electricity will cost. Using the information acquired from the MISO
database [50,51], this SABP system calculates a simple average rate of the electricity price, which is
$0.075 per kWh. The city is able to sell-back power when its demand is less than consumption, which is
usually at night. However, this sellback does not happen very often. To model the city grid, the SABP
system uses a simple price rate structure. The grid power price is $0.075/kWh based on an average of
$25 LMP = $0.025 KW, with the grid sellback price of $0. The transmission costs account for 70% of
the total electricity cost. For the carbon emissions associated with the grid, the SABP system uses the
HOMER Pro® defaults, which are 632 g/kWh carbon dioxide, 0 g/kWh carbon monoxide, 0 g/kWh
unburned hydrocarbons, 0 g/kWh particulate matter, 2.74 g/kWh sulfur dioxide, and 1.34 g/kW
nitrogen oxides.

3.1.4. Coal

The coal plant is not always running at full capacity. To include this situation into the simulation,
it is necessary to create a fuel source within the system for this coal energy. The coal has 15 MJ/kg
heating value, 1450.00 kg/m3 density, 65% carbon content, and 0.4% sulfur content [28]. The density is
in the middle range and the sulfur content is in the upper range of lignite because the Louisa Coal
plant is the 71st most polluting coal plant in the U.S. [52] The generator model for the coal energy uses
a generic generator with 1800 kW capacity. This generator model chooses a capacity factor of 49% to
get the value of 1800 kW (49% × 3.69 MW = 1.8 MW) [53]. This is the average output for the coal plant
throughout the entire year. The modeled fuel curve uses a consumption of 816 kg/h [53,54].

The SABP system takes the capital and replacement costs of the coal plant into consideration.
The costs equal zero because after the lifetime of this coal plant, the city will not purchase another
coal plant. The O&M costs of coal energy is $0.03/h. The average price for lignite coal is $22.36 per
short ton of coal [53,54], which means that it costs about half a cent per kg of coal. The assumed cost of
transmission is about 4.5 cents per kg. The price of coal is $0.05/kg. The emission data per kg of fuel
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are as follows: 16.34 g carbon monoxide, 0.72 g unburned hydrocarbons, 0.098 g particulate matter,
2.2 g sulfur content converted to PM, and 15.359 g nitrogen oxides.

3.1.5. Load

Figure 2 uses the city’s previous electricity demand (refer to Table 1) and information on its
infrastructure. The figure shows the daily profile, seasonal profile and yearly profile of the city.Sustainability 2018, 10, x FOR PEER REVIEW  8 of 16 
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3.1.6. Solar and Wind Resource Data

The solar data used in the research comes from the National Renewable Energy Lab Database [55]
and National Solar Radiation Data Base [56] for the city according to its latitude and longitude.
The scaled annual average of solar rational is 4.28 (kWh/m2/day). The wind data comes from the
National Aeronautics and Space Administration (NASA) Surface Meteorology and Solar Energy
Database [57] collected at 50 m above the surface of the Earth. Using a wind-speed profile with a
logarithmic curve allows this data to scale and compensate for the 80 m hub height. Other inputs
include: 15 mph peak wind speed, 0.85 autocorrelation factor, 0.25 diurnal pattern strength, and 5.5 m/s
average annual wind speed.

3.2. Affordability

The design of the SABP system needs to be affordable to the users. After studying the current
economic situation of the city, the system design uses the following data: a 6% nominal discount rate,
2% expected inflation rate, and 25-year lifetime. As a disclaimer, no grants or government assistance
will be used when calculating the results for this project.

The following information is the input to the SABP system as the current data. Since the city
should have electricity at all times, the annual capacity shortage is 0%. For the operating reserve
(percentage of renewable output), the load percentages are between 10% and 0% in the annual peak
load. The solar power output and the wind power output are both 10%. In addition, there are
converters already in the current system, the replacement costs of which are $300.00/kW based on
an expected lifetime of 15 years. The efficiency of the inverter is 95%. The data helps to estimate the
amount of renewable energy coming from the system.
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4. Discussions

Compared to the designs of HESs or hybrid renewable energy systems (HRES) in [37,38,58],
this city has a complex network of electricity facilities, distribution grids, and generation systems.
The analysis of the SABP system uses the current industry averages and knowledge of credible energy
experts [59]. The industry data and expert knowledge are crucial to make the calculated results accurate
and reasonable. The comprehensive design has the following advantages: (1) it is independent of
geographical restrictions of natural hydrothermal and marine energy resources [13,14,16,17]; (2) it is
flexible in energy uses including wind, solar and traditional resources [2,18,22]; and (3) it uses practical
and generalizable assumptions for engineers and policy-makers.

For the optimal solar photovoltaic (PV) array, the capital costs are $1,923,000 ($1.93 per watt)
and O&M costs are for $5.00 KW/year [60]. For the optimized wind turbines the assumptions are as
follows: $1,700,000 capital costs per turbine, and $30,000 in O&M per wind turbine with a 30-year
lifetime. The SABP system simulates the optimized wind turbines with the imported wind data
provided by HOMER Pro® for the years 1995–2003 at 50 m hub height. The system extrapo lates the
hub height to 80 m to improve the accuracy of the wind data. Lastly, the optimized battery storage
system assumes capital costs of $350 per kWh for lithium-ion batteries and O&M costs of $10 per kWh
per year with an estimated system lifetime of 8 to 10 years.

4.1. Main Scenario

The city wanted to be totally independent from the MISO market when starting this research
study to follow the examples of numerous other cities [61]. However, after the SABP system ran the
optimization process, it proved that this goal would be unattainable with the current market prices and
technology. The total upfront cost of the system would be more than $184 million dollars, for which
the system was unable to find a payback period within the 25 years of lifetime. In the main scenario,
the city would obtain around 20% of the energy production from solar, 77% from wind, and the rest
from the coal plant. Figure 3 shows the monthly average electrical production graph, with OPV =
optimized photovoltaic, O1.5 = optimized 1.5 MW wind turbine, EPV = existing photovoltaic, E1.5 =
existing 1.5 MW wind turbine. The city would need 173,667 kWh of Li-ion batteries to supply power,
because there is a very high peak demand in the summer months. Figure 4 shows that the state of
charge for the batteries is always at 100%. The cost of the batteries would be $60.7 million dollars
based on the estimates from Tesla’s most recent kWh price [62].
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For the optimized solar energy design, the SABP system would use the 1.2 MW capacity that
already exists and add 24.417 MW of additional solar energy. The solar panels would operate 4359
megawatt hours of solar energy per year. The leveled cost of energy for the new panels would be
0.0878 ($/kWh). Figure 5 shows the PV power output for the newly optimized solar PV. The upfront
financial cost to add 24.417 MW of solar would be $46.9 million dollars.
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Figure 5. Optimized PV Power Output.

For the optimized wind, the city would utilize the existing two 1.5 MW wind turbines that are
on site and add 45 more 1.5 MW wind turbines. This would give a total of 70.5 MW of installed
wind capacity. The wind turbines would be operating 6061 h/year. Figure 6 shows the optimized,
wind-turbine power output. The leveled cost of adding the new wind turbines would be $0.04289/kWh.
The total financial cost of adding 45 more 1.5 MW wind turbines would be $76.5 million. The other
costs of the project would include the system converter, replacement costs, O&M, and fuel costs for the
coal power plant.
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The calculated results indicate that currently it would not be economically feasible for the city
to become energy independent from the MISO market. The next question is: what would be the
most cost-effective amounts of wind and solar energy to make the solution economically feasible?
The solution should target at adding the best amount of renewables to offset the purchase from the
MISO market. The following discussion compares the optimal system and the desired model that the
policy makers may want.

4.2. Optimized Scenario

Since the fully independent proposal is proved to be infeasible from an economic standpoint,
this optimized scenario suggests a hybrid system that would be financially logical to pursue. It can
minimize the dependence on the MISO market to the maximum percentage. The estimate of the
initial capital cost of the system is $4.6 million dollars with an expected payback period of 11 years.
Renewables account for 31% of the electricity production. The coal power plant provides 20% of
the power. The electrical grid provides the remaining 49% of electricity. Figures 7 and 8 show the
system features. The optimized scenario excludes a battery system or a solar photovoltaic system from
the final outcomes due to the high costs associated with investments and O&M. It adds five 1.5 MW
turbines to the current wind turbine system.
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4.3. Desired Scenario

The survey data of this research reflect the city’s expectation that it will increase its renewable
energy portfolio to provide 22% of the production needs in the next 5 to 10 years. The city wants to
explore the economic feasibility of adding two 1.5 MW wind turbines, 3 MW solar PV, and 4 MW
battery storage. After simulation, the results reveal that the addition of one 1.5 MW wind turbine,
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a 3.5 MW PV solar array, and a 3 MW battery storage system would be sufficient to meet the request.
This desired model would produce 23.6% renewable energy production and offset energy dependence
to roughly 53%. The payback period would be 24 years, which is considerably higher than the
optimized model. This long payback period is due to the large capital investment for the battery
system. Nevertheless, the desired system does decrease the environmental impacts by offsetting close
to 5 million kg/year of CO2 emissions.

In summary, the research found that the implementation of the optimized renewable-energy
system may allow the city to become energy independent from the MISO market. However,
the required investment for independence is infeasible from an economic standpoint. In particular,
in order to achieve an entirely renewable HES, the system requires the following additional capacity:
24.4 MW of solar arrays, 45 1.5 MW-rated wind turbines, and a 177 MWh lithium-ion battery storage
system. All these requirements have an estimated initial capital investment of $184 million. Instead of
relying solely on renewable energies and accomplishing complete independence, the city can proceed
with its development strategy in two phases: the first phase is to implement the desired model and the
second phase is to build the optimized scenario. In future, the authors will follow up with the city on
the operational details of the renewable energy development.

5. Conclusions

This paper deliberates a SABP method to obtain the optimized design of an HES system for
a small town. Based on the practical conditions, the research considered the main, optimized,
and desired scenarios. After completing all the three scenarios, the research summarized the hybrid
system requirements, financial parameters, and environmental impacts. HESs must be economically
sustainable or they cannot be installed. Clearly there is value in having a more resilient form of energy
which hybrid energy systems can provide, but to ignore base load power is inappropriate.

Upon the data analysis of the hypothetical optimized system, the research concluded that the
addition of five 1.5 MW wind turbines would be the most beneficial solution. The addition of this
system would not allow the city to become completely independent from the MISO market, but does
increase its independence as a whole while offering economic benefits. Moreover, the addition of one
1.5 MW wind turbine, a 3.5 MW PV solar array, and a 3 MW battery storage system would be sufficient
to meet the requirement for around 22% renewable energy production. The addition would reduce
the city’s energy dependence to roughly 53%. Nevertheless, it does stimulate an additional financial
investment compared to the optimized scenario.

Renewable energy can be a valid option for the generation of electricity. Yet, it has significant
challenges associated with its future development. The variables that must be considered are the
amount of renewable energy that can be implemented in an electrical system in a financially and
technologically feasible way. The electricity load is a variable that needs to be weighed against how to
implement renewable energy and storage technologies. In addition, a true HES creates more than one
product to improve the economic performance. The production of the HES studied in this paper only
focuses on electric power, because other products are generated by third parties in the market and
excluded from this research. From a climate impact perspective, the limitation of this research is that
there is no use or reuse of the generated CO2 emissions from the coal plant. The next research step is
to explore novel technologies to efficiently utilize other products of HES. In addition, future research
on the HES needs to take full advantage of the dynamic nature of solar and wind energy.
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Appendix A

a+ = Sensitivity =
number of avaliable HES systems that test feasible in expert survey

number of HES systems surveyed × 100, (A1)

a− = Specificity =
number of avaliable non−HES systems that test feasible

number of non−HES systems surveyed
× 100, (A2)

Accuracy = number of correct test results
number of systems tested

× 100, (A3)

Notation: + positive result; − negative result; FE = feasible; NF = infeasible; a+ = sensitivity;
a− = specificity.

a+ def
= Pr(+|FE) = probability that the result is positive, given that the tested system is feasible

a− def
= Pr(−|NF) = probability that result is negative, given that the tested system is infeasible

Accuracy = a+Pr(FE) + a−Pr(NF)

θ+
def
= Pr(FE|+) = probability that system is feasible, given that the test result is positive

θ−
def
= Pr(NF|−) = probability that system is infeasible, given that the test result is negative

The calculation of the test predictability is based on Bayes’ formula, the sensitivity and specificity
of a test, and the prior probability (Pr(FE)) that a tested system is feasible [63,64].

θ+ = Pr(FE
∣∣+) =

Pr(FE)Pr(+|FE)
Pr(FE)Pr(+|FE) + Pr(NF)Pr(+|NF)

=
Pr(FE)a+

Pr(FE)a+ + Pr(NF)Pr(1− a−)
. (A4)

Since Pr(−|NF) = a−) and Pr(−|NF) + Pr(+|NF) = 1, Pr(+|NF) = 1 − a−.

θ− = Pr(NF|−) = Pr(NF)Pr(−|NF)
Pr(NF)Pr(−|NF)+Pr(FE)Pr(−|FE) = Pr(NF)a−

Pr(NF)a−+Pr(FE)Pr(1−a+) (A5)

To preliminarily select tests in order to form a series of tests, this research considers the “majority”
rule [40]. For example, an odd number of tests should be used to make the most decisive series.
Table A1 shows the classification of tests. The tests in Class I are good predictor and good selector tests.
If tests in Class I are available and statistically independent, use as many of them as is cost effective.
A test in Class II should always be coupled with a test from Class III. Overall, the selection should
avoid taking the tests in Class IV.
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Table A1. Scheme for test classification.

Potential Use of Tests Class I Class II Class III Class IV

Criteria 1 0.75 < a+ ≤1
0.75 < a− ≤1

0.75 < a+ ≤ 1
0 ≤ a− ≤ 0.75

0 ≤ a+ ≤ 0.75
0.75 < a− ≤ 1

0 ≤ a+ ≤ 0.75
0 ≤ a− ≤ 0.75

Description 2 Moderate to high M to H L to M L to M
Checking Feasibility a+: M to H a+: M to H a+: L to M a+: L to M

Checking Infeasibility a−: M to H a−: L to M a−: M to H a−: L to M
Predicting Feasibility θ+: M to H θ+: L to M θ+: M to H θ+: L to M

Predicting Infeasibility θ−: M to H θ−: M to H θ−: L to M θ−: L to M
1 A test with at least 75% accuracy as a reasonably good test. 2 L, Low; M, Moderate; H, High.
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